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ABSTRACT: Recently, the toehold-mediated DNA strand displacement reaction has been widely used in detecting molecular
signals. However, traditional strand displacement, without cooperative signaling among DNA inputs, is insufficient for the design
of more complicated nanodevices. In this work, a logic computing system is established using the cooperative “binding-induced”
mechanism, based on the AuNP-based beacons, in which five kinds of multiple-input logic gates have been constructed. This
system can recognize DNA and protein streptavidin simultaneously. Finally, the manipulations of the logic system are also
demonstrated by controlling programmed conjugate DNA/AuNP clusters. This study provides the possibility of detecting
multiple input signals and designing complex nanodevices that can be potentially applied to the detection of multiple molecular
targets and the construction of large-scale DNA-based computation.
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■ INTRODUCTION

Nucleic acids (i.e., DNA and RNA) are attractive materials for
many researchers in interdisciplinary fields such as nano-
technology, chemistry, and medicine because of their specificity
recognition and signal diversity via Watson−Crick base pairing.
Recently, DNA computing has become an emerging field
focusing on biological circuits1−5 and molecular detection.6−9

In previous studies, molecular logic detecting systems were
established not only to detect DNA molecules but also to
recognize many other materials, using complicated elements of
deoxyribozymes,10,11 G-quadruplex DNA,12,13 and AuNP-based
beacons.14−18 In particular, the toehold-mediated DNA strand
displacement reaction has been widely used in detecting
molecular signals for its characteristic highly specific recognition
and cascading circuit. In practice, a variety of logic computing
devices have been established, such as element gates,19,20 neural
networks,21 and computing circuits,22,23 on the basis of this
principle. However, most of those studies implemented
traditional strand displacement, in which the input DNA signals
just directly triggered their targets, without cooperative signaling

among them.24−26 Therefore, it is insufficient to meet the
requirements for the design of more complicated and delicate
computing systems. In our study, to address this problem, we
proposed a “binding-induced” method, with which one
combinational DNA input signal can be “created” by
cooperatively binding other component DNA strands.27,28

Subsequently, the newly generated inputs can trigger down-
stream strand displacements accordingly.
On the other hand, the AuNP-based beacons, possessing

several advantages such as strongly quenching effects and
sensitive sequence specificity,29−33 have attracted widespread
attention in recent years. Therefore, it is of particular interest to
use the binding-induced method with AuNP-based beasons, to
detect complex DNA signals. In addition, logically detecting
multiple kinds of input signals at the same time remains a
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challenge, greatly hindering the utilization of DNA detecting
systems in biomedical areas.
In this work, a logic computing system is established to verify

the binding-inducedmechanism, using the AuNP-based beacons,
in which several kinds of multiple-input logic gates have been
constructed. With versatile targeting ability to detect multiple
kinds of signals, the system can recognize DNA and protein
streptavidin (SA) simultaneously. Interestingly, we observed
that, with the increase in the structural complexity of the
combinational DNA inputs, the increments of fluorescence
intensity can be significantly inhibited. Finally, the manipulations
of the multiple-input logic system are also demonstrated by
controlling programmed conjugate DNA/AuNP clusters.

■ EXPERIMENTAL METHODS
Preparation of AuNP-Based Beacons. Thiolated DNA strands A

and B were mixed with strand Q or both strands Q′ and P to a final
concentration of 12 μM in 0.5× TBE buffer. The mixture was incubated
under the reaction condition at 37 °C for 2 h. Subsequently, the
annealing products (nanostructure ABQ or ABQ′P) were incubated
with a specific ratio of AuNPs (10:1) in 0.5× TBE buffer and a final
concentration of 50 mMNaCl for 4−6 h at room temperature. Finally, a
2% agarose gel was used to separate the AuNPs with different discrete
DNA bands for 1.5 h. The target bands of the DNA/AuNP conjugate
were run in a glass fiber filter membrane assisted by a dialysis membrane
(molecular weight cutoff of 14000). The conjugates were then collected
in test tubes. Each sample was quantified by its optical absorbance at 520
nm and adjusted to absorption A ≈ 0.9 and then preserved at 4 °C.
Preparation of Junction Structures. The DNA molecules were

dissolved in water for hybridization. Junctions I−III were formed by
mixing various equimolar DNA strands to a final concentration of 3 μM
in 1× TAE/Mg2+ buffer [0.04 M Tris acetate, 1 mM EDTA, and 12.5
mM Mg acetate (pH 8.3)] or 0.5× TBE buffer [89 mM Tris, 89 mM

boric acid, and 2mMEDTA (pH 8.0)]. Themixture was heated at 94 °C
for 5 min, slowly cooled to room temperature, and preserved at 4 °C.

Displacement Reaction of Input Junction Structures. Logic
gates (consisting of the AuNP-based beacons) were displaced in 0.5×
TBE buffer, at a final concentration of 0.6 μM. Input junction structures
(0.6 μM) were added to a solution containing DNA gates and reacted
for more than 2 h at room temperature. Next, the displaced products
were stored at 4 °C for PAGE or fluorescence detection.

Fluorescence Experiments. Each logic gate sample was diluted to
a final volume of 200 μL for detection, with a 120 pmol gate strand and a
120 pmol input structure. After input strands had been added to react for
2 h or other specific time intervals, the results were obtained using a
spectrophotometer (Hitachi F-2700) with excitation at 550 nm and
emission at 564 nm. DNA displacements were conducted at room
temperature in 0.5× TBE buffer with a final NaCl concentration of 50
mM. The relative fluorescence intensity ΔI = (F − F0)/F0, where F0 is
the background fluorescence intensity before incubation and F is the
fluorescence intensity after incubation for 20 h. Accordingly, the
fluorescence intensities of inputs (0,0) and (0,0,0) are zero, which have
no meaning for comparisons and are not shown in Figures 1b−4b.

Native Polyacrylamide Gel Electrophoresis (PAGE). The DNA
solutions mixed with 6× loading buffer (Takara) were analyzed in a 12%
native polyacrylamide gel. Electrophoresis was conducted in 0.5× TBE
buffer at a constant voltage of 100 V for 2 h.

TEM Analysis. Purified DNA/AuNP conjugates were freshly
isolated. A 3−6 μL droplet of the sample was deposited on TEM
grids (400 mesh, Ted Pella), and the excess solution was removed by
using a piece of filter paper. After this, the grid was washed with Milli-Q
water one to three times. TEM images were obtained by a Hitachi H-
7650 transmission electron microscope.

Streptavidin Experiments. To assay for streptavidin, a sample was
incubated in a 200 μL reaction mixture containing 2.2 nM AuNP-based
beacon B2 (OD = 2.9 × 10−3 μM), 50 nM input DNA strands, 38.4 nM
streptavidin, and 0.5× TBE buffer with a final NaCl concentration of 50
mM. The AuNP-based beacon consisted of strands A, B, P, and Q′. The

Figure 1. Two-input “AND” logic gate G1. (a) Illustration of the operational design of the two-input “AND” gate. (b) Fluorescence results. Error bars
represent one standard deviation from triplicate analysis. The threshold is set at half of the highest signal value. (c) PAGE gel (12%) analysis of the gate.
The concentration for each input DNA is 6 μM, while the concentration for gate ABQ is 3 μM. Lanes 1, 2, 4, and 8 correspond to different assembly
products: ABQ, junction I, (I+Q), and nanostructure AQBin, respectively. Lanes 5, 6, and 10 correspond to single-stranded DNAs A, B, and Ain,
respectively. Lanes 3, 7, and 9 correspond to the computation results of the two-input logic gate.
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results of the mixture were detected using a spectrophotometer with
excitation at 550 nm and emission at 564 nm at a 3 h interval. The
relative fluorescence intensity as a function of the logarithmic value of
streptavidin concentrations is shown in Figure S5 of the Supporting
Information.

■ RESULTS AND DISCUSSION

To implement binding-induced triggering, the AuNP-based
beacon (B1) was constructed as a report gate, consisting of
strands A (18 nucleotides), B (26 nucleotides), and Q (47
nucleotides) and 15 nm AuNPs (Figure 1d) (see Table S1 of the
Supporting Information). As in our previous work,34 a
nanostructure ABQ was first formed by hybridizing strands A,
B, with Q (modified with the fluorophore Cy3 in the middle).
Then, the ABQ complex molecules were attached to 15 nm
AuNPs via thiol groups of strands A and B to yield a fluorescent
nanoparticle beacon. When the input strands were cooperatively
assembled into junction structures, strand Q could be effectively
displaced and released from the surface of AuNPs, thus leading to
an increment of fluorescence intensity.
Figure 1a depicts the operations of the two-input “AND” logic

gate (G1). In this section, strands Ain (22 nucleotides) and Bin
(35 nucleotides) are used as the two input strands, which can
form a cooperative binding structure via the complementary
sequence regions. At first, when both strands Ain and Bin were
added, combinational DNA junction I was generated and first
recognized the toehold region of strand Bin, triggering the
release of strand B through the displacement reaction (Figure 1a,
①). Subsequently, strand A was also displaced by strand Ain, via a
mechanism of remote strand displacement.35 Thus, the release of
strand Q from AuNPs was stimulated by the binding-induced
step (Figure 1a, ②), and a significant fluorescent signal was
observed (Figure 1b, lane 1). However, when no strand or only
one strand (Ain or Bin) was input, the fluorescence values
remained low (Figure 1b, lanes 2 and 3).
The result for logic gate G1 was also confirmed by PAGE

(Figure 1c). As expected, only when two input strands Ain and
Bin were present simultaneously could strand Q be totally
released in lane 3, subsequently leading to the formation of the
byproduct of structure I+Q. However, with the addition of strand

Bin, strand Q could be only partially displaced and assembled
into a new nanostructure AQBin, and there was no product band
of structure I+Q (lane 7). Similarly, upon addition of only strand
Ain, most products of nanostructure ABQ in lane 9 were intact,
although with a small ratio of displacing products (the weak band
indicated by a red arrow). The possible reason may be attributed
to a high concentration of strand Ain (6 μM), resulting in the
partial release of strand Q.
To broaden the molecular detecting scope, we further

designed another mixed-input “AND” logic gate G2, by
introducing streptavidin as one of the inputs instead of just
using DNA materials. Unlike initial beacon B1, without any
exposed toehold region, the DNA scaffolds on AuNPs (B2) were
composed of four DNA strands, P (3′-end-labeled with biotin, 37
nucleotides), Q′ (53 nucleotides), A, and B (Figure 2a). In the
case of adding DNA inputs, Ain-biotin (3′-end-labeled with
biotin, 52 nucleotides) and Bin-2 (28 nucleotides), they can bind
with each other to form junction biotin. Next, in the presence of
SA (38.4 nM), through a connection of SA and biotin,
fluorescence strand Q′ can be released via remote strand
displacement. As a consequence, a significant fluorescence signal
was generated (Figure 2b, lane 1). As a control, in the absence of
SA, even though DNA inputs Ain-biotin and Bin-2 were present,
the displacement of output Q′ was difficult to conduct, and no
significant fluorescence signal was observed (Figure 2b, lane 2).
The measured fluorescence intensities were proportional to the
concentration of streptavidin in the range of 0.1−60 nM (Figure
S5 of the Supporting Information), which provided a quantitative
measure of the protein concentration. Furthermore, several
control experiments were implemented by adding fewer than
three inputs. When any one or two inputs (SA, Ain-biotin, and
Bin-2) were added, there was no significant fluorescence signal
(Figure 2b, lanes 5−7 and 2−4). These results suggest that this
mixed-input gate still had a strong specific detecting ability when
treated with multiple kinds of molecular inputs.
To further verify feasible manipulations of this strategy, three-

input “AND” logic gate G3 was established by using three
strands, Ain-2 (24 nucleotides), Bin (35 nucleotides), and AB
(20 nucleotides). Notably, three strands can be cooperatively
associated via the binding domain to form four-way junction II.

Figure 2.Mixed-input “AND” logic gate G2. (a) Illustration of the operational design. (b) Fluorescence results at 564 nm. The threshold is set at half the
highest signal value.
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As depicted in Figure 3a (step ①), with the help of the toehold,
junction II can recognize strand Q via the toehold domain and
then initiating the strand displacement reaction. Thus, this strand
displacement can induce the separation of the fluorophore from
the AuNP and greatly enhance the fluorescence intensity (Figure
3a, ②). Here, the computation was implemented by adding
specific input strands to the gate solutions in seven ways (Figure
3b, ①−⑦). As expected, upon addition of only any one or two of
the three inputs, no obvious fluorescence signal was detected,
demonstrating that it was hard to trigger the strand displacement
reaction with incomplete junction structures (Figure 3b, ①−⑥,
lanes 1−6). However, when all three strands were present,
junction II initiated remote strand displacement and induced the
separation of the fluorophore from the AuNP, resulting in an
enhanced fluorescence intensity (Figure 3b, ⑦, lane 7).
The PAGE results of the three-input gate are shown in Figure

3c. Similar to the two-input logic gate described above, only
when all three input strands, Ain-2, Bin, and AB, were present
was strand Q of gate G3 effectively displaced as shown in lane 3
(Figure 3c), resulting in the generation of the four-way junction
structure II+Q byproduct. Other computing results were also
obtained via gel analysis (Figure S3 of the Supporting
Information).
Similarly, another three-input “AND” logic gate G4, with more

structural complexity of binding assembling products, was
implemented. As illustrated in Figure 4a, three separate strands,

T1 (22 nucleotides), T2 (31 nucleotides), and T3 (24
nucleotides), would be cooperatively combined into junction
III by binding recognition. After all three inputs were introduced,
the displacement of strand Q was triggered. Accordingly, a great
increase in fluorescence intensity was stimulated by the
separation of the fluorophore from the AuNP (Figure 4a,b, ⑦,
lane 7). However, upon addition of any one or two input strands,
no significant fluorescence signals were detected (Figure 4b,
①−⑥, lanes 1−6). Interestingly, upon addition of inputs T1 and
T2, a resultant fluorescence leakage was detected, which was a bit
larger than those of other negative input combinations (Figure
4b, lane 2). The possible reason for this phenomenon is that the
joint of T1 and T2 covers a major displacing region, which may
partially serve as junction III. It is clear from these fluorescence
data that logic gate G4 governed by junction III worked well as
designed.
As displayed in Figure 4c, it is simple to see from PAGE gel

results that no byproduct III+Q was generated when any two of
the three inputs were introduced (Figure 4c, lanes 6, 8, and 9). In
other words, strand Q was not displaced from structure ABQ.
However, when junction III was cooperatively formed, structure
III+Q was assembled as expected, and initial structure ABQ was
dissembled accordingly (Figure 4c, lane 3). The PAGE results,
consistent with the fluorescence results, demonstrated the
proper execution of logic gate G4.

Figure 3. Three-input “AND” logic gate G3. (a) Illustration of the design of the three-input “AND” gate. (b) Fluorescence results at 564 nm. Error bars
represent one standard deviation from triplicate analysis. The threshold is set at half the highest signal value. (c) PAGE gel (12%) analysis of the gate.
Lanes 1, 2, 4, and 5 correspond to different assembly polymers: ABQ, junction II, (II+Q), and strand A, respectively. Lane 3 corresponds to the
computation results of the three-input logic gate after the addition of junction II.
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To test whether the complex junction structures of protruding
arms and branch points did have an influence on the efficiency of
the displacement reaction, the kinetics of strand displacement
when using junctions I−III were compared by the relative
released fluorescence intensity. Interestingly, with the increase in

the structural complexity of the protruding arms, the increments
of fluorescent intensity were inhibited accordingly (Figure 5). As
demonstrated in Figure 4, after a 30 min reaction, the detected
fluorescence intensity induced by junction I showed an
increment of 48.6%, which was very close to the increment of

Figure 4. Three-input “AND” logic gate G4. (a) Illustration of the design of the three-input “AND” gate. (b) Fluorescence results at 564 nm. The
threshold is set at half the highest signal value. (c) PAGE gel (12%) analysis of the gate. Lanes 1, 2, 4, 5, 7, and 10 correspond to different assembly
polymers: ABQ, junction III, (III+Q), strand A, T1/T2 complex, and strand B, respectively. Lanes 3, 6, 8, and 9 correspond to the computation results.

Figure 5. (a) Illustration of four different structures. Red stars represent branch points, and green stars represent protruding arms. (b) Comparison of
kinetics induced by junctions I−III.
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49.5% when using linear input strand AinBin. Likewise, junction
II showed a fluorescence increment of 34.4%, smaller than that of
junction I. The most complicated structures, junction III, had the
lowest fluorescence increment of 22.1%. The reason may be that
junction I has only one protruding arm and branch point, whose
structure is most similar to that of linear strand AinBin.
Therefore, the displacing ability of junction I is substantially
equal to that of strand AinBin. In contrast, with the more
complicated junction structures, junctions II and III have
difficulty implementing remote toehold strand displacement,
leading to a rather smaller fluorescence increment.
Additionally, we further utilized the assembly DNA/AuNPs

conjugates to implement two-input gate G5. In this experiment,
Q-sh, modified with a thiol group at the 5′ end, was attached to 5
nm AuNPs, forming conjugate C1. On the other hand, strands A
and B were attached to 15 nm AuNPs to yield conjugate C2.
Then, conjugate C1 was hybridized with conjugate C2 to
produce an AuNP dimer (5 + 10 nm) as the initial structures
(Figure 6a,b). Upon addition of inputs Ain and Bin (forming

junction I), the dimers were dismembered, because 5 nm
conjugate C1 could be displaced by junction I and separated with
10 nm conjugate C2. As a result, a number of 5 and 10 nm AuNP
pairs were difficult to observe in TEM images, thus
demonstrating a successful operation of two-input gate G5
(Figure 6b and Figure S6 of the Supporting Information). In the
statistical results, before strand displacement, 102 conjugates are
counted, and the rate of generation of particle dimers is 84.3%
(Figure 6c). Interestingly, upon addition of inputs Ain and Bin,
80 separated conjugates are counted, and the percentage of
dissociated particles is 88.8% (Figure 6c).

■ CONCLUSION
In conclusion, a logic computing system is constructed via the
binding-induced mechanism, using the AuNP-based beacons, in
which five multiple-input logic gates have been implemented.
Importantly, a remote strand displacement reaction can be
triggered by a binding-induced method, in which multiple DNA
inputs cooperatively recognize each other. Furthermore, the
system can recognize DNA and protein SA simultaneously.
Interestingly, it is observed that, with the increase in the
structural complexity of the combinational DNA inputs, the
increments of fluorescence intensity can be significantly
inhibited. Finally, the manipulations of the multiple-input logic
system are also demonstrated by controlling programmed
conjugate DNA/AuNP clusters. This mechanism not only
provides possibilities for the detection, design, and manipulation
of complex nanodevices but also can be widely applied in the
detection of multiple molecular targets and the construction of a
large-scale DNA-based computation.
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