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DNA double-crossover motifs, including parallel and antiparallel
crossovers, serve as the structural foundation for the creation of
diverse nanostructures and dynamic devices in DNA nanotechno-
logy. Parallel crossover motifs have unique advantages over the
widely used antiparallel crossover design but have not developed
as substantially due to the difficulties in assembly. Here we created
29 designs of parallel double-crossover motifs varying in hybridiz-
ation pathways, central domain lengths, and crossover locations to
investigate their assembly mechanism. Arrays were successfully
formed in four distinct designs, and large tubular structures were
obtained in seven designs with predefined pathways and central
domains appoximately 16 nucleotides in length. The nanotubes
obtained from parallel crossover design showed improved nuclease
resistance than the ones from the antiparallel counterpart design.
Overall, our study provides a basis for the development of general-
ized assembly rules of DNA parallel crossover systems and opens
new opportunities for their potential use in biological systems.

As an excellent biomaterial with high programmability," bio-
compatibility,> and biodegradability,” DNA has been used to
create one-,* two-,” and three-dimensional® (1D, 2D, and 3D)
nanostructures. A variety of these nanostructures have been
employed in different biomedical’ and biotechnological®
applications. The fundamental structures for DNA nano-
technology are the five basic DNA motifs® that contain double
crossovers to link two DNA helices, making them rigidified
building blocks for nano-construction based on DNA. These
five double crossover motifs were classified into two categories
based on the orientation of the helices: antiparallel crossovers
and parallel crossovers. To date, most design approaches in
DNA nanotechnology have adopted the antiparallel design
strategy in DNA self-assembly due to its simple topology and
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predictable assembly behaviors,”'® as shown in tile-based lat-
tices'! and DNA origami nanostructures.'?

Although parallel-crossover motifs have been less explored,
compared to antiparallel-crossover motifs, parallel-crossover
motifs have begun to increasingly gain attention because of
their unique beneficial properties. First, parallel-crossover
motifs can be single-routed to generate single-stranded DNA
and RNA nanostructures such as a 3D octahedron,® single-
stranded origami,"”> and molecular knots."* Their unique
single-strand routings have allowed the self-replication of
nanostructures to form via biological procedures, providing
opportunities for low-cost, high-throughput production of
nucleic acid nanostructures.”® The single chain routing
method can also solve purity and structural integrity problems
originating from missing strands during the assembly of
the multiple-stranded nanostructures. Additionally, previous
studies'® have demonstrated the enhancement in the nuclease
resistance of parallel crossover-based tiles and nanostructures,
showing their potential for biomedical applications.

All the intriguing works related to parallel crossovers™® that
have been published show the promising aspects of such
design in DNA nanotechnology. However, due to the unique
geometry of parallel crossovers,'” it is still challenging to
assemble and synthesize parallel-crossover-based nano-
structures. Inspired by the previous work of parallel motifs,"”
we systematically studied parallel double-crossover motifs tar-
geting dimer-based 2D array formation by testing 29 different
DNA tile designs. Here, we investigated how variations in the
structural features of the monomer tiles including hybridiz-
ation pathways, central domain lengths, and crossover
locations influence the 2D array formation. Our research lays
the groundwork for formulating general rules of design
and synthesis of parallel-crossover-based nanostructures and
assemblies.

First, we investigated the effect of changing hybridization
pathways of one-turn double parallel-crossover (1DP) motifs on
their dimer-based 2D array assembly using six sets of dimers
(Fig. 1). Each 1DP motif had six domains (DNA helix segments)
with varied lengths based on parallel crossover locations and
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Fig. 1 Hybridization pathways of 1DP motifs. (a) Schematics of a 1IDP monomer with three-colored blocks showing relative melting temperatures.
(b) A schematic of two monomers joined by sticky ends to form arrays. (c—h) AFM images showing assembled nanostructures based on 1DP motifs

with different hybridization pathways. All scale bars are 100 nm.

contained one turn (10-11 bases) between two parallel cross-
overs (Fig. 1a). Each domain was color-coded according to the
relative variation of the domain’s melting temperature, arising
from the disparities in the length and sequence of DNA
strands. In the design of 1DP motifs, the length of each
domain was initially altered, followed by the assignment of
sequences with a percentage of GC ranging from ~45 to ~65%.
After the sequence assignment, the shortest domain was
expected to have the lowest melting temperature.

Such discrepancies in melting temperatures of different
domains determine the monomer’s hybridization pathway
during the annealing process, where a high-to-low temperature
ramp was applied to the system. For instance, in Fig. 1a, both
the top and bottom mid-domains of the 1DP monomer exhibit
the highest melting temperature indicated by the red colors;
consequently, it is anticipated that the mid-domains will form
first, followed by the formation of the outer four domains. We
name this type of hybridization pathway as a center-to-out
(CO) pathway (Fig. 1c). In a different design with a cooperative
binding (CB) pathway (Fig. 1d), both middle and outer two
domains on one side have similar melting temperatures, allow-
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ing the DNA strands in the domains to join simultaneously or
cooperatively during the annealing process. For the two mono-
mers assigned with different hybridization pathways, we name
the design as the CO&CB combination pathway (Fig. 1e). The
two pathways are referred to as one short arm (OS) in Fig. 1f
and two short arms (TS) in Fig. 1g, respectively. In the end-to-
end (NtoN) hybridization pathway (Fig. 1h), DNA strands start
binding from one end to the other end according to a steady
drop in the melting temperature of the domains from one side
to the other. For the monomers following the same hybridiz-
ation pathway, the design was simply labeled with the single
pathway. In addition, to facilitate the design of different
hybridization pathways in 1DP motifs, we employed the
nucleic acid package (NUPACK)'® for predicting which portion
of the monomer has preferential binding based on the
minimum free energy and for eliminating unfavorable mis-
matches between DNA sequences.

Experimentally, all DNA strands of the designed 1DP mono-
mers were purified and annealed stoichiometrically in TAE/Mg
buffer. After annealing, gel electrophoresis results showed
large aggregates or assembled structures smeared towards the

This journal is © The Royal Society of Chemistry 2024
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top of gel lanes (Fig. S1-61). Next, atomic force microscopy
(AFM) was used to capture the nanoscale resolution images of
the assemblies. All 1DP motifs assigned with the different
hybridization pathways formed similar fibular arrays (Fig. 1c-
h), rather than large planar arrays. Small portions of planar
arrays were observed in Fig. 1c, d and f-h.

For 2D arrays correctly developed from DNA motifs, mono-
mers should ideally be well-assembled, flattened, and oriented
with their sticky ends pointing to the proper direction to facili-
tate the connection between motifs. Our observation of the
preferred linear growth may be attributed to the incorrect
folding or the intrinsic twisting of the 1DP monomers. The
first possible scenario is that the 1DP monomers were partially
formed because of topological difficulties generated from an
undesirable folding pathway. Such topological difficulties are
associated with the presence of an unfavorable intermediate
structure that hinders the formation of the correct final target
monomer structure (Fig. S71). The second scenario is that two
PXs in the 1DP motifs introduce twisting forces to the mono-
mers in a diagonal direction (Fig. S8t). The twisted monomers
then have two of their sticky ends facing away from their
correct orientations, leading to the preferential formation of
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linear arrays rather than 2D arrays. It is also possible that both
scenarios contribute to the formation of linear arrays.

Based on the assembly results of 1DP motifs, we proposed
that enhancing the central binding domain of motifs would
improve the proper formation of the monomer motifs and
thus increase the possibility of 2D array growth. We increased
the length of central segments from one turn to one and a half
turns. The increase in the length of the central domains raised
their melting temperatures, thus creating a larger annealing
temperature difference between the formation of individual
motif and the sticky-end cohesion. During the annealing
process, DNA strands first assemble into monomers at high-
temperature regions before growing 2D arrays at low tempera-
ture regions via sticky-end interactions between well-formed
motifs. Therefore, a large temperature difference will better
separate these two steps to allow longer folding time for each
motif as well as to avoid undesired mismatching between
sticky ends with the body domains of monomer motifs. First,
we created 1.5-turn double parallel crossover (1.5DP) motifs
with five hybridization pathways including NtoN, TS, OS, CO,
and CB&CO combinations (Fig. 2). We followed the same
design and characterization procedures as in the previous 1DP

Tile with designed assembly order

===
NtoNs d TS

Fig. 2 Hybridization pathways of 1.5DP motifs. (a) Schematics of a 1.5DP monomer with three-colored blocks showing relative melting tempera-
tures. (b—g) AFM images showing assembled nanostructures based on 1.5DP motifs with different hybridization pathways. NtoN_ has the same
hybridization pathway as NtoNs but contains a longer ‘shortest domain’ than that of NtoNs. All scale bars are 100 nm.
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systems. As shown in Fig. 2d, e and g, three promising results
from the TS, OS, and CB&CO designs produced large assem-
blies including partially wrapped, layered 2D arrays in TS and
OS design (Fig. S11 and S12), and nanotubes in CB&CO
design (Fig. S14%), while 1.5DP designs with NtoN and CO
hybridization pathways (Fig. 2b, ¢ and f) showed fibular or
linear arrays. Besides the 2D assemblies in TS and OS, another
unique feature that was not observed in the previous 1DP
systems was the abundant formation of sharply curved, circu-
lar nanostructures (Fig. 2d and e). The presence of small circu-
lar structures indicates that these two folding pathways, TS
and OS, could exist strong twisting and/or curving forces
inside the motifs or between the motifs.

Encouraged by the relatively uniform tubular arrays gener-
ated in CB&CO pathway, we further explored the impact of
altering the crossover distance in this design. Previously, a
study of antiparallel crossover motifs'® suggested the antiparal-
lel crossover location played a critical role in 2D assembly by
tunning the twisting of DNA motifs. Other previous works
underlined the importance of crossover location using cryo-
EM.?® Therefore, we investigated the crossover location in the
similar pathway design of 1.5DP motifs to create 2D arrays
(Fig. 3a). Since we have two monomers in each 1.5DP design
for 2D arrays, each monomer was designed with four types of
crossover locations differing in the number of bases between
the two PXs. The mid-domain between two PXs of monomer 1
contains two narrow grooves and one wide groove, leading to a
smaller range of nucleotides (13-16 nt), while monomer 2 con-
tains two wide grooves and one narrow groove, allowing 15-18
nt between crossovers. All four monomer pairs have the same
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sticky-end sequences, and therefore matching them between
pairs generates different assemblies. Based on the combi-
nations of 4 by 4 pairings between monomers, we assembled
and characterized all 16 designs accordingly (Fig. 3b).

In Fig. 3c-r, the 16 combinations are labeled with two
numbers (e.g., 13&15) indicating the number of bases between
two parallel crossovers or in the central domains of monomer
1 and monomer 2, respectively. Among the 16 designs, domi-
nant linear assemblies were obtained in the designs with
monomers having 13 or 18 bases in their central domains
(Fig. 3c—f, j, n and r). 1.5 turns of B-form DNA should be close
to 16 bases. In these 13/18-based designs, because the distance
between the two crossovers deviates significantly from 1.5
turns, it is expected that DNA helixes between crossovers have
unfavorable twists that lead to the linear array formation.
Following the same rationale, we observed large tubular arrays
in seven designs with combinations consisting of 14-17 nt
between crossovers (Fig. 3g, h, k, I, m, p and q). Relatively
wider tubes were obtained in 15&16 (max. 38.85 nm), 15&17
(max. 48.36 nm), and 16&16 (max. 65.93 nm) designs, indicat-
ing that the monomers of these combinations were close to
the B-form structure of DNA with the preferred helical twisting
between the 1.5-turn distanced crossovers. Interestingly, the
motifs in the 16&15 design (Fig. 30) did not produce any
assembled 2D arrays. This can be explained by the different
structural features in these two monomers. Monomer 2 is
expected to adopt a longer distance between the two crossovers
because it contains two major grooves and one minor groove,
compared with monomer 1, which has two narrow grooves and
one wide groove in its central domains. Therefore, the 16&15

138&17

15&18

Fig. 3 Crossover locations of 1.5DP motifs. (a) Schematics of a 1.5DP monomer, with colored blocks indicating the predefined pathway. The
number n represents the number of bases between the two parallel crossovers. (b) Monomer 1 has a range of central domain lengths from 13 to 16
nt (n = 13-16), while monomer 2 has a range from 15 to 18 nt (n = 15-18). (c—r) AFM images showing assembled nanostructures from monomer

pairs with different n values. All scale bars are 100 nm.
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Fig. 4 The study of 0.1 U DNase | nuclease resistance of parallel-crossover-based assemblies with different morphologies and an antiparallel nano-
structure in comparison. PAGE gel result showing nuclease degradation of assembled arrays based on (a) 1.5DP motifs (16616) and its counterpart,
1.5-turn antiparallel-crossover based motifs (16&16), and (d) 1.5DP TS (1.5TS) and 13&15 designs. AX refers to the antiparallel counterpart of the
16616 design. AX, 16&16, 1.5TS, and 13815 represent the original, assembled arrays without DNase | digestion. (b, c, e and f) AFM images of the
corresponding arrays before and after 30 minutes of DNase | digestion. All scale bars are 600 nm.

design did not assemble into large arrays as the 15&16 design
did. Furthermore, tubular formation of 2D arrays has been
observed and discussed in previous studies of DNA tile assem-
blies using antiparallel-crossover motifs,>* agreeing with the
tubular arrays assembled in our current parallel-crossover
motif system. In addition, we also applied the optimal 16&16
crossover length design into the 1.5DP TS and OS motifs,
which originally generated partially wrapped arrays (Fig. 2d
and e). The two new designs were named TS16&16 and
0S16&16 (Fig. S31 and S327). For TS16&16 design, it was intri-
guing to observe the fading of the bands for self-limited struc-
tures in gels (Fig. S467), indicating a reduced number of circu-
lar structures formed. Also, in the AFM image of TS16&16, the
background was clearer than before with fewer circular struc-
tures. However, the morphology of the assembled 2D arrays
did not improve or become flatter. For the OS16&16 design,
the gel still exhibited the presence of the limited-sized band,
consistent with the AFM data that displayed numerous circular
structures in the background. The 2D assemblies were also
similar with the original design (Fig. S467).

Lastly, we investigated the nuclease resistance of a set of
parallel crossover-based designs (Fig. S42 and S437), showcas-

This journal is © The Royal Society of Chemistry 2024

ing assemblies with distinct morphologies: seven nanotubes
(14&15, 14&16, 15&15, 15&16, 15&17, 16&16, and 16&17
motifs), one fibular structure (13&15 motif), and one 2D array
design (1.5DP TS motif). Specifically, we also included anti-
parallel-crossover based arrays assembled from 1.5-turn anti-
parallel-crossover based 16&16 motifs, serving as the counter-
parts to our 1.5DP 16&16 design (Fig. S33t). As shown in
Fig. 4a and d, observations revealed that the 2D TS and
fibular 13&15 designs experienced significant nuclease degra-
dation after 30 and 45 minutes, respectively (with almost no
remaining large assembly bands). On the contrary, the 16&16
nanotubes still exhibited large assembly bands on top of the
gel at 60 minutes and were completed digested after
120 minutes. Compared with the antiparallel counterpart of
the 16&16 design, which was nearly completely degraded
after 30 minutes of DNase I exposure, the parallel-crossover
based 16&16 design showed improved nuclease resistance by
withstanding DNase I degradation up to 1 hour. The varia-
bility in nuclease resistance based on morphology could be
attributed to the different accessibility of these structures to
DNase I. The nanotubes exhibited the most compact con-
figurations with parallelly packed DNA helixes, resulting in

Nanoscale, 2024, 16, 1685-1691 | 1689
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reduced exposure to DNase I and thereby enhancing nuclease
resistance. In contrast, the 2D morphology obtained from TS
design (although some parts were wrapped and multi-layered)
was based on 2-dimensional growth, exposing DNA helixes to
nuclease digestion from all edges. Additionally, the smaller
fibular structures from 13&15 displayed increased surface
area due to its unwrapped configuration and thus showed
less nuclease resistance than the nanotube design. In
addition, we explored the concentration-dependent nuclease
resistance of two distinct designs, displaying large assemblies
with varied morphologies. The gel data indicated that higher
concentrations generally resulted in enhanced resistance
(Fig. S417).

Conclusions

In summary, we systematically designed and assembled 29
parallel-crossover-based DNA dimers by programming their
folding pathways, central domain lengths, and crossover
locations to facilitate 2D array growth. We observed the large
2D arrays in four designs with 1.5DP OS and TS pathway
designs including their 16&16 counterparts. In addition, we
obtained large tubular formation in seven designs with pre-
scribed folding pathways and 1.5-turn-long central domains
and showed enhanced nuclease resistance with the parallel-
crossover based arrays. For future studies, single-molecular
studies are helpful to reveal the dynamics of motifs during
assembly. Computational approaches can explore the impact
of sequence variation of PX motifs. Furthermore, based on the
result of parallel-crossover-based arrays with nuclease resis-
tance enhancement, adding parallel-crossover element for
DNA structural design generally improves the biostability for
in vivo biological applications.'® Finally, our successfully
formed parallel-crossover-based nanotubes may also be
adopted in applications based on tubular biomaterials.?* All
these efforts to study the assembly with parallel double-cross-
overs will help develop general rules for producing parallel-
crossover-based nanostructures, allowing their future appli-
cations as biomaterials.
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