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ABSTRACT: Chemical bonds are a key determinant of the
structure and properties of a material. Thus, rationally
designing arbitrary materials requires complete control over
the bond. While atomic bonding is dictated by the identity of
the atoms, nanoparticle superlattice engineering, where nano-
particle “atoms” are held together by DNA “bonds”, offers a
route to design crystal lattices in a way that nature cannot:
through altering the oligonucleotide bond. Herein, the use of
RNA, as opposed to DNA, is explored by synthesizing
superlattices in which nanoparticles are bonded by DNA/
DNA, RNA/RNA, and DNA/RNA duplexes. By moving
beyond nanoparticle superlattices assembled only with DNA,
a new degree of freedom is introduced, providing programmed
responsiveness to enzymes and greater bond versatility. Therefore, the oligonucleotide bond can have programmable function
beyond dictating the structure of the material and moves nanoparticle superlattices closer to naturally occurring biomaterials,
where the line between structural and functional elements is blurred.

■ INTRODUCTION

DNA is a powerful ligand for programming the assembly of
nanoparticles into superlattices with a vast number of
crystallographic symmetries.1a−g This can be achieved by
using a programmable atom equivalent (PAE), which consists
of a nanoparticle core densely functionalized with geometrically
defined oligonucleotides, where DNA mediates interactions
between nanoparticles. The oligonucleotide density and rigid
nanoparticle core impose a radial orientation of the DNA and
valency to the nanoparticles. Initially, spherical gold nano-
particles (AuNPs) were studied as PAE cores, but subsequent
work has found that this approach is core generalizable, as other
inorganic2a,b and organic1f cores, anisotropic cores,3a,b as well as
biological materials, such as proteins,4 can be assembled using
the same design rules.1d The unifying element of all these
studies is the DNA “bond” that programs nanoparticle
interactions and drives their assembly into ordered crystalline
structures. While recent work has been dedicated to under-
standing the function of these materials including emergent
plasmonic2a,5 and catalytic properties,4,6 these properties are
predominantly derived from the nanoparticle core. Studies of
how the bond contributes to the functional properties of the
crystalline superlattice are absent.
When considering materials that could in principle be used as

a programmable ligand to assemble nanoparticles, DNA is not
the only candidate. Specifically, the incorporation of RNA into
nanoparticle superlattices would enable new classes of func-

tional and stimuli-responsive superstructures that are not
achievable with DNA or solely by engineering the PAE
building block core. Though RNA is chemically similar to DNA
(the primary difference is the presence of a 2′-hydroxyl (2′-
OH) group in RNA), it has a vast chemical, structural, and
functional design space that exceeds that of DNA.7 For
example, in cells, while DNA is often found in the form of long
double helices,8 RNA is generally composed of short helices
surrounded by loops and bulges.9 Notable forms of biofunc-
tional RNA include small interfering RNA (siRNA) that can
regulate gene expression,10 ribozymes (ribonucleic acid
enzymes) which are catalytic RNA molecules,11 and ribos-
witches which are structures formed in mRNA that can regulate
gene expression in bacteria12 and even act as stimuli responsive
sensors.13 While the vast chemical and biological space that
RNA occupies may appear to make it an ideal ligand for
endowing PAEs with additional functionalities, its instability
and vulnerability to nuclease-catalyzed hydrolysis14 provides a
substantial barrier to realizing biomaterials based upon RNA.
Research on synthesizing RNA biomaterials has focused on

the analogy to DNA hybridization, where rigidity is imposed by
the DNA hybridization events, which leads to rigid structures
and therefore valency.15 This approach, based purely on DNA
hybridization, has been extended to RNA for the synthesis of
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micrometer scale RNA filaments, molecular jigsaw puzzles,16

and square-shaped RNA particles.17a,b In order for these
syntheses to work for RNA, however, a hierarchical multistep
process is required, whereas DNA structures can typically be
made in a “one pot” synthesis.18 In addition, the DNA and
RNA-based hybridization approaches require the use of both
simulation and experiment to rationally design the 3D RNA
architectures through initial computer modeling.19 This strategy
is conceptually related but different from the method discussed
herein for forming nanoparticle-based templated bonds, where
the rigid nanoparticle core leads to a radial upright orientation
of the densely packed DNA, leading to valency imposed by the
core.
Therefore, the well-understood nature of DNA program-

mable assembly, through the established design rules for the
rational construction of DNA nanoparticle superlattices,1d

provides the perfect platform for exploring the degree to
which non-DNA oligonucleotides can serve as programmable
“bonds”. Here, the conventional design space for DNA-
programmable assembly is transformed by introducing
oligonucleotide identity (i.e., PAEs held together by DNA/
DNA, RNA/RNA, or DNA/RNA duplexes) as an important
design parameter. Similar to conventional DNA-based
assembly, the programmable nature of the oligonucleotide
bond is the driving force, and is independent of the
oligonucleotide identity such that DNA/DNA, RNA/RNA,
and DNA/RNA duplexes are all suitable programmable ligands.
However, the ability to tune the bond identity enables the
rational design of responsive materials, whereby the oligonu-
cleotide bond identity and interparticle distance dictate the
response to enzymes.

■ RESULTS AND DISCUSSION
Design of Nanoparticle Superlattices with Different

Oligonucleotide Bonds. Design rules for the synthesis of
nanoparticle superlattices with a variety of crystallographic
symmetries have been established, which allow one to
independently adjust each of the relevant crystallographic
parameters, including particle size, periodicity, and interparticle
distance.1d Because these design rules are based upon
explorations of DNA as the programmable ligand, one must
first explore how the oligonucleotide bond identity affects the
programmable assembly of nanoparticle superlattices. We
hypothesize that since RNA/RNA and RNA/DNA binding
proceeds in a similar fashion to DNA/DNA binding, the use of
DNA, RNA, or a DNA/RNA heteroduplex will not significantly
change the resulting nanoparticle superlattice crystal structure.
As an initial proof-of-concept study, a two-component system
which is expected to yield superlattices with a body-centered
cubic (bcc) crystallographic symmetry, was evaluated. Four
binary sets of particles were functionalized with DNA or RNA
with non-self-complementary sticky ends, such that particle A
can only bind to particle B and vice versa (Figure 1a). The
DNA and RNA design (Table S1 and Figure S1) contains short
overhang regions on the 3′ end of the linkers, which facilitate
the interactions between nanoparticles. For each sample,
particle A and particle B were mixed in a 1:1 ratio so that
each sample was allowed to form aggregates. The possible
permutations of oligonucleotide bonds are A-DNA/B-DNA
(red), A-RNA/B-RNA (blue), A-DNA/B-RNA (dark purple),
and A-RNA/B-DNA (light purple).
Synthesis and Characterization of DNA and RNA

Nanoparticle Superlattices. It is well-known that the density

of DNA affects the cooperative melting transition and
crystallization of PAEs.20,21 In order to explore new
oligonucleotide identities as bonding ligands, a method to
functionalize particles with RNA at a density similar to that
attainable with DNA must be developed (Figure S2).21 In
previous reports, RNA immobilized on gold nanoparticles
(AuNPs) has been exclusively in the form of double stranded
RNA,22a,b where a backfill molecule was added to passivate the
remaining gold surface to account for the lower loading of RNA
compared to what is observed with DNA.21 But herein, RNA
particles A and B need to be synthesized with single- stranded
RNA without backfill molecules. Therefore, RNA particles A
and B were synthesized using methods analogous to their DNA
counterparts (Figure S2). This was found to significantly
increase the density of thiolated RNA on particles A and B from
25−60 pmol/cm2 to 50−75 pmol/cm2, thus allowing RNA
particle A and particle B to be analogous to their DNA
counterparts in terms of oligonucleotide density. Once this has
been accomplished, the only parameters that need to be
optimized to synthesize nanoparticle superlattices with different
bond compositions are the strength and length of the sticky
end, the spacer unit between the nanoparticle surface, and the
oligonucleotide recognition sequence (Figure S1).
It has been widely observed that PAEs exhibit cooperative

and sharp melting transitions (transition widths of 2−8 °C)
compared to linear nucleic acids, which exhibit broad melting
transitions (transition width ∼20 °C).20,23a,b A typical melting
experiment involves monitoring the optical extinction at 260
and 520 nm, which is dampened for room temperature
assembled PAE aggregates, but increases as the temperature is
raised and the nanoparticles begin to dissociate. All
aforementioned PAE-oligonucleotide combinations (Figure
1a) exhibited sharp and cooperative melting transitions (Figure
1b). Notably, the characteristic melting transition (Tm) for the

Figure 1. Nanoparticle superlattices synthesized with modular
oligonucleotide bonds. (a) Two-component system where particles
A and B are linked by non-self-complementary sticky ends. Four types
of oligonucleotide bonds are explored: DNA/DNA (red), RNA/RNA
(blue), DNA/RNA (dark purple), and RNA/DNA (light purple). (b)
UV−vis melts of aggregates linked with four different oligonucleotide
bond compositions at short linker lengths (color scheme is the same as
in (a)). Tunable melting transitions (Tm) emerge based on
oligonucleotide bond composition.
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RNA-PAE aggregates occurred about 13 °C higher than
analogous DNA-PAE aggregates (full width at half-maximum
(fwhm) = 2.7 °C for both), where the only difference is the
identity of the oligonucleotide. A similar stabilization effect
exists in molecular duplexes of RNA, which exhibit greater
thermal stability and higher melting temperatures than their
DNA counterparts.7 Additionally, the two PAE aggregates held
together by heteroduplexes exhibited two distinct melting
transitions (Tm = 39 °C, fwhm = 3 °C for aggregates with
RNA-PAE A; Tm = 50 °C, fwhm = 1.3 °C for aggregates with
DNA-PAE A). While this result may appear surprising given the
similarity of RNA and DNA, the position of the melting
transitions for the two heteroduplexes can be understood by
examining the molecular counterparts for their sticky ends,
where the same trend in melting temperatures was observed for
molecular duplexes of similar sequences as the sticky ends.24a,b

More specifically, the stability of homopurine-homopyrimidine
oligomer duplexes mirrors the trend in superlattice melting
temperatures when looking at sticky end identity,25a−c thus
demonstrating that the characteristics of hybrid molecular
duplexes are maintained when they are used as programmable
ligands. Additionally, adenine DNA/uracil RNA heteroduplexes
are known to be exceptionally unstable.24b,26a,b This hetero-
duplex is analogous to the sticky end interaction in A-RNA/B-
DNA and thus explains the lower melting temperature. Finally,
this trend in melting temperatures was found to persist as the
sticky end was increasingly moved away from the particle
surface by utilizing longer linker oligonucleotides (Figure S3).
Recent work has demonstrated that slowly cooling PAEs

through their melting transition is an effective method for
synthesizing micron-scale single crystals.27 To test whether
RNA-programmable assembly could also be used to form such
large scale crystals, PAE aggregates were slowly cooled (0.01
°C/min) from 5 to 10 °C above their melting temperature
down to room temperature. Small-angle X-ray scattering
(SAXS) was used to confirm the bcc crystallographic
symmetry1d (Figure 2a) across three different oligonucleotide
linker length scales and four different oligonucleotide bond
compositions (Figure 2b). Despite differences at the molecular
level, both DNA and RNA can be used interchangeably with
the same crystal design principles, as evidenced by SAXS and
SEM. For example, the macroscopic crystallites formed by this
slow cooling process were examined by SEM and determined
to be rhombic dodecahedra (Figure 2c), as observed in pure
DNA systems.27 Though the translated sequences used for
assembly are identical (i.e., the DNA and RNA used on all A
type particles had the same sequence just a different
oligonucleotide identity), the A-DNA/B-DNA superlattices
exhibited the largest interparticle distance, while the A-RNA/B-
RNA superlattices consistently exhibited the shortest inter-
particle distances (Table 1; SI eq 1). These data can be
understood by looking at the typical characteristics of the
molecular duplexes and specifically the 0.275 nm rise per base
pair for RNA (A-form) as compared with 0.34 nm for DNA (B-
form).7,28 DNA/RNA heteroduplexes are typically intermediate
in pitch, however, it is difficult to predict the properties of a
DNA-RNA heteroduplex compared to its homoduplex counter-
part, as they are known to be highly sequence specific.24a

Use of the Scherrer equation (SI eq 2) allows one to
calculate the mean crystallite size for a given sample, defined as
the average diameter of a single crystalline domain. These
calculations show that the grain sizes are all very similar
regardless of bond type (Table 1), thus demonstrating the

power of programmable assembly for generating crystals of
similar size but with different oligonucleotide constituents.

Figure 2. Body-centered cubic nanoparticle superlattices. (a)
Depictions of body-centered cubic (bcc) nanoparticle superlattices
of four different oligonucleotide bond compositions (to-scale). Gold
nanoparticles are shown in yellow and the oligonucleotide bond in red,
blue, or purple. (b) Small-angle X-ray scattering (SAXS) of
nanoparticle superlattices with four different “bond” compositions
and three different interparticle distances (from bottom to top: short
(46-base pair (-bp)), medium (67-bp), and long (128-bp) linkers). (c)
Scanning electron microscopy (SEM) images of nanoparticle super-
lattices in the solid state. In all cases, single crystal rhombic
dodecahedra are observed. Scale bars = 100 nm.

Table 1. Interparticle Distance and Crystal Domain Size
Calculated from SAXS Dataa

aThe interparticle distance is defined as the distance from the center-
to-center of each nanoparticle on the bcc diagonal and is therefore the
length of the oligonucleotide between the nanoparticles plus the sum
of the nanoparticle radii (N = 2). Color scheme is as follows: A-DNA/
B-DNA (red), A-RNA/B-DNA (light purple), A-DNA/B-RNA (dark
purple), A-RNA/B-RNA (blue).
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Together, these data demonstrate that tuning the oligonucleo-
tide bond is an important new handle for on-demand materials
properties including melting temperature and interparticle
distance in crystalline nanoparticle materials. Finally, SAXS
patterns of analogous DNA and RNA superlattices stored at 25
°C were obtained throughout the course of 100 days (Figure
S4). These data revealed that the superlattices remain well
ordered, with the interparticle distance changing <1 nm and
crystalline domain size changing <20 nm over this time period
(Table S2). This demonstrates that the RNA stability is
adequate for its use as a programmable ligand in nanoparticle
superlattices.
Isostructural Nanoparticle Superlattices Exhibit Tun-

able Responsiveness to Enzymes. Having shown that
DNA/DNA, RNA/RNA, and DNA/RNA duplexes can all
serve as programmable ligands to synthesize nanoparticle
superlattices, it was explored whether the oligonucleotide bond
could play a significant role in dictating the properties of the
material, rather than acting as a passive “glue”. To this end,
time-dependent SAXS measurements were performed to probe
the interaction of nanoparticle superlattices with ribonuclease
(RNase) A (Figure 3), an enzyme that is known to recognize
and degrade both single and double stranded RNA
duplexes.29a,b We hypothesized that nanoparticle superlattices
would become more accessible to the enzyme as interparticle
distances increased due to larger pores for diffusion.30a−c To
eliminate a purely diffusion-based interaction, a flow-cell setup
was utilized, where the enzyme and superlattice were in

constant oscillation, as described in SI Materials and Methods.
For the RNA superlattices, as the linker length between the
nanoparticles was increased, the time span over which the
superlattices retained their structure decreased dramatically (6
min for short and medium linkers and 0.25 min for long linkers;
Figure 3a and S5). While pure DNA superlattices were stable in
the presence of ribonuclease, one might expect that DNA/RNA
superlattices would still be able to respond to enzymes due to
the presence of RNA. Indeed, the ribonuclease can degrade the
DNA/RNA superlattices, though they retain their order over a
longer period of time than the RNA superlattices (13 min for
the short linker, 8.5 min for the medium linker, and 9 min for
the long linker; Figure 3b, S5c). This process is also
concentration dependent (Figure S5). Taken together, these
data show that the RNA-containing bonds in the nanoparticle
superlattices are responsive to enzymes and such responses are
dependent on both oligonucleotide identity and length.
In order to better understand the structural changes that

occur during enzymatic degradation, several attributes of the
time-dependent SAXS data were studied. By examining the
breadth and position of the first-order scattering peak (q0), one
can begin to quantify how the bond length and identity affects
the superlattice’s response to enzymes. The position of q0 is
used to calculate the interparticle distance. The first analysis
involved monitoring changes in the position of q0 as the lattice
is degraded by the enzyme, which is manifested by shifts in
peak positions to lower values of q and thus larger interparticle
distances. The greatest overall change in the position of q0
(0.002 Å−1) is observed for RNA superlattices over the course
of 6.5 min, whereas for the hybrid superlattices, a smaller
change in q0 (0.0017 Å−1) is observed over a longer period of
time (13 min; Figure 4a). Variations in the breadth of the q0
peak, indicating changes in domain size and relative crystal
quality, are characterized by the fwhm, where a smaller value of
the fwhm indicates a larger domain and higher quality crystal.
For RNA superlattices, the fwhm increases over 8 min (0.0014
Å−1) before the structure falls apart, which is in stark contrast to
the hybrid superlattices, where almost no change in fwhm is
observed (0.0003 Å−1; Figure 4b). Similar trends are observed
for the medium and long linkers (Figure S6).
For RNA superlattices with short linkers, these data indicate

that RNA connections are lost as enzyme incubation time
increases. This degradation reduces the number of connections
holding the RNA superlattice together, thus allowing more
conformational degrees of freedom for each nanoparticle. This
manifests as an increase in fwhm (Figure 4a, b). Specifically, the
structure is able to retain long-range order for 5 min before
sufficient RNA−RNA interconnects are lost and the structure
rapidly becomes disordered over the next 3 min. In contrast,
while a small change in q0 is observed, a minimal change in
fwhm is seen for the hybrid superlattices, thus indicating that
some DNA/RNA connections may be lost but not enough to
result in a change in overall crystal quality. This suggests that
having one component of DNA allows the crystal to retain
grain size and relative ordering as the interparticle distance is
increased. This is because RNase A is only known to cleave
single and double stranded RNA,29a,b and thus is only able to
recognize and degrade RNA originating from particle B, and
not the DNA on particle A or the hybrid sticky end. Almost no
change is seen in q0 position or fwhm for the DNA superlattices
(Figure S6), which further confirms that the enzyme
recognition is oligonucleotide bond specific. For both the
RNA and hybrid superlattices, it was observed that crystals with

Figure 3. Functional oligonucleotide bonds in nanoparticle super-
lattices. (a) Time-dependent SAXS scattering patterns for RNA
superlattices with short and long linkers upon addition of 1 μg
ribonuclease (RNase) A. (b) Time-dependent SAXS scattering
patterns for DNA-RNA superlattices with short and long linkers
upon addition of 1 μg RNase A. [AuNP] ≈ 45 nM.
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shorter interparticle distances are better able to withstand
enzymatic degradation. Taken together, these data suggest that
the introduction of RNA into nanoparticle superlattices leads to
bonds that are selectively addressable.
Thus, it has been demonstrated that the bond in nanoparticle

superlattices is responsive to enzymes and structural changes in
the nanoparticle superlattices can be monitored by time-
dependent SAXS. This transition also can be monitored using
UV−visible (UV−vis) spectroscopy, where RNase A was added
to a solution of RNA superlattices and an increase in extinction
over time was observed, much like what is observed in a
melting experiment (Figure 4c). In this case, the strong
extinction by the nanoparticles at 520 nm provides a
spectroscopic and colorimetric handle for tracking this process.
Again, it is observed that the enzymatic degradation is
concentration- and oligonucleotide-bond-dependent, as almost
no change in extinction was observed for the hybrid and DNA
superlattices. Thus, the strong AuNP absorption can be used as
a spectroscopic handle to monitor the function of the
oligonucleotide bond quickly on the benchtop, without the
need for a synchrotron light source (Figure 4d).

■ CONCLUSION
The data presented herein show that design rules for
nanoparticle superlattices1d still hold true when using RNA as

opposed to DNA as a programmable ligand, and that the
identities of the oligonucleotide “bonds” in nanoparticle
superlattices can be independently changed without changing
the “atoms”. This novel capability provides a pathway for
deliberately tailoring superlattice properties, something not
possible with conventional atomic and molecular systems.
Indeed, the realization of responsive oligonucleotide bonds
within such structures dramatically increases the breadth and
sophistication of the design space for these materials and
creates several challenges for the field moving forward. These
challenges include: (1) the study of other specialty
oligonucleotides, such as peptide nucleic acids31 and locked
nucleic acids, which could allow one to further tailor the charge,
stability, and function of oligonucleotide bonds, (2) the
creation of mixed superlattice systems with different bonds
that can be addressed and modified independently and
selectively with enzymes, and (3) the creation of bonds that
move beyond linear struts, such as structures that contain
catalytic loops. Taken together, the development of a
programmable system to utilize oligonucleotides other than
DNA to direct the assembly of nanoparticles into three-
dimensional crystals shows promise in developing nanoparticle
superlattices with dynamic and functional bonds for many
areas, including catalysis and sensing.
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