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ABSTRACT: A strategy for gold nanoparticle (AuNP)
assembly driven by a dynamic DNA-fueled molecular
machine is revealed here. In this machine, the aggregation
of DNA-functionalized AuNPs is regulated by a series of
toehold-mediated strand displacement reactions of DNA.
The aggregation rate of the AuNPs can be regulated by
controlling the amount of oligonucleotide catalyst. The
versatility of the dynamic DNA-fueled molecular machine
in the construction of two-component “OR” and “AND”
logic gates has been demonstrated. This newly established
strategy may find broad potential applications in terms of
building up an “interface” that allows the combination of
the strand displacement-based characteristic of DNA with
the distinct assembly properties of inorganic nanoparticles,
ultimately leading to the fabrication of a wide range of
complex multicomponent devices and architectures.

In the mid-1990s, two leading groups” pioneered the
utilization of oligonucleotides as noncovalent linkers for
mediating the interaction potential between gold nanoparticles
(AuNPs) as well as directing the assembly of DNA-function-
alized gold nanoparticles (DNA—AuNPs).> Since then, the
combination of the powerful programmable capability of
nucleic acids and the distinguished assembly performance of
AuNPs has paved an exciting way leading to the fabrication of
nanomaterials possessing the hybridized properties of both
organic DNA and inorganic metal colloids. Because of their
unique optical and catalytic properties, DNA—AuNPs have now
found a number of practical applications in the fields of
biodiagnostics, medicine, and biosensors in terms of colori-
metric-based detection,* electronic-based detection,’ scanomet-
ric-based detection,’ Raman-based detection,” and antisense
gene control.®

Of late, the assembly of DNA—AuNP structures consisting of
amorphous face-centered-cubic or body-centered-cubic crystals
has been successfully regulated by tailoring the length of the
oligonucleotide linkers.”'® The position and arrangement of
AuNPs in space were aptly mediated via DNA hybridization,
allowing AuNPs to assemble into two-dimensional geometric
patterns."' ™'* The kinetics and pathways of the assembly were
controlled by adjusting the conformation of the oligonucleo-
tides on the surface of the AuNPs.'*"®
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On the other hand, toehold-mediated DNA strand displace-
ment, a concept pioneered by Yurke et al.'® to build dynamic
DNA-fueled molecular machines, occurs when a single-stranded
DNA on a double-stranded complex is displaced by another
single-stranded DNA with the help of a short sequence of
contiguous bases (called a toehold). Recently, this concept has
been used to build a nanomachine that drives the switching of
DNA motifs between two topological structures,'”'® to build
molecular gears that could continuously roll against each
other," to trigger the assembly of two stable species of DNA
coexisting in solution,”® to control the assembly and
disassembly of DNA hairpin motifs,”" and to build an
autonomous polymerization motor powered by DNA hybrid-
ization.”> Most notably, toehold-mediated strand displacement
has been applied to the construction of entropy-driven catalytic
reactions,™ chemical reaction networks,” synthetic transcrip-
tional clocks,” and digital logic circuits (culminating in a four-
bit square-root circuit).’® In these systems, oligonucleotide
chains act as catalysts or as inputs that fuel the DNA-based
molecular machine by a series of toehold strand displacement
reactions in a “geometry-free-like” network.

Despite their success in the above two fields, previous studies
of the assembly of AuNPs have primarily used an assembly
strategy in which the DNA—AuNPs and oligonucleotide linkers
are simultaneously introduced into the reaction system, which
we call the “direct linker addition” strategy. In contrast, a DNA-
machine-driven strategy, in which an oligonucleotide, possibly
released from a potential upstream circuit, plays the role of
triggering and driving a DNA-fueled molecular machine to
mediate the assembly of AuNPs, has not been developed to
date. On the other hand, current applications of toehold-
mediated DNA strand displacement to molecular machines
have been focused on pure DNA systems. We anticipate the
DNA chains conjugated with inorganic nanoparticles acting as
fuel in a molecular machine may bring some novelty to the
construction of a molecular machine.

In the present work, the assembly of AuNPs driven by a
dynamic DNA-fueled molecular machine was examined. The
assembly into explicit geometrical structures of DNA—AuNPs
was triggered and mediated via a series of strand displacement
reactions that occur in geometry-free-like networks. The
present strategy involved the design and syntheses of five
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types of oligonucleotides [see Table S1 in the Supporting
Information (SI)]. Two types of DNA—AuNPs were first
prepared by functionalizing the surface of 13 nm diameter
AuNPs with one of two oligonucleotides, oligomer-1 or
oligomer-2. To accomplish the DNA-machine-driven assembly,
the linker-oligomers deliberately were not added directly into
the solution, as their presence might cause aggregation of the
two types of DNA—AuNPs via hybridization of the
complementary domains in the two terminal ends of the
linker-oligomers with those grafted on the surface of the
AuNPs. Instead, a segment of the linker-oligomer was
hybridized with the protector-oligomer to form a complex
that prevented the sticky end of the linker-oligomer from
unintentionally reacting with sequences grafted on the surface
of the AuNPs (Figure 1). It is important to realize that
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Figure 1. Graphical representation of the dynamic DNA-fueled
molecular machine strategy and the mechanism of DNA—AuNP
assembly.

aggregation in the system containing the two kinds of DNA—
AuNPs and the complex must be avoided, allowing the system
to remain sufficiently stable for a long time. Introduction of
small quantities of catalyst-oligomer triggered the running of
the DNA-fueled molecular machine with the assistance of a
series of toehold-mediated DNA strand displacement reactions,
ultimately resulting in linking of the two types of DNA—
AuNPs. The details of the reaction are as follows (Figure 1):
Briefly, the protector-oligomer on the complex was first
displaced by the catalyst-oligomer through a toehold-mediated
strand displacement, generating a new complex with a duplex of
the linker-oligomer and catalyst-oligomer. Subsequently,
oligomer-2 grafted on an AuNP displaced the catalyst-oligomer
through another toehold-mediated DNA strand displacement
reaction.The whole cycle resulted in the cross-linking of the
two types of AuNPs via the duplex formation of oligomer-2 and
linker-oligomer and was accompanied by release of the catalyst-
oligomer into the solution. This nonconsumption of the
catalyst-oligomer during these reactions reflects the behavior of
a true catalyst. The DNA machine ran continuously until all of
the DNA—AuNPs were cross-linked to form larger clusters,
which resulted in visible deposits in the reaction mixture
(Figure 2 inset and Figure S2 in the SI).

It is reasonable to believe that the toehold length of the
complex formed by the linker-oligomer and the catalyst-

oligomer should have an important effect on the rate of the
catalyst-oligomer displacement by the oligomer-2 grafted on
the AuNPs. The experimental results indicated that only when
the toehold was eight bases long was the displacement rate
suitable for the reaction to run (Figure 2). This behavior was
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Figure 2. Kinetics of DNA—AuNP assembly with the complexes of the
linker-oligomer and catalyst-oligomer having varied toehold lengths,
monitored by absorbance at 520 nm. The inset panel shows the color
change after 12 h for (from left to right) the control system without
catalyst-oligomer and the systems with eight-, seven-, and six-base
toeholds. [DNA—AuNP] = 3.5 nM, [complex] = 75 nM, [catalyst-
oligomer] = 37.5 nM.

different from that observed in pure DNA systems, where a
five-base toehold was enough to give a sufficiently high rate of
the toehold-mediated stand displacement reaction.”” The
reason for this difference might arise from the steric hindrance
and surface charge of the AuNP. Hence, the eight-base toehold
was used in the following observations. Use of an eight-base
toehold would not totally cover the 5’ half of the linker-
oligomer; instead, three bases would be left uncovered upon
formation of the complex of the linker-oligomer and the
protector-oligomer (Figure 1). This might guarantee a higher
reaction rate when the protector-oligomer is displaced by the
catalyst-oligomer.

In practical applications, both a high aggregation rate of
DNA—AuNPs and a low detection limit of DNA are desired.
Thus, tests were performed to ensure that these two
characteristics were exhibited at acceptable levels using the
present DNA-machine-driven assembly strategy in comparison
with the well-established direct linker addition strategy. After a
number of tests, a suitable DNA—AuNP:DNA—AuNP:linker-
oligomer molar ratio of 1:1:21 was selected for the direct linker
addition strategy. In the subsequent experiments using the
DNA-machine-driven assembly strategy, the same 1:1:21 molar
ratio of the two DNA—AuNPs and the complex (composed of
the linker-oligomer and protector-oligomer) was used to ensure
that the amount of linker-oligomer would be consistent with
that used in the assembly via direct linker addition. The
aggregation of DNA—AuNPs was monitored via time-resolved
UV—vis absorption spectroscopy at 520 nm (Figure 3) and
color detection (Figure S2). Interestingly, when the amount of
catalyst-oligomer added into the solution increased to 12% of
the amount of linker-oligomer, the DNA—AuNPs showed an
aggregation rate comparable to that of the direct linker addition
strategy. This indeed ensured a time scale and detection limit
comparable to those of the direct linker addition strategy, which
would be particularly important in the future application of the
DNA-machine-driven assembly scheme, especially in the area of
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Figure 3. Kinetics of DNA—AuNP assembly with varied catalyst-
oligomer concentrations. [DNA—AuNP] = 3.5 nM, [linker-oligomer]
= [complex] = 75 nM.

molecular diagnostics. Furthermore, these studies showed that
the aggregation rate of DNA—AuNPs could be mediated and
synchronized by controlling the amount of catalyst-oligomer.
The optimal quantity of the catalyst-oligomer was 10—20% of
the concentration of the linker-oligomer (Figure 3). While
exceeding the upper limit did not further accelerate the
reaction, using less than the lower limit led to intolerably slow
reactions.

As indicated above, these DNA—AuNPs may find
applications as probes in molecular diagnostics.* Toward this
aim, the power of the assembly scheme was demonstrated by
building DNA-based logic gates, which are currently being
studied for genotypic assay development. To build the two-
component “OR” and “AND” logic gates, two types of DNA—
AuNPs (ie, DNA-NP1 and DNA—NP2) were prepared by
functionalizing the AuNPs with two sequences of the
oligonucleotides, L-oligomer-1 and L-oligomer-2 (see Table
S2). To build the OR gate, two types of complexes, L-linker +
L-protector-1 and L-linker + L-protector-2 were prepared, in
which one of two terminal ends of the L-linker was covered
with its complementary sequence. One or both of L-catalyst-1
and L-catalyst-2 were subsequently added into the solution
containing the mixture of the two protector-linker complexes
and the two types of DNA—AuNPs, triggering aggregation of
the DNA—AuNPs and resulting in the construction of the OR
gate (Figure 4A,C). To construct the AND gate, a complex in
which both terminal ends of the L-linker were covered with L-
protector-1 and L-protector-2 was prepared. This was done to
ensure that DNA—AuNP aggregation could be trigged only if
both catalysts, L-catalyst-1 and L-catalyst-2, were present in the
solution containing the two types of DNA—AuNPs and the
complex (Figure 4B,D).

In this study, the capabilities of the DNA-based molecular
machine in driving the assembly of DNA—AuNPs have been
demonstrated. This machine provides an applicable strategy for
building up an “interface” that allows the incorporation of the
strand displacement-based characteristic of DNA into the
assembly of inorganic nanoparticles. This strategy thus
facilitates the coupling of the programmable feature of DNA
with the distinguished electrical, optical, and catalytic properties
of inorganic nanoparticles. The strategy has been successfully
exemplified in the construction of two-component OR and
AND logic gates, further confirming its advantages for
engineering DNA—AuNP devices. This methodology can be
applied for the construction of more complicated systems. For
instance, the surface of the AuNPs could be functionalized with
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Figure 4. Two-component logic gates. [DNA—NP1] = [DNA—NP2]
= 2.5 nM, [L-catalyst-1] = [L-catalyst-2] = 21 nM. (A C) The “OR”

logic gate includes two types of complexes, each at a concentration of
21 nM. (B, D) The “AND” logic gates includes one type of complex at
a concentration of 42 nM. The colors from left to right in the panels of
C and D represent addition of no catalyst chain, L-catalyst-1, L-
catalyst-2, and both catalyst chains.
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multiple-component DNA,”®* which would enable the

construction of multiple-component logic gates for multiplexed
DNA detection. Alternatively, the oligonucleotide chains acting
as catalysts in this system could be released from upper-layer
circuits and cascades to trigger the aggregation of AuNPs. This
could be applied as an output indicator of the upper-layer
circuit in colorimetric sensing and amplification. Thus, more
complex and robust machines may potentially be constructed
directly using this hybridization system, which may aid in new
discoveries. Finally, this strategy can easily be extended to other
inorganic nanoparticle systems with well-established coordina-
tion chemistries (e.g, Ag, Pt, CdSe, and CdS). The use of
inorganic, anisotropic building blocks in our system may
produc3e0 _more attractive DNA—inorganic hybridization ma-
chines.
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