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ABSTRACT: Analogous to the atom—molecule relation-
ship, nanoparticle (NP) clusters (or NP-molecules) with
defined compositions and directional bonds could
potentially integrate the properties of the component
individual NPs, leading to emergent properties. Despite
extensive efforts in this direction, no general approach is
available for assembly of such NP-molecules. Here we
report a general method for building this type of structures
by encapsulating NPs into self-assembled DNA polyhedral
wireframe nanocages, which serve as guiding agents for
further assembly. As a demonstration, a series of NP-
molecules have been assembled and validated. Such NP-
molecules will, we believe, pave a way to explore new
nanomaterials with emergent functions/properties that are
related to, but do not belong to the individual component

nanoparticles.

Nanoparticles (NPs) have many interesting optical,
electronic, and magnetic properties and have found a
wide range of applications in catalysis, electronics, plasmonics,
bioanalytics, etc.' Analogous to the atom—molecule relation-
ship, NP clusters (or NP-molecules) with defined compositions
and directional bonds could integrate the properties of the
component NPs and, potentially, lead to emergent properties.”
The properties of such NP-molecules depend on not only the
chemical identities of the individual NPs but also the 3D
organization of the NPs. Despite extensive efforts in this
direction,” no general approach is available for assembly of NP-
molecules in which NPs have defined valences and directional
bonds. Here we report a general method for building such NP-
molecules. Gold NPs (AuNPs) are encapsulated into self-
assembled DNA polyhedral nanocages,* which serve as guiding
agents for the further assembly of the AuNPs. To
experimentally demonstrate this approach, a series of NP-
molecules, including a one-core, five-NP, CH,-like structure
(with a tetrahedral symmetry); a one-core, seven-NP, SF-like
structure (with an octahedral symmetry); a one-core, seven-NP,
W(CHj,)glike structure (with a trigonal prismatic symmetry);
and a two-core, eight-NP, C,Hglike structure (with a Dj
symmetry), have been assembled and validated by gel
electrophoresis, transmission electron microscopy (TEM),

and cryogenic electron microscopy (cryoEM).
Single-stranded DNA (ssDNA)-functionalized AuNPs
(DNA-AuNPs) can assemble into large structures by DNA

-4 ACS Publications  © 2015 American Chemical Society

4320

hybridization.>~” Multiple copies of ssDNAs are distributed
around AuNPs similar to electrons in an s-orbital around an
atom.>” Such DNA-AuNPs are versatile building blocks and
have been widely used in bioanalytics.” However, the high
spherical symmetry of the ssDNA distribution limits the
accessible structures of the AuNP assemblies. To achieve
sophisticated architectures, it is essential to break the spherical
symmetry.”” In this work, we have explored using structural
DNA nanotechnology®'® to overcome this problem. In recent
years, a series of polyhedral-shaped DNA framework nanocages
have been developed.'’ They can encapsulate DNA-AuNPs to
form AuNP@DNA cage core—shell structures.* Confined in
DNA polyhedra, the DNA-AuNPs lose their intrinsic spherical
symmetry. Instead, the DNA polyhedral symmetries are
imposed onto the DNA-AuNPs, giving the DNA-AuNPs
defined valences and well-defined bonding directions (Figure
1). For example, being encapsulated into a DNA tetrahedron
(TET), a DNA-AuNP can only interact with other DNA-
AuNPs (via ssDNA hybridization) through the four faces of the
TET because of both electrostatic repulsion and steric
hindrance. Superficially, the ssDNAs on the AuNP in the
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Figure 1. Self-assembly of methane-like NP-molecules. (a) In the
assembly process, a DNA tetrahedron was assembled from DNA
motifs (left; for details, see Supporting Information, Figures S1—S4).
One gold NP (AuNP"; red) was encapsulated into the DNA
tetrahedron (TET) via DNA hybridization between the green strands
on the AuNP™ and the single-stranded tails on the TET. Incubated
with the AuUNP"@TET core—shell complex, AuNP°™* will interact with
the AuNP™ via DNA hybridization between the gray single strands on
the AuNP™ and the blue strands on the AuNP™ Due to both
electrostatic effect and steric hindrance imposed by the TET, the
AuNP™ is accessible only from the four face centers of the TET. Thus,
the AuNP™ is tetravalent, and its four interacting bonds are defined by
tetrahedral symmetry. The final complex has one AuNP™ in the TET
and four AuNP*" outside of the TET. (b) For comparison, a methane
molecule.
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AuNP@TET complex resemble electrons in sp*-orbitals of an
atom instead of electrons in s-orbitals as for free DNA-AuNPs.

We first tested our strategy by assembly of tetrahedral NP-
molecules that resemble the methane (CH,) molecule (Figure
1). AuNPs (named AuNP™; “in” stands for inside) were
densely coated with multiple copies of two types of thiolated
ssDNAs (colored green and blue, respectively). The green
strands were complementary to and would hybridize with
single-stranded tails (colored red) of a DNA TET, resulting in
encapsulation of the AuNP™ into the TET to form an AuNP"@
TET complex. Separately, another group of AuNP (named
AuNP°"; “out” stands for outside) was coated with a third type
of thiolated ssDNA (colored gray) with a sequence
complementary to the blue strands immobilized on the AuNP™.
Upon mixing of the AuNP*™ and AuNP"@TET complexes
together, the gray DNA strands on AuNP** and the blue DNA
strands on AuNP™ would hybridize with each other and bring
AuNP*" and the AuNP"@TET together to form large
complexes. In the final complex, there was an AuNP™ inside
of the TET and an AuNP** at the outside center of each TET
face. The overall structure [AuNP™(AuNP°™),] resembles that
of CH, with four hydrogen atoms in a tetrahedral arrangement
around the center carbon atom.

AuNP™ '°(AuNP"!?), (the superscript numbers indicate the
NP diameters) is one of the CH,-like NP-molecule. We
monitored the assembly process with agarose gel electro-
phoresis (Figure 2a). Individual, free AuNP™'® had a high
electrophoretic mobility. Upon mixed with the TET
component DNA tiles and annealed, AuNP™'® was efficiently
encapsulated into the TET to form AuNP™ '’ @TET complexes.
While the original AuNP"!° band completely disappeared, a
new band with a lower mobility (corresponding to the
AuNP™ °@TET complex) appeared; suggesting the encapsu-
lation was almost quantitative. After further incubation with
excess amount of AuNP°*!° the AuNP"'"°@TET band
disappeared and a new band with an even slower mobility
appeared, which corresponded to the AuNP™'°(AuNP°'?),
molecule. The gel shift experiment suggested that the assembly
process was very efficient. The composition of the NP-molecule
was confirmed by TEM (Figure 2b). In the TEM image,
individual NP-molecules were randomly distributed. In most of
the NP-molecules, a 10 nm AuNP was surrounded by another
four 10 nm AuNPs, consistent with the expected composition
of the AuNP™'°(AuNP°"'?), NP-molecule. In the CH,-like
NP-molecule, the sizes of both the inside and outside AuNPs
can be varied. We tested this method with nine AuNP
combinations (AuNP diameters of S, 10, and 15 nm). All
combinations resulted in desired structures (Figure 2c and
Figures S5—13 in the Supporting Information). For different
combinations, both assembly yield (73—98% as estimated by
electrophoresis) and the purity (15—68% as evaluated by
TEM) varied. In general, we observed high assembly yields and
purities of the desired NP-molecules when small NPs were
used. However, when large, 15 nm NPs were involved, the
purities of the obtained NP-molecules decreased. Note that two
different sized TET's were used to accommodate different-sized
AuNP™, For the small AuNP™, a small 4-turn TET (TET")
was used. Its struts were 4 helical turns (~14 nm) long. For the
larger AuNP™'® and AuNP™ '3, a larger 8-turn TET (TET™)
was used. Its struts were 8 helical turns (~28 nm) long.

To confirm that the assembled NP-molecules indeed had a
tetrahedral structure, we imaged the AuNP™'°(AuNP**'?),
molecule, one of the clusters, with cryoEM (Figures 3 and
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Figure 2. Characterization of methane (CH,)-like NP-molecules. (a)
Agarose gel monitoring the assembly process as exemplified by in the
case of AuNP"™'°(AuNP°*!?), (superscript numbers indicate the
AuNP diameters in nanometers). Sample compositions and band
identities are indicated above and beside the gel, respectively. (b) A
transmission electron micrograph (TEM) of AuNP™'°(AuNP™'?),
shows that most of the NP clusters have four NPs around a central
NP. Inset: Statistics of the AuNP®" numbers in NP clusters observed
in TEM imaging. (c) A graphic summary of AuNP"(AuNP**), with
different NP diameters. Scale bars: S0 nm.

S14—S16), which would preserve the true 3D structures of the
NP complex. The NP-molecules were randomly distributed in
the raw image. While AuNPs had strong contrast and were
easily observed, the DNA frames had too weak contrast to be
observed. The AuNP clusters were randomly orientated during
the cryoEM imaging (Figures 3a and S14). From the observed
NP-molecules in cryoEM, we computationally reconstructed
the original 3D architecture and obtained a CH,-like tetrahedral
configuration (Figure 3b). To verify the reconstructed
architecture, we compared (i) the individual raw particles
(Figure 3c) observed in cryoEM and (ii) the class average of
the raw particles at similar orientations (Figure S16) with the
computer-generated 2D projections of the reconstructed 3D
model. Clearly, they matched with each other; thus confirming
that the reconstructed model was indeed the native 3D
configuration of the AuNP™ '*(AuNP**!?), NP-molecule.

To demonstrate the generality of the assembly method, we
further assembled another two NP complexes: a SF-like,
octahedral NP-molecule and a W(CHj)glike, triangular
prismatic NP-molecule (Figure 4). Though having the same
composition [containing a core NP (AuNP™) and six peripheral
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Figure 3. Study of CH,-like AuNP™ '°(AuNP°" °), NP-molecules by
cryogenic electron microscopy (cryoEM). (a) A raw micrograph. The
AuNPs appear as white spheres. Figure S14 presents a larger view of
this image. (b) Three views of the 3D structural model reconstructed
from the observed NP-molecules in cryoEM. The color indicates the
distance from the center of the NP cluster. (c) Pairwise comparison
between the raw cryoEM images (left) of individual AuN-
P 19(AuNP**!%), NP-molecules and the 2D projections (right)
back calculated from the reconstructed 3D model.

(a)

Figure 4. Self-assembly of octahedral SF4-like and trigonal prismatic
W(CHj,)4-like NP-molecules guided by a DNA cube and a triangular
bipyriamid (BiTET), respectively. Note that the two NP-molecules
have the same composition [AuNP™'*(AuNP*!%)/] but different
configurations. (a,d) Assembly processes. On the right are the
configurations of SFy and W(CH;)s. CryoEM characterization of
(b,c) SF¢like NP-molecule and (ef) W(CHj,)4like NP-molecule.
(b,e) Four views of the 3D structural models reconstructed from the
observed NP-molecules in cryoEM imaging. The color indicates the
distance from the center of the NP cluster. (c,f) Pairwise comparison
between the raw cryoEM images (left) of individual NP-molecules and
the 2D projections (right) back calculated from the reconstructed 3D
models.

NPs (NPs°")], they have different symmetries and config-
urations. Thus, they are a pair of configuration isomers. To
assemble these two NP complexes, we used two different types
of DNA polyhedra as confining frameworks: a DNA cube and a
triangular bipyramide (BiTET) for assembly of the octahedral
and trigonal prismatic NP-molecule, respectively (Figure 4a,d).
Both DNA polyhedra have six faces but with different 3D
configurations. In each of the NP-molecule, six peripheral
AuNP°" bind to the encapsulated AuNP™ near the face centers
of the polyhedra. But the six AuNP°" arranged differently in 3D
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space in the two complexes because of the different structures
of the two DNA polyhedra. To confirm our hypothesis, we
assembled those complexes with AuNP™'® and AuNP*™ ', As
estimated by electrophoresis, the assembly yields were both
~90%. In TEM images, both assembled complexes show as
clusters of an AuNP™'® surrounded by six AuNP* ' (Figures
S17 and S18), indicating that the complex compositions
[AuNP™ S(AuNP™ )] were correct. The purities of the
recovered samples were 38% and 43% for (AuNP™@Cube)-
(AuNP*™)¢ and (AuNP"@BiTET)(AuNP™),, respectively.
However, there was no obvious difference between the two
complexes because dehydration during TEM imaging caused
the NP-molecules to collapse and lose their 3D structures. To
reveal their native 3D structures, we applied cryoEM imaging to
these NP-molecules (Figures 4b,c,e,f and S19—S524). From the
raw images, we were able to reconstruct 3D models for the
original NP-molecules. The reconstructed 3D models demon-
strated clear differences between these two NP-molecules and
were in good agreement with our design. The observed
configuration difference between the pair of NP-molecule
isomers strongly supported that guiding effect of the DNA
polyhedra.

Our strategy was not limited to assembling NP-molecules
with one core NP surrounded by several satellite NPs. We
explored applying it to assemble more complex structures, such
as a dual-core, ethane (C,Hg)-like NP-molecule (Figures S and

Figure 5. Self-assembly of a dual-core, ethane (C,H)-like, NP-
molecule guided by DNA BiTET. (a) The assembly scheme. (b) The
C,H, configuration. (c) A TEM image of the assembled C,Hy-like NP-
molecule and its close-up view. (d) Three views of the 3D structural
model reconstructed from the observed NP-molecules in cryoEM
imaging. The color indicates the distance from the NP cluster center.
(e) Pairwise comparison between the raw cryoEM images (left) of
individual NP-molecules and the 2D projections (right) back
calculated from the reconstructed 3D models.

$25-S29). In this case, a DNA BiTET was used as the guiding
polyhedron. As mentioned above, the 8-turn BiTET could
encapsulate one 15 nm AuNP. However, when the smaller (10
nm) AuNP' was used, one BiTET could accommodate two
AuNP' inside its cavity. In order to minimize the electrostatic
repulsions and steric hindrance, the two AuNP™'* would be
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separately located into the two tetrahedral chambers. The dual-
encapsulation was efficient with a yield up to 70% (Figure S25).
Due to the constraining effect of the DNA frameworks, each
AuNP™!° would bind to three AuNP°™ 'S, which were located
near the three face centers of its hosting TET chamber. The
assembled NP-molecule [(AuNP™!?),(AuNP* )] would
resemble an ethane (C,H;) in terms of both composition
and 3D figuration. After assembly (with 97% assembly yield),
the sample was imaged by TEM (Figures Sc and S$26). NP
clusters were randomly distributed in the TEM field. In many
(about 30%) of them, six large NPs surrounded two small NPs;
confirming the designed composition. CryoEM study further
confirmed the ethane-like configuration (Figures Sde and
$27-829).

In summary, we have developed a strategy to assemble
molecule-like nanoparticle architectures with specific 3D
directional bonding. In the NP-molecules, multiple interactions
(DNA hybridizations) exist between any two interacting NPs
and greatly reduce structural flexibility. Due to the availability of
various DNA polyhedral nanocages,11 a rich variety of NP-
molecules should be accessible. The NP sizes can be adjusted as
demonstrated in this work. It is also possible to expand the
chemical identities of the NPs to other materials, such as
quantum dots and magnetic nanoparticles,'” as long as they can
be functionalized with oligonucleotides. We expect the
construction of such NP-molecules will pave a way to explore
new nanomaterials with functions/properties that are related to,
but do not belong to the individual component nanoparticles.”
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