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Assembly of DNA-grafted 3D superlattice is composed of two pivotal elements: nanoparticles (NPs) core and DNA shell.
The progress of chemical synthesis technique enables the chemical composition of NP core unrestricted; it can be metals,
oxides, polymers, even biological molecule, which also allow for the integration of multiple functions like luminescent,
catalytic, magnetic properties, and so on.

Keywords: DNA nanotechnology ; self-assembly ; superlattice ; DNA tile ; DNA origami

| 1. Introduction

Self-assembly could arrange individual components into ordered structure, this phenomenon exists widely in nature, such
as the double helix structure of DNA, protein aggregation and folding, cell, or some living life, and so on, they are
considered to be the result of molecular self-assembly . Inspired by the nature phenomenon and the unceasing
understanding for self-assembly rules, researchers try to take atomic/molecular/ensembles in nanoscale as building
blocks to fabricate devices, the automatic assembly among building blocks will obtain new structure/material with specific
properties, which breakthrough the limitation of traditional top-down processing technology and meet the human needs in
information, life, electronic, material fields. The assembly rules and methodologies are of great significance and dominate
the material science field.

Colloid is often used as a model of atomic system to reveal the crystallization rules and the role of nanoparticle in
assembly process . Colloid nanoparticles as building blocks are linked together by weak interactions such as van der
Waals, hydrogen bonding, or others to surface-bound ligands such as DNA B!, block copolymer ¥, or small molecule &I
Colloid particles protected by DNA with exceptional programmability and addressability exhibit tremendous potential in
superlattice assembly. DNA-grafted nanoparticle as “programmable atom equivalent” (PAE) has been used in probing
colloid assembly systems for many years.

| 2. Assembly Methods for 3D Lattice

2.1. Connection via ssDNA

The simplest but typical method for 3D lattice assembly is two NPs connected to lattice by the complementary pairing of
single strand DNA. In 2008, Gang’s group displayed the effect of different (linker and spacer) DNA structures on the long-
range order of NP lattice [¢1. The DNA linker in the middle offers driving force for A and B NPs assembly (Figure 3A). The
length of linker sequence and the free spacer were designed to tune the attraction and repulsive interaction among NPs,
which guide the transition from disordered NPs to 3D ordered lattice. According to the experimental results, the longer
spacers (system IV and V) are beneficial for the long-range order of crystalline organization, and the shorter or more rigid
spacers (system I-Ill) showed amorphous upon annealing. Besides, the melting temperature (Tm) of DNA linker
sequence is a turning point for crystallization. The formation of lattice is kinetically prohibited when the temperature is
much below Tm due to the local DNA crowding and high hybridization energy. While the DNA attraction energy will be
reduced when the system is heated to Tm, which leads to the uniaxial DNA hybridization and distance uniformity between
NPs and achieves optimal crystalline packing. The DNA design produces profound effect on forming ordered 3D lattice via
the equilibrium balance of repulsion and attraction of assembly system. The difference of assembly method in Mirkin’s
group 1 is the introduction of another linker DNA (Figure 3B) which includes two regions. The longer region is
complementary with the DNA decorated on NPs, and the shorter region was designed to control the interaction among
NPs and more thermally stable than the longer region. The design of these regions including length and sequence
determined the effective radii of DNA-linked NPs, which also enable to modulate the competition relationship between
entropic and enthalpic contributions in assembly process at different temperature. Additionally, a flexor region between
above two regions is added to the linker. When deleting the single base adenine and adding a polyethylene glycol
oligomer (PEG) to change the rigidity of flexor region, the latter formed a more ordered crystalline structure, which verifies



that the greater flexibility is fit for crystallization. The controllable variations in connection method (as the more complex
polyvalent conjugates of DNA and AuNPs, Figure 3C) aim at changing the hydrodynamic radii of DNA-NPs and the
coordination environment of NPs, which are presented in one of the six rules for assembly of NPs superlattice 8. Apart
from the above factors, highly monodisperse NPs are also important.
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Figure 3. SsDNA linkages between NPs. (A) Connection by two linkers on the surface of NPs (System | to V: different
spacers in length) (Adapted with permission from 8. Copyright 2008, Springer Nature.); (B) connection by a free linker
including a flexor region (X region) (Adapted with permission from . Copyright 2008, Springer Nature.); (C) polyvalent
conjugates of DNA and AuNPs by four free linkers. (Adapted with permission from . Copyright 2011, American
Association for the Advancement of Science).

2.2. Connection via DNA Tile

DNA tile, derived from Holliday junction like the four-arm junction & in Figure 4A, consists of several stoichiometric single
oligonucleotide strands. In order to assemble larger architecture, a crossover was introduced to design a rigid “DNA
double-crossover (DX) molecule” as the building block. On both sides of the DX molecule, a single-strand DNA extended
as sticky end for connecting other DX molecules. Based on the different DX motifs and above connection method, some
2D arrays RAIA2 highly complex 3D nanostructures 23 were constructed and also employed to arrange NPs and
proteins.
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Figure 4. 3D superlattice via DNA tile connection. (A) four-arm junction; (Adapted with permission from &, Copyright
1983, Springer Nature). (B) Design of tensegrity triangle as building block and the corresponding assembly, (Adapted with
permission from 4], Copyright 2009, Springer Nature.); (C) Three-state 3D device composed of 3D crystalline lattice and
dynamic device (Adapted with permission from 2. Copyright 2017, Springer Nature.); growth modulation for 3D lattice by
agent strand in triangle motif (D) (Adapted with permission from L&, Copyright 2018, WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim, Germany). A weaving strand in 4 x 5 motif (E) (Adapted with permission from 4. Copyright 2017,
American Chemical Society).

Though the position of NPs could be controlled precisely by DNA array or 3D DNA architecture assembled by DNA tile,
there still are some obstacles to form a 3D crystal on the linear, planar template or even polyhedral frame. A
groundbreaking work was published by Seeman that a single crystal was obtained by designing a tensegrity triangle 24!,
This rigid triangle motif is composed of seven strands (three magenta strands form crossovers in the corners, three green
strands extend for the length of each helix, one blue nicked strand at the center), in which the sequences of three
magenta and green strands are same respectively, and the blue strand contains triply repeating sequence, a red short
single-stranded sticky end was attached at the end of the six helices to connect with six other motifs, thereby yielding
rhombohedral 3D crystal (Figure 4B). Afterward, they reported a three-state 3D device by combining devices and 3D
crystalline lattice in one system [ (Figure 4C). By designing the binding of coloring strand and central bule strand, the
transition between blue and red crystal could be realized. Moreover, more efforts were made to modulate the growth, the
cavity size and chirality, stability of 3D crystal by introducing an agent strand X8 (Figure 4D) at the end of the triangle
motif, a weaving strand 4 in the center of a 4 x 5 motif (Figure 4E), enzymatic ligation 18 at position of the sticky end. To
design 3D DNA crystals with higher resolution, a series of factors including sticky end length and sequences and 5'/3'
phosphates were systemically analyzed 19, These advances make it feasible to extend 2D DNA array to 3D crystal, but
the dimension of 3D crystal is still limited within a certain range, therefore more effective strategies are desired to break
this obstacle.

2.3. Connection via DNA Origami Nanostructure

DNA origami was first termed by Rothemund in 2006 29, in which a long scaffold DNA with more than 7000 bases and
hundreds of short staple strands assembled into anticipated structures ranging from simple 2D planar structure 29 to
intricate 3D architectures [212223] (Figure 5A). Over the past four decades, numerous design rules and assembly
strategies have been developed to increase the complexity, advancing the structural DNA nanotechnology. The potential
applications of these complex system turn to be of importance and attracts a lot of attention. For instance, DNA origami-
based nanostructures were employed in biosensor [242326127] * higcomputing [281291B0EBY  piomedicine 22 fields.

Recently, DNA origami-guided 3D lattice engineering of inorganic NPs became one of the research hotspots.

Figure 5. (A) Design of DNA origami and DNA origami-based simple 2D planar structure and intricate 3D architectures.
(Adapted with permission from 28, Copyright 2006, Springer Nature.) (Adapted with permission from 22, Copyright 2011,
American Association for the Advancement of Science); (B) face-centered-cubic and diamond lattice guided by DNA
origami tetrahedron. (Adapted with permission from B3, Copyright 2016, American Association for the Advancement of
Science); (C) DNA origami tetrahedron, octahedron, cubic with different valances were employed to engineer diamond



type, simple cubic and body-centered-cubic 3D AuNPs lattices. (Adapted with permission from 4. Copyright 2020,
Springer Nature.); (D) DNA origami-based structure assembled into 3D rhombohedral crystal. (Adapted with permission
from 331, Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim).

Initially, NPs could be arranged to prescribed nanoclusters and low-dimensional arrays via the connection of the DNA
frame origami structure 8. A DNA origami octahedron frame is designed based on DNA origami technology, its six
vertices can be encoded by extending the different sticky ends, thus determining the NP placement. The successful
connection of DNA frame origami structure for 1D and 2D arrays meant it is possible to extend low-dimensional arrays to
3D lattice. One year later, Tian et al. realized above envision through designing the geometrical shapes and matching the
topological connection among NPs by frame vertices. A series of DNA polyhedral frames (like cube, octahedron,
elongated square bipyramid, prism, and triangular bipyramid) as topological linkers guided the assembly of 3D lattice with
different lattice types and parameters such as simple cubic, face-centered-cubic, body-centered-tetragonal, simple
hexagonal B4, This approach sheds new light upon 3D lattice engineering. Liu et al. created a AuNPs diamond
superlattice by tetrahedra with low packing fraction, orientation sensitivity and heterogeneity 23! (Figure 5B). The difficulty
in diamond lattice assembly was successfully overcome by turning into the assembly between isotropic NP and
anisotropic NPs with tetravalent binding topology.

| 3. Future direction

A full understanding of the 3D superlattice assembly by further investigating the assembly kinetics and arbitrarily
controlling the crystal parameters like symmetry, the size, and shape of crystal habit are still required. Combining the fresh
ideas of bottom-up DNA-grated 3D superlattice assembly with traditional postprocessing will be a promising direction of
3D lattice-based nanofabrication and further promote the application in real world.
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