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a b s t r a c t

Modern biosensors require high sensitivity, great signal enhancement and extensive applicability for
detection and diagnostic purposes. Traditional molecular beacons (MBs) do not meet these requirements
because of the lack of signal amplification. The current amplification pathways using enzymes,
DNAzymes and nanoparticles are usually quite sophisticated and are limited to specific applications.
Herein, we developed simple biosensors based on the structure of kissing-hairpin. Through hybridization
amplification of these nanomachines, the evolved MBs could greatly enhance the detected signals
(approximately 10-fold higher than the signals generated by traditional molecular beacons), reduce the
sensing limits for targets and, remarkably, distinguish single-base mismatches specifically for nucleic
acid detection. In addition, these new MBs can be directly applied in living cells. By introducing aptamer
sequences, these novel sensors can also detect proteins and small molecules. These properties were
exemplified by the detection of both the β-actin gene and thrombin. The simplicity, sensitivity and
flexibility of these devices make them appropriate for more expansive applications.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Molecular beacons (MBs), which are designed DNA hairpin
structures that were first introduced in 1996 [1], have been widely
applied in nucleic acid detection, biosensor development, gene
monitoring in living systems and protein investigations [2,3].
Despite their good sensitivity and specificity for biomedical
targets, the primary advantages of MBs are their structural
simplicity and flexibility. For example, MBs can be placed on the
surfaces of nanoparticles [4–6] and electrodes [7,8] or linked to
solid carriers for the fabrication of biochips [9,10]. However, classic
MBs cannot meet the requirements of high sensitivity, signal
enhancement and selectivity for detection and diagnostic pur-
poses. There have been numerous attempts over the past decade
to optimize and modify the hairpin structures [11] and, most
importantly, to develop complex signal amplification systems.

Various optically and electrically amplified biosensors have been
developed using enzymes [12–17], DNAzymes [18–21] and nano-
particles [4–6,22] as amplification labels. One common enzymatic
amplification method used for ultrasensitive DNA detection is
rolling circle amplification, an isothermal process mediated by
certain DNA polymerases to generate long single-stranded (ss)
DNA molecules from a short circular ssDNA template [23]. Some
enzymes, such as ligase [15], exonuclease III [16], and nicking
enzymes [17], have also been reported to efficiently amplify
signals for the detection of nucleic acids, proteins and small
biomolecules. DNAzyme-based amplifications and combinations
of protein enzymes and DNAzymes [12,15,24] have both been used
as sensing platforms. Although enzyme-based catalytic pathways
are efficient and result in low detection limits, their complexity
and inflexibility make these methods inconvenient for extensive
applications. Another issue is that the detection behavior is
strongly dependent on the catalytic activity of the enzyme.

Another amplification pathway is based on the use of nucleic
acid hybridization as an energy source to drive changes in
configuration [25,26]. For example, strand displacement could be
used to catalyze the release of a specified output oligonucleotide
to amplify nucleic acid signals [27–29]. DNA hairpin structures,
which are ideal components of DNA nanomachines and assemblies
[25,26,30] because of their unmatched loops, could be used in the
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hybridization chain reaction (HCR) to achieve signal amplification
[31], and have been used to enable the imaging of mRNA expres-
sion [32]. Unlike enzymatic amplification, amplification powered
by hybridization only involves nucleic acids, and thus it is not
influenced by as many environmental factors and can operate
under conditions that might otherwise inhibit enzymes. To further
the goal of signal amplification, Turberfield et. al. introduced MB
hairpin structures into an autonomous DNA device powered by
hybridization [33], as shown in Scheme 1. The classic MB interacts
with another complementary hairpin structure to form a dimeric
complex called a “kissed” structure, as previously observed
[33,34]. In addition to forming a kissed structure, the two hairpins
can also form a duplex in a slow but spontaneous and detectable
process [33–36], inhibiting the direct use of these two hairpins
for amplification. This kissed complex is almost impossible to
transform into the more stable duplex unless a “catalyst” is
present (see Scheme 1 for an illustration). This catalyst can be
either a target nucleic sequence that opens one of the hairpins or a
protein or small molecule that interacts with the aptamer
sequence in the hairpin, as described in Scheme 1. The catalyst
first interacts with the specifically recognized hairpin structure to
open the stem, making the other nucleotides within the stem
available for hybridization with the complementary hairpin. This
process displaces the catalyst from the hairpin again, thus making
it available for another catalysis cycle. After the addition of the
catalyst, the kissing hairpins can autonomously form duplexes,
resulting in fluorescence enhancements. Because the catalyst is
recycled, the fluorescence signals can be effectively amplified.

In this study, we took advantage of the structure of kissing-
hairpin and developed our own detection nanomachine- ampli-
fied MBs (AMBs). Compared with traditional MB (TMB), AMB
revealed its pronounced capability in sensitivity, selectivity and
wide range of applications. Obvious advantages of AMBs in
detecting target DNA was observed by kinetic monitoring of the
TMB and its corresponding AMB. AMB could also remarkably
distinguish the perfect match from single-base mismatches
specifically for nucleic acid detection. Moreover, AMB was not
only aim at DNA detection, but widely applied in protein detec-
tion by changing the binding region to aptamer sequence. Since
AMB was operated by only hybridization, it was not influenced by
environmental factors and can perform in living cell condition.
Therefore, this nanomachine could trigger signal amplification
for in vivo detection. Compared with traditional TMBs, AMB can
greatly enhance signal detection and decrease the sensing limits
for targets.

2. Materials and methods

2.1. Materials

DNA sequences used in this work are listed in Table S1. All
the fluorescence labeled oligonucleotides were purchased from
TaKaRa Clontech. All the unlabeled sequences were purchased
from Invitrogen Company. Thrombin was purchased from Sigma.
All the experiments were performed in the TAE/Mg2þ buffer
(10 mM Tris-Acetic acid, 1 mM EDTA and 10 mM Mg2þ; pH¼8.0).

2.2. Formation and purification of kissing hairpins

The hybridization was performed in TAE/Mg2þ buffer. Before
use, hairpins were formed by heating to 95 1C at 20 μM concen-
tration in this buffer, then cooling to 4 1C rapidly, and subsequently
maintaining at room temperature for over 2 h. Quenching avoids
the formation of homodimers and larger complexes by hybridiza-
tion of neck domains from different oligonucleotides. Then the
traditional MBs could be obtained. To form kissing hairpins, the
two corresponding hairpins were mixed together with equal
amount, followed by keeping the mixtures at room temperature
for over 2 h to achieve totally kissing. Then the kissing hairpins
were purified through native gel electrophoresis. The gel electro-
phoresis was run on 16% polyacrylamide gel at 4 1C, 12 V/cm in
TAE/Mg2þ buffer. The kissing bands were cut from gels, and then
eluted with TAE/Mg2þ buffer at 20 1C. The purified solutions of
kissing hairpins were quantified by UV absorbance at 260 nm.

2.3. Fluorescence kinetic experiments

Fluorescence data were recorded using Perkin-Elmer LS55
Fluorescence Spectrometer with the temperature controller set
to 25 1C. Excitation and emission wavelengths were 515 and
535 nm, respectively, with 10 nm bandwidths. The fluorescence
data of 50 or 25 nM kissing complexes in 400 μL solutions were
collected for 5 or 10 min before addition of targets. The runs were
paused for about 1 min to add 4 μL of targets at the required
concentrations and mix by gentle pipetting. All the experiments
contained three parallel groups, and showed good stability and
reproducibility.

Scheme 1. Biosensors based on autonomous DNA devices. Nucleic acids (a) or proteins (b) open hairpins through external toehold to activate autonomous hybridization,
along with fluorescence respond. Targets are then displaced from hairpins again to trigger another hybridization process.
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2.4. Detection of miR-141 using AMBs

A 100 mL reaction mixture containing DEPC treated water, 40 U
RNase inhibitor, 50 nM AMB and the target miR-141, the reaction
system was incubated at 37 1C for 2 h. Following the incubation,
the reaction mixture was transferred to a 96-well plate to measure
fluorescence signal. The excitation wavelength was 488, and the
emission wavelength was 530 nm. Fluorescence emission spectra
were scanned with the Pharos FX Molecular imager. We repeated
the detection for three times, all demonstrated great enhancement
and good stability.

2.5. Cell culture

HeLa cells (CCTCC, China) were cultured in MEM (Hyclone, China)
supplemented with 10% FBS (Hyclone) and penicillin (100 units/ml).
MDA-MB-231(CCTCC, China) cells were cultured in DMEM (Hyclone,
China) supplemented with 10% FBS (Hyclone) and penicillin
(100 units/ml). All the cells were incubated at 37 1C in a 95%
humidified atmosphere containing 5% CO2.

2.6. Transfection

The probes (100 pmol) were transfected into living cells by
using Lipofectamine 2000 (Invitrogen) in 35-mm glass-bottomed
dishes (Nest). After incubated at room temperature for 4 h, the
transfection mixture was removed and fresh medium was added.
Then the cells would be incubated at 37 1C for 4 h.

2.7. Fluorescence microscopy

After the cells were prepared, they would be washed with PBS
three times, then mounted on the microscope stage. Confocal
images were taken using Carl Zeiss LSM 710. The excitation
wavelength was 488, and the emission wavelength was 530 nm
(green fluorescence). Four parallel samples were detected, stability
and reproducibility of the AMB detection system could be
observed.

3. Results and discussion

Here we first investigated the DNA detection ability of an
AMB using an asymmetric kissed complex composed of two fully
complementary sequences, whose structure has been reported
previously [33,34], to illustrate the advantages of this strategy. This
AMB could be considered a TMB matched with its complementary
amplifying-assistant hairpin. The hairpin was opened through an
internal toehold, as shown in Fig. S2 in the Supporting Informa-
tion. We selected this asymmetric AMB as a model to allow direct
comparison with the TMB to reveal the advantages of the AMB.
The formation and purification of this AMB are described in the
Supporting Information. The AMB was used in the same manner as
TMBs, an advantage over other sophisticated amplification proce-
dures. After the addition of the catalytic DNA, also called the target
DNA, the AMB can be opened to generate the fluorescent signals.
Parallel experiments were also performed with the corresponding
TMB (indicated in Fig. S2) that contained the same hairpin but not
its complementary hairpin. The AMB and TMB were compared
based on the detection limit, the level of signal enhancement and
the ability to detect a single-base mismatch.

All detection experiments for both the AMB and TMB methods
were performed using the same procedure in the same environ-
ment. The TMB was able to detect 1 nM target DNA, similar to
other reported MBs [2], but failed to sense DNA at a concentration
of 100 pM, as shown in Fig. 1a. The AMB tested here effectively

recognized 100 pM target DNA with an even stronger signal than
that for the TMB at 1 nM target (Fig. 1a). The AMB was able to
greatly amplify the signal through catalytic hybridization, leading
to more sensitive detection. In addition to lower detection limits,
remarkable signal enhancement was also observed, as shown in
Figs. 1a and S2. For example, when detecting 1 nM DNA, target
DNA bound to the recognized hairpin structure, opened the stem
and started the next cycle. Then the kissing structures autono-
mously formed duplexes resulting in fluorescence enhancements.
Otherwise, one TMB could merely detected one target DNA
correspondingly. The AMB signal was 10-fold higher than the
TMB signal. These two advantages of the TMB are both relevant to
their application as biosensors. In addition to the low detection
limit, which was the original goal, the ability to recognize targets
with strong signal enhancement enables the target signal to be
distinguished from the signals of interfering factors.

The AMB developed in this study based on catalytic autono-
mous motion not only provided an amplification pathway but also
strengthened the ability to detect single-base mismatches. Using
the above AMB as an example, we evaluated the ability of AMBs to
detect single-base mutations. A sequence with a single-base
mutation from A to T was selected to test both the TMB and the
AMB (Table S1). Faced with this single-base mutation, the TMB
distinguished the target DNA from the mutated sequence poorly,
with less than a 2-fold difference in the signal strength. However,
the AMB was able to efficiently recognize the target DNA, with
an almost 20-fold greater signal response relative to that of the
mutated DNA (Fig. 1b). The strong ability of AMB to distinguish
the target sequence and a single-base mismatch sequence is an
interesting phenomenon. The recognition of target DNA in the
presence of mutated sequences is usually based on their different
thermodynamic properties. For TMBs, target DNA can completely
open the rationally designed hairpin structure, whereas the
mutated sequences cannot open the MB completely because of
the relatively low thermo stability of the opened MB. The kinetic
rate of hairpin opening by the mutated sequence was also much
lower than that of opening by the target DNA. The rate constant for
opening this TMB with the target DNA was 2.54�107 M�1 min�1,
whereas this value was 5.80�106 M�1 min�1 with the single-
base mutated sequence, 2-fold lower than that for the target DNA
(see the ESI for the kinetic calculations). This AMB, evolved from the
TMB, obviously still possessed the same thermodynamic properties
but exhibited different kinetic characteristics. The kinetic distinction
between the target and mutated DNAs was greater for the AMB, with
a 14-fold difference (7.25�105 M�1 min�1 for the target sequence
vs. 6.13�104 M�1 min�1 for the mutated sequence, Fig. S2), greatly
improving the ability to recognize the desired sequence.

After confirming the superiority of the AMB, we next used this
autonomous DNA machine for gene and protein detection. For real
detection applications, however, the fully asymmetric AMBs, such
as the one above, have a significant disadvantage in that the
detection process takes several hours because the amplification,
which is activated by an internal toehold, is too slow to enable a
rapid response. Thus, we introduced external toeholds into the
hairpin structures, which have been previously reported to accel-
erate the opening rate [33,37]. In this case, the labeled fluores-
cence and quenching groups must be moved from the detecting
hairpins to the amplifying-assistant hairpins. Using this asymme-
trical kissed structure, we attempted to detect the DNA sequence
for the β-actin gene and a protein, thrombin (see Scheme 1).

The selected gene sequence for β-actin was able to open
its target hairpin through an 8 nt external toehold to facilitate
hybridization (Table S1). Fig. 2 shows the detection results for the
β-actin gene. The operating procedure for detection was the
same simple procedure as that used for TMBs. The sensors were
maintained at 25 1C for 10 min before the addition of target DNA,
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as indicated in Fig. 2a. In addition to the inherent superiority
of AMBs, as described above, the detection process was accelerated
greatly by introducing the external toehold. For example, the
rate constant of this AMB with the external toehold when sensing
1 nM DNA was 1.25�106 M�1 min�1 (Fig. S3), which is much
higher than that for the above asymmetric kissing hairpin.
Fluorescence spectra of the detection samples after 10 min reac-
tion were shown in Fig. S4. From 50 pM to 1 nM, the fluorescence
enhancements were slight but detectable, when the concentration
of target DNA was over 2 nM, greatly amplification of the signal

could be observed. This rapid process only required ten minutes to
provide sufficient enhancement to detect concentrations as low as
50 pM (Fig. 2b). The concentration range of the linear response is
0–5 nM (Fig. S5a). Naturally, a longer reaction time would lead to a
stronger signal response. Thus, rational hairpin optimization could
be used to construct AMBs for rapid gene detection.

Both TMBs and AMBs can detect specific proteins or small
molecules through the integration of aptamer sequences that can
recognize the target because both types of MB are based on the
same mechanism of interaction. We chose the widely studied
protein thrombin as our target for the aptamer sequence of the
AMB. Fig. 3 presents the thrombin detection results. To facilitate
protein binding, we placed one part of the aptamer sequence in
the stem and another part outside. We also had to consider the
fact that the binding of the hairpin DNA to the protein would make
the rest of the hairpin stem unstable, leading it to open at room
temperature. We thus rationally designed this hairpin, which had
only 4 base pairs in the stem available after binding to thrombin,
to enable activation (Table S1). Thrombin initially bound the
aptamer sequence to open the recognition hairpin for amplifica-
tion, and this binding behavior was clearly reflected in the CD
spectra shown in Fig. 4. After addition of 2 μM thrombin into the
solution, CD spectra were collected every six minutes during
the followed 30-minute period at 25 1C. We could clearly observe
the alterations near 280 nm which were the integrated signals
combined by both the signal of G-quadruplex induced through
thrombin and non-G-quadruplex part in the hairpin. CD signal of
thrombin alone (the inset figure) did not influence the spectra
near 280 nm. As it did for DNA detection, this AMB aptamer was
also able to enhance the detected signal and lower the sensing
limit for the protein. For example, the fluorescence signals were
enhanced almost 14-fold over the background fluorescence level
at 10 min after the addition of 100 nM thrombin (Fig. 3b), which is
much greater than the enhancement obtained for the aptamer
alone [38]. Thrombin could be detected at concentrations as low as
1 nM with a sufficient signal response (1.5-fold) after 10 min of
amplification, the concentration range of the linear response is
0–200 nM (Fig. S5b). The introduction of other aptamer sequences
could allow these AMBs to efficiently detect other proteins and
small molecules.

It is well-known that the expression of specific miRNAs is
closely associated with various cancers, and therefore miRNAs are
very important markers for the early diagnosis of cancers [39]. To
determine if AMBs could detect miRNA sensitively in vivo, we first
investigated the use of this probe with different concentrations of
synthetic miR-141. As shown in Fig. 5, the fluorescence emission
peak remarkably increased with an increasing concentration of

Fig. 1. Comparisons between AMB and TMB. (a) signal enhancements by TMB and AMB comparing with backgrounds in the absence of target DNA. Signal enhancements of
AMB and TMB were recorded at the time of 30 min and 5 h after addition of the target sequence, respectively. Black bars and red bars indicated signal response of 100 pM
and 1 nM DNA, respectively. (b) recognizing abilites of AMB and TMB towards single-base mismatch evaluated by signal enhancements comparing with backgrounds. The
target DNA concentration is 1 nM. The black bars indicated the single-base mutated sequence and the red bars indicated the perfect matched sequence. All the
concentrations of this kissed complex were 50 nM.

Fig. 2. Detection of a DNA sequence from the β-actin gene using external-opening
kissing hairpins (see Scheme 1a for sketch). (a) monitoring fluorescence enhance-
ments before and after addition of the target sequence. Concentrations of DNA
were 0, 50 pM, 100 pM, 500 pM, 1 nM, 2 nM, 5 nM, 10 nM and 20 nM, respectively.
The inset showed the enlarged curves for low concentrations. (b) signal response at
the time of 10 min after addition of the target DNA. The inset showed the enlarged
curves for low concentrations.
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miR-141 from 0 to 1 μM. The fluorescence intensity (F/F0�1) at
the concentration of 100 nM was equivalent to a 59-fold enhance-
ment. This study indicated that miR-141 could be effectively and
sensitively detected by the AMB.

We further evaluated the application of AMBs in living cells
using laser confocal microscopy. MiR-141, as has been reported
previously, is highly expressed in breast cancer cells and absent
in cervical cancer cells [40,41]. We selected MDA-MB-231 cells to
represent breast cancer and HeLa cells to represent cervical cancer.

Three different types of TET-labeled AMBs were positive control
lacked the quencher (Table S1). These AMBs were transfected into
both MDA-MB-231 and HeLa cells using liposomes. Laser confocal
microscopy was performed at 4 h post infection (p.i.)(Fig. 6).
The fluorescence of the positive control without the quencher
was clearly observed, indicating that the transfection of the AMBs
was effective (Fig. S6A,C). The negative control with the random
recognition sequence yielded a very low fluorescence signal
(Fig. S6B,D), indicating that the structure of the AMB was relatively
stable, but the digestion of the AMB by cellular nucleases still
contributed to a weak background signal. In contrast to the weak
fluorescence signals for the MB probe in HeLa cells (Fig. 6B,D),
an observable fluorescence signal was detected for the AMB
(Fig. 6A,C). Given that the expression level of miR-141 in HeLa
cells is low [41], this result demonstrates that the AMB probe
could greatly enhance the detected signals and lower sensing
limits for targets. The fluorescence signal for AMB detection in
MDA-MB-231 cells (Fig. 6E,G) was higher than that in HeLa cells
(Fig. 6A,C). And the fluorescence signal for TMB detection in MDA-
MB-231 cells (Fig. 6F,H) is dispersive and weaker than that of AMB
detection (Fig. 6E,G). These results indicate that MDA-MB-231 cells
express a higher level of miR-141 (Fig. 6A,C), in agreement with
previously results [40,41]. Therefore, the AMBs cannot only
increase the detected signal and decrease the sensing limits for
targets such as DNA, RNA, proteins and small molecules in vitro
but also have a high sensitivity and a good amplification ability for
in vivo detection.

4. Conclusions

In summary, we constructed autonomous DNA devices for
hybridization amplification using molecular beacons. These AMBs
greatly enhanced the detected signals and decreased the sensing
limits, which made these MBs inherently superior. For nucleic acid
detection, the AMBs also remarkably increased the ability to
distinguish between the target sequence and a strand with a
single base mutation, enabling the detection of single-nucleotide
polymorphisms. AMBs can also detect proteins and small mole-
cules when aptamer sequences are introduced into the AMBs.
Although the limits of detection of AMBs are not as low as those of
some reported enzymatic pathways [15–17], AMBs preserve the
simplicity and flexibility of TMBs, which enzymatic methods
lack. The simplicity of this approach is reflected in both the
operating procedures and the design of the sensing element.
Similar to TMBs, AMBs can detect targets by simple mixing,
without any further steps, and their designs are simple and can
be easily extended for various targets. This flexibility means that

Fig. 4. CD observation of the interaction of thrombin with the aptamer-involved
hairpin. The concentration of aptamer-involved hairpin was 2 μM.

Fig. 5. Fluorescence emission spectra (excitation at 488 nm, emission at 530 nm)
upon addition of miR-141. (F/F0�1) as function of the concentrations of miR-141,
where F0 and F are the TET fluorescence signals in the absence and the presence of
miR-141 (1 nM, 10 nM, 100nM, 1 μM), respectively.

Fig. 3. Thrombin detection using rationally designed kissing hairpins (see
Scheme 1b for sketch). (a) monitoring fluorescence intensities before and after
addition of thrombin. Concentrations of thrombin were 0, 1 nM, 5 nM, 10 nM and
20 nM, 50 nM, 100 nM, 200 nM and 1 μM respectively. The inset showed the
enlarged curves for low concentrations. (b) fluorescence response over background
fluorescence with varying concentrations of thrombin at the time of 10 min after
addition of the target DNA. F is the fluorescence intensity of each sample and F0 is
background fluorescence in the absence of any target. The inset showed the
enlarged curves for low concentrations.
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Fig. 6. Confocal laser scanning microscopy analysis of HeLa cells (A-D) and MDA-MB-231 cells (E-H) using a 40�objective at 4 h p.i.. Images all using Ex 488, Em 515. A,C,E,
G: cells detected by designed AMBs. B,D,F,H: cells detected by designed MBs. The white bar equals 20 μm.
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these AMBs, such as TMBs, can be modified and can be linked to
other components, such as nanoparticles, electrodes and other
solid surfaces, to achieve various types of signal transduction.
Additionally, AMBs can be used to detect miRNAs in living cells,
especially when the expression level is low. The detection of
miRNAs in single cells can be used to study the details of miRNAs
and their association with diseases. Therefore, this technology will
have a wide range of applications in bio-detection.
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