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of Chemistry Three-dimensional assembly based on DNA origami structures is an ideal method to precisely fabricate
nano-scale materials. Additionally, applying an anisotropic assembly unit facilitates constructing complex
materials with extraordinary structure. However, it still remains challenging to crystallize anisotropic DNA
nano-structures using simple design, because the assembly of low-symmetry monomers often requires
harsh auxiliary conditions and more complicated crystallization processes. In this work, we managed to
crystallize the anisotropic elongated octahedral DNA origami frames by non-specific connections, and
acquired two kinds of highly ordered superlattices purely by conducting multiple annealing processes
and increasing the rigidity of the connection parts. In the case where the connection parts were
composed of soft DNA sticky ends, we obtained the theoretically inaccessible simple cubic superlattices
by this anisotropic DNA origami shape. Through characterization by small-angle X-ray scattering and

scanning electron microscopy, we found that the DNA monomers are arbitrarily arranged due to the
Received 29th May 2023 stress buffering of the soft DNA SEs, while in the stiffer case, simple tetragonal superlattices with
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translational arrangement of most anisotropic DNA origami shapes were synthesized as expected. This

DOI: 10.1039/d3sc02722h work deepened the understanding of geometry-guided crystallization of DNA origami shapes and
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Introduction

Compared with inorganic colloidal nanoparticles, DNA nano-
structures synthesized by DNA origami technology often have
more accurate sizes and well-defined shapes.’® In addition,
programmable modification of functional sites on DNA origami
nano-structures endows them with excellent ability for loading
guest objects and further assembly.”* Therefore, DNA origami
technology has fully shown its unique advantages in the design,
manufacture, and application of nanomaterials.’**” Moreover,
DNA origami nano-shapes have been demonstrated to crystal-
lize into distinct kinds of three-dimensional (3D)
superlattices.'*** As generally acknowledged, crystallization is
a thermodynamics-dominant process in pursuit of the most
stable state, in which the hybridization of connection sites is
maximized.”*?” For the DNA origami monomers with high
symmetry, the assembly results are always identical regardless
of which sites the monomer attachment occurs in. Hence non-
specific connection is sufficient to crystallize the monomers
into an ordered assembly, and guarantee the high assembly
yields. However, in the crystallization process of the DNA
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provided a new path for constructing three-dimensional functional devices with simple design.

origami monomers with low symmetry, the design of sticky
ends (SEs), used for connection, is crucial to achieve the ther-
modynamic optimum state of DNA origami assembly.”®>°
According to the symmetry of DNA origami monomers, it is
necessary to adopt appropriate SE pairs to simultaneously
guarantee the maximization of SE hybridization and the correct
binding modes between DNA building blocks. Therefore, for the
DNA monomers with lower symmetry (or cocrystallization of
multi-units of DNA origami nano-shapes), the types of SEs
should be increased accordingly to satisfy the specific
arrangement of the building blocks.?**”** However, the
cumbersome design requirements in crystallizing
symmetry monomers usually bring excessive connection
restrictions and increase difficulty in the crystallization
process.*"** Hence, it is important to explore a simple method
for low-symmetry DNA building blocks to assemble into well-
defined 3D lattices. In this work, by reasonably applying rean-
nealing technology, we managed to crystallize the anisotropic
DNA origami monomers—the elongated octahedral (E-octa)
DNA origami frames (DOFs) with D,, shape symmetry by
endowing the functional sites with identical DNA SE pairs,
though this is considered to potentially cause the aperiodic
connections brought by the relatively low symmetry of the E-
octa DOFs. Surprisingly, by simply and reasonably increasing
the cycles of the annealing process, the E-octa DOFs could
assemble into an unexpected 3D superlattice with a highly
ordered simple cubic (SC) structure. This lattice type is

low-
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theoretically difficult to realize under a rational arrangement of
E-octa DOFs. In addition, to improve the influence of the shape
of the anisotropic monomers in the crystallization process, the
rigidity of the soft DNA SEs is increased and the crystal structure
could shift from SC structure to simple tetragonal (ST) structure
under the same annealing conditions, promoting the achieve-
ment of the shape-mediated ordered crystals. In this work, the
annealing process is carefully explored and demonstrated to be
a crucial step for fabricating ordered 3D assemblies composed
of anisotropic DNA origami monomers. This approach offers an
opportunity to crystallize anisotropic DNA origami nano-
structures with easy design of the functional DNA SEs, and
provides more paths for assembling large-scaled and highly
ordered DNA lattices with unique symmetries and complex
structures.

Results and discussion

The anisotropic E-octa DOF is composed of twelve six-helix
bundles. The length of the four bundles in the middle plane
is ~28.56 nm, while the length of the other eight bundles is
~35.70 nm (Fig. 1a and S17). The traditional connection design
of anisotropic DOFs during the crystallization process required
strict and specific manipulation of the DNA SEs stretched out
from the vertices, on the basis of satisfying the rule of maxi-
mizing the DNA hybridizations and guaranteeing the correct
binding modes of the DNA origami monomers. Here, we only
used one type of complementary DNA SE pair to explore the
geometry effect of anisotropic DOFs during the crystallization.
The complementary SEs utilized here were called SE-A and SE-B
(Fig. 1b, depicted as cones and cylinders), and the corre-
sponding assembly units were called E-octa-A and E-octa-B,
respectively (Fig. 1b). In addition, 10 nm gold nanoparticles
(AuNPs) were placed in the body center of each E-octa DOF to
facilitate the structural characterization and further analysis by
small-angle X-ray scattering (SAXS).

Unlike the previous reports adopting strict connection
design in the crystallization of E-octa DOFs,* the nonspecific
connection utilized here would result in an arbitrary binding
mode between nearby building blocks. As shown in Fig. 1c, four
possible binding modes may simultaneously occur, which are
formed between vertices in the middle square plane (numbers 1
and 2 shown in Fig. 1c), or along the vertical direction (number
3), or vertices both in the square plane and along the vertical
direction (number 4). Theoretically, it is hard to synthesize
a type of superlattice that simultaneously contains all four kinds
of binding modes discussed above and maintains a highly
ordered arrangement of the assembly units. Consequently,
disordered or amorphous assemblies may be generated (Fig. 1d,
left). However, owing to the assembly composed of indiscrimi-
nate binding modes, it will inevitably lead to a low efficiency of
DNA hybridization for SEs, which would result in an unstable
state with high energy. In theory, the degree of the crystal order
is inversely correlated with the energy of the system. Hence,
a strategy for further reducing the system energy may help
fabricate the ordered DNA origami superlattices, considering
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the potentially unexpected binding modes caused by the
anisotropic geometry of the DNA building blocks (Fig. 1d, right).

We commonly adopt an annealing process from high to low
temperature to fabricate the DNA origami superlattices, as
shown in Fig. 2a (50 °C to 20 °C with a rate of 0.2 °C h™*). Equal
amounts of E-octa-A and E-octa-B were mixed, and then
annealed. The obtained assembly deposited at the bottom of
the tube was further characterized by SAXS to explore the inner
arrangement of the DOFs. The two-dimensional (2D) ring and
one-dimensional (1D) S(g) curve both exhibited a possible
amorphous structure, with approximately three broad peaks
(Fig. 2¢, purple curve with sample name “Eocta-S1”). Note that
the signals indicated in the SAXS results came from the AuNPs
located at the center of the E-octa DOFs, which can indirectly
reveal the arrangement of the E-octa DOFs.

Annealing time is always an important parameter when
growing the artificial crystals. Increasing the annealing cycle
discussed above from one to two imposed a positive effect on
the crystal order (Fig. 2b). Different from annealing in the
discrete monomer state (the first annealing cycle), reannealing
is based on the already formed 3D structures. In the second
annealing cycle, the SEs in the assembly formed during the first
annealing will de-hybridize when the temperature is up to 50 °©
C. However, the assembly units will not be completely dispersed
into the solution and remain largely condensed at the bottom of
the tube (Fig. S27). This will facilitate the rearrangement of the
E-octa DOFs to the equilibrium state due to the reduced free
energy in the following annealing process.** Hence, this strategy
is beneficial to transforming the amorphous assembly into
a thermodynamic steady state, resulting in the formation of an
ordered superlattice. The newly formed assembly is termed as
“Eocta-S2” and was characterized with more than seven recog-
nizable 1D peaks when tested by SAXS (the blue curve as shown
in Fig. 2¢). However, increasing the annealing cycles to three did
not obviously improve the order of samples (Fig. S31). Surpris-
ingly, by comparing the experimental scattering curve with the
standard peaks (black), the obtained DNA origami assembly was
proved to be a simple cubic (SC) nanoparticle superlattice (a =
b = ¢ = 62.0 nm). Notably, the SC structure is theoretically
difficult to be obtained via rational crystallization of E-octa
DOFs. Hence, a further characterization of the deposited
aggregates is required to visually observe the arrangement of
the DOFs in detail.

In order to retain the inherent structural details and
morphologies of the DNA origami superlattices during the
scanning electron microscopy (SEM) characterization, the
superlattices were coated with a thin layer of silica.**** At low
magnification, the overall appearance of Eocta-S1 and Eocta-S2
showed distinct differences. Eocta-S2 showed more regions with
right-angled domains and flat surfaces (Fig. 2d, framed in the
blue box on the right), while for Eocta-S1, the DNA origami
monomers preferred to aggregate together randomly (Fig. 2d,
framed in the purple box on the left). Furthermore, two typical
regions of the samples were selected and magnified to carefully
compare the differences in detail between the two superlattices
(purple dotted box for Eocta-S1 and blue dotted box for Eocta-
S2). For better observation, the grid pattern, which is

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Schematic illustration of assembling E-octa DOFs. (a) The shape of E-octa DOF has D4, symmetry (middle) with a four-fold symmetry axis
through the top and bottom vertices. The corresponding top view and side view are shown beside. The edge lengths in the middle plane are
~28.56 nm while the others are ~35.7 nm. (b) AuNPs and SEs are mounted onto the E-octa DOFs to form the building blocks, which are called E-
octa-A and E-octa-B, respectively. The AuNP is positioned at the body center of the E-octa DOF, while SEs are installed at the six vertices. (c) Four
possible binding modes between interconnected E-octa DOFs during assembly. Binding modes 1 and 2 are between vertices in the square plane;
binding mode 3 is between vertices along the vertical direction; binding mode 4 is between vertices in the square plane and along the vertical
direction. Square plane and vertical direction are marked in mode 1. (d) Possible 3D assemblies after thermodynamic annealing, including the
disordered pattern and ordered pattern. Corresponding arrangement of AuNPs are shown beside each assembly.

considered to occur when the monomers are arranged in order,
is painted in corresponding false color (purple for Eocta-S1 and
blue for Eocta-S2). It could be found that most surface regions
of Eocta-S2 had a grid pattern, and the domain size of the grid
pattern in Eocta-S2 was notably larger than the same region in
Eocta-S1 (see more examples in Fig. S4 and S5t). Compared with

© 2023 The Author(s). Published by the Royal Society of Chemistry

Eocta-S1, Eocta-S2 could organize into ordered structures with
larger domain sizes, which verifies the positive effect of the
reannealing process on crystal order.

Furthermore, a large grid pattern area in Eocta-S2 was
selected to confirm the actual arrangement of E-octa DOFs. A
representative grid pattern region was magnified (Fig. 2e,
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Fig. 2 Assembling E-octa DOFs by different annealing cycles. (a) Assembling E-octa DOFs by one annealing cycle, and the corresponding
assembly is called Eocta-S1. The annealing procedure is from 50 °C to 20 °C with the rate of 0.2 °C h™%. (b) Assembling E-octa DOFs by two
annealing cycles, and the corresponding assembly is called Eocta-S2. The annealing procedures of the two cycles are both from 50 °C to 20 °C
with the rate of 0.2 °C h™%. (c) Experimental SAXS results of Eocta-S1 (purple) and Eocta-S2 (blue), and standard scattering peaks of SC with
parameter of 62.0 nm (black). Corresponding 2D patterns and AuNP unit cell are shown as inset. (d) Representative low-magnification SEM
images of Eocta-S1 (left, framed in the purple box) and Eocta-S2 (right, framed in the blue box) after being coated with a layer of silica. Close-up
views (middle) of the regions labelled by dotted boxes, in which grid patterns are painted in false colors (purple for Eocta-S1, blue for Eocta-S2).
Scale bars, 2 um (left and right) and 500 nm (middle). (e) Representative high-magnification SEM image of Eocta-S2 with grid pattern painted in
blue (left), close-up view of the region framed in the blue dotted box (top-right) and corresponding model (bottom-right). Scale bars, 100 nm and
50 nm. (f) Proposed model of Eocta-S2.
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Fig. 3 Crystallizing E-octa DOFs by adding additional poly-A sequences. (a) Added poly-A sequences during the assembly process can hybridize
with the poly-T portion of SEs which is not involved in the connection between DOFs. (b) Experimental SAXS curve of nanoparticle superlattice
Eocta-R2 (green) and corresponding standard ST peaks (black). Corresponding 2D pattern and AuNP unit cell with the ST structure (@ = b =
61.4 nm, c =76.6 nm) are shown as inset. (c) Representative low-magnification SEM image of Eocta-R2. Scale bar, 2 um. (d) Representative high-
magnification SEM image of Eocta-R2. Scale bar, 200 nm. (e) The close-up view of the region framed in the green dotted box (left) and cor-
responding model with the two types of regions framed in the red box and green box, respectively (right). Scale bar, 50 nm. (f) Proposed model of
Eocta-R2.

b
0,
100% | i [ Typel
[ Typell
N Type I
I Type IV
: '54.5
Type I 50%-] a
35.9
24.3 271263
1o.4-1o.s 10.7
0% s ! |‘ I—
Eocta-S1 Eocta-S2 Eocta-R2

Tpe I Type IV

The proportion of four region types in superlattices

Fig. 4 The proportion of four typical domains in each superlattice. (a) Four region types in superlattices are colored in orange (Type ), yellow
(Type I1), green (Type IIl) and blue (Type IV), respectively. From Type | to IV region, the size ranges of the grid pattern regions are 0-0.2 um, 0.2—
0.5 pm, 0.5-1 um, and larger than 1 um, respectively. Scale bars, 1 um (Type |, Il and IV) and 200 nm (Type ll1). (b) The proportion statistics of the
four region types in superlattices Eocta-S1 (Type |, 97.5%; Type Il, 2.5%; Type lll, 0%; Type IV, 0%), Eocta-S2 (Type |, 54.5%; Type Il, 10.4%; Type Ill,
24.3%; Type IV, 10.8%), and Eocta-R2 (Type |, 10.7%; Type Il, 27.1%; Type Ill, 26.3%; Type IV, 35.9%). From Eocta-S1 to Eocta-S2 to Eocta-R2, the
proportions of Type | gradually decrease while the proportions of Type Il gradually increase.
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framed in the blue dotted box) to clearly observe the details of
the binding modes between adjacent E-octa DOFs (see more in
Fig. S67). As illustrated in the right part of Fig. 2e, the magnified
region captured twelve monomers with the corresponding
model shown below. Each connection site in this region was
found to be completely hybridized. Therefore, it can be specu-
lated that most of the DNA SEs in Eocta-S2 have been hybridized
after the second annealing cycle, and the system has almost
reached the stable state. This may also account for the
phenomenon that the ordering of the lattice did not improve
significantly after three cycles of annealing (Fig. S31). Besides,
the arbitrary arrangement of multiple binding modes (numbers
1, 2, and 4 as shown in Fig. 1c) could be observed in this
representative region, which revealed an irregular arrangement
of the DNA origami building blocks. Moreover, the parameter of
the unit cell of Eocta-S2 calculated from SAXS results (~62.0
nm) is close to the theoretical average lattice parameters (~64.3
nm) of the expected ST structure assembled by E-octa DOFs (see
detailed calculation in Fig. S7t), which also proved that the DNA
origami monomers were randomly arranged in a 3D manner.
Theoretically, though it is unreasonable for the rigid DOFs to
assemble in a random way, the maximization of SE hybridiza-
tions after reannealing contributes to generating a thermody-
namically stable state. Furthermore, it is hypothesized that the
softness of DNA SEs allows for deforming to some extent, which
underlies the maximum hybridization of connection sites to
counteract the stress generated from the disordered arrange-
ment of anisotropic E-octa DOFs. Accordingly, the proposed
model of the Eocta-S2 is shown in Fig. 2f.

To avoid the stress buffering caused by the soft DNA SEs
during the assembly, the stiffness of single-stranded DNA SEs
was strengthened through transforming them into double
strand-dominated structures. In this work, DNA SEs are
designed as 30-nucleotide (nt) long including a poly-T non-
complementary part (22T) and an 8 nt complementary part.
Hence, sequences of poly-A were introduced during the
assembly to bind with the poly-T part of DNA SEs to increase the
rigidity of the connection parts (Fig. 3a). This strategy perfected
the definition of the rigid shape of the DNA origami monomers,
which promoted the ordered arrangement of E-octa DOFs. On
demand of achieving a stable state, the E-octa systems with rigid
connection tended to maximize the SE hybridizations under the
little deformation of monomers. Thus, a newly formed
assembly was obtained after undergoing two cycles of anneal-
ing, which was termed as “Eocta-R2”. Similar to the system with
soft DNA SEs (Eocta-S2), the new synthesized assemblies were
then characterized by SAXS and SEM as well. As shown in the
S(q) curve (green curve, Fig. 3b and S87) extracted from the 2D
rings (inset in Fig. 3b), more than twenty sharp scattering peaks
indicated that Eocta-R2 was highly ordered. Besides, these
peaks can match well with the standard ST peaks (black curve
shown in Fig. 3b), with the parameter of the unit cell: a = b =
61.4 nm, ¢ = 76.6 nm. Compared with Eocta-S2, the type of the
superlattice has been transformed from SC into ST, which is
more consistent with the expectation and previously reported
results.? Furthermore, Eocta-R2 exhibited more clear cuboid
structures when scanned under SEM after silica coating (Fig. 3¢
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and S9t). The corresponding crystal domains were ~1 pm? in
size, and the surface grid patterns were flatter and larger than
Eocta-S1 and Eocta-S2. To confirm the arrangement of the DOFs
in Eocta-R2, a 4 x 4 region selected from a large grid pattern
area was magnified for further observation, and the corre-
sponding model is shown on the right (Fig. 3e). It can be found
that the DOFs in the first line framed in the red box are arranged
in parallel exposing the middle square planes while the other
DOFs are also in a parallel arrangement but expose rhombic
planes. This indicates that Eocta-R2 presents as the poly-
crystalline structure instead of the single crystal. In addition,
a small number of disordered structures can also be found in
the Eocta-R2 (Fig. S10t). In summary, enhancing the rigidity of
the connection sites of E-octa DOFs can deplete the stress
buffering brought by soft DNA SEs, and lead to a geometry-
guided crystallization of the anisotropic DNA origami building
blocks (Fig. 3f).

To quantitatively analyze the order degree of the super-
lattices mentioned above (Eocta-S1, Eocta-S2 and Eocta-R2), the
superlattices presented in the SEM images were classified as
four categories, Type I to IV (Fig. 4a). From Type I to IV, the size
ranges of the regions with grid pattern are 0-0.2 pm, 0.2-0.5
um, 0.5-1 pm, and >1 pm, respectively. Normally, a larger size of
grid pattern often indicates a higher order of the superlattice.
For clarity, each type of region is colored with distinct false
color: orange for Type I, yellow for Type II, green for Type III,
and blue for Type IV. For Eocta-S1, the DOF monomers in most
regions are randomly arranged and only a few regions exhibit
the grid pattern. Hence, most regions in Eocta-S1 are amor-
phous and belong to Type I (Fig. S111). In comparation, the
sample of Eocta-S2 shows some cuboid shapes, which belong to
Type III and Type IV, while the amorphous regions still account
for a large proportion (Fig. S12t). For the sample of Eocta-R2,
most regions have block morphology and larger size, which
leads to the predominance of Type IV regions (Fig. S137).
Moreover, the region types of these three superlattices are
quantitatively analyzed and the total statistical areas are 325.5
um?, 292.8 pum? and 302.5 pum?, respectively. As shown in
Fig. 4b, the proportion of Type I sharply decreases from Eocta-
S1 to Eocta-S2 to Eocta-R2, while the proportion of Type II shows
the opposite trend. In addition, the regions of Types III and IV
can only be observed in Eocta-S2 and Eocta-R2, and the
proportion of Type IV region statistics from the latter sample is
more than three times that of the former one. These results
demonstrate that both of the two strategies, increasing the
cycles of the annealing process and strengthening the stiffness
of monomer shapes, can enhance the orderliness of E-octa
DOF/AuNP superlattices, which is consistent with the results
measured by SAXS.

Conclusion

In summary, we have realized the geometry-guided crystalliza-
tion of anisotropic DOFs with non-specific connections by
strategies including increasing the cycles of the annealing
process and the stiffness of DNA SEs. During the thermody-
namic governed crystallization process, the energy of the system

© 2023 The Author(s). Published by the Royal Society of Chemistry
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can be reduced effectively by multiple annealing processes, so
as to improve the orderliness of assembly. In this work, the
reannealing technology has been proved to be able to occupy an
important position in the crystallization of anisotropic nano-
particles. In addition, the DNA SEs can play a crucial role in
determining the types of the formed crystals. The shape char-
acteristics of the anisotropic monomers are weakened because
of the deformability of soft DNA SEs, resulting in random
arrangement of E-octa DOFs and achieving SC superlattices. By
strengthening the stiffness of the SEs, the monomer shape
becomes the prominent factor in assembly, which prompts
DOFs to form shape-mediated 3D arrangements rather than
random ones. This strategy stresses the significance of
annealing in crystallization and provides an access to simpli-
fying the connection design for crystallizing anisotropic
monomers, lowering the threshold for crystallization of aniso-
tropic nanoparticles. These results break through the tradi-
tional cognition of assembling anisotropic DNA origami
monomers, and deepen the understanding of their geometry-
mediated crystallization. We believe that these achievements
can stimulate advances in the assembly methodology of nano-
materials and the manufacture of functional devices with
simpler design and cheaper cost.
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