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Three-dimensional molecular and
nanoparticle crystallization by DNA
nanotechnology

Nadrian C. Seeman and Oleg Gang

Structural DNA nanotechnology has been particularly driven toward three-dimensional (3D)
construction since its inception at the start of the 1980s. Part of the driving force was the goal
of building specific crystals from macromolecular components, without having to use trial
and error for determining appropriate crystallization conditions. With the first demonstration
of DNA attachment to gold nanoparticles in the 1990s, DNA became a player in inorganic
nanomaterials as a programmable agent for structure assembly. For pure DNA structures,
the crystallization goal has been mediated by sticky-ended cohesion with some success,
although trial and error crystallizations have produced better diffracting crystals than those
directed self-assembly. For nanoparticles, different types of 3D nanoscale crystalline
organizations have been realized. Recent efforts not only expand the diversity of particle
lattices, but also strive to achieve designed lattice symmetries and their transformations. In
this article, we review the development of 3D assembly of DNA and DNA-guided nanoparticle
arrays, the issues that have prevented and facilitated formation of such structures, and recent

strategies toward this goal.

Climbing the dimension ladder

The basic notion of DNA nanotechnology requires two
concepts—branched DNA and “sticky ends.” The ways in which
the sequence of DNA strands could be designed, such that mul-
tiple strands could self-assemble into branched molecules rather
than linear molecules, have been detailed.! Branched molecules
are designed to contain three to 12 arms,' though the most com-
monly used branched molecules correspond to the four-arm
Holliday junction recombination intermediate (Figure 1a).
Sticky ends are short, single-stranded overhangs that extend
from the end of a double helical DNA molecule; they result
from one strand being longer at that site than the other. They
can pair with each other just like other DNA strands, but,
as seen in Figure la, they control intermolecular interac-
tions. As a consequence, it is possible to imagine assembling
branched molecules into larger assemblies. All the strands
discussed for the self-assemblies here are synthetic, so it is
easy to program the sticky ends, and the interactions they
promote, as desired. The branched molecule in Figure 1a has
sticky ends on all its extremities, and four of these are shown
on the right side, having been assembled into a quadrilateral
with many more sticky ends on the outside, suggesting the

possibility of forming a lattice. The four-arm junction is not as
rigid as might be desired, so over the history of DNA nano-
technology, other motifs have been sought and found.

The first notable object to be constructed by DNA nanotech-
nology methods was a DNA molecule with the connectivity
of a stick-cube or a stick-rhombohedron, see Figure 1b.? This
is a “zero-dimensional object,” because it is entirely closed
and cannot be extended to form a one-dimensional (1D), two-
dimensional (2D), or three-dimensional (3D) species. Each
vertex corresponds to a three-arm branched junction, and each
edge consists of two turns of double helical DNA. The angles
between edges are variable, therefore there is no control on
the absolute shape. In a sense, this is a topological construc-
tion, because the shape is not guaranteed, but the linking and
branching are predetermined from the design. Each of the six
faces corresponds to a cyclic single strand of DNA (single
strand of DNA joined to itself from the beginning to the end,
to form a cycle), and each strand is linked twice (because the
edges are two turns long) to each of the four faces that flank it.
For example, the front face corresponds to the red strand, and
it is linked twice to the green strand, the cyan strand, the
magenta strand, and the dark blue strands that flank it.
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greatly facilitated by the combination of the DX
molecule with DX + J molecules, molecules
containing one or two hairpin double helices
covalently attached and perpendicular to the
plane of the DX helix axes. These features
lead to stripes in the 2D crystalline pattern,
readily visible in the AFM image. The system-
atic variation of the number of DX and DX +J
leads to stripes with predictable separations.
Figure 3a shows a schematic in which 16-nm-
wide DX and DX + J molecules alternate in
a 2D pattern, leading to a stripe that repeats
approximately every 32 nm in the AFM
micrograph. Figure 3b shows a schematic of
four 16-nm-wide DX molecules, in which a

Figure 1. The central concept of structural DNA nanotechnology —combining branched
junctions into larger constructs. (a) (Left) Branched junction with four sticky ends, X, Y, and
their complements, X' and Y'. (Right) Four of these junctions have been combined to form a
quadrilateral.52 However, there are many sticky ends that are unsatisfied, so the construct
could be extended to form a lattice in 2D. Since the ladder-like representation of DNA
shown is not appropriate to its double helical structure, it is possible to form 3D lattices
from branched DNA molecules. (b) DNA molecule with the connectivity of a cube.*%2

(c) Molecule with the connectivity of a truncated octahedron.?

In the hope that a macromolecular version of zeolite A
could be synthesized, a truncated octahedron (Figure 1c) was
constructed using a solid support methodology.’ The yield of
one of the ligations was only 1%, although the rest were near-
ly 100%. At that time (in the early 1990s), before atomic force
microscopy (AFM) was commonly used, the only way to
demonstrate the successful synthesis of the target object was
by selective cleavage of edges to yield predicted catenanes,
linked cyclic objects held together like the links of a chain. It
was clear that complex syntheses to produce starting materi-
als were not going to be effective. It was necessary to find
a reliable, simple, and robust starting material that could be
produced in high yield.

After a certain amount of experimentation, the double
crossover (DX) molecule,* an analogue of an intermediate
in genetic recombination, was found to have all the desired
rigidity properties needed to serve as a starting material for
1D or 2D crystallization.’ This molecule consists of two
coplanar double helices joined at least twice. It is stiff, with a
persistence length (measure of its stiffness) of approximately
100 nm,® and there are no floppy angles (angles flank branch
points and may be stiff or floppy) that were such a concern
with the objects of Figure 1b—c.

An example of 1D self-assembly’ using the DX molecule
is shown in Figure 2a. A triangle with a 4.5-turn DX molecule
on its bottom is polymerized into a long molecule and then
examined by AFM. The top schematic shows that the triangle
should switch orientations with each addition. This is seen in
the AFM images on the right. To confirm that the image is
not an artifact, a second 1D self-assembly was performed by
inserting a 4-turn DX molecule between the triangles, nearly
doubling the triangle periodicity (Figure 2b). At the bottom
(Figure 2c), a 4.5-turn DX insert returns the spacing to the
original spacing, but now all the triangles are pointing the
same way, as seen in the AFM images.

The use of the DX molecule as the repeat component of
a 2D lattice has been extremely successful.® An example
is shown in Figure 3. The analysis of 2D lattices has been
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DX + J occurs every fourth molecule, such that
the AFM pattern shows a stripe that repeats
every 64 nm. Numerous other 2D systems have been con-
structed with small tiles.”!”

DNA-guided nanoparticle 3D assembly

Inspired by the programmability of DNA interactions, the idea
of using DNA to guide assembly of nanoparticles was pro-
posed about two decades ago.!"!'> In comparison to the DNA
constructs previously discussed, a nanoparticle, with one of
many single- or double-stranded DNA attached to its surface,
looks relatively simple. Nevertheless, it turns out to be noto-
riously difficult to reveal system design requirements and
conditions required for 3D crystallization of such systems. We
discuss a number of efforts developed in the field for transfer-
ring the programmability of interparticle bonds to structural
control of 3D nanoparticle lattices.

The major problem encountered in the early days of DNA-
nanoparticle crystallization experiments is that complementary
DNA-functionalized nanoparticles when hybridizing typically
form a 3D disordered aggregate. It was realized that obtaining
a crystalline lattice from DNA-grafted nanoparticles is diffi-
cult due to the complex interplay of interactions and entropic
effects, in addition to the kinetic traps, because of multi-
ple hybridizations between particles. Experimentally, two
major schemes were explored for particle assembly, direct
hybridization (DH) and linker-mediated hybridization (LH).
If complementary DNA strands are grafted onto surfaces of
the two respective particles, particles can bind via DH. For LH,
strands on particles are not complementary, but specific linkers
are required for interparticle hybridization.

For both cases, the interparticle connection rules and dis-
tances can be programmed through the choice of DNA motif.
Moreover, more than one DNA sequence type can be placed
on a particle to provide different addressability (or so-called
“colors”) of interactions. Due to the relatively high binding
energy of nanoparticles interacting via particle-grafted DNA
(~1-2 kT per base pair), hybridizations of multiple strands
among particles, chain entropy and entanglement effects, and
particle interactions that charge DNA chains, kinetically
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Figure 2. Ligation of DNA triangles containing a double crossover (DX) domain.”

(a) (Top) Only the triangle is ligated. Sticky end A and its complement A’ are separated
by 4.5 turns, leading to (bottom) a zigzag pattern. At right, (i) a zigzag molecule is
visible, and (ii) the higher magnification image reveals that the points of the triangles
are separated by the expected nine-turn separation of ~32 nm. (b) (Top) A triangle
and DX molecules are ligated in an alternating pattern. The DX adds four turns to the
separation, maintaining (bottom) the zigzag pattern, but almost doubling the separation.
At right, (i) the higher magnification image reveals that the separation of points is nearly
double. (c) (Top) The triangle and a 4.5-turn DX are ligated in an alternating pattern.
The extra half-turn in the DX now (bottom) eliminates the zigzag pattern and puts all
the triangles on the same side of the continuous shaft. This is visible on the right,
where the original separation is seen in the atomic force microscope image, but one
side is smooth.
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arrested disordered states are common. Together
with the many-body character of DNA-mediated
nanoparticle interactions and their intricate
distance and environmental dependence, only
amorphous 3D assembly was observed for a
long time.

In 2008, Gang’s'*!* and Mirkin’s'> groups
were able to demonstrate DNA-driven gold
nanoparticle crystallization by adjusting the
design of the particle’s DNA shell and the
thermal-annealing procedure used. It was also
shown theoretically that ordered structures
can form appropriate interparticle interaction
potentials.'® Through systematic study of the
relationship between DNA shell design and
phase behavior, two important parameters,
DNA linker length and number of linkers
per particle (Figure 4), were examined.!*!”
Formation of crystalline body-centered-cubic
(bce) nanoparticle lattice occurs for a range
of linker lengths, and a minimal number of
linkers per particle is required for crystalliza-
tion. In addition, the order—disorder transition
shifts to a higher number of linkers for longer
lengths, since an increased entropic elasticity
of single-stranded chains can be compensated
by a larger number of linker hybridizations. The
annealing pathway should allow for de- and
re-hybridization between particles in order to
achieve an equilibrium state, and this is cru-
cial for establishing crystalline order for those
systems whose designs satisfy the appropriate
interaction potentials.

Beyond the face-centered cubic (fcc) and
bee phases, the phase diagram can be diversi-
fied even for nanoparticles isotopically func-
tionalized with DNA using binary mixtures of
nanoparticles of different sizes, where either
inorganic nanoparticle core or DNA shell can
be used for changing the particle diameter
through increasing the nanoparticle size or
the number of bases for grafted DNA chains
in a shell.'”® The extended phase diagram of
binary spherical DNA-coated nanoparticles,
considering stoichiometric mixtures, was also
determined.’?° It is important to stress that use
of'in situ small-angle x-ray scattering for prob-
ing the 3D aggregates under relevant environ-
mental conditions was crucial for revealing
crystallization pathways and system design
requirements.

The DNA-based approaches developed
for gold nanoparticles can be extended
to nanoparticles of other materials, when
DNA can be attached to the particle surface.
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Figure 3. Two-dimensional (2D)-DNA arrays.® (a) Two double crossover (DX) molecules tile the
plane. (Left) A conventional DX molecule, A, and a DX + J molecule, B*, tile the plane. The extra
domain (black sphere) on B* leads to stripes. The molecules are 4 x 16 nm, so the stripes are
~32 nm apart, as seen in (right) the atomic force microscope image. (b) Four DX molecules tile
the plane. This arrangement is similar to (a), but there is only one DX + J molecule, D*, so
the stripes are separated by ~64 nm, as seen on the right (AFM image).
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Figure 4. Phase diagram of 3D linker-mediated assembly of nanoparticles grafted with
DNA." (a) The assembly of two types of gold nanoparticles (A and B, grafted with different
types of single-stranded DNA) is promoted by a single-stranded DNA linker Ln (n is the
number of bases not participating in the hybridization), whose ends are complementary
to the strands on A and B. For a range of DNA lengths, (b) (inset) the crystalline body-
centered-cubic (bcc) lattice is formed, as confirmed by small-angle x-ray scattering.
(b) The phase diagram of the assembled state was studied as a function of the number

of DNA linkers (r) and their lengths (n from 0 to 170), which relate to the volume fraction

of particles in the lattice and the boundary between disordered and ordered phases was
determined (dashed blue line). Reprinted with permission from Reference 17. © 2009
American Physical Society. Note: i, index for a DNA out of a total of r DNA on a particle.

Moreover, lattices containing different particles from different
materials can be generated, and DNA plays an integral role
in uniformly mixing particle types. Several approaches were
recently demonstrated for creating such lattices, for instance, bee
superlattices were assembled from amino-DNA functionalized
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quantum dot and thiolated-DNA covered gold
particles.?’ Both carboxylic-based conjuga-
tion?'?> and covalent attachment with click-
chemistry? > methods were used for grafting
DNA to nanoparticles. Accordingly, heteroge-
neous superlattices from functional nanoparti-
cles, including plasmonic, magnetic, catalytic,
and luminescent, were formed. In addition
to positional order, compositional order
(i.e., placement of particles in a unit cell
according to their DNA encoding) was also
examined for such lattices. It was found that
larger single-stranded DNA shells lead to com-
positional disorder, and the number of DNA
strands in a shell affect crystallization.??

Three-dimensional self-assembled
crystals

Three-dimensional self-assembly of purely DNA
systems is different from DNA-functionalized
nanoparticles; the criteria for clear observations
are typically much stricter for molecular sys-
tems versus nanoparticle structures or 2D crys-
tals, due to the much smaller unit cell of DNA
crystals and the existing criteria for crystal struc-
tures. The atomic force microscope has a typical
resolution of 70100 A under normal conditions.
This resolution is certainly sufficient to differen-
tiate, for instance, the species shown in Figure 3.
However, in three dimensions, it is necessary to
achieve resolutions better than 10 A (and prefer-
ably better than 5 A) to observe the product by
the only means available, x-ray crystallogra-
phy. This requires robust motifs that can self-
assemble without much floppiness.

To date, there is only one motif that has been
designed successfully to provide crystals that
diffract x-rays adequately. This is the “tenseg-
rity triangle,” developed by the Mao group.?
This motif contains three double helices whose
axes are directed in linearly independent direc-
tions.?” It has been scaled to contain two turns,
three turns, or four turns of the DNA double
helix, and it is the basis of almost all 3D crystal-
line DNA self-assemblies. A second motif, the
Paukstelis motif® was discovered accidentally,
and it also can be scaled somewhat to differ-
ently sized units. Other DNA motifs have been
reported,” but they do not represent crystals
that assume the structures for which they have

been designed. From these different crystals, researchers have
learned the crystals contain both DNA and solvent. The more of
the crystal that is DNA, the better the resolution.

Figure 5a illustrates two different views of a two-turn
tensegrity triangle crystal. It shows a tensegrity triangle and
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Figure 5. Stereoscopic images of the two-turn tensegrity triangle crystal structure. (a) Each triangle is joined to six other triangles by
sticky-ended cohesion.?” The schematic shows that the three directions defined by the helix axes span three-space. The red, green, and
yellow directions go from rear to front. (b) Eight triangles surround the vertices of a rhombohedron. The red triangle sits on the rear vertex
of a rhombohedron. It is connected to the three yellow triangles that flank vertices nearer to the viewer. The yellow triangles are connected
to the green triangles that flank vertices nearer yet to the viewer. The front vertex has been left vacant for clarity, but would contain another
red triangle. (c) Stereoscopic image of the three-turn tensegrity triangle.®® The helical strands are shown in yellow, the central nicked cyclic
strand is shown in red, and the crossover strands at the periphery are shown in blue. (d) A crystal programmed to contain two molecules
per asymmetric unit.®' Both panels are stereographic images of the crystal structure. The green triangle in the center is connected to six red
triangles. The next nearest neighbors in the same direction (only) are shown in green. (e) The rhombohedron formed by four molecules of
each kind. Eight molecules are shown. The opposite vertices along each edge contain different species of triangles.

its six nearest neighbors, with each of their helix axes differ-
ently colored. It is clear that the red helices proceed infinitely
in one direction, the green helices in a second direction, and
the yellow helices in yet a third direction. They are all held
together by sticky ends. Thus, the tensegrity triangles can self-
assemble to fill three-space and form a repeating pattern. It is
simple to self-assemble rhombohedral crystals that are visible
to the naked eye, hundreds of micrometers in a linear dimen-
sion. Figure 5b illustrates seven triangles selected differently
from those in Figure Sa. These flank a rhombohedral cavity
within the crystal, shown in white. The red triangle flanks
the rear vertex of the rhombohedron; it is connected to the
three yellow triangles that flank vertices somewhat closer to
the viewer. The yellow triangles are connected to the green
vertices that are closer yet to the viewer. An eighth triangle,
not shown for clarity, flanks the front vertex. The central
cavity has a volume of ~200 nm?. The cavity volume for the
three-turn triangle lattice is ~800 nm?* and for the four-turn it
is ~2000 nm®. The crystal structure of a three-turn triangle is
shown in Figure 5c; the helical strands are yellow, the cyclic
central strand is red, and the crossover strands at the periphery
are blue.*

One advantage of using sticky ends to self-assemble crys-
tals is that they enable the choice of the number of molecules
in the crystallographic repeat.’! Figure 5d shows a crystal
designed to contain two molecules per asymmetric unit, a
green molecule (Figure 5d) and a red molecule (Figure Se).
Figure 5d shows a molecular stick diagram, and Figure Se
shows the same system in a space-filling model. The two
different molecules can be designed to have different chem-
istries. For example, Figure 6a illustrates crystals in which
the X molecule (left), the Y molecule (right), or both (center)
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have a pink dye (Cy3) attached to them, and all three sets of
crystals are pink. Figure 6¢ shows the same order of crystals
to which a blue dye (Cy5) has been attached, leading to blue
crystals. In Figure 6b, the left image has Cy3 attached to the
X molecule and CyS5 attached to the Y molecule; in the right
image, the order of attachment is reversed. In both cases, the
crystals are purple.

It is beyond the scope of this article to discuss nanome-
chanical devices in detail. Nevertheless, it is worth men-
tioning that most interesting devices can be controlled in a
sequence-dependent fashion. But can this be done in 3D?
Figure 6d illustrates a three-step cycle involving a crystal that
can be dyed in a dynamic fashion with the addition of a dye-
bearing strand.* State 1 (lower left corner) shows a colorless
crystal in which the central strand of a tensegrity triangle has
been elongated. A strand bearing the Cy3 dye is added in the
transition to State 2 (upper right) of the crystal. The crystal is
seen to change from colorless to red. In the transition from
State 2 to State 3 (lower right), the Cy3 strand is removed, and
a Cy5 strand replaces it, turning the crystal blue. This system
can be cycled numerous times.

In recent work, nanoparticles, semiconductors,* and triplex-
forming oligonucleotide* strands have been added to tenseg-
rity triangle crystals. In this issue, the theme articles describe
DNA origami to be a great platform for the attachment of
specific molecular species, particularly to planar and tubu-
lar structures, as well as for 3D particle crystals. However, it
is important to remember that 3D crystalline arrays are also
amenable to the placement of molecular species, and these
can be characterized by x-ray crystallography. A wide variety
of specific 3D targets can be produced readily using the self-
assembly methods of DNA nanotechnology.
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Figure 6. Controlling the color—A macroscopic property of a crystal is programmed via the independent addition of two different dye
molecules, Cy3 (pink) and Cy5 (blue).?! (a) The X-molecule (left), the Y-molecule (right) or both (center) have Cy3 attached; the crystals are
consequently colored pink. (b) The left image has Cy3 attached to the X molecule and Cy5 attached to the Y molecule, whereas the order
has been reversed on the right; the crystals are colored purple, as expected. The central image contains control crystals to which no

dye was attached. (c) The X-molecule (left), the Y-molecule (right) or both (center) have Cy3 attached; the crystals are now colored blue.
(d) Operation of a 3D three-state color device.*? The three states (1, 2, and 3) are labeled in gray, and the corresponding crystal images
are shown next to the states. The Cy3 and Cy5 fluorescent dyes are covalently attached to the set strands, as indicated by the red and
blue dots, respectively. The single strand extending from the triangle in State 1 is complementary to sections of the strands that contain
Cy3 or Cy5; the remaining sections act as “toeholds.” The addition of the Cy3-containing strand leads to State 2, leaving the displaced
Cy3-containing strand in the mother liquor. Addition of the Cy5-containing strand (able to exploit the red toehold) leads to State 3. The

same crystal is shown for each state.

Toward designed nanoparticle lattices

Although the DNA shell of nanoparticles can be considerably
tailored through sequence design and the composition and
length of the strands, it is difficult to diversify the symmetry
of the formed lattices this way. It is even more challenging to
realize designed lattices where the objective is to organize the
same nanoparticles into prescribed lattice types. Establishing
approaches for the creation of designed nanoparticle lattices is
invaluable for nanomaterial applications, from metamaterial
to mechanics and magnetic materials to membranes, which
is a strong motivator for continued effort. The key point for
achieving this level of structural control is to combine bond
directionality and DNA addressability provided by its sequence
encoded interactions. In this respect, we discuss several recently
developed approaches.

Extremely rich phase behavior was shown computationally
for solid polyhedra due to the interplay of entropic and pack-
ing effects.** For shaped DNA-functionalized nanoparticles,
enthalpic and polymeric contributions can result in substantial
modification of the predicted phases. DNA-guided assem-
bly of shaped nanoparticles drives systems to the phases in
which hybridization between complementary chains is maxi-
mized.* For example, rods form hexagonally packed layers,
and prisms form linear arrays. The details of the DNA design
are critical for the formed phases—for rigid DNA motifs, the
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phases might resemble those observed for attractive solid
objects since rigid motifs do not contribute significantly to
repulsion, but for single-stranded motifs, due to their polymeric
nature, unusual assembly behavior is observed.*® For instance,
spontaneous symmetry breaking and consequent formation
of linear arrays occurs for radially isotropic rods or mixtures
of rods and spheres.*®

The directionality of interactions imposed by the shaped
nanoparticles can be used to coordinate isotropic spherical
particles in lattices, which typically do not occur for spheres.
For example, cubes and octahedra will coordinate spheres
into sixfold or eightfold symmetry, respectively, due to their
shape and DNA-hybridization between DNA attached cor-
respondingly to shaped and spherical nanoparticles.’” For the
appropriate choice of particle sizes and DNA motifs, this
local coordination is translated into lattices (Figure 7), which
are not native for spheres, but rather, dictated by the shapes
of nanoparticles. For instance, simple cubic arrangement was
observed! for the mixture of complementary functionalized
cubes and spheres. However, the crystallization in such sys-
tems might be more intricate since (1) particles have to be
properly oriented, and thus annealing is more complex for
finding both particle position and orientation in a lattice in
comparison to systems of spherical particle where only the
position is important; (2) differently shaped particles provide
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Figure 7. Formation of lattices through directional bonds of shaped and spherical DNA-
encoded nanoparticles.®’ (a) Spherical nanoparticles (yellow) are isotropic nano-objects and
are coordinated by anisotropic nanoparticles (gray) that have a low-order symmetry. The
interactions between isotropic and anisotropic particles are regulated by complementary DNA
strands. The directional bonding of anisotropic particles coordinates sphere clusters with a
particular local symmetry. The local coordination can be translated into the formation of large-
scale 3D assemblies with either disordered or ordered phases, depending on the DNA shell
design and particle sizes. For the electron microcope images, the inner frame of images is 100
nm). (b) Large-scale view of the formed lattice as imaged by scanning electron microcopy;
scale bar is 500 nm. (c) and (d) Top and side views, respectively, of the crystalline domains;

occurs for single-stranded linkages of moder-
ate lengths.*® Overall, this strategy paves the
road for the assembly of designed lattices via
engineered frame geometries and location of
DNA-encoded spots for particle attachment.
The next level of lattice engineering can be
achieved by integrating particles and the DNA
frame;*** in this case, DNA-coated nanopar-
ticles are hybridized with DNA strands inside
a DNA frame. This provides particles with
anisotropic interactions defined by the cage
geometry, while the frames are connected by
particles as described previously. Such an
approach was realized for solving the long-
standing challenge in colloidal science, the
assembly of diamond-type lattices from
nanoparticles.” In this case, isotropic spheri-
cal nanoparticles and nanoparticles encaged
by a tetrahedral origami frame formed a par-
ticle diamond lattice due to the peculiar bind-
ing between truncated tetrahedral vertices and

scale bars are 100 nm.

particles and the resulting arrangements of
tetrahedra bonds at vertices.?**

substrates of different curvature for grafted DNA that produce
a heterogeneous environment for chains between particles;
and (3) relative particle sizes affect bond directionality.

To further extend this idea of combining DN A-programmable
bonds and geometrical constraint for nanoparticle assembly,
shaped DNA constructs can be used as a building block in
assembly of nanoparticle-based 2D and 3D lattices. Figure 8a
summarized exciting features of systems of nanoparticles
combined with well-defined DNA constructs. The integration
creates a highly versatile and functional nanoscale systems—
tailorable interactions are provided by DNA, and functions are
determined by the nanoparticles—that promise new perspec-
tives for materials scientists for building 3D architectures in
a designed manner. For example, nanoparticles can be con-
nected in clusters or low-dimensional arrays using 3D origami
polyhedral frames.*® The proposed DNA-nanoparticle frame-
work assembly strategy*** relies on the ability to control the
symmetry of the nanoparticles lattices through the introduc-
tion of specific shapes of polyhedra DNA frames that link par-
ticles (Figure 8c). The frames can be designed using the 3D
DNA origami approach.*! In this assembly strategy, particles
hybridize to vertices of DNA frames, but the topology of
interparticle connections and, ultimately, the lattice symmetry
depends on the particular frame shape.*® The crystallization
of DNA-nanoparticle frameworks was observed for particular
frame shapes (cube, octahedra, prism, elongated octahedra),
while using some polyhedra did not result in a crystalline
structure, possibly due to the complex and not yet understood
interplay of enthalpic and entropic effects. Also, there are
certain requirements for DNA motifs that link particle to ori-
gami for the formation of crystalline phases. Crystallization
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To meet the challenges of building nanoscale
periodic arrays with an even greater degree of complex-
ity, including quasiperiodic lattices, multiscale organization,
and control over the orientation of particles, the addressability
(“color”) can be used for hybridization differentiation.
Recently, an idea (Figure 8b) was explored for the formation
of planar arbitrarily designed clusters and lattices through the
use of origami-nanoparticle modules with different address-
able bonds, so-called polychromatic modules.** By mixing
various topological types of these modules and by controlling
their stoichiometric ratio in the hetero-mixture, the assembly
process can be directed toward the desired architectures. Both
periodic and arbitrarily prescribed planar nanoparticle assem-
blies were generated, including non-trivial structures such as
a nanoscale version of Leonardo da Vinci’s Vitruvian Man.
The approach can be potentially extended to 3D. Such mul-
ticolored addressability and directionality might require
developing new principles for structure design and assembly
in order to minimize the number of building elements and
error rates.*

Finally, given the plasticity of DNA, reconfigurable parti-
cle superlattices can be created using induced changes in DNA
that link particles. For example, osmotic pressure, molecular
intercalation,® and salt concentration*“® were used to manip-
ulate lattice constants. A specific response (25% interparticle
distance change) to reactive strands was shown for nanopar-
ticles linked in a lattice with a switchable DNA “device.”®
To go beyond lattice constant manipulation, a novel concept
of programmable switching of particle lattice symmetry by
reprogramming interparticle bonds was demonstrated.’"5!
The approach opens opportunities for creating switchable 3D
particle lattices with regulated material performance.
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