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We report an aptamer-based method for the sensitive detection
of proteins by a label-free fluorescing molecular switch
(ethidium bromide), which shows promising potential in
making protein assay simple and economical.
Aptamers are DNA or RNA sequences selected in vitro for their
ability to recognise specific molecular targets ranging from small
inorganic or organic substances to proteins or cells.1,2 Since
screening through the systematic evolution of ligands by
exponential enrichment (SELEX) process from random RNA or
DNA libraries began, more and more aptamers have been selected
and research surrounding them has been shown to be very
promising in various fields such as pharmaceutics and diagnostics.3
Meanwhile, due to their generally impressive selectivity, affinity for
the targets and their multifarious advantages over traditional
recognition elements, aptamers have been widely used in analytical
assays.4–13
For analytical assays, several detection systems for proteins have
been developed, making use of optical transduction,4 electrochemistry,5,6,7a fluorescence,7b,8,9b,9c quartz crystal microbalance,10
etc., among which the analysis based upon fluorescence has been
widely developed and considered to take a very important role in
future research because it is sensitive, simple, fast and need no steps
to immobilize or separate the analyte-systems from the recognition
molecule in most cases. For example, by modifying thrombin with
an oligonucleotide sequence and using the fluorescence property of
the protein, thrombin was detected based on the interaction
between the protein and its aptamer.7b And through labelling the
aptamer with a fluorophore and a quencher at the two termini,
proteins such as thrombin,8 and B chain platelet-derived growth
factor (PDGF)9b could be detected by measuring fluorescence
quenching. Another kind of sensor, that functioned by switching
structures from DNA–DNA duplex to DNA–target complex, has
also been designed for the detection of ATP and thrombin.11c
However, most of the aptamer-based fluorescence assays (or even
other detection methods) included several potential disadvantages
such as labelling or modifying steps that could not be avoided.
Steps such as labelling or modifying led to complications and
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relatively high costs. What is more, the target binding sites and
conformational changes of the aptamers after binding were not
known precisely, so labelling or modifying methods or binding
sites were not only difficult to design, but also could weaken the
affinity between the target and aptamer. Though recently some
work on protein detection without labelling has been developed,13
these methods needed to make use of aptamers with specific
conformational changes after binding, which limited their applicability. Therefore, it was necessary to make further efforts to
develop alternative label-free methods with wider applicability.
In this communication, we present an aptamer-based method
for protein detection by a label-free fluorescing molecular switch
(ethidium bromide, EB). Thrombin, a kind of serine protease that
plays important role in thrombosis, haemostasis and has a clearly
studied 15-mer ssDNA aptamer, was taken as a model molecule
here.14,15 On one hand, this method possessed the advantages of
traditional aptamer-based fluorescence assays. On the other hand,
by using this method, not only could the relative complex labelling
and modifying steps4–9 that are usually used be successfully
avoided, the target protein could also be extended to those
aptamers without specific conformational changes. Consequently,
more widely applicable detection of protein was realized in a more
simple, sensitive and economical way.
Here, we made use of EB as a fluorescing molecular switch,
based on the fact that it is a conventional fluorescent dye and is
easily available, which has been studied and used widely. The
mechanism of the interaction between the dye and DNA has been
clearly delineated. Following the neighbour exclusion principle
where every second site along the helix is unoccupied, EB could
readily intercalate between the base pairs of dsDNA.16,17 When it
was free in aqueous solution EB showed a low fluorescence
intensity attributed to the efficient quenching of the excited state by
transferring an amino proton to the solvent (water) molecule.
However, when EB was intercalated with dsDNA it was shielded
to some extent and showed an obvious enhancement in
fluorescence intensity up to nearly 11 times that in the free
state.18,19 Nevertheless, similar properties were not evident at all
when it was mixed with ssDNA20 or quadruplex DNA, especially
with the 15-mer quadruplex,21 which was a more stable structure
(than the unfolded conformation) formed when the anti-thrombin
aptamer was bound to thrombin.14,15 Our design was based on this
property. As shown in Fig. 1, the 15-mer anti-thrombin aptamer
was hybridized with its complementary strand to form a doublestrand DNA, after which EB was added to produce a relatively
high signal of fluorescence. Then adding thrombin to the EB–
dsDNA led to a detectable decrease in the fluorescence signal.
Finally, using the method here, protein detection was realised by
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Fig. 1 A schematic of method. Firstly, hybridizing the anti-thrombin
aptamer and its complementary strand. Secondly, adding EB to the
system. Finally, titration experiments of thrombin to form an EB–
dsDNA–thrombin system.

making use of a simple aptamer–complementary strand–EB
system without labelling.
In our experiment, 0.466 mM dsDNA was prepared by 15-mer–
anti-thrombin DNA aptamer (A1, 59 GGT TGG TGT GGT
TGG 39)15 and its complementary strand (C2, 59 CCA ACC ACA
CCA ACC 39) in 20 mM Tris-HCl buffer (140 mM NaCl, 5 mM
KCl, 5 mM MgCl2, pH 7.4).14,15 Then, 40 mL EB solution
(0.15 mM) was added to 4 mL dsDNA hybridized solution. After
incubating at room temperature for 30 min the fluorescence
intensity was measured. Subsequent titration experiments were
carried out by adding aliquot amounts of 0.1 mg mL21 thrombin
(3 mL each time) to the dsDNA–EB solution to examine whether
the fluorescence intensity decrease could quantitatively reflect the
amounts of thrombin present.
The final result of the titration experiments is provided in Fig. 2.
Obviously, in the absence of thrombin, the EB molecule
intercalated to the DNA duplex with high efficiency and
correspondingly high fluorescence intensity could be detected.
While accompanied by the addition of increasing amounts of
thrombin, the competition between the thrombin and the

Fig. 2 Fluorescence emission spectra (lex = 510 nm) of 0.15 mM EB
(solid line); mixture of 0.15 mM EB—0.466 mM dsDNA (dotted line) and
mixture of 0.15 mM EB–0.466 mM dsDNA–22.8 nM thrombin (dashed
line).
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complementary strand (C2) for A16a could lead to the partial
unwinding of the DNA double helix structure and more
quadruplex–thrombin structure and ssDNA (C2). This, to some
extent, released EB to the solvent (water) from being shielded by
dsDNA and ultimately caused the fluorescence intensity decrease.
However, the signal did not change to a constant value as soon
as the protein was added, but presented a gradual decrease over a
period of time before it reached a stable state. The reason for the
longer time needed to stabilise is explained in detail in the ESI.{
For investigating the equilibrium time of the whole EB–C2–A1–
thrombin system, we recorded the fluorescence change every
10 min after adding thrombin, and found that the intensity
decreased gradually for about 30 min (Fig. 3), illustrating that
30 min was enough for the system to reach equilibrium. Therefore,
we adopted each 30 min record as being a rational measurement of
fluorescence intensity decrease led by the addition of thrombin.
However, the fluorescence decrease would finally reach a limiting
value when the C2–A1–thrombin system reached equilibrium.5 In
spite of the 30 min incubation every time, as compared with
labelling or modifying steps taken, the whole process of the
experiment obviously saved time.
By using this method, we obtained a detection limit of 2.8 nM,
which was as low as the most sensitive methods for thrombin
detection until now.5–7 Then a nearly linear range from 0 to
22.8 nM of thrombin (Fig. 4) just covered the critical concentration
between testing blood and the situation when the clotting cascade
was activated.5
In fact, it is well known that sometimes when exposed to a
continuous light source, organic fluorophores are not photo-stable,
which could lead to false-positive or false–negative signals and
could interfere with detection.9d To test whether the falsephenomenon affected the results here, a control experiment
between thrombin and bovine serum albumin (BSA) was carried
out (Fig. 3). Clearly, the fluorescence intensity did not change after
adding BSA with time, indicating that the decrease of the
fluorescence intensity mainly resulted from the presence of
thrombin and the unwinding of dsDNA brought about by the
formation of the aptamer–thrombin complex, because the addition
of the BSA could not make the fluorescence change. Furthermore,

Fig. 3 Time dependence of fluorescence response after 40 min incubation. EB–dsDNA–thrombin (solid triangles) and EB–dsDNA–BSA (solid
dots).
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Fig. 4 Titration of the EB–dsDNA with thrombin in the concentration
range 0–120 nM. Inset: the linear relationship of the fluorescence change
of EB–dsDNA–thrombin (lem = 600 nm). The concentrations of the EB
and dsDNA were 0.15 mM and 0.466 mM, respectively. The error bars
represent the standard deviation of two measurements.

the control experiment also proved this method could realize the
purpose of specific recognition of protein (thrombin) here.
In conclusion, a sensitive, simple aptamer-based method for
detection of protein by using a label-free fluorescing molecular
switch was developed. As to thrombin, a sensitive detection limit of
2.8 nM was obtained. Generally, the present method showed
advantages over other methods (containing some fluorescence
ones). Firstly, by making use of the property of fluorescence dye
EB and the recognition aptamer molecule, we successfully avoided
the more common labelling, modifying or immobilizing processes,4–13 which usually led to relatively complex operation, high
cost and weakened the affinity of the aptamer to the protein to
some degree, thereby making the protein detection sensitive, simple
and economical. Secondly, because the step to separate the
analyte-systems from the recognition molecule usually needed was
also left out, the experiment could be further simplified. Thirdly, in
principle, if the targets had the ability to compete with the
complementary strands of their aptemers, and the aptamers did
not contain a secondary structure into which ethidium bromide
intercalated, this method could be applicable. Finally, this method
could be further improved through re-designing the A1–C2 system
and replacing the fluorescing molecular switch EB by other more
effective dyes or fluorescence nanoparticles. Therefore, this
aptamer-based sensor provided more promising potential for the
detection of both protein and other small targets using a molecular
switch.
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