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The transformation from disorder to order in self-assembly is an autonomous entropy-decreasing process.
The spatial organization of nanoscale anisotropic building blocks involves the intrinsic heterogeneity in
three dimensions and requires sufficiently precise control to coordinate intricate interactions. Only a few
approaches have been shown to achieve the anisotropic extension from components to assemblies.
Here, we demonstrate the ability to engineer three-dimensional low-entropy lattices at the nucleotide
level from modular DNA origami frames. Through the programmable DNA bridging strategy, DNA
domains of the same composition are periodically arranged in the crystal growth directions. We combine
the site-specific positioning of guest nanoparticles to reflect the anisotropy control, which is validated by
small-angle X-ray scattering and electron microscopy. We expect that our DNA origami-mediated
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Introduction

Self-assembly is a holistic synergy where individual components
associate and congregate spontaneously with the aim of form-
ing a cohesive and ordered entirety." The interactions between
individual components allow the structural information and
surface chemistry to be encoded with spatial accuracy, inac-
cessible to top-down processing methods.>® Basic structural
units act as building blocks, whose characteristics (including
shape, charge, ligand shell, etc.) actually govern their interac-
tion behaviors.*® Thus, the ability to design and regulate
constituent units is directly correlated with the final state of the
assemblies.

In the last few decades, major advances in the customization
and functionalization of nanomaterials have provided diversi-
fied research objects to comprehend and build relationships
between nanoscopic and macroscopic systems.”** The DNA
origami technique,' as an emerging representative, can be used
to construct the desired two-dimensional (2D) and three-
dimensional (3D) nanostructures based on Watson-Crick
base-pairing and internal periodic DNA crossovers."*™® These
spatially resolved DNA nanostructures at the nucleotide level
can be manufactured with high throughput. Moreover, their
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creation of anisotropic metamaterials.

excellent anisotropic positioning and composition uniformity
guarantee ideal assembly capabilities in the nanometer scale,
which are recognized as the outstanding advantages of DNA
origami structures. Nevertheless, it is challenging to establish
a precision-comparable interaction mechanism for these inge-
nious units. A common DNA guided self-assembly strategy is
the hybridization of the outstretched single-stranded DNA
(ssDNA) from nanomaterials with the complementary sequence
to form a double strand as the connector.””?' Due to the
homology of DNA, this strategy is well suited for DNA origami
systems.”* However, a critical issue is that the regions at the
junctions differ markedly from those inside the DNA origami
building blocks. For example, the exposed single/double-
stranded DNA with dozens of nucleotides in length brings
more flexibility than the parallel double helices tightly bound
together by crossovers.”® Uncontrolled bending, skew or even
rotation would isolate the assembly units without a definite
orientation and position.> The ambiguity created by weakened
associations limits the maximum retention and utilization of
fine-grained structural information.

Another key difficulty is to achieve an orderly expansion from
the unit to the organization. Although DNA origami structures
can be regarded as programmable atomic equivalents capable
of producing crystal-like assemblies,**” the periodic arrange-
ment of internal DNA modules remains challenging. The
ordered assembly of subdivided DNA domains presents a low-
entropy state, requiring highly specific connections and
matching topology. So far, a successful method has been re-
ported where tensegrity triangle motifs are used to form visible
3D DNA crystals with sticky ends propagating in three non-
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coplanar directions.”®* These crystals can further couple with
molecular devices and nanoparticles.**** However, they are
limited by the small accommodating space and the low diversity
of lattice types.

Here, we refine the association between assembly units for
the integration between component structural domains.
Specifically, polyhedral DNA origami frames, as DNA domain
sets, are constructed into a series of 3D crystalline lattices
accurate to the level of single DNA hybridization by a bridging
strategy. Through the site-specific positioning of guest particles,
we demonstrate that the inherent anisotropy of the DNA
origami building blocks can be extended to the entire crystal
structure while ensuring the minimized unit spacing. Thus,
a well-ordered DNA origami crystal could be deconstructed into
periodically arranged DNA domains, depending on the frame
geometry and lattice topology.

Results and discussion
Polyhedral DNA frames as assembly units

In this work, we begin with a reported rod-shape model, a six-
helix bundle,*** to seek for potential connectivity. This rod
consists of six DNA double helices packed in parallel with
a honeycombed cross-section (Fig. 1a). To avoid the excessive
flexibility incurred by the exposed sticky ends for connection,
the connected regions are brought inside the structure of the
six-helix bundles. To elaborate, a certain length of unhybridized
single-stranded segments is reserved at both ends of a selected
DNA double helix by shortening the internal staple strands in
advance. Then a predetermined ssDNA termed “bridging DNA
strand” is introduced, whose sequences at both ends are
designed to be complementary to the single-stranded segments
at the two reserved sites. Thus, the bridging strand can

——

Six-helix bundle Bridge pattern

Bridged DNA structures

Fig. 1
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hybridize with two separate rods to form a DNA bridge (Fig. 1b
and S17). Under the action of multiple bridging strands, adja-
cent rod units will replicate the plug-in bridging behavior end to
end to obtain a compact linear structure (Fig. 1c). It is worth
noting that the bridging strands are highly specific to the
reserved sites, which relies on the rational design of the
complementary sequences.

In order to extend the bridging principle to 3D high-order
structures, assembly units should possess spatial directional
polymerizability and large accommodating volumes. Thus, we
designed three shapes of polyhedral frames, octahedron, cube
and hexagonal bipyramid (HB), as shown in Fig. 1d. The edges
of these shapes are composed of six-helix bundles with lengths
of around 16-37 nm (Fig. S27). According to the design, the
octahedron and cube are highly symmetrical with O}, symmetry,
while the HB belongs to the Dg}, point group. The octahedron
with a high proportion of triangular faces has excellent rigidity,
while the cube tends to deform into an irregular hexahedron
due to the inability to maintain square faces. The hexagonal
cross-section in the HB also brings potential flexibility to a large
extent. Despite significant differences in structural stiffness, we
focus on the topological properties of frames without overly
considering possible deformations, and attempt to improve the
natural characteristics of assembly units by bridging them into
large-scale assemblies.

With reference to the above-mentioned bridging strategy for
six-helix rods, all reserved sites are designed at both ends of the
edges and converge at the vertices of the frames. By shortening
the staple strands at the designated sites, the scaffold DNA
provides unhybridized single-stranded segments for subse-
quent bridging. In addition, the internal space of the polyhedral
frame structures was used to embed 10 nm gold nanoparticles
(AuNPs) to realize the organizational manipulation for nano-

Polyhedral DNA frames

[llustration of the bridging strategy and polyhedral DNA origami frames. (a) Model of the six-helix bundle. (b) Schematic of the bridge

pattern in the connected region. (c) Formation of a one-dimensional assembly through the bridging strategy. (d) Polyhedral DNA origami frames
with the six-helix edges: octahedron, cube and hexagonal bipyramid (top). Representative negative-stained TEM images for the corresponding

frames are shown at the bottom (scale bar, 20 nm).
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objects. Guest AuNPs are positioned at the body center by
hybridization with capture strands extending from the inside of
frames. Efficient assembly and positioning were confirmed by
negative-staining transmission electron microscopy (TEM) as
shown in Fig. S3-S5.F

Bridge patterns for DNA origami building blocks

Next, we discussed the bridge patterns available for these
different polyhedral frames, focusing on the formation of a 3D
ordered crystal structure via vertex-to-vertex connection. The
specific sequence design of bridging strands depends entirely
on the selection and pairing of reserved sites. However, any two
vertices involve multiple reserved sites, and randomly generated
bridging combinations will lead to uncertain assembly results.
Hence, the frame geometric symmetry and the arrangement
rationality need to be carefully considered.

For the octahedron, an obvious simple cubic (SC) structure is
generated by translating along its 3 four-fold rotation axes (C,)
as shown in Fig. 2a. The combination of two reserved sites with
mirror symmetry on a diagonal plane determines eight bridging
strands through opposite vertices in each C, direction (Fig. S67).
The three crystallographic axes of crystal growth are equivalent
and orthogonal. Thus, the angle between every two bridged
edges is 90°, which is achieved by introducing a 4 nt single-
stranded segment in the middle of the bridging strand for
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Fig. 2 NP lattices assembled from polyhedral DNA frames through
bridge patterns. (a—c) Magnified schematics of corresponding bridge
patterns for the proposed lattice structures as discussed in the text.
Representative bridged edges are highlighted at vertex junctions. (d—f)
X-ray scattering structure factors, S(q), of 3D AuNP lattices extracted
from 2D SAXS patterns (Fig. S9-S11%). For each type of lattice, the
experimental data are in black and the standard peaks of the models
are in red.
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moderate angle flexibility and stress relief. All subsequent
bridging strand designs followed this principle. The HB adopts
a combination strategy similar to the octahedron's, that is,
bridging along its four crystallographic axes (Fig. S7t). Theo-
retically, a 120° angle between three horizontal axes on the oy,
mirror plane results in a simple hexagonal (SH) lattice structure
(Fig. 2c¢).

For the cubic frame, things are different. We noticed that
merely performing translation operations along its four body
diagonals (three-fold rotation axis, C3) is not enough to satisfy
the one-to-one correspondence between the bridged edges
unless a rotation operation is introduced. However, such
compound operations will cause alignment conflicts and
hinder the generation of ordered structures. To solve this
problem, we proposed a crossed bridge pattern that is still
based on translation operations (Fig. 2b). Taking a set of
opposite vertices as an example, two reserved sites on a vertical
edge are paired with those on the neighboring horizontal edges,
respectively (Fig. S81). Six interlaced bridging strands together
form three rectangular trihedral angles to realize a stringent
orthogonal configuration, presenting a body-centered cubic
(BCC) structure.

In a conventional lattice preparation method, the mixed
solution of polyhedral frames, bridging strands and function-
alized AuNPs was annealed from 50 °C to 20 °C circularly. Dark
red sand-like aggregates appeared at the bottom of the reaction
tube after the annealing process, suggesting the compact
AuNP-DNA organization.

NP lattices under DNA origami crystals

The internal structures of these aggregates were first detected
through in situ small angle X-ray scattering (SAXS) to confirm
the formation of lattices and evaluate the degree of long-range
order (see the ESIf). The integrated data extracted from the
2D SAXS pattern and corresponding structure factors, S(g),
where g is the scattering vector, are shown in Fig. 2d-f and S9-
S14.7 The lattice formed by octahedral frames has more than 15
orders of identifiable Bragg peaks (Fig. 2d, black curve) and the
ratio of peak positions (relative to the first peak)
g/qgi=1: v2: +/3:2:+/5... corresponds to a typical SC
lattice. For the cubic frame, nearly 20 legible scattering peaks
are shown in Fig. 2e, indicating that the assembled structure is
highly ordered. Well-matched peaks show a narrow broadening
and the peak intensity of the S(g) is in excellent agreement with
the model of the BCC structure (Fig. 2e, red curve). The HB
system also exhibits around 10 resolution-limited SAXS peaks
with the positions markedly different from the S(g) of cubic
lattices, corresponding to an expected SH lattice (Fig. 2f). For
the above three shapes of polyhedral frames, the results
deduced from the bridge patterns are well consistent with the
SAXS experimental data, which shows that our strategy for
constructing 3D superstructures is logical and goal-oriented.
We calculated the lattice parameters based on the SAXS
result, and compared them with the simulated close-packed
models (Fig. S15-S17 and ESIt). As shown in Table 1, the
spacing deviation of all lattice parameters is less than 1.0 nm.

Chem. Sci., 2022, 13, 283-289 | 285
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Table 1 Summary of experimentally observed and designed NP lattices based on bridged DNA origami crystals

Frame shape Lattice type

Lattice parameters, experimental and (designed) values

Octahedron Simple cubic

Cube Body-centered cubic

Hexagonal bipyramid Simple hexagonal

Regular and elongated octahedron Simple tetragonal

According to our knowledge, such close unit spacing has not
been achieved in previous studies for DNA origami frameworks,
which is always a challenging issue since a closer distance
means more repulsion forces between nearby DNA units. The
bridging strategy achieved in this report permits the minimized
spacing of nearby building blocks to ~4 ssDNA bases, compared
with 44 ssDNA bases and 8 dsDNA base pairs as the linker part
for the sticky-end hybridization strategy,*® providing a way to
fabricate 3D nanomaterials with more sensitive collective
effects.

Then, these lattices were observed by electron microscopy to
directly visualize the arrangement of NPs and the local
morphology (Fig. 3). Generally, DNA samples leaving the
aqueous environment collapse and deform during the

Fig. 3 Models and representative TEM images for 2D planar assem-
blies and 3D lattices. (a—c) Representative TEM images of selected 2D
planar structures for octahedral (a), cubic (b) and hexagonal bipyramid
(c) frames. (d—f) Representative TEM images of siliconized 3D lattices
for SC (d), BCC (e) and SH (f) lattices formed by the above frames.
Corresponding schematics are shown with the same orientations.
Scale bars: 100 nm.
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a=>b=c=50.0(50.1) nm
a=B=ry=90°

a=b=c=65.9(65.8) nm
a=pf=vy=90°

a=b = 43.0 (42.4) nm; ¢ = 42.1 (41.6) nm
a=p=090%1v=120°

a =b =50.0 (50.1) nm; ¢ = 58.4 (59.4) nm
a=pB=vy=90°

deposition process under dry conditions. The situation is
particularly serious for 3D large-scale structures, resulting in
distortion or even loss of the ordered information originally
carried. Therefore, we performed in situ silicidation on the DNA
origami to reinforce the nucleic acid backbones.** Close-up
views of TEM images display the multi-layered assemblies and
well-defined streaks arranged with AuNPs (Fig. 3d-f and S18-
S20%). Scanning electron microscope (SEM) images show the
stereo vision of the entire lattices with a greater depth of field,
and the ordered areas are conservatively estimated to be 0.8-1
pum in size (Fig. S21-S237). Besides, 2D planar assemblies were
prepared as indirect evidence to eliminate the adverse effects of
overlap and stacking. By selecting only two (for the octahedron
and cube) or three (for the HB) crystallographic axes for crystal
growth, the regularly arranged AuNP arrays were clearly resolved
(Fig. 3a—c and $24-S271). We found that the polyhedral frames
in these assemblies swelled significantly compared to the free
states, especially for cube and HB frames with relatively weak
stiffness (Fig. S4 and S5t). The trend of reduced deformations
indicates that bridged domains could exert a certain tension at
the vertex junctions to increase the frame rigidity. We empha-
size that the bridge pattern provides a robust DNA crystal
construction concept insensitive to structural stiffness, which is
beneficial for the soft structures that tend to have larger
accommodating space and adjustability.>”®

Anisotropy control in the assembled lattices

Since the DNA origami is composed of a scaffold DNA and
hundreds of non-repetitive short staple DNAs, it means that
different domains have disparate sequence compositions. From
the perspective of oligonucleotides, the seemingly regular
geometric frames are actually anisotropic in space. In our
bridging strategy, the connections between polyhedral frames
are eventually refined to designated bridged double helix pairs.
Specific bridge patterns combined with the minimized unit
spacing make it possible to maintain the anisotropy of building
blocks when extended to the entire crystal.

To verify this proposal, we chose the highly symmetrical SC
lattice as a template, and broke the symmetry of conjugated
monomers intentionally by changing the position of marker
AuNPs relative to the octahedral DNA frames. The AuNP, orig-
inally located at the body center, was then positioned near the
vertex (still inside the frame) or in the center of one selected
triangular face by altering the protruding position of capture

© 2022 The Author(s). Published by the Royal Society of Chemistry
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DNAs (Fig. 4a). In a simplified geometric model of the conju-
gated monomer, when the AuNP shifts from the body center to
the vicinity of a vertex, the point group transforms from Oy, to
C,y, while it will belong to C;, when shifting to the triangular
face center. It is conceivable that if the directions and vertices
for crystal growth are treated indiscriminately (for example,
isotropic connection®®), the DNA domains used to locate guest
nanoparticles in altered frameworks would become chaotic and
unpredictable under the influence of symmetry breaking.
SAXS of altered 3D lattices shows that AuNPs are all arranged
into an SC lattice, and there is barely any noticeable difference
in peak position and broadening for the three preset positions
(Fig. 4b). TEM images of the 2D planar assemblies confirm the
site-specific positioning of AuNPs (Fig. 4c-e, S28 and S297).
Thus, the bridged DNA origami crystals successfully guide guest
nanoparticles to appear in the consistent positions relative to
frames. We can deduce that when propagating in the directions
parallel to C,, the internal domains of the DNA origami building
blocks, whose inter-frame spacing is the lattice parameter, are
the same. In other words, they repeat periodically in space. As
long as the orientation and composition of one frame unit is
defined, the configuration of the entire lattice can be accurately
predicted. The assembly units act like ‘clones’ with the same
behavior, which is conducive to maximizing the positioning

oy
I\ 7 .

N& Votex (C.) &
\QN/’% 00

Face center (C3,)

Fig. 4 Anisotropy control of DNA domains in the lattices. (a) Sche-
matics of altered AuNP-octahedron conjugated monomers with the
geometric symmetry adjusted by the position of guest nanoparticles
relative to the DNA octahedron. (b) Corresponding structure factors
S(q) for altered 3D lattices (green curve for the body center, magenta
curve for the vertex, blue curve for the face center and black curve for
the simulated SC model). (c—e) Representative TEM images of 2D
planar assemblies with the AuNP sitting in different positions: body
center (c), vertex inside the frame (d) and face center (e). Selected
sections are shown in the schematics above. Scale bars: 50 nm.
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advantages of DNA origami technology in storing and using
spatial structure information when forming large-scale aniso-
tropic structures with a collective effect.

Bridging assembly in the binary system

We further increased the assembly complexity to demonstrate
the superior expandability of our approach. In this process,
more than one frame component was introduced into the
crystal structure. A new type of frame, termed the elongated
octahedron, was designed to couple with the regular octahe-
dron in the establishment of the binary system (Fig. 5a). The
side edges of the elongated octahedron are 1.25 times the length
of the regular octahedron's edges, resulting in a D}, point group
(Fig. S2 and S307). Owing to the uniform crystallographic axes of
coupled frames, we mainly refer to the SC lattice to design the
bridge pattern (Fig. S6 and S317). In comparison, the two ends
of the bridging strands in the binary system need to hybridize
with two types of frame, respectively. Under the premise of the
ordered organization, the resulting lattice will be a simple
tetragonal structure because of the difference in the length of
side edges.

The binary system exhibits nearly 15 recognizable S(gq) peaks,
as illustrated in Fig. 5b. Compared with the peak shape of the
SC lattice model, the appearance of several split peaks is caused
by the lattice parameters (@ = b # c). We calculated the lattice
parameters (shown in Table 1) and calibrated the scattering
profile with the model fitting (Fig. S32-S34 and ESIY),

S(q)

0.2

anm )04 0.6
Fig. 5 Assembly of NP lattices by a binary system. (a) Two types of
octahedral frame with differences in the vertical direction (green for
the regular octahedron and blue for the elongated octahedron)
bridged alternately to form a 3D lattice. (b) Corresponding structure
factors S(g) for SAXS experimental data (black curve) and the simple
tetragonal lattice model (red curve). (c) Representative TEM image of
selected 2D planar structures in the binary system. Scale bar: 50 nm.
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confirming that the resulting structure corresponds to a simple
tetragonal lattice. Representative TEM images of selected 2D
planar assemblies show a rectangular array, and the alternant
bridging can be observed clearly (Fig. 5¢ and S357). Thus, we
encode the structural information of the lattice by shaping
polyhedral frames. While enriching the lattice types, the same
kind of component in the assembly could be manipulated
uniformly to achieve complex interactions. The specificity of
bridge patterns prevents crosstalk between components and
coordinates the orderly progress of the overall assembly
process.

Conclusions

We have proposed a general approach to create 3D low-entropy
lattices using a variety of polyhedral DNA origami frames.
Importantly, the periodically arranged DNA domains in these
crystal structures permit the anisotropy extension in units of
frames, which is guaranteed by the minimized spacing and high
specificity. The modular bridging principle can be further
applied to diverse crystallographic types and multi-component
systems through the ingenious designs of assembly unit
geometry and lattice topology. By combining orientation-related
functional nanomaterials, such as anisotropic nanoparticles,*
carbon nanotubes and proteins,* the extra-fine integrated
development platforms become feasible for potential applica-
tion as chiral devices,* nanoelectronics*' and biological reac-
tion amplifiers.*>
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