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ABSTRACT: Multivalent oligonucleotide-based bonding
elements have been synthesized and studied for the
assembly and crystallization of gold nanoparticles.
Through the use of organic branching points, divalent
and trivalent DNA linkers were readily incorporated into
the oligonucleotide shells that define DNA-nanoparticles
and compared to monovalent linker systems. These
multivalent bonding motifs enable the change of “bond
strength” between particles and therefore modulate the
effective “bond order.” In addition, the improved
accessibility of strands between neighboring particles,
either due to multivalency or modifications to increase
strand flexibility, gives rise to superlattices with less strain
in the crystallites compared to traditional designs.
Furthermore, the increased availability and number of
binding modes also provide a new variable that allows
previously unobserved crystal structures to be synthesized,
as evidenced by the formation of a thorium phosphide
superlattice.

Almost two decades ago, we reported that polyvalent, DNA-
functionalized gold nanoparticles (DNA-NPs) can be

programmably assembled via sequence-specific DNA interac-
tions to yield macroscopic aggregates1a and more recently highly
crystalline structures.1b These materials exhibit plasmonic
properties and cooperative melting behavior that are ideal for a
variety of uses in molecular diagnostics.2 By replacing the
nanoparticle core with a rigid organic molecule, we and others
have also systematically studied the cooperative binding
characteristics of molecularly pure multivalent nucleic acid
constructs.3 While both of these types of DNA conjugates have
illustrated the significance of multivalency in cooperative
behavior, the effect is highly amplified in DNA-NP assemblies
where hundreds of DNA interactions can occur between NPs.
Remarkably, depending upon particle−particle contact area,
even a single base pair (bp) can stabilize particle assemblies due
to the effects of polyvalency.4 Indeed, the combination of a
polyvalent scaffold and a weak individual interparticle interaction
strength allows DNA-NPs of arbitrary core composition to
behave as “programmable atom equivalents” (PAEs) in the
synthesis of hundreds of different crystalline lattices with unique
combinations of spacing and symmetry.1b,5 Notably, both the NP
“atom” and oligonucleotide “bond” can be independently

manipulated such that building block identity and bonding
behavior can be decoupled. This highly modular platform has
prompted us to explore the possibility of creating multiple-bond
analogs by incorporating branched organic molecules into the
DNA-based bonding elements with the potential for discovering
new properties and making new structures (Figure 1A).

Herein, we report the synthesis of NP-based PAEs with
branched binding motifs capable of forming DNA “multiple
bonds” and their use in the formation of low-strain superlattices.
By incorporating branched organic molecules into the traditional
linker design, a diversity of bonding modalities can be accessed,
providing an additional level of polyvalency at the periphery of
PAEs. These complex binding motifs manifest in the formation
of higher quality crystals than those obtained via conventional
linear designs as well as the previously unobserved thorium
phosphide (Th3P4, I4 ̅3d) lattice symmetry.
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Figure 1. (A) A schematic representation of NP-based PAEs with
tunable bond strengths via branching linkers: the gold NP core (blue
and red spheres), a dense surface layer of hexanethiol-modified DNA
comprising a [PEG6]2 nonbinding region (gold segment), and an 18-bp
sequence (black segment) as well as a DNA linker (red and blue
segments). The linker comprises an 18-bp complementary sequence
attached to a branching point (gray sphere), a flexor region, and single-
stranded “sticky ends” (3′-TTTCCTT and 3′-AAGGAAA) that drive
NP assembly via DNA hybridization. (B) Increasing melting temper-
atures were observed for two sets of NPs with different diameters as the
“bond order” or number of sticky ends per linker was increased. For each
AuNP size, concentrations were identical, and linker loadings were
found to be similar (see SI, pages S20−S22 for DNA loading densities).
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By design, PAEs consist of three components: a NP core, a
dense surface layer of thiol-modified DNA, and a “shell” of DNA
linkers. In a typical assembly experiment, these DNA-NPs are
combined with a DNA linker, which comprises a recognition
sequence complementary to the particle-bound strand, an
unpaired “flexor” region, and a short, single-stranded region
termed the “sticky end” that engages in interparticle hybrid-
ization events. In our “multiple-bond” design, branching points
are incorporated into the DNA linker after the recognition
sequence such that each linker possesses two (doubler) or three
(trebler) sticky ends (Figure 1A).6 This design gives rise to a
form of valency derived from the DNA itself as opposed to using
NP shape and dense oligonucleotide packing to direct the DNA
bonding elements.7 It also should be noted that the multivalent
linkers studied herein were typically synthesized with a “T3”
flexor region consisting of three unpaired thymine bases, as
opposed to the traditional single-base design, as this has been
shown to be optimal in directing DNA interactions in analogous
branched organic-DNA hybrid molecular assemblies.8 We also
investigated variations in this flexor region ranging from a
standard unpaired A-base to up to 18 ethylene glycol chains (see
Supporting Information (SI), Tables S4−S7), which have
previously been shown to improve the extent of long-range
order or relative crystal quality.9 Both of these modifications to
the traditional linker design should increase the accessibility of
sticky ends at the periphery of PAEs, which in turn would provide
optimal environments to maximize polyvalent interactions,
resulting in improved crystal quality.
As a starting point, commercially available AuNPs with

diameters of 10 and 15 nm were densely functionalized with 5′-
thiol modified ssDNA consisting of a [PEG6]2 nonbonding
region and a 18-bp sequence using a previously established salt-
aging method (see SI, Sections S1−S5 for complete description
of all methods, sequences, and strand characterization).10 A
predetermined amount of the appropriate type of linker was then
added to each type of DNA-coated NP. Upon combining the
complementary particle types (i.e., trebler with trebler),
hybridization events between the sticky ends induced precip-
itation of the particles into a disordered aggregate. It is important
to note that while multivalent linkers are capable of having the
sticky ends bind in the ideal fashion as depicted in Figure 1A,
there are other potential binding modes (e.g., hybridization
between one or two sticky ends of a trebler but not necessarily all
three), and it can be assumed that all of these potential
interactions collectively contribute to the observed behavior
presented herein.
The use of the doubler and trebler linkers greatly improved the

thermal stability of the as-synthesized DNA-NP assemblies and
dramatically sharpened the melting profiles compared to the
traditional systems.11 When the melting temperatures (Tm) are
plotted for all three linker types, a clear trend is observed for each
set of NP diameters: the Tm increases with the number of sticky
ends per linker (Figure 1B). These data suggest that multivalent
sticky end designs can lead to appreciable increases in thermal
stability that are analogous to the increase in bond strengths
between two partner atoms in a molecule as the bond order
increases. (Detailed data and analysis for both Tm and transition
breadth can be found in the SI, including the effects of different
flexor types: Tables S3−S7, Figures S45−S46. See also the
discussion that follows Figure S45). We note that von
Kiedrowski and others have shown that multiple hybridization
events in DNA-based molecular systems can greatly stabilize the
resulting assembled structures and drawn a similar multiple-bond

analogy.12 For the purposes of brevity and simplicity, the
remainder of this manuscript will focus on the contrast between
the linear and trebler systems where the differences in all
observed behavior were the most prominent.
The notable differences in melting behavior upon the

introduction of either branching or flexible units into DNA
linkers should have a significant impact on the NP crystallization
behavior under annealing conditions. In addition, we hypothe-
sized that having an “accommodating,” high density of sticky
ends in the potential interaction volumes of neighboring PAEs
would facilitate crystal formation and potentially improve crystal
quality. Two-component superlattices composed of 10 and 15
nm AuNPs were prepared by annealing the aggregates around
their characteristic Tm values, as determined in the above-
mentioned experiments, yielding body-centered cubic (bcc)
superlattices when the AuNPs are the same or cesium chloride-
type (CsCl) symmetries when the components are of different
sizes.5b Confirmation of these lattice symmetries as well as other
structural information was obtained using synchrotron-based
small-angle X-ray scattering (SAXS). Differences in the extent of
long-range order are manifested in the sharpness and number of
the scattering peaks, where sharper and well-resolved peaks
indicate a higher quality crystal (i.e., those with less strain and
where the NPs are not significantly deviated from the ideal
positions in the lattices).
The scattering pattern for the CsCl structure formed from the

trebler system is visibly higher quality than that for the linear
linkers (Figure 2A; see Figure S48 for doubler SAXS data), in
accordance with our hypothesis. Such differences can be
quantified using a Williamson−Hall13 (W-H) analysis, which
enables the twomain sources of peak broadening, finite grain size
and microstrain, to be deconvoluted through line-shape analysis
(see SI, page S27 for details and Figure S49 for example of
analysis). Remarkably, the superlattices composed of trebler-T3
linkers have 7× less strain (strain = 0.7 ± 0.4 × 10−3) than the
analogous linear-A systems (strain = 5.1 ± 0.6 × 10−3),
suggesting that the multivalent linkers enable PAEs to situate
themselves closer to their ideal lattice positions than linear
systems. For each of the three lattice symmetries (15 and 10 nm
bcc; 15−10 nm CsCl) that we examined, a plot of the average
strain as a function of the type of linker employed (Figure 2B, a
total 95 analyses) clearly illustrates the lower quality and broad
variation of crystals assembled with the traditional linear-A
design, where the amount of strain and deviations from sample-
to-sample are the most varied compared to its more flexible
counterparts. Notably, each data point represents the average of a
variety of linker loadings for each system, further illustrating how
the incorporation of flexible moieties imparts an “accommodat-
ing” environment for heterogeneities across systems.
While the trebler branching unit provides a means to generate

high-quality crystals in a consistent manner, previous work has
demonstrated that the incorporation of flexibility into the PAE
design through other chemical modifications also improves
crystal quality (see additional discussion in the SI, section S2).9

When considering the effect of flexibility on crystallization using
strictly linear linkers, we also observe that a PEG flexor imparts
less strain into the system while simultaneously minimizing the
deviations among various samples. This similarity suggests that
the incorporation of flexibility into the linker design, in other
forms, provides enough “tolerance” to the system to facilitate the
particles arranging themselves closer to their ideal positions as
well as accommodates sources of polydispersity (e.g., NP size
variations, differences in linker loading) without compromising
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superlattice quality. However, when considering the temperature
at which each sample was annealed relative to its Tm, there are

clear differences between these two sources of linker flexibility.
Specifically, linear systems must be annealed right at, or in some
cases, above their Tm’s in order to achieve high-quality crystals,
while trebler systems can be annealed several degrees below their
Tm values without any noticeable reduction in crystal quality
(Figure 2C).4b,9b Such a difference is an important practical
consideration since aggregate melting typically occurs over a
small temperature range and can completely disrupt the
structural integrity of the superlattice.
Finally, while attempting to assemble a CsCl superlattice with

10 and 15 nm AuNP cores (but comparable hydrodynamic radii)
using trebler linkers, we observed a new crystalline phase that
corresponds to the I4 ̅3d space group (Figure 3; the cubic unit cell

is isostructural with Th3P4). This unexpected and complex lattice
structure was initially observed in atomic systems when lithium
was exposed to high-pressure conditions; to our knowledge, this
lattice has never been observed in DNA-directed crystallization
and only once previously in a colloidal system.14 This newTh3P4-
type structure was consistently observed (over 20× with slight
variations in DNA design) and only when using treblers.
Compared to the other binary superlattices previously formed
using DNA, this structure is significantly more complex with a
large unit cell (lattice parameter of 93.59 nm) containing twelve
15 nm and sixteen 10 nm particles as opposed to the lattice
parameter of 38.24 nm and one-to-one particle ratio for the
analogous CsCl unit cell.5b

Interestingly, the inorganic volume fraction of PAEs in the new
Th3P4-type lattice is lower than that for CsCl (0.036 vs 0.041).
However, when the volume fraction of only the 15 nm PAE is
considered, the new structure is more dense than CsCl (0.035 vs
0.032). While the previously mentioned melting transitions
indicate that replacing linear linkers with branched units
increases attractive interactions between individual DNA strands
due to multivalent binding, this new phase with lower packing
density suggests that it also increases repulsive interactions
between PAEs as a whole. This is further suggested by the fact
that the center-to-center distance between the 10 and 15 nm
AuNPs in the new phase is smaller (32.39 nm, compared with the
33.11 nm distance observed in the CsCl structure), meaning the

Figure 2. (A) Comparison of SAXS patterns of CsCl-type superlattices
(inset = a depiction of unit cell) formed from PAEs with 10 and 15 nm
diameter cores. The traditional linear-A system is of lower quality than
that assembled with the trebler-T3 linkers. (B) Plot of average amounts
of microstrain for each lattice symmetry as a function of linker design
where each data point encompasses all linker loadings for each system.
The incorporation of flexibility enables consistent formation of higher
quality lattices relative to those with the linear-A linker design. (C) Plot
of strain values for all CsCl systems based on the temperature at which
each system was annealed relative to its Tm (i.e., the difference between
the temperature determined by optical melting analysis and that used to
anneal the system; in such a plot, systems that appear to have different
strains at the sameΔT value are unique assemblies that were annealed at
different absolute temperatures). Trebler linkers allow for the formation
of high-quality crystals when annealed several degrees below the Tm. In
contrast, systems containing linear linkers must be annealed right at or
just above their respective Tm values for the crystals to form. (See SI,
Figures S47 and S50 for the analogous bcc plots and pages S27−S28 for
discussion of the propagation of the error bars during theW-H analysis).

Figure 3. SAXS data for the Th3P4 structure observed when using trebler
linkers (red, theoretical; black, observed). The unit cell is depicted in the
inset with a perspective down the z-axis (blue spheres = 10 nm AuNPs,
Wyckoff position of 16c with x = 0.087; red spheres = 15 nm AuNPs,
Wyckoff position of 12a). One 15 nm particle is enclosed in a triangle-
based distorted dodecahedron composed of eight 10 nm particles (SI,
Figure S51).
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DNA is 3.5% shorter in length. An in situ crystallization
experiment was carried out to determine the relative stabilities of
these two lattices and the nature of their phase boundary (see SI,
Figure S53). When monitoring the scattering pattern of the
initial disordered aggregate as it transitions to a crystalline
arrangement upon annealing, it was observed that both the new
phase and CsCl initially formed simultaneously. However, over
time, the peaks corresponding to CsCl disappeared and only the
scattering pattern of the new phase remained, suggesting that it is
the thermodynamically favored structure. Such a result is counter
to what is typically observed in these systems where the densest
arrangement of PAEs is favored (see SI, Figure S52A,B for SAXS
data of systems with various loadings and flexor types), but is
again consistent with the hypothesis of increased repulsive
interactions between PAEs.
In conclusion, the use of organic branching moieties in the

linkers that define PAEs allows for the realization of new building
blocks that provide a type of controllable “bond order” in this
field. Such structures also allow one to modulate the DNA-based
valency in NP assembly, which presents a means to control
particle interactions beyond geometric parameters such as
particle size or hydrodynamic radius, and has significant
consequences on the observed crystallization path. Indeed,
such building blocks have now led to the discovery of the Th3P4
lattice symmetry in nanoparticle assembly, one not previously
observed in the programmable assembly field. The realization of
this new structure is both exciting and challenging as it moves
beyond the predictable realm established by previous design
rules.5b This result points to the need to develop additional
computational and experimental tools to accurately model and
predict the formation of such complex architectures and, in turn,
understand how multivalency changes the crystallization path-
way. Moving forward, this new design paradigm will have
important implications as research efforts shift to the use of PAEs
with low linker density or minimal sites for DNA attachment as
well as multitiered structures that necessitate gradients of
interaction strengths using the same sequence-specific, sticky
end interactions.
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