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One of the great challenges for the development of biosensors is to construct a fast, practical and multi-
plexed detection platform. One promising approach is utilizing the controllable conformation of DNA
nanostructures for such biosensing applications. Here, we present tweezer-like DNA (TW-DNA)-
assisted multiplexed DNA detection in a one-pot reaction based on fluorescence quenching. The open
conformation of the TW-DNA structure can be changed to a closed state by a specific single-stranded
DNA target. The fluorophore/quencher pairs decorated on the TW-DNA and the conformation changes
were observed by fluorescence quenching. In its initial state, the TW-DNA is maintained in an open state
that demonstrates high fluorescence intensity. In the presence of a specific target DNA, the TW-DNA
changes to a closed conformation and the emission intensity of the donor is quenched which is directly
proportional to the target concentration. Three DNA targets were simultaneously detected using three
individually self-assembled TW-DNA that were modified appropriately with fluorophore/quencher pairs
for the specific detection of the individual DNA target. The detection range of this assay is at submicro-
molar concentration of multiple DNA targets with a fast detection time of one minute. Moreover, this
biosensor platform provides the significant advantage of being a one-pot reaction for multiplexed DNA
detection without any cross-talk, thereby making it a highly applicable assay.
� 2019 The Authors. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).
1. Introduction

In the field of DNA-biosensing, there are many critical variations
of target analytes such as in respiratory infections caused by mem-
bers of the influenza virus families, foodborne pathogenic microor-
ganisms and natural toxins. Therefore the ability to perform
multiplexed target DNA detection in such complicated systems is
one of the main goals in this research area. Many research groups
have reported multiplexed DNA detection with good limits of
detection [1–5]. However, most of the existing platforms are labo-
rious, complicated, and time-consuming to setup, since their oper-
ation includes many steps such as capture probe immobilization,
incubation, washing steps and extensive data processing. In addi-
tion, one of the main challenges for developing a practical multi-
plex DNA detection system is to significantly reduce the assay
time with a simple step.

DNA has been widely used as a building block for pro-
grammable nanomaterials which is primarily due to its self-
assembly properties. Remarkably, DNA can be used to construct
well-defined nanostructures in 2 and 3 dimensions with nanoscale
precision [6,7]. Moreover, it can be functionalized with biomole-
cules [8] and nanomaterials [9,10] to provide additional function-
ality. The self-assembled DNA nanostructures are for example
capable of organizing polymer-DNA conjugates in a spatially con-
trollable fashion and programmed switching of polymer conforma-
tion [11–13]. Rationally designed DNA nanostructures have been
proposed for various applications such as drug delivery [14–16],
nanophotonics [17,18] as well as biosensors [19,20].
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In the past decade, structural DNA nanotechnology has been
identified as a key approach to develop biosensors. For instance,
Y-shaped DNA was used to simultaneously detect three oligonu-
cleotide targets based on a colour-coded macroarray assay [21].
Furthermore, dendrimeric DNA nanostructures containing fluo-
rophores, which served as a reporter probe, was used for the detec-
tion of multiple DNA sequences in both solution phase and on a
surface [22]. Interestingly, Lin and colleagues constructed a sub-
micrometer DNA nanotube with fluorophore-labelled DNA, which
was able to create distinguishable colour barcodes of up to 216
patterns [23]. Currently, DNA nanostructure-assisted multiplex
detection assays are being increasingly investigated.

A DNA tweezer is a potentially powerful molecular nanodevice
that mimics the opening and closing of its macroscopic counterpart
under an appropriate stimulation [24–27]. It is composed of two
arms that are connected by a flexible hinge. The open and closed
state can be reversibly switched by strand displacement of the
complementary DNA to the specific ssDNA of the hinge. Due to
the intrinsic changeable conformation of the DNA tweezer, it has
been used for capturing proteins as well as for oligonucleotide
sensing applications. For instance, Gong et al. 2015, reported a
sensing platform for the monitoring of miR-141 from human pros-
tate cancer cells which was based on fluorescence resonance
energy transfer (FRET). However, it is still limited to single target
detection [28]. In this work, we present a biosensing platform
using TW-DNA based on FRET that is suitable for multiplex detec-
tion in a one-pot assay. This platform is fast, reliable and practical.
Short oligonucleotide sequences of three types of influenza viruses
– H1N1, H3N2 and H5N1 – were used as the target DNA. The mul-
tiplex platform is highly selective where the amount of fluores-
cence quenching is specific to the viral types, and, at the same
time, each viral type in the presence of multiple targets were dis-
tinguished without any signal interferences.
2. Materials and methods

2.1. Chemicals

All of the oligonucleotides and purified oligonucleotides were
purchased from Integrated DNA Technologies. Non-modified
oligonucleotides, fluorophore- and quencher-modified oligonu-
cleotides were purified by HPLC. The ultra-long ssDNA (TW7) were
purified by an ultramer purification method.

2.2. Self-assembly of the TW-DNA nanostructure

Lyophilized synthetic oligonucleotides (non-modified,
fluorophores-modified and quencher-modified DNA) were dis-
solved in MilliQ water in order to make a 100 mM stock solution
prior to use. The DNA concentrations were estimated at A260 by a
NanoDrop1000 spectrometer (Thermo Scientific, U.S.A.). To self-
assemble the open state of TW-DNA, synthetic oligonucleotides
(1.5 ml of 20 mM of each strands) were mixed in a self-assembling
buffer consisting of 1X TAE-Mg2+ (40 mM Tris-acetate, 1 mM EDTA
and 12.5 mMmagnesium acetate, pH 8.3) and then allowed to self-
assemble as previously reported Liu et al. 2013 (i) denaturation of
DNA by decreasing the temperature from 90 to 78� C at �2 �C/min,
(ii) slow annealing by decreasing the temperature from 68 to 24 �C
at �4 �C/5 min, and (iii) self-assembled TW-DNA was kept at 4 �C
[24]. The concentration of the self-assembled TW-DNA was 0.5 mM.

2.3. Characterization of TW-DNA

The self-assembled TW-DNA nanostructures were character-
ized by polyacrylamide gel electrophoresis (PAGE) and Atomic
Force Microscopy (AFM). A 10% native polyacrylamide gel was pre-
pared at room temperature. 1X TBE was used as a running buffer.
The gel electrophoresis was performed with constant voltage at
70 V for 90 min. Finally, the gel was stained with ethidium bro-
mide (EtBr) for 5 min and then visualized under UV light.

The TW-DNA was further characterized and visualized by tap-
ping mode AFM in liquid. 2 ml of the TW-DNA sample was dropped
on a freshly cleaved mica surface and left to immobilize on the sur-
face for 1 min. Then, 400 ml of imaging buffer (1X TAE-Mg2+) was
added into the liquid chamber. AFM images were analyzed by
Gwyddion software (available online at http://gwyddion.net/).

2.4. Multiplexed DNA detection based on fluorescence quenching

The quantitative measurements of multiple DNA detection were
performed by a fluorescence quenching method. For simultaneous
3 target DNA detection, three TW-DNA structures were
individually labelled with a fluorophore and suitable quencher pair
(Cy3-IabRQ, Alexa Fluor 488-IabFQ and Texas red-IabRQ) and were
separately self-assembled. Then, the mixture of three TW-DNA
modified fluorescence-quenching pairs was incubated with the
mixture of three targets DNA at a volume ratio of 1:1 in a 384 well
plate. After the hybridization at 37 �C for 30 min, the fluorescence
spectra were measured over 3 spectral ranges: 450–600 nm,
450–650 nm and 550–680 nm, by using the maximal excitation
wavelength of 465, 520 and 568 nm for the TW-DNA labeled with
Alx488, Cy3 and Texas red, respectively. The reaction time for the
conformational changes of the TW-DNA strand after the displace-
ment reaction was studied using real-time fluorescence quenching
measurements. The target DNA was added into 384 well plate con-
taining its TW-DNA and measured its fluorescence intensity for
600 s at interval time 30 s.

2.5. Computational simulation of TW-DNA

Computational analysis of the open and closed state of TW-DNA
were analyzed by the computer-aided engineering for DNA origami
CanDO package (http://cando-dna-origami.org/) [29].
3. Results and discussion

3.1. Construction and characterization of the DNA tweezer

The core structure of a TW-DNA was adapted from Liu et al.
2013 and is detailed in the Supporting Information (Fig. S1) [24].
TW-DNA consists of two main structural regions: (i) a tweezer
with two tweezer arms where each arm is a double crossover motif
(DX) and (ii) a regulatory element that is used for controlling the
open and closed conformation of the TW-DNA. The mechanism
of the regulatory region controlled open/closed state of the TW-
DNA is shown in Fig. 1A. The regulatory region is a short oligonu-
cleotide comprised of 25 nucleotides. To ensure the open state, the
regulatory region is formed using dsDNA with an anti-target DNA
that is a single-stranded DNA (ssDNA). To switch the conformation
of the TW-DNA from the open to closed state, the target DNA that
is fully complementary with the anti-target DNA must be intro-
duced. Then, the anti-target DNA is removed from the TW-DNA
by interaction with the target DNA based on toehold-mediated
strand displacement. Consequently, the open state of the TW-
DNA can be changed to the closed state due to the decrease in
rigidity of the regulatory region. Computational analysis of open/-
closed state of the TW-DNA was analyzed by CanDo. As illustrated
in Fig. S2, the open and closed state were observed. To verify the
conformation of the open and closed state, the TW-DNAs were
characterized by native polyacrylamide gel electrophoresis (PAGE)

http://gwyddion.net/
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Fig. 1. The open and closed conformations of the TW-DNA. (A) Schematic illustration of strand displacement-mediated open/closed conformations of the TW-DNA. One arm
of the TW-DNA was attached with a fluorophore (red sphere) and a quencher (black sphere) was attached at another arm. (B) Native PAGE gel examined the closed and open
state of TW-DNA. (C) AFM images of the open (left) and closed state (right). Scale bars are 20 nm. (D) Average distance of two tweezer arms between the open (n = 42) and
closed (n = 37) conformation.
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and atomic force microscopy (AFM). PAGE result as shown in
Fig. 1B, the closed state of the TW-DNA migrates faster than the
open state due to its compact shape and lower molecular weight.
We further confirmed the open and closed conformations of the
TW-DNA by AFM. It can be seen clearly that the structures of the
open and closed states are significantly different, as shown in
Fig. 1C. We also examined the average distance between the two
arms of the TW-DNA in the open and closed states which were
found to be 16.9 ± 1.0 and 5.8 ± 1.1 nm, respectively. Additionally,
we measured the angles of DNA tweezers by using ImageJ soft-
ware. The average angles of open and closed TW-DNA are
72.9 ± 6.7� and 41.7 ± 5.0�, respectively.
3.2. Specific DNA target-induced the DNA tweezer conformational
change

To apply the TW-DNA for DNA detection, we used fluorescence
quenching in order to track the conformation changes of the TW-
DNA in the presence and absence of the specific target. For fluores-
cence quenching, one arm of the TW-DNA was decorated with a
fluorophore, while a suitable quencher was labelled to the other
arm (Fig. 1A and S1). Initially, we self-assembled the open state
of the TW-DNA, a high fluorescence intensity (called the ‘‘on state”)
can be detected because the distance between the fluorophore and
the quencher is greater than the FRET distance (Fig. 2A). In the case
of the presence of the specific target that is fully complementary
with the anti-target DNA, the anti-target formed dsDNA with the
specific target sequence is removed from the TW-DNA structure
by toehold-mediated strand displacement. The conformation of
the TW-DNA then changes from the open state to the closed state
due to the lack of regulatory region rigidity. The closed conforma-
tion of the TW-DNA exhibited lower fluorescence intensity (called
the ‘‘off-state”) since the fluorophore and quencher are now in clo-
ser proximity and FRET can occur (Fig. 2A).

We also performed a semi-quantitative, as well as a quantita-
tive determination, of a single target with three different detection
techniques: gel-based assay, fluorescence intensity measurement
on a surface and in solution (Figs. S3 and 2). In this system, the
TW-DNA is decorated with Cy3/IabRQ FRET pairs (Cy3-tweezer),
which was used as a sensor module, and a 35 nucleotide target
sequence from the gene of the Influenza A subtype H1N1 was used
as the specific target DNA. The open state of the Cy3-tweezer was
premixed with H1N1 ssDNA target at different concentrations and
left to incubate for 10 min prior to the next step of detection.

To quantify the changeable conformations of the TW-DNA
response to different concentrations of target DNA, the fluores-
cence intensity was measured for the Cy3-functionalized tweezers,
when the concentration of the ssDNA targets was varied from
100 nM to 2 mM (Fig. 2A). The concentration of self-assembled
TW-DNA was 0.5 mM. The excitation wavelength was 520 nm and
the emission wavelength was detected from 550 to 650 nm. As
shown in Fig. 2A, the fluorescence signal output gradually
decreased when the target concentration was higher than
100 nM which is consistent with the changes seen for fluorescence
intensity measurement on a surface (Fig. S3). For concentrations
lower than 200 nM the fluorescence intensity is essentially indis-
tinguishable from the response in the absence of the target. The
detection range of this set-up is from 200 nM to 1 mM. Additionally,
the non-specific target DNA (NC) did not change the TW-DNA con-
formation and the high fluorescence intensity still remained
(Fig. 2A and B).
3.3. Optimization of incubation time

We also studied incubation time of the conformation changes of
the TW-DNA conformations from the open to closed states that
was characterized by gel electrophoresis (Fig. S4). As shown in
Fig. S4 the open state of the TW-DNA completely changed to closed
state after 10 min of incubation with the specific ssDNA. We
believe that this gel assay is not sufficient to monitor the confor-
mational changes of the TW-DNA due to the fast kinetics of DNA
hybridization. The kinetic rate of toehold-meditated strand dis-



Fig. 2. A single target detection of the Cy3-tweezers responses to specific target DNA based on fluorescent quenching. (A) Fluorescence spectrum of Cy3-tweezer responses to
various targets. (B) Relative fluorescence intensity of Cy3-tweezers at maximum emission wavelength (kmax 570 nm) at different target concentration. Specific target DNA is
nucleotides target sequence from gene of influenza A subtype H1N1. NC indicates non-complementary target including gene of influenza A subtype H5N1 and H3N2. Error
bars are standard deviation from triplicate measurements.

Fig. 3. Time-dependent fluorescence quenching of the Cy3-Tweezer. The maximum
emission intensity of Cy3 at 570 nm was recorded at interval time 30 s. The
excitation wavelength was 520 nm.
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placement of the DNA/DNA interaction was then studied [30]. To
determine how fast the conformational changes of the TW-DNA
is by strand the displacement reaction, we performed real-time flu-
orescence quenching measurements. As shown in Fig. 3, the fluo-
rescence intensity of the donor was swiftly quenched after
adding the specific target. The decreased fluorescence intensity
reached a steady state in approx. 60 s. Therefore, the TW-DNA
sensing platform-based on fluorescence quenching can in principle
provide a fast detection assay within one minute.
3.4. Multiplexed DNA detection with DNA tweezers

Additionally, we investigated DNA tweezers-assisted multiplex
DNA detection. As an initial proof of concept, three sequences of
viral genes (influenza virus A subtype H1N1, H3N2 and H5N1)
were used as a model. For performing simultaneous detection,
we separately self-assembled three types of TW-DNA. Each TW-
DNA contained a different sequence at the regulatory regions, in
which the sequence is complementary to its own target. The struc-
tural strands of three types of TW-DNA are identical. The suitable
organic dyes were chosen based on their well-separated fluores-
cence emission wavelengths. In order to investigate the conforma-
tion switching of the TW-DNA, rational fluorescence-quencher
pairs (Cy3-IabRQ, Alexa Fluor 488-IabFQ and Texas red-IabRQ)
were used. In this work, the Cy3-tweezer, Alx488-tweezer and
Texas red-Tweezers are specific to target DNA of H1N1, H5N1
and H3N2, respectively.

All of the experiments were done in a one-pot assay, where the
fluorescence intensity was recorded in a microplate reader. Each of
the wells contains all types of the TW-DNA (Fig. 4A and E). The
excitation wavelength of Alx488-tweezers, Cy3-tweezers and
Texas red-Tweezers are at 465, 520 and 568 nm, respectively and
the emission intensities were recorded at 520, 570 and 630 nm,
respectively. The background signal and associated noise were also
measured in the absence of the fluorescent species of interest in all
experiments and the background signal is 2.36 ± 0.81 a.u. (aver-
age ± standard deviation).

We investigated the specificity of the TW-DNAs to its target
DNA strand. Single and multiple target detections in one-pot
assays were performed. Upon the addition of H1N1 target DNA
in a mixture of three tweezers, the Cy3 emission intensity signifi-
cantly decreased due to formation of the closed state while
Alx488 and Texas red still remained in their open states and main-
tained their fluorescence intensity (Fig. 4B). We also tested a single
target detection with H5N1 and H3N2 and a decrease in the Alx488
and Texas red emission intensities was observed for the corre-
sponding H5N1 and H3N2, respectively (Fig. 4C and D). The con-
centration of each TW-DNA was 0.5 mM. The concentrations of
targets were varied from 100 nm to 2 mM. These results showed
that each of the TW-DNA responded to its own specific target. As
results show in Fig. 4B-D, the fluorescence signal gradually
decreased as the target concentration increased. Fig. 4B-D show
that the detection ranges of Cy3-tweezers, Alx488-tweezers and
Texas-red tweezers are 0.2–1 mM, 0.1–0.5 mM, and 0.05–0.2 mM,
respectively. The detection ranges of three TW-DNAs are different
because the quenching efficiencies of fluorophore and its quencher
pair are different. Additionally, cross-interference was not found
(Fig. 4B-D).

Furthermore, multiple target detection was tested in a one-pot
assay. The concentration of each TW-DNAs was 500 nM and the
concentration of each target was 1 mM. The result is shown in
Fig. 4E, the decreased fluorescence intensities in a multiplexing
detection system were the same as in single target detection. Three
DNA targets could be simultaneously detected without any cross-
interference. The results showed that the biosensing platform is
selective and highly discriminative between the different targets.
Interestingly, all three targets produced the same amount of fluo-
rescence quenching of approximately 50% which indicates the
potential of this platform for the detection of other types of target;
i.e. the choice of the target and TW-DNA play a minor role on the
sensing mechanism.



Fig. 4. One pot detection of three targets in a single solution. (A) Illustration of multiplex detection with TW-DNA. (B-D) Specificity test of all three TW-DNA nanodevices with
its target: Cy3-tweezer for H1N1, (B) Alx488-tweezer for H5N1 (C) and Texas red-tweezer for H3N2. (E) Multiplex detection in one-pot assay histogram shows relative
fluorescence intensities of three different DNA tweezers in the presence of each target.
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This biosensor setup provides multiplexed DNA detection with
fast detection time of one minute in one-pot reaction. However,
the detection range of the assay is narrow that need to be further
improved. Previous in this field showed that the tetrahedral DNA
nanostructure has been constructed, performed the control of its
configurations based on signaling input and could be used for
biosensor applications [20,31–34]. Importantly, a turntable
dynamic range of DNA detection with DNA tetrahedron has been
developed by adding allosteric site on DNA nanostructure that reg-
ulates binding affinity [35]. For further improvement of multi-
plexed DNA detection with a wide dynamic range of detection,
we can possibly integrate an allosteric site on DNA tweezer. In
order to carry out this study for multiplexing DNA detection for
several targets (more than 3 targets), nanomaterials such as quan-
tum dots semiconductors can be used to replace fluorescence dyes.
4. Conclusion

In summary, we have presented a TW-DNA nanodevice-assisted
simultaneous DNA detection based on fluorescence quenching. The
conformation changes of TW-DNA between two defined states, the
open and closed state, can be controlled by ssDNA. The TW-DNA
was used for multiplexed DNA detection in a one-pot assay that
is fast, reliable and practical. As a proof of concept, we demon-
strated a highly selective detection platform for three types of
influenza viruses – H1N1, H3N2 and H5N1– where the amount
of fluorescence quenching is specific to the viral types, and, at
the same time, each viral type in the presence of multiple targets
were distinguished without any signal interferences. This research
contributes to the body of work describing the application of
dynamic DNA nanostructure-based biosensing assays that can be
applied for detection of biomolecules including DNA, RNA, protein
and small molecules [33–36]. The setup is not limited to solution-
based assay but it can also be integrated solid-based detection with
lateral flow biosensors [37,38]. Moreover, DNA nanostructures
have been reported and developed for the control of enzymatic
reactions that could be potentially applied for the development
of enzyme-based biofuel cells [39–42].
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