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ABSTRACT: Controllable assembly of three-dimensional
(3D) superlattices composed of different types of nanoscale
objects opens new opportunities for material fabrication.
Herein we show the successful assembly of heterogeneous
3D structures from gold nanoparticles (AuNPs) and quan-
tum dots (QDs) using DNA encoding. By applying syn-
chrotron-based small-angle X-ray scattering, we found that
AuNPs and QDs are positioned in a body-centered cubic
lattice, while each particle type, AuNP and QD, is arranged
in a simple-cubic manner. Our studies demonstrate a route
for assembly of integrated heterogeneous 3D structures
from different nano-objects by DNA-encoded interactions.

Incorporation of nucleic acids into nano-object design providesa powerful platform for the assembly of nanoscale objects in a
highly controllable fashion. The ability to form well-defined
three-dimensional (3D) ordered superstructures containing gold
nanoparticles (AuNPs) using DNA as a programmable assembly
agent has recently been demonstrated.1�4 The rapidly develop-
ing theoretical understanding of assembly principles and involved
interactions provide a base for future rational fabrication of nano-
materials by DNAmeans.5�7 One of the most promising attributes
of DNA-based assembly is an ability to direct interactions of
different types of nanocomponents, encoded with DNA, into integ-
rated systems, thus opening tremendous possibilities for material
design. Although DNA-based heterogeneous assembly of different
types of nanoparticles into clusters has been shown,8�12 the
formation of ordered 3D structures using DNA has been restricted
to AuNPs and incorporations of organic species, molecular dyes,
and viruses.13,14 This is partially due to the difficulty in obtaining
stable aqueous dispersions of inorganic nanoscale objects conju-
gatedwithDNA and the fine balance of interactions required for the
formation of ordered structures.1,3,15

In this communication, we report the formation of a binary
heterogeneous superlattice composed of quantum dot
(QD)�AuNP 3D superlattices. Hybridization between complemen-
tary single-stranded DNA (ssDNA) correspondingly attached to the
QDs andAuNPs readily induces systemassembly.Wehave found that
QD�AuNP assemblies form a body-centered cubic (BCC) lattice
within which the AuNPs are positioned in a simple-cubic (SC)
manner, as confirmed by in situ small-angle X-ray scattering (SAXS)
measurements. Our studies have also provided a confirmation of the
placement of complementary encoded particles within the unit cell of
the BCC lattices. This question remained unresolved previously

because the particles with the same inorganic core were used to
carry different DNA encodings. This aspect is of high importance
for understanding the phase behavior and future realization of
programmable assembly.

We prepared the studied systems, shown in Figure 1a, by
functionalization of 10 nm diameter AuNPs, as probed by dynamic
light scattering (DLS) and electron microscopy [Figure 1b and
Figure S1a in the Supporting Information (SI)], with 30-base (30-
b) thiolated ssDNA of type A [A = 50-TAC TTC CAA TCC
AAT-(T)15-C3H6-SH-30,∼60 DNA per AuNP]. This conjugation
resulted in the formation of core�shell (AuNP�DNA) particles
with a hydrodynamic diameter of∼20 nm. CdSe�ZnS core�shell
QDs (3�4 nm, Figure S1b) coated with a carboxyl-rich polymer
shell, showing a hydrodynamic diameter of ∼10 nm (Figure 1b),
were conjugated with 30-b amino-ssDNA of type Bam [Bam = 50-
ATT GGA TTG GAA GTA-(T)15-NH2-30, ∼20 DNA per QD]
through amine�carboxylic acid coupling (see the SI). The product
QDs with polymer and DNA shells had a diameter of∼20 nm, thus
closely matching the size of the DNA-functionalized AuNPs. The
observed similarity of the hydrodynamic diameters of theAuNPs and
QDs, despite the 3-fold difference in DNA coverage, is due to the
weak dependence of DNA thickness on grafted density16 and the
limits of DLS detection. For comparison experiments, the same
AuNPs were also functionalized with 30-b thiolated ssDNA of type
Bth [Bth = 50-ATT GGA TTG GAA GTA-(T)15-C3H6�SH-30] to
probe AuNP�AuNP assembly (see the SI and Figure 1a). The close
match of the diameters of theDNA-coated AuNPs andQDs allowed
for a direct andmore quantitative comparison of AuNP�AuNP and

Figure 1. (a) Schematic illustration of the building blocks using in this
study. The AuNPs were functionalized with thiolated ssDNA of type A,
and the QDs were coated with a carboxyl-rich polymer shell (green) and
conjugated with complementary amino-ssDNA of type B. (b) DLS data
for bare AuNPs, bare QDs, AuNP�DNA conjugates, and QD�DNA
conjugates.
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QD�AuNP systems. Both type-A and type-B (either Bam or Bth)
DNA strands contained 15-b poly(T) segments as a spacer and a 15-
base outer complementary segment, allowing the nanoparticles to
assemble through the formation of 15 base pair (bp) duplexes. To
form QD�AuNP and AuNP�AuNP assemblies, we mixed equal
amounts of type-A and type-B nanoparticles in 50 mM borate buffer
(pH = 7.4, [NaCl] = 0.1 M), incubated the mixture at 60 �C for
10 min, and allowed it to cool to room temperature overnight.

We applied synchrotron-based SAXS (performed using beam-
line X9 at the National Synchrotron Light Source) to investigate
the structure and temperature evolution of the obtained assem-
blies in situ. Figure 2a illustrates the structure factors S(q) as a
function of scattering vector q for both QD�AuNP and
AuNP�AuNP assemblies. S(q) values were obtained from
azimuthally integrated 2D SAXS patterns after normalization
by a form factor, measured from the solution containing the
equimolar mixture of free particles. The binary AuNP�AuNP
assembly exhibited a diffraction pattern matching that of a BCC
lattice (Figure 2c), as previously reported. The ratio of the
positions of the first-order (q1 = 0.029 Å�1) and second-order
(q2 = 0.041 Å

�1) diffraction peaks was 1:
√
2, and these peaks are

attributed to diffraction from the (110) and (200) planes,
respectively.1 The nearest-neighbor distance dnn of ∼26 nm
corresponds to the center-to-center (16 nm surface-to-surface)
distance between AuNPs located in the center to corner of the
BCC lattice, which is in agreement with our previous results.1 In
contrast, the QD�AuNP system, despite the similar sizes of
DNA-coated QDs and AuNPs and the use of the same DNA
motifs, showed a different diffraction pattern, with the first peak
being significantly shifted to lower q (0.021 Å�1). The structure
can be understood by taking into account the 30�50-fold
reduction in the number of electrons in a QD relative to an
AuNP, which results in a relatively low scattering cross-section
for the QDs. This relatively low contrast of QDs in our SAXS
measurements masks the presence of QDs, which are expected to
be located in the centers of the BCC units. In this case, the main
contribution to the scattering is provided by AuNPs in the
corners of BCC. That corresponds to the arrangement of AuNPs

in a SC lattice (Figure 2b). Indeed, we found that the measured
SAXS profile agrees surprisingly well with the SC lattice, as shown
in Figure 2a. The q1/q2 ratio in the diffraction pattern of the
QD�AuNP assembly is equal to 1:

√
2, which corresponds to the

(100) and (110) planes of the SC lattice, respectively. For this SC
arrangement of the AuNPs, we obtain the distance from the cube
center, whereQD is located, toAuNPat the cube corner. That allows
estimating a nearest-neighbor, QD to AuNP, distance dnn= 25 nm.
The estimation is in close agreement with our measurements for the
AuNP�AuNP assembly for dnn is about 26 nm. In a control
experiment, we studied a QD�QD binary assembly using type-A
and type-B ssDNA. The same SAXS setup did not show any
noticeable diffraction pattern (see Figure S2), confirming the low
scattering intensity of theQDs. Thus, the size similarity of AuNP and
QD shelled particles and their large difference in scattering intensity
allowed for unambiguous determination of the structure of the
heterogeneous assembly, in which the QDs and AuNPs form a BCC
lattice in which the AuNPs are arranged in an SC fashion.

The homogeneous (AuNP�AuNP) and heterogeneous
(QD�AuNP) systems not only exhibited analogous structures
but also demonstrated a similar kinetic pathway. We observed
that the crystallinity of the assemblies was improved after annealing
in comparison with the assemblies formed at room temperature
(see Figure S3), which agrees with our previous reports.1,3 At the
same time, the homogeneous and heterogeneous systems exhibited
essential differences. For example, we performed experiments for
the QD�AuNP assemblies by using longer ssDNA strands (see
Figure S4a), with motifs resulting in crystalline organizations.1

However, this motif in our heterogeneous system showed only a
weak order that did not improve after annealing (see Figure S4b),
which is in contrast to the behavior of the analogous homogeneous
systems. We attribute this to (i) unequal DNA coverage on the
AuNPs and QDs (∼20 per QD and ∼60 per AuNP) and (ii) the
polymer layer on the QDs. Both factors contribute to additional
repulsions and result in modified interparticle interactions. Such
unequal DNA coverage on the particles might in future designs
allow for a tailored modulation of interactions due to the confine-
ment of unhybridized chains. Interestingly, the binary QD�AuNP
systems with QDs containing lower numbers of DNA strands
(∼9 per QD) formed only small submicrometer clusters that did
not exhibit anynoticeable SAXSpattern (see Figure S5). The above
experimental results demonstrate that the DNA coverage on the
QDs has a profound effect on the phase behavior of QD�AuNP
assemblies and that in order to obtain ordered QD�AuNP
assemblies, high DNA coverage on the nanoscale building blocks
is needed. Additionally, the QD�AuNP assembly exhibits a looser
packing density than the AuNP�AuNP assembly, as observed by
the scanning electron microscopy (see Figure S6), which is due to
the significantly low contrast of QDs compared to AuNPs within
the assembled aggregates.

Temperature-dependent synchrotron-based SAXS was uti-
lized to monitor the thermal behavior of the QD�AuNP
assemblies and superlattice disassembly due to duplex melting.
Figure 2d illustrates the scattering patterns of AuNP�AuNP and
QD�AuNP assemblies during one thermal cycle of heating and
cooling. The QD�AuNP assembly showed a slight broadening
of the melting transition accompanied by a 3� lower melting
temperature relative to the analogous AuNP�AuNP system.
This observation is consistent with lower DNA coverage on the
QDs, resulting in a smaller local density of duplexes, and was
also reported for the AuNP systems.17 The assembly/disassem-
bly process was fully reversible, as confirmed by the structure

Figure 2. (a) SAXS patterns of AuNP�AuNP and QD�AuNP assem-
blies. (b) Cartoon of the crystal unit for the QD�AuNP assembly. (c)
Cartoon of the crystal unit for the AuNP�AuNP assembly. (d)
Temperature-dependent SAXS patterns for the AuNP�AuNP assembly
(black) and the QD�AuNP assembly (red).
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recovery upon subsequent cooling after melting (Figure 2d).
Moreover, the diffraction pattern of the QD�AuNP assembly
shifted to lower q values upon heating (dnn changed from∼25 to
∼28 nm) and moved back toward its original position upon
cooling. This phenomenon is the result of a thermally induced
lattice change, which is also consistent with the AuNP�AuNP
assembly.

In summary, we have demonstrated the formation of a binary
heterogeneous QD�AuNP superlattice via DNA-mediated pro-
grammable assembly. Our experiments revealed that AuNPs
form a SC lattice in the heterogeneous superlattice. By compar-
ing the QD�AuNP and AuNP�AuNP systems built from the
similar sized particles and DNA, we concluded that the super-
lattice exhibited a BCC structure in which the QDs and AuNPs
were placed in well-defined positions, with AuNPs positioned in
the corners of the BCC lattice, thus forming an SC arrangement,
and the QDs located at the cube centers. Our results allowed the
differentiation of the positions of particles with different encod-
ings and hence provided an experimental evidence regarding the
location of particles of different types within the unit cell of the
BCC lattice. Our studies have also demonstrated an approach for
the construction and characterization of heterogeneous assem-
bles where particles of different types are positioned in 3D by
biomolecular linkers. The functional properties of such hetero-
geneous nanomaterials are waiting to be explored. For instance,
the described 3D system containing fluorescent (QD) and
plasmonic (AuNP) might demonstrate optical effects governed
by collective contributions of particles in such lattices.
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