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ABSTRACT: Programmable and algorithmic behaviors of DNA molecules allow ST[}RT

one to control the structures of DNA-assembled materials with nanometer
precision and to construct complex networks with digital and analog behaviors.
Here we developed a way of integrating a DNA-strand-displacement circuit with
self-assembly of spherical nucleic acids, wherein a single DNA strand was used to
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initiate and catalyze the operation of upstream circuits to release a single strand Frotector = Protector Waste
that subsequently triggers self-assembly of spherical nucleic acids in downstream

circuits, realizing a programmable kinetic control of self-assembly of spherical |sna-: SNA-2 SNA-1  SNA-2
nucleic acids. Through utilizing this method, single-nucleotide polymorphisms or -, S a ~ ;{___ ; gL
indels occurring at different positions of a sequence of oligonucleotide were / / Linker
unambiguously discriminated. We provide here a sophisticated way of combining o

the DNA-strand-displacement-based characteristic of DNA with the distinct \\/

assembly properties of inorganic nanoparticles, which may find broad potential
applications in the fabrication of a wide range of complex multicomponent

devices and architectures.

B INTRODUCTION

In the field of dynamic DNA nanotechnology, a reaction known
as toehold-mediated DNA-strand displacement,’ wherein a
single-stranded sequence of contiguous bases (called toehold)
that facilitates the branch migration processes on a duplex helix
are adopted to displace the sequestered single strand, has
demonstrated its capability to build complex autonomous
systems.”” The emergence of the new methodology has
enabled the creation of sophisticated ways of constructing
diverse molecular dynamic systems, including programmed self-
assembly of nanostructures, to form a variety of DNA
patterns,”® molecular gears constructed by DNA nanocircles,’
autonomous DNA walkers that move along a self-assembled
track,”™” cascading nanomachines that could achieve powerful
signal amplification of input signals,'”"" molecular robots
guided by prescriptive landscapes,'” and synthetic molecular
motors capable of autonomous nanoscale transport."> In
particular, toehold-mediated DNA-strand displacement has
been ingeniously implemented in entropy-driven and en-
thalpy-driven catalytic reaction construction,”'> DNA catalyst
network guided DNA tile self-assembly,'® synthetic transcrip-
tional clocks,'” and digital circuit computation.'*™*’ In these
systems, oligonucleotide strands act as catalysts or inputs that
fuel the DNA-based molecular machine through a series of
toehold strand-displacement reactions in a “geometry-free-like”
network.

On the other hand, polyvalent nucleic acid—nanoparticle
conjugate, an inorganic nanoparticle functionalized with nucleic
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acids on the surface, was synthesized using a gold core and
oligonucleotide shell in the mid-1990s,*** and it represents
the first well-characterized form of spherical nucleic acid (SNA)
conjugates.”” This unique structure possesses the hybridized
properties of both inorganic gold nanoparticles (AuNPs) and
organic nucleic acid strands. The gold core, except as a scaffold
for assembling and orienting the nucleic acid strands into a
dense arrangement, contributes to the conjugate specific
physical and chemical properties, such as plasmonic,”**’
catalytic,”® scattering,”” and quenching,”® whereas the outside
nucleic acid shell endows conjugates with stability in solution,
due to its hydrophilic character, and serves simultaneously as a
reaction group for mediating the reactivity of the conjugates. In
addition, such an established approach allows the synthesis of
SNA conjugates into a broad variety of microstructures, from a
disordered—amorphous morphology to periodic lattice crystal-
like structures.””° These materials have now catalyzed
worldwide interest in using such well-characterized nanostruc-
tures as novel labels for in vitro assays’' and intracellular
detection,”” and as powerful cell transfection,®** gene
regulation,35 therapeutics,36 biodiagnostics,37 medicine,®® bio-
3974 programmed
electronic-based detection,”” and

sensors in terms of colorimetric-based assays,
4346
nanostructures assembly,
.48
Raman-based detection.
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Figure 1. Graphical representation of the integrating catalytic circuit with self-assembly of SNA conjugates.

In some of these applications, assembly of SNA conjugates is
required in order to achieve the desired functions. Tradition-
ally, the direct-linker-addition approach is employed, in which
the assembly reactions are initiated by the addition of a target
oligonucleotide molecule together with two types of SNAs to
cause aggregations of SNA conjugates through hybridization
with the probe molecules functionalized on SNA. However,
bearing the multiple reactivity groups on the outside of the
nucleic acid shell, SNA conjugate is supposed to be a versatile
building block that allows the coupling of the programmability
and algorithmic behavior of nucleic acids with the distinct
assembly performance of SNA conjugates to achieve functions
that are inaccessible in a simple system. In our earlier
efforts,*”*® 2 DNA nanomachine was devised and built to
drive self-assembly of SNA conjugates. The nanomachine was
essentially a catalytic strand-displacement circuit operating
under a series of successive toehold-mediated strand-displace-
ment reactions (TMSDRs). Although the established SNA
assembly strategy was promising in fabricating hybridized
nanomaterials, the significant sequence constraints imposed on
the synthesis of SNA constituted a substantial challenge. As in
the direct-linker-addition strategy, the assembly of SNA
conjugates can only be triggered by specifically designed
targets. Similarly, in the DNA-machine-driven strategy, the fuel
strands that graft on SNA generally share a partial common
sequence with the catalyst DNA strand. Therefore, a new type
of SNA conjugate needs to be prepared each time to achieve
compatibility with every new catalyst strand (usually a target
DNA strand for detection). This process is clearly time-
consuming and expensive.”’ Thus, the development of more
sophisticated ways of attaining this goal is urgently needed in
order to meet the large demand of diverse applications.

Herein, we report an integrated DNA-strand-displacement
circuitry with self-assembly of spherical nucleic acids. In our
proposed mechanism, the initiation of the cross-linking of SNA
conjugates relies on the sequestered region of linker
oligonucleotide, which is released through the upstream circuit
built on the basis of toehold-mediated displacement reactions.
Noticeably, the domains on the strands functionalized on the

SNAs do not participate in reactions occurring in reaction
systems. By combining these two circuitries, our design
increases the space of potential trigger oligonucleotide
sequences and enables the synthesized SNA conjugates to
detect arbitrary trigger DNAs and output colorimetric signals.
The systems underlying such a feature allow the same types of
SNA to integrate with other catalytic DNA circuits, i.e., without
repreparing new types of SNAs, which will circumvent the
laborious processes usually required for the preparation of new
types of SNAs. Moreover, the DNA circuitry and SNA
assembly are two sequential steps, and these two steps can be
optimized or regulated separately. This feature provides the
possibility to regulate the assembly of SNA conjugates over a
large rate span.

B RESULTS AND DISCUSSION

Principle of Integrating Catalytic Circuit with Self-
Assembly of SNA Conjugates. The strategy here for
integrating a toehold-mediated strand-displacement catalytic
circuit with a SNA assembly comprises two subsystems. The
first one, shown in the upper panel of Figure 1, serves as the
upstream circuit to release a single DNA strand, called linker L,
that subsequently triggers the assembly of SNA conjugates in
the second subsystem, shown in the lower panel of Figure 1.
The single strand L plays the role of “connector” that bridges
two subsystems. In Figure S1 of the Supporting Information
(SI), we display the structures of the three molecules necessary
for the construction of the system: first, a double-stranded
DNA molecule, called substrate S, formed by L and another
single strand called protector P (Figure Sla, SI); second, two
types of double-stranded DNA molecules (Figure S1b, SI)
composed of two pairs of single strands, (h-SNA1, p-SNA1)
and (h-SNA2, p-SNA2); and, third, two sorts of SNA
conjugates, called NP-1 and NP-2 (Figure Slc, SI). These
SNA conjugates were further modified with the double-
stranded DNA molecules prepared as outlined in Figure S1b
(SI) for fabricating two new types of SNA conjugates, SNA-1
and SNA-2, the detailed processes of which are presented in
Figure S1d (SI).
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In the mixture of S, SNA-1, and SNA-2 (Figure 1), although
two exposed domains, /3, and @; in L are able to trigger the
SNA assembly through hybridizing the corresponding comple-
mentary domains, Fm and @, on SNA-1 and SNA-2, the latter

two domains are initially protected by the single strands p-
SNAI and p-SNA2, respectively. As a result, instant cross-
linking between SNA-1 and SNA-2 by L is effectively
prohibited, yielding a stable system. However, once a small
quantity of single DNA strand (called catassembler C in Figure
1) is introduced into the mixture, the self-assembly of SNA
conjugates was immediately initiated and thereafter operated
under the scenario of a series of TMSDRs. In a typical reaction
cycle, shown in the upper panel of Figure 1 (details are given in
Figure S2, SI), upon addition of C, the domain 7" of C quickly
binds onto its complement, y" (toehold), in P to initiate the
first round of TMSDR, releasing L as well as generating a
double-stranded intermediate composed of P and C. Then, the
fuel strand m-F starts a new round of TMSDR with an
intermediate molecule, yielding a double-stranded waste
composed of P and m-F and releasing C that is reusable in
the further reaction cycles.

Subsequently, the released L from the upstream circuit reacts
with the DNA molecules on the surface of SNA conjugates in a
new round of TMSDR, as shown in the lower panel of Figure 1
(the detailed procedure can be found in Figure S2, SI). The
hybridization between the complementary domains on L and

SNA-1 (or SNA-2), that is, domain " of L and domain " in

h-SNAL1 or (domain ¢ of L and domain o’ in h-SNA2), could
result in the displacement of the prehybridized strands p-SNA1
and p-SNA2 and the cross-linking of SNAs.

Fuel Strand Design. In addition to the above-mentioned
species, a fuel strand that is used to sustain the continuous
running of the circuit constitutes another important component
of the catalytic circuit."**> We initially designed a fuel strand

with domains " and & complementing perfectly with ™ in h-
SNAI and @’ in h-SNA2, respectively. Unfortunately, rapid and

unwanted SNA aggregations were observed (red line in Figure
2) when these two domains (" and &) are both five bases in
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Figure 2. Difference in UV—vis absorbance between the correct fuel

strand and the mismatched fuel strand on the influence of the SNA
assembly. [fuel] = [m-F] = 3.92 uM, [SNA-1] = [SNA-2] = 4 nM.

length. We found that the aggregations could be effectively
suppressed by cutting the domains into a short length of four
bases. However, this presented us with another dilemma,
because the shortened domain strand is not yet efficient when
used as a fuel. To circumvent this difficulty, we adopted a
mismatch-strand strategy.”> > According to the considerations
of Turberfield and his co-workers,””*° toehold-mediated DNA
displacement can be regulated over 3 orders of magnitude at a

constant rate without significantly affecting free energy when
introducing a mismatch along the strand in a position of the
displacement domain near the invading toehold or at its end.
Thus, in this strategy, we introduced two mismatched bases in
domains " and o at the positions near the displacement
domain. The details of the fuel-strand design are given in Figure
S3 (SI). The sequences of domains " and o in strand fuel
(Figure S3a, SI) were first mutated, respectively, by a single-
base variation to generate strand fuel-1 (Figure S3b, SI), so that
it becomes a four-base complementary sequence to the

domains ™ or a’ in P. Obviously, the strand tailored in
such a manner cannot induce SNA aggregations, but it is not
yet active as fuel. To restore its activity, we modified fuel-1 to
yield the mismatched-fuel-strand, m-F (Figure S3c, SI), via
prolonging the two ends of fuel-1 by a few bases (labeled as
domain a and b in m-F in Figure S3c, SI) so that domain a is
complementary with the dangling domain @ in P and domain b

is partially complementary with domain y" of P. Such a
modified fuel strand achieves an enhanced capability to displace
C when reacting with the intermediate due to the lengthy
toehold (Figure 1). Thus, we successfully devised the
mismatched fuel strand, called m-F, which possesses two
single-base mutations and three-base extensions at two ends of
the original fuel strand [Figures 1 and S3 (SI)], whereby the
system can sustain high stability in the absence of C, as
illustrated by the black line in Figure 2, and gain high reactivity
in the presence of C.

Assessing SNA Assembly by Direct Addition of Linker
Strand. Before investigating the integrated system, a second
subsystem is first assessed via monitoring the kinetics of the
assembly process of SNA conjugates when L is added directly.
The experiment was performed by following time-resolved
UV—vis absorption spectroscopy at 520 nm in varied
concentrations of L. The kinetic profile with the feature of a
gradual decay in absorbance (Figure 3) was qualitatively
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Figure 3. Assembly of SNA by the addition of linker strand directly.
(a) Kinetics of the SNA assembly with the direct addition of varied
concentrations of linker strand. [SNA-1] = [SNA-2] = 4 nM. (b) The
curve of the linker strand concentration dependent value of 7.

described with Avrami’s law, Abs = Abs, exp{—[(t — t,)/7]"},
where the parameters n, t,, and t are the Avrami exponent,
reaction onset time, and reaction time, respectively, whereas the
parameter 7 is the characteristic time for describing the reaction
rates of the SNA assembly. By fitting the kinetic plots in Figure
3a, we obtained the concentration dependence of 7 shown in
Figure 3b. The decrease in 7 at high concentrations of linker L
is indicative of an increased assembly rate. In particular, the
remarkable decreases of 7 values from 40.2 to 1.8 h on the scale
from 39.2 to 137.4 nM implies the optimal concentrations for
mediating the assembly rate.

It is clear that the linkage between SNA-1 and SNA-2 will
accelerate with increasing linker strand concentration (lines
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from 0 to 137.4 nM in Figure 3a). However, we notice the
reaction rate becomes slower at higher concentrations of linker
L (lines from 137.4 to 392.3 nM in Figure 3a). This is because
the excess addition of linker L will seal the active strands on the
surface of SNAs. Detailed explanations can be found in Figure
S6 (SI).

Integrated System. In contrast to the direct-linker-
addition method, in which the reaction rate of the SNA
conjugates’ assembly is a simple function of the amount of
linker strand, the integrated system can be regulated using
multiple parameters, including the amount of m-F, substrate S,
catassembler strand C, and the length of the toeholds, which
enable the assembly of SNA conjugates to be controlled over a
large rate span.

We first examine the concentration dependence of S on the
reaction of the SNA assembly. Considering that L is initially
prehybridized in S, the release of L should rely on the
concentration of S. Fixing the mole ratio of S to m-F at 1/10
and the concentration of C at 7 nM, we observed a decrease of
7 in the Avrami equation from 20.1 to 9.5 h with an increase in
concentration of S from 137.4 to 392.3 nM, an indicator of
remarkable acceleration to the SNA assembly (Figure 4). In
addition, the influence of the m-F concentration-dependent
reaction rate of the SNA assembly was shown in Figure S7 (SI).
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Figure 4. Influence of substrate on the reaction of the SNA assembly.
(a) Kinetics of the SNA assembly with different concentrations of
substrate. The toehold strategy for catassembler and protector was n/
m = 5/S. [catassembler] = 7 nM, [substrate]/[m-F] = 1/10, [SNA-1]
= [SNA-2] = 4 nM. (b) The curve of substrate concentration
dependent value of 7.

Second, we examine the influence of toehold lengths on the
SNA assembly. In the TMSDR, the light-blue domain (domain

7", called toehold) in P of S is a necessary sequence for

achieving a fast-forward branch-migration reaction to displace L
by C, as illustrated in Figure S2 (SI), while the yellow domain

(domain ™) exerts an inverse action against this forward
procedure. Conceivably, the reaction responsible for the
production of L should depend on the lengths of these two
domains. On the basis of our experiences and other
research,''®* a long light-blue toehold and/or short yellow
domain are beneficial to the release of L because of two effects:
the enhanced forward branch migration arising from the
stronger binding strength of long light-blue toehold to its
complement and the weakened inverse effect from the weaker
binding of the short yellow domain with its counterpart. The
SNA assembly is accelerated as expected, as a longer light-blue
toehold is adopted while the yellow domain remains unchanged
at a constant length of four bases (see lines n/m = 6/4 and 5/4,
and lines n/m = §/S and 6/S in Figure S). However, in the
cases of the yellow domain with a shortened sequence, the
assembly of SNA is retarded rather than accelerated, as
observed in the systems (domain y” = five or six bases) with
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Figure S. Influence of toehold lengths on the SNA assembly. The
UV—vis kinetic curves show the reaction discrimination in different
toehold strategies. [catassembler] = 7 nM, [substrate] = 392.3 nM,
[m-F] = 3.92 uM, [SNA-1] = [SNA-2] = 4 nM.

four bases for the yellow domain compared with five bases
(Figure S). This nontrivial phenomenon is ascribed to the
mutated base in the mismatched fuel strand. As shown in
Figures 1 and S4 (SI), during the reaction displacing C by m-F
from the double-stranded duplex made of C and P, the
mismatched base in domain " of m-F in the five-base yellow-
toehold strategy is simply required to jump over the exposed
noncomplementary base in P to perform a displacement action
(Figure S4a, SI). In contrast, the m-F in the four-base yellow-
toehold approach has to overcome a high energy barrier to
displace the covered noncomplementary base by C, as
illustrated in Figure S4b (SI), thus significantly slowing the
displacement reaction and then subsequently influencing the
assembly of SNA.

Third, we examine the influence of the amount of the strand
catassembler C on the SNA assembly. A number of techniques
have now been developed for detecting a known sequence of
oligonucleotide that relates to a specific disease,””>* among
which SNA assembly assisted by the target DNA is one of the
competitive approaches due to its advantage of easy signal
readout arising from the plasmonic behavior of the gold core.™
Definitely, the approach for a low limit of detection to an
oligonucleotide target is always pursued. In our present
instance, the linker strand L did not generate an observable
signal until a concentration ~40 nM (blue line in Figure 3a),
mimicking the traditional direct-linker-addition approach. On
the other hand, the newly established strategy allows the
conversion of the detection of the target strand from linker
strand to catassembler strand C (Figure 1). With the assistance
of this transformation, an accelerated reaction for SNA
assembly can be readily achieved with a substoichiometric
amount of the target strand, which is essential for low detection
sensitivity. As shown in Figure 6, by increasing C on the order
of 044 X 2" nM, a series of remarkable signal outputs was

[——cgenm ,
0 2

4 6
Time (h)

Figure 6. Kinetics of SNA assembly with different concentrations of
catassembler. The toehold strategy for catassembler and protector was
n/m = 5/S. [substrate] = 392.3 nM, [m-F] = 3.92 uM, [SNA-1] =
[SNA2] = 4 nM.
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Figure 7. Kinetics of SNA assembly in which the correct and the spurious catassembler strands have a single-base mismatch (a), insertion (b), and

» .

deletion (c) at different positions. The inset panels show the corresponding color changes after 10 h. The labels “m”, “i”, and “d” represent mismatch,
insertion, and deletion, respectively. The toehold strategy for catassembler and protector was n/m = 5/S. [catassembler] = 14 nM, [substrate] =

392.3 nM, [m-F] = 3.92 uM, [SNA-1] = [SNA-2] = 4 nM.

observed over a large concentration span. In particular, a
distinguishable signal is achieved at 0.44 nM of C, constituting
a ~100-fold improvement relative to the direct-linker-addition
approach.

In the integrated system, the linker strand binds to the
protector strand initially in the double-stranded complex,
substrate S. The addition of the catassembler strand will
catalyze the upstream circuit and result in the gradual release of
linker L. Compared with the direct-linker-addition systems, in
which the linker strand is added in the initial setup, this strategy
suffers from a relatively long duration time for the system to
release the linker strands. Therefore, the gradually released
linker strand can effectively link SNA-1 and SNA-2 together,
and the active strands on the SNA surface will not be sealed
under high linker concentration in the integrated system. The
reaction rate increased upon increasing the concentration of
substrate and catassembler strand.

An Application of the Integrated System for Single
Nucleotide Polymorphism Discrimination. Developing
sophisticated ways to discriminate single-base changes along
an oligonucleotide sequence is highly desirable, since genetic
single nucleotide polymorphisms in human DNA with one or
more nucleotide changes, such as single-base mismatch,
insertion, and deletion, are essential for the diagnosis of
genetic diseases.””*" %

As shown in Figures 1 and S2 (SI), the upstream catalytic
circuit consists of multiple reactions. While a comprehensive
reaction that governs the assembly processes of SNA conjugates
can be systemically optimized, the approach also allows the
regulation of each of the involved reactions individually for
some specific purposes. With the help of theoretical analysis, we
have optimized the toehold lengths to endow the integrated
system with the capability to examine a single-base difference
on a sequence of oligonucleotides. The five-step model for
describing the toehold exchange reaction, developed in section
S3 of the SI, presents the discrimination index D defined by D
= (kgyyny/K (ny) (eq 31, SI). The detailed expression of D by D
= {10/[1+(1/(6 x 10°™" + 10"™))]} (eq 33, SI) suggests that
a short length (n) of the toehold domain y" and longer length
(m) of toehold B™ are beneficial to maximize discrimination.

Considering that a very short toehold y" and long toehold S"
may potentially result in a retarded toehold-exchange reaction,
we chose equal lengths for both toeholds of five bases in this
strategy, i.e., n = m = S. Interestingly, negligible changes were
observed in both the UV—vis absorbance and color on a time
scale of ~10 h for the systems with the spurious targets’ own
single-base mismatch at different positions (Figure 7a),
insertion (Figure 7b), and deletion (Figure 7c) in either the

14111

invading toehold region or the branch migration region,
whereas the system with a correct target completed the
reaction in ~6 h (Figure 7a). The upper panels show that the
cuvette in the system with the correct target is transparent after
6 h, owing to the sediment of aggregated SNAs. On the other
hand, all of the samples from the spurious targets remain red,
similar to the original states, which shows an all-or-none
behavior, i.e., an obvious signal output when a correct target
exists, in contrast to zero signal output in the presence of
spurious targets.

B CONCLUSIONS

In this present work, a strategy of integrating a strand-
displacement-based DNA circuit with SNA conjugate assembly
was established. This strategy provided a robust and reliable
way of assembling SNAs in a programmable and algorithmic
fashion. In our current methodology, the toehold-mediated
strand-displacement catalytic circuit with SNA assembly is
integrated by using two subsystems: the first subsystem serves
as the upstream circuit to release a single DNA strand (linker
L), and the second subsystem assembles the SNA conjugates
triggered by the linker strand. The results can be easily
monitored by UV—vis spectroscopy or by naked eye
observations; that is, the DNA circuitry and nanoparticle
aggregation are two sequential steps. These two steps can be
combined into one test tube or separated from each other. The
reactions driving the DNA circuits were independent of those
of the SNA assembly, thus allowing the arbitrary choice of each
quantity to make the DNA circuit operate at optimal states.
Given that nanoparticle aggregation is only triggered by the
linker strand released from the upstream circuit, we can
manufacture different types of SNA conjugates with diverse
external DNA shells on the basis of only one type of
oligonucleotide-modified AuNPs to meet the large demand of
diverse applications, therefore avoiding time-consuming and
laborious procedures to functionalize diverse types of
oligonucleotides on the surface of AuNPs.>' Moreover, the
DNA circuitry operates in free solution for homogeneous
solutions. There are no steric hindrance problems that
commonly associated with solid surface (such as nanoparticle
surfaces),*® facilitating the system with larger particles, such as
microparticles and anisotropic particles. Since the two
subsystems can be operated independently, the DNA circuit
could conceivably be implemented a priori without the
participation of SNAs. It could then transfer into the SNA
solution for the assembly reaction, which will enable the two
subsystems to be regulated under their own optimal conditions.
Furthermore, linker strands are released from the DNA
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circuitry gradually through toehold-mediated strand-displace-
ment reaction in this strategy, rather than by adding the linker
strand directly in the initial states, similar to the “direct-linker-
addition strategy.” This methodology ensures that the active
oligomers on the surface of AuNPs will not be sealed and will
not lose their activity in the initial setup. In summary, this new
approach possesses several advantages over the previous
methodology using the direct-linker-addition®" and our DNA-
machine-driven strategies.*”>°

This strategy has been successfully implemented in the
discrimination of single-mismatched bases in a sequence of
oligonucleotides, which exhibits an improved discriminating
ability relative to the former strategy, further confirming the
advantages of this new engineering integration system. Finally,
this should constitute a very promising strategy for other
inorganic nanoparticle systems with well-established coordina-
tion chemistries (e.g, Ag, Pt, CdSe, and CdS), and the use of
inorganic, anisotropic building blocks in our system may
produce more attractive DNA—inorganic hybridization systems.
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