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Analyses of target with low abundance or concentration varying over many orders of magnitude are
severe challenges faced by numerous assay methods due to their modest sensitivity and limited dynamic
range. Here, we introduce a homogeneous and rapid quadratic polynomial ampliﬁcation strategy through
rational design of a trifunctional molecular beacon, which serves as not only a reporter molecule but also
a bridge to couple two stage ampliﬁcation modules without adding any reaction components or process
other than basic linear ampliﬁcation. As a test bed for our studies, we took mercury(II) ion as an example
and obtained a high sensitivity with detection limit down to 200 pM within 30 min. In order to create a
tunable dynamic range, homotropic allostery is employed to modulate the target speciﬁc binding. When
the number of metal binding site varies from 1 to 3, signal response is programmed accordingly with
useful dynamic range spanning 50, 25 and 10 folds, respectively. Furthermore, the applicability of the
proposed method in river water and biological samples are successfully veriﬁed with good recovery and
reproducibility, indicating considerable potential for its practicality in complex real samples.
& 2016 Elsevier B.V. All rights reserved.
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1. Introduction
Isothermal nucleic acids ampliﬁcation efﬁciently accumulates
sequences of interest at constant temperature, and has been successfully applied to the detection of nucleic acids and non-nucleic
acid analytes (Li et al., 2010; Zhang et al., 2015, 2014c; Zhao et al.,
2015). In contrast to the traditional assay at a target-to-signal ratio
with 1:1 stoichiometry (one target converts only one signal
readout), isothermal ampliﬁcation-based biosensors signiﬁcantly
improve the detection sensitivity (Ge et al., 2014b; Liu et al., 2015;
Zhang et al., 2014b). According to reaction kinetics, the existing
approaches can be mainly classiﬁed into two types: exponential
and polynomial (linear or quadratic) ones. Exponential strategies
exhibit exceedingly high ampliﬁcation efﬁciency offering a superior sensitivity (Ma et al., 2014; Tian and Weizmann, 2012).
Nevertheless, these methods involve the weaknesses of non-speciﬁc ampliﬁcation primarily caused by interaction between template and DNA polymerase in the absence of target, so that suffer
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reproducibility problems from the assay of low-abundance analytes. Various linear ampliﬁcation methods have been proposed
and widely applied for their robustness and simplicity, yet are not
adequate to detect trace targets due to their inherent low magniﬁcation of 1:N (Deng et al., 2014; Ge et al., 2014a). Quadratic
strategies cascade two or more ampliﬁcation modules together,
achieving a predominant sensitivity even comparable with those
of exponential ones, and have attracted considerable attention
(Duan et al., 2013; Ye et al., 2014). On the basis of its enhanced
ampliﬁcation ratio of 1:N2, several novel approaches have been
successively developed (Yu et al., 2014; Wang et al., 2013). Notably,
our group has designed a quadratic DNA machine by integrating
two linear ampliﬁcation modules into a one-step biosensing system via a bifunctional hairpin probe. Though it works well in the
detection of lead ion and DNA adenine methylation methyltransferase, the thermodynamic equilibrium associated with enthalpy and entropy of stem-loop structure complicates its design
(Zhao et al., 2014). Further, we upgraded the quadratic DNA machine utilizing a phosphorothioate-modiﬁed ampliﬁcation template without adding any component other than linear ampliﬁcation. However, an extra chemical modiﬁcation still makes the
preprocessing tedious (Chen et al., 2015a). Thus, it is urgently
needed to develop a simple and homogeneous quadratic
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ampliﬁcation strategy.
Apart from sensitivity, a tunable dynamic range (deﬁned here
as the ratio between target concentration at which sensor response transits from 10% to 90% of its signal output) is equally
important for practical application as analytes concentrations in
diverse samples cover several orders of magnitude (Clausson et al.,
2011; Law, 1992). Typically, a set of ligands varying in afﬁnity were
utilized to edit the dynamic range of biosensors (Vallée-Bélisle
et al., 2012; Zhang et al., 2014a). In spite of their impressive performances, the design and generation for series of recognition
elements (often of unknown structure) with appropriate target
afﬁnity represents a major obstacle for their routine applications.
Sequestration mechanism has also been adapted to narrow dynamic range and obtain a steep response such as for reducing
noise in molecular logic gates (Kang et al., 2012; Lou et al., 2013).
Whereas, signal presents only if target accumulates enough to
saturate depletant and surpasses the concentration threshold,
which affects the limit of detection. Inspired by the responsive
allostery of nature receptors after ligand binding, an alternative
dynamic range programmed approach through controlling the
homotropic effectors has been developed (Porchetta et al., 2013;
Simon et al., 2014).
Herein, we construct a trifunctional molecular beacon (TMB)
mediated quadratic ampliﬁcation (TMBQA) strategy with tunable
dynamic range. In this homogeneous reaction, a TMB is tactfully
designed not only for reporting signal but also bridging the upstream target triggered ampliﬁcation and the downstream selftemplated ampliﬁcation. For the exploration of our design approach, we take mercury(II) ion (Hg2 þ ), which is a hazardous
pollutant with bioaccumulation and strong toxicity, as a model
analyte. Once thymine (T)-Hg2 þ -T coordination forms, the upstream ampliﬁcation is triggered and continuously yields a great
amount of DNA products complementary with the priming domain at 3′ terminal region of TMB, inducing a signiﬁcant enhancement of ﬂuorescence response as well as initiating the
downstream ampliﬁcation templated by TMB. Similar with upstream, the products of downstream anneals with cascade ampliﬁcation domain at 5′ terminal region of TMB and lead more
ﬂuorescence restoration within short assay time (30 min), thus
exhibit an excellent sensitivity with limit detection of 200 pM in
one step. In addition, the dynamic range of sensor has been successfully tuned through controlling the number of Hg2 þ speciﬁc
binding sites via homotropic allostery. Since one target facilitates
the binding of subsequent ones, the signal response of multivalent
receptor displays a positive cooperativity so that the useful dynamic range has been arbitrarily engineered to extend or narrow.
Finally, we tested the proposed sensor with complex real samples
and obtained results accordance with Atomic Fluorescence Spectrometry (AFS), demonstrating its accuracy and reliability in
practical application.

2. Experimental section
2.1. Reagents and Materials
Mercury perchlorate trihydrate (Hg(ClO4)2  3H2O) was obtained from J&K Chemical Ltd. (Beijing, China). NaAc, KAc, Mg(Ac)2,
BaCl2, NiSO4, FeCl2, ZnCl2, MnSO4, CaCl2, Pb(NO3)2, FeCl3, AlCl3, 3(N-morpholino)-propanesulfonic
acid
(MOPS),
Tris(hydroxymethyl)aminomethane (Tris) and other chemicals were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). Klenow Fragment (exo-), Nt. BbvCI and their corresponding
buffer were ordered from New England Biolabs Ltd. (Beijing, China). All the oligonucleotides were synthesized by Sangon Biotechnology Co., Ltd. (Shanghai, China). The sequences are listed in
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Table S1 (Supporting Information). All solutions were prepared
and diluted with Milli-Q water (resistance 4 18.2 MΩ).
2.2. Apparatus
Fluorescence measurements were carried out on FluoroMax-4
ﬂuorescence spectrometer (Horiba Jobin Yvon, Edison, NJ). Excitation and emission wavelengths were set at 494 nm and 518 nm
with the slit widths of 5 nm, respectively. The emission spectra
were monitored from 510 nm to 600 nm in steps of 1 nm. LightCycler 96 (Roche Applied Science, Mannheim, Germany) was used
to record melting curves.
2.3. Analysis of samples
Hg2 þ stock solution (10 mM) was prepared by dissolving Hg
(ClO4)2  3H2O with 0.5% HNO3, further diluted to desired concentration with 10 mM MOPS solution (pH ¼ 7.0) containing 0.1 M
NaNO3. The detection was carried out in a Tris-Ac buffer (10 mM
Tris, 50 mM KAc, 10 mM Mg(Ac)2, pH ¼7.9) containing 40 nM
primer, 40 nM template, 150 nM TMB, 0.75 units Klenow Fragment, 4 units Nt.BbvCI and 40 μM dNTPs. After addition of various
concentrations of Hg2 þ , the solutions were incubated at 37 °C for
30 min. Then ﬂuorescence emission spectra were recorded as described above.
MCF-7 cells were incubated with high glucose medium (HDMEM) supplemented with 10% Fetal Bovine Serum (FBS) in an
atmosphere of 5% CO2 at 37 °C. Cells were cultured to 70–80%
conﬂuence and collected after trypsin digestion. Then the collected cells were washed twice and suspended in phosphate-buffered saline (PBS, pH ¼7.4). Cell lysis (approximately 7.5  105
cells) was performed by sonication to make cells homogeneous,
and then centrifuged to collect supernatant. Human serum samples were obtained from Xi’an Jiaotong University Hospital.

3. Results and discussion
3.1. Design of TMBQA strategy
As illustrated in Scheme 1, a TMB is tactfully designed as a
bridge to cascade two stage ampliﬁcation modules. Then the upstream Hg2 þ triggered ampliﬁcation and the downstream selftemplated ampliﬁcation are integrated into a one-step homogeneous system without adding any reaction components or
process other than basic linear ampliﬁcation. The primer-template
complex probe contains variable number of T-T mismatches (denoted as red and cyan) by which Hg2 þ speciﬁc binding is modulated. Once induced by T-Hg2 þ -T coordination (circled by dash
line), primer offers a complementary 3′ terminal to initiate polymerization. Upon the subsequent operation of repeated scission
and replication, numerous of upstream DNA products are generated. These products can anneal with priming domain I (highlighted in green) at 3′ terminal region of TMB and lead a signiﬁcant
ﬂuorescence restoration. Then the upstream products primeddownstream ampliﬁcation is started synchronously taking TMB as
a template, producing duplex sequence containing the recognition
domain II (highlighted in orange) for Nt.BbvCI. The cleavage results
in a new extension to continue displacement and release downstream DNA products which can hybridize with another TMB at
cascade ampliﬁcation domain III (highlighted in violet) of its 5′
terminal region, yielding a quadratic ampliﬁed detection signal.
Therefore, a simple and homogeneous quadratic ampliﬁcation
strategy with tunable dynamic range is presented.
In theory, we reﬁne the ampliﬁcation mathematical model of
our proposed method and describe the signal equations as Y1 ¼ N
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Scheme 1. Schematic illustration of TMBQA and its application for Hg2 þ detection with tunable dynamic range. I, II, III in the TMB represent priming domain,
recognition domain and cascade ampliﬁcation domain, respectively. (For interpretation of the references to color in this ﬁgure, the reader is referred to the web version of
this article)

for the upstream linear mode and Y2 ¼0.5 N (N þ 1) for the cascade
quadratic mode, where Y1 and Y2 represent the signal intensity of
each mode respectively, and N is the cycle number. Note that Y2 is
always greater than Y1 when N 41 (Table S2 and Fig. S1).
To evaluate the ampliﬁcation efﬁciency of different modes, we
compared their ﬂuorescence response using standard complementary primer (C-primer). In the linear process, we prolonged
the quadratic template with extra 3 bases at its 5′ terminal to
ensure the upstream ampliﬁcation products unable to primed
downstream ampliﬁcation. As expected, the quadratic mode exhibits an excellent signal enhancement superior to that of the
linear (Fig. S2). For the detection of Hg2 þ , Primer8, which contains
single Hg2 þ binding site is involved. In the presence of Hg2 þ ,
Primer8 and template form duplex structure with Hg2 þ -mediated
base pair to initiate ampliﬁcation. As presented in Fig. 1(A), the
addition of Hg2 þ (20nM) in the TMBQA system induced a 12.7-fold
ﬂuorescence signal enhancement, whereas only a 3.3-fold signal
increase was achieved by the linear mode. In addition, the TMBQA
products were investigated by agarose gel electrophoresis and
melting curve. An obvious products band is observed in lane b
other than lane a, which are mixture of the assay system with and
without Hg2 þ , respectively. Corresponding melting curve analysis
also depicts the consistent results (Fig. 1B).
3.2. Optimization of assay conditions
To achieve the best sensing performance, ionic strength of
buffer solution and tool enzyme concentrations were investigated
at a ﬁxed Hg2 þ concentration of 20 nM. As a result, 50 mM KAc,
10 mM Mg (Ac)2, 0.75 units Klenow Fragment, 4 units Nt. BbvCI
were selected to obtain the maximum ﬂuorescence enhancement
(F/F0) (data were shown in Supporting information Fig. S3).
Moreover, several key parameters were further optimized through
a series of experiments.
The concentration of primer-template complex probe was tested as depicted in Fig. S4(A), from which we can see similar F/F0
from 10 nM to 40 nM. It's possible that increased reactant concentration accelerates reaction rate but in turn provides more
available templates to compete with TMB for occupying ampliﬁcation products. Thereby, 40 nM probe is selected and utilized in

Fig. 1. (A) The ﬂuorescence spectra of the TMBQA (a) and basic linear ampliﬁcation
system (b) in the presence of 20nM Hg2 þ , with corresponding backgrounds control
without Hg2 þ (c, d), respectively. Inset: The ﬂuorescence responses of quadratic
ampliﬁcation and basic linear ampliﬁcation. The error bar indicates the SD from
three independent experiments and the SD is less than 0.35 (  105cps). (B) Gel
electrophoresis and melting curve analysis: lane a, TMBQA without Hg2 þ ; lane b,
TMBQA with Hg2 þ ; lane c, positive control with complementary primer; M, the
20bp DNA ladder marker range from 20 to 100bp.
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within 30 min and remains almost unchanged with time prolongs.
On the basis of the highest value of F/F0, 30 min is employed.

3.3. Modulation of dynamic range
Biomolecular recognition is often achieved via allosteric cooperativity, a process in which sequential recognition events on a
multivalent receptor are coupled so that the initial one enhances
the binding of the subsequent, leading a steep response than those
observed at monovalent receptors (Porchetta et al., 2013; Simon
et al., 2014). Thus, to obtain an appropriate dynamic range covering Hg2 þ concentrations in different environments, we modulated the number of binding sites in primer-template complex
probe from 1 to 3. By employing a monovalent probe with single
binding site (Primer9), a highly sensitive sensor, for which the
useful dynamic range spanning from 0.4nM to 20nM is created
(Fig. 2A). Due to the positive cooperation of homotropic allostery,
the second binding site (M2-primer9) leads a steeper response
with dynamic range falls to 20-fold as shown in Fig. 2(B). Encouraged by this successful design efforts, we next adapted trivalent probe (M3-primer9) containing ternary binding sites to edit
the dynamic range. As expected, this process is quite synergetic,
exhibiting an approximately “all-or-nothing” digital-like response
curve (Fig. 2C).

Fig. 2. Modulation of the dynamic range by controlling target binding via homotropic allostery. Monovalent probe (with single site) presents a dynamic range
spaning 50 folds (A), bivalent probe (with double sites) narrows the dynamic range
to 20 folds (B), and trivalent probe (with ternary sites) produces a very steep response curve with dynamic range of 10 folds (C). The error bar indicates the SD
from three independent experiments and the SD is less than 0.04.

the following experiments. Additionally, ampliﬁcation capability
was investigated at different reaction time. It is clearly seen in
Figure. S4(B), the ﬂuorescence response is quickly enhanced

Fig. 3. To explore the relationship between thermodynamics properties and the
ampliﬁed performance, we have fabricated a set of primer-template probes (A) and
investigated the binding afﬁnity of polymerase and stability of primer-template
duplex at different temperature (B). The error bar indicates the SD from three independent experiments and the SD is less than 0.71 (  105cps).
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3.4. Thermodynamics regulation
Primer and template are at an equilibrium between dissociative
state and duplex state (a binding-competent conformation for
Hg2 þ ). Through investigating thermodynamic stability of primertemplate complex, the Hg2 þ triggered TMBQA can be regulated. As
shown in Fig. 3(A), 7-mer primer (Primer7) exhibits no signiﬁcant
ﬂuorescence signal as well as blank control. Then the signal
abruptly increases with the primer length added to 8-mer (Primer8). When the length of primer reaches up to 9 (Primer9) and
10 (Primer10), signal shows no further enhancement whereas
unwanted background ﬂuorescence presents a remarkable growth.
Undoubtedly, 8-mer primer was employed for the following experiments due to the highest F/F0. Further, we try to explain the
phenomena appear at 7-mer and 9-mer primer. Firstly, we consider the thermodynamics stability of primer-template duplex,
and attribute both the negligible signal and background to the
failure of hybridization. According to the empirical formulae for
evaluating melting temperature (Tm) of primer less than 25-mer
(Tm ¼ 4  (G þC) þ 2  (A þT); G, C, A, and T indicate the number of
corresponding nucleotides in the primer.), one added base elevates
Tm about 2–4°C thus indeed ensure a better stability. To verify our
assumption, we compared the performance of Primer8 at four
temperatures, namely 25°C, 37°C, 50°C and 65°C (Fig. 3B). To our
surprise, we found TMBQA even exhibits a preferable ampliﬁcation
efﬁciency at 50°C (much higher than its Tm). If Tm is the determinant to lead signiﬁcant difference between Primer7 and
Primer8 (only a difference of 2°C), the performance at 50°C seems
beyond of understanding. On account of polymerization is not only
based on an absolutely stable hybridization but also can be triggered by transient duplex formation (Tsai et al., 2007), we paid
close attention to the recognition behavior of polymerase. In
general, polymerases share a global architecture and short primertemplate duplex reduces its binding afﬁnity (Zhao and Guan,
2010). So we surmise only if the complementary region reaches up
to 8bp, the primer can be recognized by polymerase and initiates
ampliﬁcation in our proposed system. 7-mer primer is unable to
extend as its length is shorter than the minimal requirement.
8-mer primer exhibits signiﬁcant ﬂuorescent response with negligible background for the duplex length of primer-template
complex is just across the critical point before and after binding
Hg2 þ . In addition, we have previously investigated the impact of
various 3′-terminal mismatches on ampliﬁcation and demonstrated T-T mismatch presents an ability to induce nonspeciﬁc
extension (Chen et al., 2015b). So, if provided allowable complementary length such as Primer9 and Primer10, an undesirable
background ﬂuorescence is generated seriously. Eventually,
through investigating the stability of primer-template duplex and
binding afﬁnity of polymerase, we regulated the thermodynamics
of TMBQA, and provided an optimum structure for the subsequent
experiments.
3.5. Detection of Hg2 þ based on TMBQA
Some representative nucleic acid ampliﬁcation strategies have
already been applied for the detection of Hg2 þ . Zhou et al. described a highly sensitive electrochemiluminescent sensor based
on Hg2 þ -mediated rolling circular ampliﬁcation (Zhou et al.,
2012). Yin et al. presented a label-free method for the detection of
Hg2 þ using DNA molecular machine-based ﬂuorescent silver nanoclusters (Yin et al., 2013). Among these, it is worthwhile to point
out an important factor, dithiothreitol (DTT), which is commonly
used in the stock solutions and reaction buffers of almost all
commercial tool enzymes including Klenow Fragment and Nt.
BbvCI used in our reactions. However, it is widely reported that
DTT is a strong chelating reagent and the thiol groups of which

easily form speciﬁc and very stable complexes with Hg2 þ , thus can
be used to sequestrate Hg2 þ (Chaudhary et al., 2015; Thomas et al.,
2012). Similar problems have also been mentioned in some related
research. Li et al. (Li et al., 2008) and Zhu et al. (Zhu et al., 2011)
utilized DTT with one-thousandth concentration of the supplied
buffer to alleviate the interference. Liu et al. (Liu et al. 2014) even
took out this component from their reaction systems, and conﬁrmed it was unnecessary for enzyme's normal function. However,
all these strategies above can’t rule out the DTT introduced by
enzyme from their stock buffers, which is normally 1–10mM (far
above the Hg2 þ concentration in routine samples). As the strong
reducing property of thiol, we try to eliminate it by oxidant and
give priority to H2O2 for its reduction product is H2O, which would
not introduce interference to reaction (Winterbourn and Metodiewa, 1999). As shown in Fig. 4(A), the concentration of H2O2
added was optimized from 0.1% to 10%. When the concentration is
below 0.3%, ﬂuorescence intensity drops for the Hg2 þ is grabbed
by DTT. With the increase of H2O2, a signiﬁcant ﬂuorescence enhancement is acquired, indicating DTT has been gradually oxidized
and Hg2 þ is available to trigger the ampliﬁcation. Ascribe to the
destructive effect of strong oxidant, excessive H2O2 weakens the
ﬂuorescence intensity, so we set 3% H2O2 (with no adverse effect
on standard ampliﬁcation system, Fig. S5) as the optimum
condition.
Under the optimized assay conditions, a high sensitivity was
demonstrated by testing a series of samples containing different
Hg2 þ concentrations. As can be seen in Fig. 4(B), the ﬂuorescence
intensity increases with the concentration of Hg2 þ varied from
0 to 40 nM. In terms of the rule of 3 times standard deviation over
the blank response, the detection limit is down to 200 pM, which
is much lower than the maximum level (10 nM) of Hg2 þ in
drinking water permitted by the Environmental Protection Agency. The Fig. 4(C) clearly illustrates a good linear relationship between the ﬂuorescence intensity of 518 nm and the concentrations
of Hg2 þ up to 20 nM. With a correlation coefﬁcient of 0.9938, the
corresponding regression equation is Y¼0.7233X þ1.55, where Y is
the ﬂuorescence intensity (  105 cps) and X is the Hg2 þ concentration. To further demonstrate precision of this proposed assay, we calculated the inter- and intra-assay imprecisions of this
assay from 3 independent experiments at Hg2 þ concentration of
10 nM. The CV values are 3.4% and 2.5%, respectively.
Traditional methods such as AFS (Leopold et al., 2009) and
inductively coupled plasma mass spectrometry (ICP-MS) (Rodrigues et al., 2010) offer high sensitivity and selectivity for Hg2 þ
quantiﬁcation, and have been extensively applied in complex real
samples. However, due to the pronounced absorbency of Hg2 þ ,
these above methods suffer from a memory effect, wherein Hg2 þ
accumulates within the ﬂow injection apparatus and is slowly
released over time to adversely affect the detection (Li et al., 2006;
Zhang et al., 2011). As an alternative approach, TMBQA is highly
promising for its accuracy, speciﬁcity and low-cost. Since the
closed-tube reaction were kept at microliter volumes in the disposable containers, contamination attributed to Hg2 þ adsorption
on the transfer tubing, spray chamber and nebulizer can be avoided. In addition, compared with those methods requiring sophisticated instruments, ﬂuorescent sensors are easy to miniaturize
and hold great potential for implementing on ﬁeld detection by
combining with the portable ﬂuorescence spectrophotometers.
To evaluate the selectivity of this proposed method, ﬂuorescence response of Hg2 þ to that of other environmentally relevant
metal ions such as K þ , Na þ , Mg2 þ , Ba2 þ , Ni2 þ , Fe2 þ , Zn2 þ , Mn2 þ ,
Ca2 þ , Pb2 þ , Al3 þ and Fe3 þ were compared. As revealed in Fig. 4
(D), an obvious ﬂuorescence response is observed from the solution in the presence of 20 nM Hg2 þ , while other metal ions (2 μM)
exhibit almost the same ﬂuorescence intensity as blank control.
Thus, these results prove that the sensing strategy has a good
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Fig. 4. (A) Effect of H2O2 concentration on the TMBQA-based Hg2 þ detection. (B) Fluorescence emission spectra in the presence of different concentrations of Hg2 þ ranging
from 0 to 40nM. (C) The relationship of the ﬂuorescence intensity with various Hg2 þ concentrations. The inset displays the linear correlation between ﬂuorescence intensity
and Hg2 þ concentrations up to 20nM. (D) Selectivity of the sensing strategy for Hg2 þ detection over other common interference metal ions. The concentration of Hg2 þ is
20nM, whereas the concentrations of other metal ions are each 2μM. The error bar indicates the SD from three independent experiments and the SD is less than 0.71
(  105cps).

Table 1
Results for the Hg2 þ determination in river water samples.
Sample Added
(nM)

AFS (nM)

1
2
3

5.32 7 0.46 106.4
10.05 7 0.42 100.5
14.78 7 0.17 98.5

5
10
15

Recovery (%) Proposed
method (nM)
4.55 7 0.21
9.75 7 0.35
15.2 7 0.63

Recovery (%)

91.0
97.5
101.3

Mean values and SDs were obtained from three independent experiments.

speciﬁcity to Hg2 þ over other competing metal ions.
To determine the potential practicability of the proposed
strategy, we simply ﬁltered the Xi’an Chan River collected water
samples by a 0.22 mm membrane and observed no signal response
of Hg2 þ , which has been conﬁrmed by AFS. To further investigate
the assay's practical application in real water sample, we applied it
to artiﬁcially contaminated water samples spiked with different
concentrations (5, 10, 15 nM) of Hg2 þ . As listed in Table 1, the
recovery and standard deviation of these water samples were satisfactory, demonstrating this method is reliable and practical.
As another classic and common application area of biosensors,
biological sample analysis have attracted more and more attentions. Nucleic acid ampliﬁcation-based Hg2 þ biosensors not only
have shown good performance in real water samples, but also hold
great potential in biological samples due to their minimized
sample consumption and mild reaction conditions. To evaluate the

feasibility of proposed method in biological samples, the detection
of Hg2 þ in cell extract and human serum samples were performed.
The treated cell extract and 1:50 diluted serum samples were
ﬁrstly tested by AFS to obtain the initial concentration of Hg2 þ ,
and then spiked with Hg2 þ at three different concentrations (5, 10,
15 nM). In order to eliminate the interferences of biothiols in
biological samples and improve recoveries, samples were mixed
with H2O2 (about 3%) before detection. As summarized in Table S3,
the recoveries of Hg2 þ are in the range 95.8–101.9%, validating the
potential value of the proposed method for detecting Hg2 þ in
complex biological samples.

4. Conclusions
In summary, we have developed a simple and one-step TMBQA
strategy with tunable dynamic range and applied it on the detection of Hg2 þ . In this homogeneous reaction, TMB is specially
designed as a bridge between the upstream target triggered ampliﬁcation and the downstream self-templated ampliﬁcation besides its original function as signal reporter. Homotropic allostery
are employed to modulate the dynamic range and an accurate
quantiﬁcation of Hg2 þ over different concentrations was achieved.
Without any troublesome procedures, the strategy exhibits a high
sensitivity of picomolar level and tunable detection range within
30 min. Furthermore, the sensing strategy was successfully used to
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detect real water and biological samples with satisfactory recovery, holding great potential for its application in complex real
samples. Upon proper modiﬁcation of the recognition element,
this proposed method can be extended to the sensitive and convenient detection of other analytes at different concentration levels, thereby promising a new avenue for the assay of various
types of targets.
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