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ABSTRACT: Hierarchical assembly of programmable DNA
frameworks—such as DNA origami—paves the way for versatile
nanometer-precise parallel nanopatterning up to macroscopic
scales. As of now, the rapid evolution of the DNA nanostructure
design techniques and the accessibility of these methods provide a
feasible platform for building highly ordered DNA-based
assemblies for various purposes. So far, a plethora of different
building blocks based on DNA tiles and DNA origami have been
introduced, but the dynamics of the large-scale lattice assembly of
such modules is still poorly understood. Here, we focus on the
dynamics of two-dimensional surface-assisted DNA origami lattice
assembly at mica and lipid substrates and the techniques for
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prospective three-dimensional assemblies, and finally, we summarize the potential applications of such systems.

1. INTRODUCTION

DNA nanotechnology enables construction of accurate
artificial structures from DNA molecules with arbitrary
geometries and a high level of addressability.' ™ Therefore,
these precise structures may serve as components in
applications ranging from nanoelectronics* to nanophotonics®
and from nanomedicine’ to inorganic materials engineering.”
The most widely used technique to assemble DNA
nanostructures is DNA origami, which is based on folding a
long single-stranded DNA (ssDNA) scaffold strand into a
predefined shape with the help of dozens of short ssDNA
molecules, unique in sequence.”” DNA origami is a robust
method to create modular DNA motifs for versatile nano-
patterning purposes'”'' as well as for higher-order self-
assembly systems.'”'® Already before the invention of DNA
origami, principles of hierarchical self-assembly of various
other programmable DNA-based modules were introduced.
For example, Seeman and co-workers introduced two-dimen-
sional (2D) lattices using, e.g., Holliday junctions,14 double-
crossover (DX)-tiles,'”> and three-space-spanning DNA mo-
tifs'® as building blocks. Other lattice types have also been
reported; so-called 4 X 4 tiles may assemble into nanoribbons
and nanogrids'’ and cross-shaped motifs into square-like
arrays,'® while T-'” and Y-shaped DNA junctions” may form
continuous well-defined patterns through surface-assisted
assembly.

In general, DNA-based hierarchical assembly is based on
addressable, directional and fully programmable modification
sites, which means that the “valency” of such motifs
unambiguously guides the formation of higher-order struc-
tures.”””” As indicated above, DNA origami has provided
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much more flexibility and freedom for designing precise DNA
architectures. This absolute control of the valency makes DNA
origami an optimal candidate for algorithmic assemblies and
large-scale lattices. The dimensions of a conventional, single
DNA origami object are limited to a range from a few
nanometers to a few hundred nanometers (which is governed
by the length of the scaffold strand), but along with the ever-
advancing DNA origami design techniques,B’24 the increasing
complexity of the structures,”® and the concurrent software
development,”*~** a plethora of different strategies employing
DNA origami in macroscopic assemblies have emerged. The
various approaches to arrange lattices using different DNA
motifs have been recently covered in multiple reviews.' ">’

Here, instead of simply summarizing the achieved lattice
types using DNA origami structures as building blocks, we
focus on the dynamics of lattice assembly and reconfiguration.
This covers surface-assisted high-order and long-range 2D
DNA origami assemblies on both mica- and lipid-based
substrates, dynamic assembly of three-dimensional (3D)
origami lattices as well as stimuli-responsive assemblies and
the potential applications of such systems. Note that in this
review, we deliberately focus on 2D and 3D lattices. One-
dimensional (1D) assemblies will only be mentioned if they
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Figure 1. Dynamics of 2D DNA origami lattice assembly at mica surfaces. (a) Consecutive AFM images of a growing lattice of cross-shaped DNA
origami nanostructures during assembly via blunt-end stacking (scan size 3 X 3 ym?). (b) Consecutive HS-AFM images (interval between images
51.5 s) showing the formation and annealing of a line defect (indicated by the blue broken lines) within a hexagonally ordered lattice of DNA
origami triangles without any blunt-end stacking. (c,d) Consecutive HS-AFM images (interval between images 51.2 s) of the stimulated desorption
(c) and dimer formation (d) of DNA origami rectangles (arrows) incorporated in lattices of DNA origami triangles at T:R ratios of 100:1 (c) and
10:1 (d), respectively. (e) Evolution of the relative correlation length £/4, the fraction of DNA origami triangles in the largest connected cluster,
and the topological parameters y, and ps during the Ca**-mediated assembly of a lattice of DNA origami triangles. All parameters were calculated
from HS-AFM images. (a) Reprinted with permission from ref 42. Copyright 2014 John Wiley & Sons. (b) Reprinted with permission from ref 45.
Copyright 2018 American Chemical Society. (c,d) Reprinted with permission from ref 48. Copyright 2020 Royal Society of Chemistry. (e)
Reprinted with permission from ref 49. Published 2020 by Springer Nature.
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allow for fundamentally different insights or can easily be
scaled up to 2D or 3D.

2. METHODS FOR ASSEMBLING DNA ORIGAMI
LATTICES

There are two conceptually different strategies for assembling
individual DNA origami nanostructures into ordered lattices.
In the first and most established one, lattice assembly is
achieved in bulk solution. Therefore, this strategy relies on
attractive interactions between the individual DNA origami,
which additionally must be controlled in such a way that the
assembly of ordered 2D or 3D lattices is favored over the
formation of disordered, amorphous aggregates. For this, the
earliest examples of DNA origami lattices reported by
Rothemund® and Liu et al.”® took advantage of sticky-end
cohesion. Here, certain staple strands along the edges of the
DNA origami were extended, and these “sticky ends” further
hybridized to complementary sticky-end sequences protruding
from other DNA origami. Due to the strong sequence-
specificity of DNA hybridization, this approach also allows for
the assembly of lattices with complex symmetries,”’ defined
boundaries and dimensions,” or hybrid lattices composed of
different DNA origami tiles.*”

As an alternative to sticky-end hybridization, also blunt-end
stacking facilitates the specific binding between individual
DNA origami nanostructures.”” Blunt-end stacking occurs
between truncated duplexes ending in solution-exposed base
pairs (bp) and is well-known as a critical factor that may
induce nonspecific DNA origami aggregation.® Employing the
concept of shape complementarity, however, enables the
rational design of the intermolecular interactions, with regard
to both interaction strength and specificity.”* Consequently,
large and complex DNA origami assemblies and ordered
lattices and crystals® can be produced this way.

In addition, more exotic interactions can be exploited for the
specific binding and arrangement of DNA origami nanostruc-
tures. These include for instance hydrophobic interactions,*®
electrostatic interactions,””>® host/guest interactions,” and
combinations thereof.* However, these implementations
typically require the introduction of non-DNA functional
entities, either in the form of coassembling species® or by
covalent conjugation to selected staple strands.” 7%

The second method is based on the assembly of 2D lattices
using DNA origami monomers adsorbed at a solid—liquid,*"**
lipid—liquid,*’ or liquid—air interface.”* The interface plays
two roles in this strategy. First, attractive interactions between
the DNA origami and the interface result in DNA origami
adsorption and thereby reduces their degrees of freedom as
their motions are now confined to a 2D plane. At the same
time, however, it is important that the attractive interactions
are weak enough to provide the adsorbed DNA origami
monomers with sufficient lateral mobility to diffuse along the
interface and assemble into an ordered lattes. Second, since
DNA origami adsorption is energetically favored, a closed
DNA origami monolayer will form over time when the
interface is exposed to a sufficiently high DNA origami
concentration. Maximum coverage of the interface will be
obtained for a densely packed monolayer, which for a single
DNA origami species with high symmetry such as a rectangle
or a triangle is equivalent with an ordered lattice. Therefore,
lattice assembly at interfaces may occur even in the absence of
any attractive intermolecular interactions.”” However, intro-
duction of such attractive interactions between individual DNA

20

origami may result in more stable lattices, higher lattice order,
41-43
or more complex arrangements.

3. DYNAMICS OF SURFACE-ASSISTED 2D LATTICE
ASSEMBLY AT MICA SUBSTRATES

The first 2D DNA origami lattices assembled at solid—liquid
interfaces were presented in 2014 by the laboratories of
Rothemund®' and Simmel.** Both works utilized hierarchical
DNA origami assembly at mica surfaces, building on earlier
studies that employed smaller DNA tile motifs.'”*" The
general approach is based on controlling the electrostatic
interactions of the adsorbed DNA origami nanostructures and
the mica surface. Since both the DNA origami and the surface
are negatively charged, adsorption is facilitated by an
intermediate layer of divalent Mg** ions. Upon addition of
an excess of monovalent Na' ions, some Mg*" ions are
displaced from the mica—DNA interface, resulting in reduced
electrostatic attraction and thereby enhanced DNA origami
mobility at the mica surface. This enables the DNA origami to
diffuse along the surface and optimize their arrangement to
accommodate more incoming DNA origami nanostructures
and assemble into ordered 2D lattices. In this way, Aghebat
Rafat et al. demonstrated ordered lattices assembled from
DNA origami rectangles, triangles, and cross shapes with
tetragonal, hexagonal, and herringbone symmetries, respec-
tively."” For the cross shapes, different lattices were obtained
depending on whether their edges displayed blunt ends or not,
the former resulting in attractive interactions between
individual DNA origami monomers via blunt-end stacking.
This led to the assembly of well-ordered and almost defect-free
2D DNA origami crystals a few pm in size. As can be seen in
Figure la, lattice assembly was sufficiently slow to be followed
in real-time using conventional atomic force microscopy
(AFM). By employing DNA origami crosses with biotinylated
staple strands, the assembled lattices could be further
functionalized to display streptavidin. Woo and Rothemund
used a similar approach to assemble more complex checker-
board lattices from DNA origami rectangles that featured blunt
ends only at selected corner positions along their edges.*'
Using high-speed AFM (HS-AFM), Kielar et al. investigated
the dynamics of DNA origami lattice assembly at mica surfaces
using DNA origami triangles without any blunt ends.” In this
case, lattice assembly occurs simply in order to accommodate
the electrostatic requirements of the mica surface and
minimize the exposed mica surface area. The result is a
polycrystalline lattice with hexagonal symmetry that can
homogeneously cover macroscopic surface areas of ~10 cm”
and beyond.*® In their investigations, Kielar et al. focused on
the effect of the Na* concentration on the development of
lattice order, which was quantified by calculating the
correlation length ¢, i.e, the length within which the surface
heights of any two points are correlated, from the 2D power
spectral density of the recorded HS-AFM images.”’ They
found that maximum order is obtained at 75 mM Na® in
combination with 10 mM Mg*. At lower Na* concentrations,
the mobility of the DNA origami triangles was too low to
dynamically anneal lattice defects, whereas higher Na*
concentrations resulted in rapid surface diffusion and
desorption of the triangles. The authors then investigated the
formation and annealing of lattice defects at the optimum Na*
concentration of 75 mM. They observed that zero-dimensional
(0OD) point defects composed of damaged DNA origami
triangles can be annealed rather easily if the damaged triangle

https://doi.org/10.1021/acs.bioconjchem.2c00359
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has a smaller contact area with the mica surface than the intact
ones. In this case, an incoming intact triangle can replace the
damaged one in the lattice. Annealing of larger 1D line defects
is also possible but requires the concerted rearrangement of
many DNA origami nanostructures in the vicinity (see Figure
1b). 2D screw-like dislocations turned out to be the most
stable defects that form at rather late stages of assembly and
are almost impossible to anneal. These types of complex
defects thus limit the overall order that can be achieved.

In a follow-up study, Xin et al. deliberately introduced
defects into the hexagonally ordered DNA origami lattice by
adding a small fraction of DNA origami rectangles to the
triangles.*® At high to moderate triangle-to-rectangle (T:R)
ratios of 100:1 or higher, rectangles were incorporated at low
densities into the assembling hexagonal lattice but later on
efficiently replaced by other triangles, because the lateral strain
of the surrounding lattice stimulated their desorption and their
nonfitting shape provided incoming triangles an opportunity to
make contact with the mica surface (see Figure 1c). Most
astonishingly, at such a moderate T:R ratio of 100:1, the
resulting lattice had a larger correlation length than at a higher
T:R ratio of 200:1. This was rationalized by the nonmatching
shape of the rectangles blocking larger surface areas than the
triangles, which leads to increased mobility of neighboring
triangles and thereby the more efficient annealing of other
defects. At lower T:R ratios of 10:1 and lower, the
incorporated rectangles persisted longer within the lattice
and even started to form dimers and multimers (see Figure
1d). Even under those conditions, however, the lattices proved
resilient with regard to the incorporation of rectangles.

In order to further improve the achievable degree of lattice
order, Xin et al. screened the effect of different monovalent and
divalent cation species on the assembly of DNA origami
triangles into hexagonal lattices.”” They observed that due to
their different ways of binding to DNA and mica, Li* and K*
were inferior to Na' in facilitating the assembly of highly
ordered lattices. Substituting Mg2+ for Ca>*, however, resulted
in significantly enhanced lattice order, which was explained by
the weaker binding of Ca* to the DNA phosphates, so that it
can be displaced more easily by the Na® ions. For this
combination of cations, the authors also investigated the
development of order during lattice assembly using a number
of different order-related parameters, ie., the relative
correlation length £/4, which has been normalized to the
lattice periodicity 4, the fraction of DNA origami triangles in
the largest connected cluster, and the topological parameters
U, and pg, which indicate the variance of the distribution of
nearest neighbors and the relative proportion of DNA origami
triangles with exactly six neighbors, respectively.””*" All of
these parameters were calculated from the recorded HS-AFM
images, using either the power spectral density function®” or
the Delaunay triangulation”® of the lattices. All of these
parameters indicated a rapid increase of order within the first
30 min of incubation, ie., during the time it takes to form a
closed DNA origami monolayer, whereas longer incubation
times resulted in a much slower and more gradual increase in
order (see Figure le). Finally, the authors demonstrated that
combining all independently optimized assembly parameters,
i.e, cation concentrations, cation species, DNA origami
concentration, and assembly time, highly ordered lattices
with unprecedented correlation lengths beyond 84 can be
obtained.

21

4. DYNAMICS OF SURFACE-ASSISTED 2D LATTICE
ASSEMBLY AT LIPID BILAYERS

Supported lipid bilayers (SLBs) are widely used to mimic
biological membranes and to study membrane-associated
processes and interactions.””** SLBs are prepared on mica or
other substrates by the adsorption and self-assembly of lipid
molecules, such as the synthetic zwitterionic lipid 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC). This lipid is often used
either alone or in combination with other lipids for SLB
formation.” The mica-SLBs are flat and dynamic surfaces for
which the fluidity and surface charge readily can be altered by
the lipid composition, and therefore, these are also suitable for
surface-assisted self-assembly of DNA origami-based lattices.>
DNA origami can be adhered to the lipid bilayer surface purely
through electrostatic interactions (see Figure 2a) or by
functionalizing DNA origami with hydrophobic molecules
that further interact with the lipids in the bilayer membrane
(see Figure 2b).°° The latter strategy allows for a more
selective attachment as the position of the hydrophobic
moieties provides control over DNA origami orientation in
the lipid bilayer. The electrostatic adsorption of the DNA
origami onto the SLBs is, similar to mica, also mediated by
divalent ions, such as Mg*". In the case of the commonly
employed zwitterionic DOPC bilayers, the interactions are
weak enough so that the DNA origami structures retain their
mobility on the substrate, and thus they may assemble into
well-ordered 2D lattices. This was first demonstrated by Suzuki
et al, who assembled micrometer-sized lattices using cross-
shaped DNA origami structures that were electrostatically
adsorbed on a DOPC bilayer in plain folding buffer (10 mM
Mg**) and connected at the edges through blunt-end
interactions.”’ Similarly, they also assembled closed-packed
lattices using symmetric DNA origami structures without any
blunt-ends, i.e., the same cross-shaped DNA origami structure,
a DNA origami triangle, and a DNA origami hexagon.
Remarkably, an addition of either of the monovalent ions,
Na* or K%, resulted in a detachment of the assembled lattice
when some of the Mg** ions were replaced by the monovalent
ions thus weakening the interaction between the DNA origami
and the DOPC bilayer. Furthermore, by studying the self-
assembly on the DOPC bilayer by HS-AFM, they observed
that the process is dynamic—monomers and multimers at the
boundary between adjacent lattices frequently associated and
dissociated in order to assemble into larger uniform lattices
(see Figure 2a). Interestingly, they also noticed that point
defects in the lattice can be healed by adding free monomers to
the system, similar to the case of mica surfaces. This was later
utilized in another study by the same research group when they
demonstrated that the cavities in a preassembled lattice
composed of cross-shaped DNA origami can be filled up
with square-shaped DNA origami structures.”’ The incorpo-
ration of the square-shaped DNA origami into the cavity was
found to be a highly reversible process with repeated
adsorption and desorption of DNA origami, and the system
could be further fine-tuned by adjusting the Mg** concen-
tration. A high DNA origami population inside the cavities was
observed only at remarkably high Mg>* concentrations (S0
mM Mg**) or by introducing complementary DNA-strands
that connected the square-shaped DNA origami to the
preassembled lattice through hybridization.

The behavior and mobility of the DNA origami on the SLBs
is highly dependent on the fluidity and surface charge of the

https://doi.org/10.1021/acs.bioconjchem.2c00359
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Figure 2. DNA origami lattice assembly at supported lipid bilayers (SLBs). (a) Lattice assembly by electrostatic adsorption of DNA origami onto a
SLB. Consecutive HS-AFM images (scale bar 200 nm) demonstrating the lattice assembly and the fusion of two domains at the boundary region
indicated by orange and blue arrows. (b) Top panel: Cholesterol molecules are used to anchor rectangular DNA origami units onto the lipid bilayer
before the addition of the oligonucleotides that connect the units into a 2D lattice. Bottom panel: AFM image of the assembled lattice. (c) Right
panel: 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dipalmitoyl-sn-glycero-3-phophocholine (DPPC) is used to prepare a phase-
separated SLB. Left panel: As shown in the AFM images (scale bar 200 nm), the cross-shaped DNA origami adsorbs differently on the fluidic
liquid-disordered (Ld) and solid-ordered (So) phases. (d) Shape-complementary hexagonal DNA origami stack together and assemble into a 2D
lattice when the Mg** concentration is increased. The lattice growth is followed by HS-AFM (image size 800 nm X 800 nm). (a) Reprinted with
permission from ref 43. Published 2015 by Springer Nature. (b) Reprinted with permission from ref 60. Copyright 2015 American Chemical
Society. (c) Reprinted with permission from ref 58. Copyright 2018 John Wiley & Sons. (d) Reprinted with permission from ref 59. Published 2022

by Cell Press.

lipid bilayer, which can be easily modified through the lipid
composition.”® Sato et al. studied the DNA origami lattice
assembly on a phase-separated lipid bilayer prepared as a
mixture of unsaturated DOPC and saturated 1,2-dipalmitoyl-
sn-glycero-3-phophocholine (DPPC) that forms fluidic liquid-
disordered (Ld) and solid-ordered (So) phases, respectively.
At high DNA origami concentrations, they observed that the
cross-shaped DNA origami bound to the Ld-phase assembled
into micrometer-sized lattices, whereas DNA origami on the So
phase were prone to aggregation due to the higher surface
charge and lower fluidity (see Figure 2c). Addition of Na* ions
detached the DNA origami completely from the Lo phase,
while on the So phase the higher rate of DNA origami
association and dissociation in combination with higher DNA
origami surface mobility resulted in a reorganization of the
aggregates into well-ordered lattices.

Conventionally, lattices on SLB and mica substrates have
been assembled using 2D DNA origami structures, but recently
it was demonstrated that also three-dimensional (3D) DNA
origami structures can be utilized for lattice assembly on

22

SLBs.*’ In this work, hexagonal DNA origami blocks with
shape-complementary interfaces were assembled into prede-
fined 2D lattices on a DOPC bilayer. To assemble highly
ordered monolayers, the DNA origami hexagons were
adsorbed onto the SLB at a relatively low Mg>" concentration
(15 mM), after which the Mg®" concentration was increased to
50 mM in order to reduce the electrostatic repulsion at the
interfaces and thus allowing the DNA origami units to stack
together. Notably, such a high Mg®" concentration would not
be suitable for lattice assembly on mica since it would make the
DNA origami structures immobile on the surface. The authors
also followed the lattice assembly with HS-AFM and observed
that adsorption and desorption of the DNA origami units not
only occurred at the edges of the lattice, but also at the defect
sites inside the lattice, thus resulting in defect splitting, defect
diffusion, and defect filling (see Figure 2d).

As already mentioned, the DNA origami can also be
attached to the SLBs by utilizing hydrophobic moieties that
anchor DNA structures onto the lipid membrane. By
functionalizing the DNA origami with cholesterol molecules

https://doi.org/10.1021/acs.bioconjchem.2c00359
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Figure 3. Stimuli-induced dynamics of DNA origami lattices. (a) The pH-responsive and stepwise assembly and disassembly of DNA origami
nanoclusters is monitored by AFM (scale bars S00 nm). (b) The polymerization of X-shaped DNA origami into linear chains is controlled by
photosensitive arylazopyrazole-modified oligonucleotides. The AFM images show the disassembled and assembled structures after irradiation at
365 and 520 nm, respectively. (c) Left panel: Reconfigurable DNA origami switch with shape-complementary protrusions and recessions allowing it
to change conformation depending on the salt concentration. Right panel: The reconfigurable lattice constructed by connecting several switch units
could readily and reversibly shrink and grow as demonstrated in the TEM images (scale bar SO nm). (a) Reprinted with permission from ref 63.
Copyright 2019 The Royal Society of Chemistry. (b) Reprinted with permission from ref 68. Copyright 2021 John Wiley & Sons. (c) Reprinted
with permission from ref 34. Copyright 2015 The American Association for the Advancement of Science.

interacting with the DOPC bilayer, Kocabey et al. assembled a
rectangular DNA origami block that could assemble either into
1D chains or 2D lattice patterns depending on which
polymerization oligonucleotides were used (see Figure 2b).
Similarly, they also used a Y-shaped DNA origami unit to
assemble a hexagonal lattice. With this assembly strategy, the
DNA origami objects have a predefined orientation in the lipid
bilayer and are restricted to diffusion only in 2D, which allows
the assembly of lattices that are an order of magnitude larger
than similar lattices assembled in solution. Furthermore, the
interaction between the DNA origami and the lipid bilayer—as
well as the DNA origami diffusion on the lipid membrane—
can be easily modulated by the size and number of the
cholesterol molecules. In a later study, it was demonstrated
that the DNA origami diffusion rate on SLBs can also be
controlled by the ionic strength of the solution.®" Interestingly,
it was observed that the DNA origami diffusion rate is
dependent on whether the SLB is prepared on glass or on
mica. On a glass-SLB, the DNA origami mobility was
completely retained for most DNA origami structures in a
buffer containing S mM Mg**, whereas DNA origami on a
mica-SLB were still mobile even at Mg*" concentrations of S0
mM.
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5. STIMULI-INDUCED DYNAMICS OF DNA ORIGAMI
LATTICES

5.1. Dynamic Lattice Assembly and Disassembly.
There are a number of different approaches for directing the
assembly and disassembly of DNA origami-based lattices with
external stimuli, such as pH, salt concentration, light, and
temperature. For example, Zhang et al. used shape-comple-
mentary blunt ends at the interfaces to polymerize DNA
origami “tensegrity triangles” into a 3D rhombohedral lattice at
a constant temperature (47 °C).”> The base stacking
interactions at the interfaces are temperature-dependent and
by increasing the temperature to 50 °C, the interactions were
already so weak that the lattice was completely disintegrated.
Similarly, temperature could also be used to guide the
assembly of DNA origami lattices formed through sticky-end
cohesion. Lin et al. used a set of distinct sticky ends to connect
DNA origami “nanochambers” into 1D, 2D, and 3D lattices in
a programmable manner.”” The melting temperature of the
hybridization strands correlated directly with their length, and
the authors observed that a certain sticky-end length (8 bp)
was required for the successful assembly of lattices. Shorter
sticky ends (6 bp) resulted in unconnected monomers,
whereas longer sticky ends (10 bp) yielded only large,
kinetically trapped aggregates. As a different approach, Julin
et al. took advantage of the ionic strength of the solution to
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Figure 4. Applications of 2D and 3D DNA origami lattices. (a) AFM image of a lattice of cross-shaped DNA origami on mica decorated with
streptavidin. (b) AFM image (1.1 X 1.1 um?) of a lattice of DNA origami triangles on mica. The holes in the triangles have been filled with Redf
proteins via directed adsorption under conditions that resulted in about 70% of the holes featuring three ring-shaped Redf complexes. (c) AFM
image (scale bar 500 nm) of a lattice of cross-shaped DNA origami on mica decorated with AuNRs. (d) Cryo-TEM image of a tetragonal 3D AuNP
lattice fabricated by electrostatic coassembly of 2.5 nm AuNPs and DNA origami six-helix bundles (6HBs). (e) TEM image (scale bar S00 nm) of a
rhombohedral host—guest lattice assembled from DNA origami monomers with attached 20 nm AuNPs via shape-complementary blunt-end
stacking. The inset shows a schematic representation of a single DNA origami monomer with the attached AuNP (red). (f) STEM image of a
simple cubic hybrid lattice composed of DNA origami cubes assembled via connecting 10 nm AuNPs. The inset shows a schematic representation
of a single DNA origami monomer with attached AuNPs (gold). (g) Cryo-TEM image (scale bar 100 nm) and schematic representation of a
tubular lipid vesicle with a regular lattice of curved, beam-like DNA origami nanostructures at its surface. (a) Reprinted with permission from ref
42. Copyright 2014 John Wiley & Sons. (b) Reprinted with permission from ref 76. Copyright 2016 American Chemical Society. (c) Reprinted
with permission from ref 78. Copyright 2021 American Chemical Society. (d) Reprinted with permission from ref 38. Published 2019 by The Royal
Society of Chemistry. (e) Reprinted with permission from ref 33. Copyright 2018 John Wiley & Sons. (f) Reprinted with permission from ref 81.
Copyright 2016 Springer Nature. (g) Reprinted with permission from ref 84. Published 2018 by Springer Nature.

control the assembly of negatively charged DNA origami 6- therefore, equally used for 2D and/or 3D lattices. For example,
helix bundles and cationic gold nanoparticles (AuNPs) into recently, pH-sensitive DNA triplexes were used to selectively
highly ordered lattices.”® At high ionic strengths, the and stepwise regulate the association of nanoclusters
electrostatic interactions between the building blocks are containing nine cross-shaped DNA origami units (see Figure
screened and no assemblies are formed. However, when the 3a).”’ By increasing the pH, the DNA triplex will dissociate,
salt concentration is gradually decreased, the compounds will and the freed ssDNA domain of the triplex can further be used
coassemble into well-ordered 3D tetragonal superlattices. as one of the hybridization strands connecting the units
There also exist other stimuli-induced approaches for together. In a similar manner, pH-responsive i-motif and triplex
controlling the assembly and disassembly of DNA origami DNA sequences were used to control the assembly and
arrangements that could be potentially scaled up and, disassembly of DNA origami dimers and trimers.** In addition,
24 https://doi.org/10.1021/acs.bioconjchem.2c00359
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photoresponsive molecules have been used to control the
hybridization of adjacent DNA origami units and thereby the
assemblsy and disassembly of a cornucopia of arrange-
ments.”~* Yang et al. used azobenzene-modified oligonucleo-
tides to connect hexagonal DNA origami units together into
1D chains and ring-shaped hexamers and could reversibly
direct the association and dissociation by irradiating the sample
with visible light and ultraviolet light, respectively.”> In a
subsequent study, another photoswitchable molecule, arylazo-
pyrazole, was used for the photocontrolled assembly and
disassembly of X-shaped DNA origami into linear assemblies
(see Figure 3b).%® In addition to these, ssDNA fuel and antifuel
strands®” and modular DNA strand displacement cascades’’
have been used as external triggers for the assembly and
disassembly of linear DNA origami fibrils.

5.2. Dynamic Lattice Reconfiguration. The focus of
structural DNA nanotechnology is currently shifting from
static arrangements to dynamic structures that can change their
conformation in response to environmental stimuli. In general,
the synthesis of dynamic nanomaterials is rather challenging,
but a variety of dynamic miniature devices has been
successfully built using the DNA origami technique.”"”
However, the use of DNA origami for the construction of
larger dynamic assemblies is still rather limited, but a few
selected and appealing approaches are discussed here in more
detail.

Gerling et al. constructed a reconfigurable micrometer-sized
2D lattice utilizing cross-like DNA origami switches that were
connected through hybridization (see Figure 3c).** The switch
has shape-complementary interfaces on the arms, and by taking
advantage of the weak base stacking interactions between the
predesigned protrusions and recessions, the switch could adopt
an open or a closed configuration depending on the salt
concentration of the surrounding solution. At high salt
concentration, the electrostatic repulsion between the two
arms of the switch is overcome, and the unit is locked into a
closed state, but the arms are readily released again when the
ionic strength is decreased. Thus, the lattice assembled from
this DNA origami switch could be reversibly expanded and
squeezed simply by changing the ionic strength of the solution.

DNA origami lattices connected with sticky ends are rather
sensitive to environmental factors. For example, it has been
demonstrated that high salt concentration, ethanol and certain
polymers may cause a shrinkage of the ssDNA region and
thereby a contraction of the whole DNA origami lattice.”* In a
recent work, Wang et al. substituted the spacing region with a
flexible and pH-sensitive i-motif sequence that could form a C-
quadruplex structure at low pH.”* The C-quadruplex formation
resulted in a shortening of the distance between adjacent DNA
origami units, but the original interunit distance could be
recovered by increasing the pH and thus turning the C-
quadruplex back to ssDNA counterparts. The i-motif was
incorporated into the connector sequences used to link DNA
origami units into a 3D lattice, and depending on whether the
i-motif was part of the connector strand in 1D, 2D, or 3D, the
lattice could rapidly and reversibly either switch between a
simple cubic and simple tetragonal lattice (i-motif included in
the connector strands for 1D or 2D) or shrink and expand (i-
motif included in all connector strands).

6. APPLICATIONS OF DNA ORIGAMI LATTICES

The main application of DNA origami lattices so far is to use
them as scaffolds for the arrangement of functional nanoscale
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entities. As already mentioned in Section 3, a rather
straightforward approach was demonstrated by Aghebat Rafat
et al., who decorated DNA origami cross shapes with biotin
modifications, which were employed to specifically bind
streptavidin after successful 2D lattice assembly at a mica
surface (see Figure 4a).”” The same conceptual approach has
also been used to fabricate quantum dot lattices.” Similarly,
also aptamer-modified DNA origami frames have been
assembled into lattices on mica surfaces and filled with various
proteins via multivalent binding.”

A different strategy for patterning proteins that also employs
DNA origami lattices but does not rely on the availability of
specific ligands was presented by Ramakrishnan et al.”® Here,
2D lattices of DNA origami triangles were assembled at mica
surfaces and subsequently exposed to different protein
solutions. The lattices acted as lithography masks that directed
the nonspecific adsorption of the proteins to the exposed mica
areas in the holes of the triangles (see Figure 4b). In this way,
the authors fabricated regular patterns of different proteins,
including Redp, Redp-GFP, Sak, ferritin, and bovine serum
albumin (BSA). By adjusting the conditions of the protein
adsorption step, they could also control the number of
adsorbed proteins per hole in the mask and fabricate patterns
of single proteins. Using the example of BSA, they furthermore
demonstrated the Na'-induced desorption of the DNA origami
mask after protein adsorption with the generated BSA pattern
remaining intact. Since protein adsorption at the Mg“—
terminated mica surface is governed by electrostatic
interactions, this approach can be extended to any negatively
charged nanoscale object. This was subsequently demonstrated
by Liu et al., who employed smaller DNA lattices composed of
DNA tiles to direct the adsorption of negatively charged
AuNPs.”” In an inverse approach, Yang et al. fabricated lattices
of gold nanorods (AuNRs) by attaching DNA-coated AuNRs
to DNA origami cross shapes.”® These AuNR-decorated DNA
origami monomers were then assembled via blunt-end stacking
into DNA origami lattices at mica surfaces (see Figure 4c). By
controlling the orientation of the DNA origami monomers and
their connections with neighboring ones through the tuning of
the stacking contacts, different AuNR lattices could be
achieved, including 1D arrays, isotropic 2D lattices, and
anisotropic 2D lattices.

When it comes to applications of 3D DNA origami lattices,
the current focus clearly lies on arranging AuNPs to generate
photonic crystals. While such nanoparticle crystals can also be
fabricated by the coassembly of AuNPs and DNA origami via
electrostatic interactions (see Figure 4d),*® the majority of
works employed DNA-coated AuNPs that were attached to the
DNA nanostructures via hybridization.”” In this context, two
different strategies can be distinguished. The first is
conceptually similar to what has been described above for
the 2D AuNR lattices assembled at the mica surface and
involves the decoration of the DNA origami monomers with
AuNPs. The decorated DNA origami monomers are then
assembled into a 3D host—guest lattice (see Figure 4e).”* This
strategy is rather versatile as it allows for the arrangement of
nanoparticles encapsulated within DNA origami cages™ or
chambers®” and can also be extended to other entities such as
enzymes.”” In the alternative strategy, the DNA-coated
nanoparticles themselves are integral parts of the assembling
hybrid lattice and typically serve as connectors between the
vertices of neighboring DNA origami monomers (see Figure
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4£).*" Several different crystal lattices have been realized using
this approach.”’

So far, most of the explored applications of DNA origami
lattices utilized static lattices. In this regard, understanding the
assembly dynamics of the lattices is integral to controlling and
optimizing the size, quality, and order of the fabricated 2D and
3D lattices. The few examples of applications so far that
actually rely on the dynamics of lattice assembly were focused
on controlling the shapes of lipid vesicles via the assembly of
DNA origami lattices at their surfaces. Czogalla et al. first
demonstrated that the assembly of planar yet bulky 3D DNA
origami nanostructures at the surfaces of lipid vesicles may
result in planar deformations of the vesicles.”” Here, vesicle
attachment of the DNA origami was facilitated by cholesteryl
modifications and sticky-end hybridization between two
different DNA origami species via complementary staple
overhangs was used to assemble the lattice. Other lattices
based on the assembly of triskelion-like DNA origami
monomers were not able to induce such macroscopic
deformations of lipid vesicle shapes but only smaller,
submicron deformations of lipid monolayers.*> Using curved
beam-shaped DNA origami nanostructures displaying choles-
teryl anchors on their concave surfaces, Franquelim et al.
achieved drastic local alterations of lipid vesicle curvature.**
Furthermore, at high surface coverage, these DNA origami
were found to assemble into periodic lattices and thereby
transform spherical vesicles into ellipsoidal tubules (see Figure
4g). Notably, this lattice-induced formation of tubules
occurred also in the absence of attractive interactions between
the DNA origami such as sticky-end hybridization or blunt-end
stacking.

7. OUTLOOK

In summary, we have discussed the potential methods to
assemble DNA origami-based building blocks into 2D and 3D
lattices. The very fundamental features of such lattice
assemblies and their dynamics have remained elusive, but
currently, works that focus on understanding the processes of
lattice assembly are coming increasingly into view. Along with
the ever-expanding toolbox for DNA origami designs, the
development of user-defined assemblies paves the way for
high-quality lattices with macroscopic scales. For example, the
automated design paradigms of various 2D DNA origami
motifs presented by Bathe and co-workers may become
extremely useful in such settings.”> ™’

We believe that these versatile platforms can be employed in
various cost-effective 2D material fabrication schemes and
applications. For example, DNA lattices can be used as tools
for scalable nanomanufacturing; i.e., they can be used as masks
in lithographic processing®®~"" or as scaffolds for metallization
and (bio)mineralization-based composite materials synthe-
sis,” ~"* thus enabling a variety of programmable inorganic
assemblies.” Moreover, the techniques discussed here allow
precision patterning of DNA templates with, e.g., proteins,95
metal nanoparticles,96 and chromophores,97 as well as
fabrication of optically intriguing substrates, such as polar-
imeters’® and metasurfaces.”” In addition to the static
assemblies, foreseeable dynamic, reconfigurable stimuli-respon-
sive lattices'®° may find various uses, e.g, in sensing,
diagnostics, and information relay.'"!
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