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Lead ion (Pb2+) is a kind of toxicmetal pollutant that widely spread in the environment, which is of serious con-
cern to human health. So it is of great significance to develop simple, fast method for the detection of Pb2+. Up to
now, a number of DNA sensors have been designed to recognize Pb2+, especially DNAzyme-based sensors have
attracted much attention due to its advantages, such as high selectivity and sensitivity. In this review, we sum-
marize the recent progress of two types of DNAzyme-based sensors for the detection of toxic Pb2+, including
Pb2+-specific DNAzyme and G-quadruplex DNAzyme sensors. On the basis of the sensor transducers and their
signal types, development and applications of fluorescent DNAzyme sensors, colorimetric DNAzyme sensors
and electrochemical DNAzyme sensors are to be discussed in this paper. These DNAzyme-based sensors are high-
ly sensitive and selective toward Pb2+, and has proved to be a useful tool in the potential application for on-site
and real-time real sample (such as environmental and biological samples) monitoring in the future.
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1. Introduction

Heavy metals ions, especially lead ion (Pb2+), are ubiquitous envi-
ronmental contaminants with high toxicity to humans, which make
their presence undesirable [1]. The source of Pb2+ in the environment
is mainly from the mining activities and metal smelting, during which
the Pb2+ contained waste water and dust are arbitrarily discharged
for Agricultural Standards and
ce, Beijing, PR China.

ercita.org.cn (L. Pan).
into the environment [2,3]. Studies show that Pb2+ can cause a number
of adverse health effects even at low-level exposure [4], and eventually
lead to disease or even death [5]. The U.S. Environmental Protection
Agency (EPA) has set the safety limits of Pb2+ in drinking water as
72 nM [6]. Therefore, developing sensitive techniques that can accurate
determine the Pb2+ at the trace level in environmental and biological
samples has become increasingly important.

Commonly, the traditional methods applied for the quantification of
the Pb2+ in the laboratory aremainly based on cold vapour atomic, atom-
ic fluorescence spectroscopy (AFS) [7], atomic absorption spectroscopy
(AAS) [8], inductively coupled plasma atomic emission spectroscopy
(ICP-AES) [9,10] and inductively coupled plasma-mass spectrometry
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(ICP-MS) [11]. Although these techniques are precise but suffer from
some disadvantages of time-consuming pretreatment of the sample,
high cost, the requiring of sophisticated equipments and highly qualified
technicians etc. [12]. To overcome these limitations, an achievement of
sensitive, simple and economical approach for the detection of Pb2+ is
highly imperative. Therefore, Pb2+ sensors have become a hot topic in
analytical chemistry. In contrast, DNA biosensors are of particular interest
and have been widely employed for the task of detection of contamina-
tions or bioterrorism agents, analysis of food, point-of-care diagnostics
due to its high selectivity and sensitivity [13]. Especially, DNAzyme-
based biosensors that developed through the systematic selection is gen-
eralizable for awide range ofmetal ions [14]. So theDNAzyme-based bio-
sensors has the potential to fill this technology gap and is considered as a
promising tool for Pb2+ detection. As ICP-MS technique is routinely used
for the analysis of Pb2+ in environmental samples, the dis-/advantages of
ICP-MS technique for determination of Pb2+ was shown in Table S1 for
comparing the analytical performance features for Pb2+ determination
from the current state of the art (ICP-MS) to the DNA sensors discussed
in this review.

In this review paper, we intend to focus on the recent progress in the
design of two types of Pb2+-dependent DNAzyme and G-quadruplex
DNAzyme sensors for toxic Pb2+ detection with fluorescent, colorimet-
ric and electrochemical signal readout as the sensing signal. Further-
more, examples of the sensors' application for rapid, sensitive and
selective Pb2+ detection in real samples, such as environmental sample
(real environmental water, extracts of soil) and biological sample
(blood), are also discussed in this review.

2. Pb2+-dependent DNAzyme for Pb2+ detection

Metal-dependent DNAzyme, newest members of the enzyme
family, was first reported in the 1990s [15]. The DNAzyme, such as
Pb2+-dependent 8–17 Enzyme [16], Mg2+-dependent DNAzymes
[17], Ca2+-dependent Enzyme [18], is comprised of an enzyme strand
and a substrate strand, which contains a single ribonucleobase (RNA)
linkage (such as rA) that serves as the cleavage site (RNA phosphoester)
followed by a G-T wobble pair [19]. Generally, the enzyme strands and
the substrate strands were first hybridized to duplex in buffer solution.
And then the enzyme strand can bind its target metal ions (such as
Pb2+, Ca2+, Mg2+) [20], which acts as cofactors, and exhibits high cata-
lytic activities to recognize and cleave toward its rA-containing substrate
strand (Scheme 1). By choosing proper signal reporter, the Pb2+ can be
detected. Compared with the protein enzymes, these metal-dependent
DNAzymes possessmanymerits of low production cost, simple prepara-
tion steps, and easy storage. All these features make the metal-depen-
dent DNAzymes particularly attractive as a biosensor platform for
metal ion detection. 8–17 DNAzyme-based sensor is the first DNAzyme
sensor reported for Pb2+ detection [21]. Until now, a variety of
DNAzyme-based sensors have been developed for the detection of
Pb2+ ion with brilliant specificity toward Pb2+ due to its “lock-and-
key” mode of catalysis for Pb2+-dependent activity [20,22].
Scheme 1. Preparation and working mech
2.1. Fluorescent Pb2+-dependent DNAzyme sensor

With fluorescence as the signal transduction, DNAzyme-based fluo-
rescent sensors has been extensively applied for Pb2+ detection by vir-
tue of its advantages of high sensitivity, fast kinetics. However, DNA
itself has no fluorescent property, so a fluorescence signal reporter is re-
quired, which is usually labeled in the ends of DNA strand (labels with
fluorophores and/or quenchers) during the synthesis processes [23].
The general fluorescent sensor design based on Pb2+-dependent
DNAzyme for Pb2+ detection was shown in Fig. 1. Li et al. developed
thefirst sensor for highly sensitive and selective detection of Pb2+ by la-
beling the 8–17 DNAzyme and its substrate with a quencher and
fluorophore, respectively [21]. The fluorescent sensor was designed by
labeling the 5′-end of the substrate with the fluorophore TAMRA (6-
carboxytetramethylrhodamine) and the 3′-end of the enzyme strand
with a fluorescence quencher Dabcyl (4-(4′-dimethylaminophenylazo)
benzoic acid). Due to the specific recognition of Pb2+, the assay exhibit-
ed a lower quantifiable detection limit of 10 nM and an excellent selec-
tivity of 80-fold for Pb2+ over other metal ions. Furthermore, on the
basis that single-stranded DNA containing different number of bases
in length showed different affinity to graphene, Zhao et al. developed
a GO-DNAzyme based biosensor for amplified fluorescence detection
of Pb2+ for the first time [24]. The hybridized duplex of FAM-labeled
DNAzyme and substrate acted as both a molecular recognition module
and signal reporter. Due to the super fluorescence quenching efficiency
of GO, the assay showed high sensitivity with a detection limit of
300 pM for Pb2+. And the assay performed excellent selectivity than
8–17 DNAzyme sensor as a result of the use of Pb2+-dependent GR-5
DNAzyme instead of 8–17DNAzyme. Furthermore, the proposed sensor
was applicable for practical Pb2+ detection in Xiang River water spiked
with Pb2+, with other potentially interfering species coexisting.

Some free organic compounds do not exhibit fluorescence, but can
produce measurable fluorescence signal after interacting with the DNA
strands [25]. For example, the dye Picogreen (PG) exhibits very weak
fluorescence upon binding to single-stranded DNA while it displays
much intense fluorescence when binding to double-stranded DNA. On
the basis of the findings, Zhang et al. demonstrated a label-free, signal-
off fluorescent Pb2+ assay using 8–17 DNAzyme and the double-
strand-chelating PG [26]. In the absence of Pb2+, PG is intercalated
into the double strand DNA, displaying very strong fluorescence signal;
while in the presence of Pb2+, the substrate strand is cleaved to frag-
ments, resulting in weak interactions of ss-DNA with PG, showing very
weak fluorescence. The assay enables fluorescence detection of Pb2+

in the aqueous solutionwith sensitivity of 10 nMdetection limit and se-
lectivity over other metal ions of Hg2+, Mg2+, Ca2+, Zn2+ and Cu2+.

The solution based fluorescent assays allow the effective Pb2+detec-
tion, but the background fluorescent signal is relatively high because of
the partially unhybridized substrates strand and the enzyme strand at
ambient conditions [20]. To overcome this inherent drawback, the sur-
face-based assays have attracted people's attention due to that it can
avoid the worry that the fluorescent signal may be quenched by other
anism of metal-dependent enzyme.



Fig. 1. Working principle of fluorescent Pb2+-dependent DNAzyme sensor for Pb2+ detection. A: Quencher-labeled and fluorophore-labeled DNAzyme-substrate duplex (without
fluorescence); B: Binding of Pb2+ in the specific binding site; C: Cleavage of the rA-containing substrate, releasing free fluorophore-labeled substrate and producing strong fluorescent
signal.
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potential interfering compounds [27]. This surface-immobilizedfluores-
cent assays enable the long-term storage of the sensors, and the back-
ground fluorescence of the sensor system was decreased by one order
of magnitude, which make it more practical applications in environ-
mental samples. Swearingen et al. reported the first surface-based
assay [28]. In their work, the fluorophore labeled substrate DNA was
immobilized on the gold substrates, upon incubating with Pb2+ sam-
ples, the substrate strands were cleaved into fragments and the
fluorophores were released, resulting in Pb2+-dependent fluorescence
change. The assay showed a wide linear response for Pb2+ from 1 nM
to 10 μM and an improved sensitivity (lowers the detection limit from
10 nM to 1 nM) over the solution based fluorescent sensor. Recently,
however, Fu et al. reported an amplified “turn-on” fluorescent sensor
for Pb2+ detection with catalytic DNAzyme as label-free catalytic bea-
cons [29]. Through enzymatic turnover with cleavage-induced G-
quadruplex formation, then the zinc(II)-protoporphyrin IX/G-
quadruplex complexes were formed by intercalating interaction with
zinc(II)-protoporphyrin IX, which acted as the signal reporter unit.
Based on the fluorescence signal change, the proposed DNAzyme sensor
could achieve high selectivity and sensitivity, and showed a linear re-
sponse for Pb2+ from 5 to 100 nM, with a low detection limit of 3 nM.

The above mentioned fluorescent method is not suitable for high
throughput applications. Combining the lead-specific DNAzymes with
the microarray technique should enable the high-throughput and effi-
cient determination of lead ions at minute concentrations. Later, by
immobilizing 8–17 DNAzymes and substrates on microarrays, Liu et al.
designed a facile microarray-based fluorescent sensor for the detection
of Pb2+ based on the catalytic cleavages of the substrates by the Pb2+-
dependent 8–17DNAzyme [30]. The sensor showed a quantifiable detec-
tion range from1nMto 1mMwith1 nMdetection limit, and a selectivity
of 20-fold for Pb2+ over othermetal ions of Hg2+,Mg2+, Ca2+, Zn2+ and
Cu2+. Zuo et al. constructed a sensor arrays for the high-throughput de-
tection of Pb2+, the sensor arrays combines the high sensitivity and se-
lectivity of DNAzymes with the high throughput and parallel analysis
of microarray technology, revealing a sensitivity of 10 nM for Pb2+ (lin-
ear range from10nMto 100 μM.) [31]. Furthermore, the proposedmeth-
od was successfully performed for analyzing spiked river water samples.

2.2. Colormetric Pb2+-dependent DNAzyme sensor

In addition to fluorescence color, with absorption color as the signal
output, the Pb2+-specific DNAzyme have also been applied for colori-
metric detection of Pb2+ with the advantages of eliminating or mini-
mizing most costs associated with fluorescence detection, as the
visible sensor can be directly read out by eye observation without any
instrumentation, and this merit make its on-site, real-time detection
easier. So far, various colorimetric Pb2+-specific DNAzyme sensors
have been constructed for Pb2+ detection.

Previous researches have shown that different aggregation states of
metal nanoparticles can result in distinctive color changes, such as gold
nanoparticles [32,33], semiconductor nanoparticles [34]. The gold nano-
particles exhibit very high extinction coefficients and are regarded as
ideal candidates for incorporation into colorimetric sensors [35]. Until
now, the DNA-functionalized Au particles have been widely applied
for economically viable sensors in bioanalytical areas. The first colori-
metric Pb2+ sensor based on gold nanoparticles andDNAzymeswas de-
veloped in 2003 [36]. In thiswork, Liu et al. reported a colorimetric Pb2+

sensor with the gold nanoparticles as the colorimetric reporter group.
The sensing principle of the colorimetric sensor was shown in Fig. 2.
In the absence of Pb2+, the gold nanoparticles were crosslinked as ag-
gregates by DNAzyme substrates through DNA hybridization, and the
system showed a blue color with an absorption band about 700 nm;
in the presence of Pb2+, the substrate strands were readily cleaved,
and the dispersed gold nanoparticles displayed a red color with an ab-
sorption band around 522 nm. Therefore, the ratio of E522/E700 was
used as a measure for the detection of Pb2+. The sensor showed a sen-
sitivity to 100 nM for Pb2+. However, the sensor was time-consuming,
and 2 h was needed to observe the system color change. Later, their
group optimized the lengths of DNAzymes, gold nanoparticles size
and temperatures, and finally the “tail-to-tail” nanoparticle alignment
and gold nanoparticles size (42 nm)were proved to be themajor deter-
mining factors, demonstrating a new improved sensor that allowed
rapid detection of Pb2+ at room temperature (b10 min). The sensor
showed good selectivity over other divalent metals, such as Mg2+,
Ca2+, Mn2+, Co2+, Ni2+, Zn2+ or Cd2+ [37].

Instead of cross-linking gold nanoparticles by DNA hybridization,
Zhao et al. aiming to design a facile colorimetric sensor by DNAzymes
cleavage of the substrate strands on well-dispersed gold nanoparticles,
which could cause aggregation of the nanoparticles. In the assay, the
DNAzymemodified AuNPs are well dispersed in salt solution in the ab-
sence of Pb2+ due to the electrostatic and steric stabilization. However,
the addition of Pb2+ destabilizes the AuNPs because of the enzymatic
cleavage of DNA chains on the AuNP surface, resulting in a rapid aggre-
gation, and accompanied with a color change from red color to purple
color. Thus, the Pb2+ could be detected with response time of merely
2 min [38]. The sensor also showed good selectivity over other metals
of Mg2+, Mn2+, Ca2+, and Cd2+. Compared with previous studies in
which the gold nanoparticles aggregates (DNAzyme-cross-linked gold



Fig. 2.Working principle of colorimetric Pb2+-dependent DNAzyme sensor for Pb2+ detection. A:Goldnanoparticles, which are crosslinked as aggregates byDNAzyme-substrates through
DNA hybridization, show a blue color with an absorption band about 700 nm; B: Site-specific hydrolysis of rA in the presence of Pb2+, producing dispersed gold nanoparticles, which
display a red color with an absorption band around 522 nm.
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nanoparticles) were converted into dispersed gold nanoparticles by
DNAzyme cleavage of substrate DNA crosslinkers, the improved colori-
metric sensor was technically simpler. Furthermore, the accessibility of
DNA to enzymes on well-dispersed gold nanoparticles in this work ap-
peared to be better than that embedded inside aggregates [38].

The abovementioned sensors were designed on the basis of that the
thiolated DNA can self-assembled onto the gold electrode via strong
S\\Au covalent bonding. In addition to thiol-gold interactions, the
DNA strand can also bind to gold nanoparticles noncovalently via its nu-
cleotide bases [39], with much higher binding affinities to gold for sin-
gle-strand DNA than fully complementary double-strand DNA due to
the exposed nucleotide bases [40]. Accordingly, the label-free colori-
metric sensors for Pb2+ have been developed utilizing Pb2+-specific
DNAzymes and unmodified gold nanoparticles. For example, Wei et al.
developed a rapid, sensitive and label-free DNAzyme-based sensor for
Pb2+ detection [41]. In the presence of Pb2+, the substrate strand was
cleaved into fragments (single-stranded DNA) by the DNAzyme,
which could be adsorbed on the citrate protected gold nanoparticles;
while in the absence of Pb2+, the hybridized double-stranded DNA of
substrate and DNAzyme could not, the color change of gold nanoparti-
cles could bemeasured, thereby Pb2+ detection was realized with a de-
tection limit of 500 nM. The modification-free colorimetric sensor was
successfully applied for detection of Pb2+ within 20 min and showed
good selectivity over Mg2+, Mn2+, Ca2+, Cd2+, Zn2+, Co2+, Ni2+ and
Cu2+.

With the absorption response of gold nanoparticles as the detection
signal, the described colorimetric sensors can exhibit only moderate
sensitivity with nanomolar detection limits [42]. To meet these chal-
lenges and greatly improve the detection sensitivity, enzymatic and
hairpin based amplification processes have been utilized for Pb2+ de-
tection. For example, Yun et al. designed a label-free ultra-sensitive col-
orimetric Pb2+ sensor using molecular beacon and DNAzyme for signal
amplification [42]. By taking advantage of recycle using Pb2+-depen-
dent enzyme, the sensor exhibited high sensitivity for Pb2+ in a linear
range from 0.05 nM to 5 nM with a detection limit of 20 pM by UV–
vis spectrometer. The selectivity of this sensor was also evaluated by
testing the other divalent metal ions, such as Mg2+, Zn2+, Ca2+,
Hg2+, Fe2+, Co2+, Sn2+ and Cu2+. Furthermore, this sensing strategy
was also applied to determine Pb2+ in Fujing River (Jiangyou, China)
water samples with satisfying results.

It is noteworthy that environmental water samples with color is not
suitable for colorimetric and fluorescent detection of Pb2+, that is be-
cause the coexisting colored compounds can not only produce strong
background signal, but also effect the DNAzyme catalyzed H2O2-medi-
ated oxidation of the substrates. Thus, the colorimetric/fluorescent
signal intensity measured in the colored water samples cannot be
used for Pb2+ quantification.

2.3. Electrochemical Pb2+-dependent DNAzyme sensor

Electrochemical assays have been widely applied for the on-site de-
tection of contaminations [12]. Due to their outstanding characteristics,
such as high sensitivity, low cost, simple instrumentation, and rapid re-
sponse time, electrochemical methods have been employed to design
DNAzyme-based sensors for Pb2+ [43–45]. As the DNA cannot produce
strong electrochemical signal on the electrode, thereby a electrochemi-
cal signal reporter is usually required [46–48]. The general electrochem-
ical sensor design based on Pb2+-dependent DNAzyme for Pb2+

detection was shown in Fig. 3.
For example, Plaxco et al. reported a DNAzyme-based electrochem-

ical biosensor for Pb2+ detection with methylene blue (MB) as redox-
active compound (signal reporter) [49]. First, the Pb2+-specific
DNAzyme strand was functionalized with MB and immobilized onto
the gold electrode surface via a Au\\S bonding. Then, the DNAzyme
modified electrode was immersed in the complementary substrate
DNA solution and hybridized to duplex DNA that could prohibit any
contact between MB and the electrode, producing weak current signal.
In the presence of Pb2+, the substrate was cleaved and released from
the electrode surface, thus the DNAenzyme strand was more flexible
and facilitated the electrochemical communication between MB and
the electrode, producing an enhanced electrochemical signal, which
was proportional to the concentration of Pb2+. The detection limit of
the proposed sensor for Pb2+ was 300 nM after 60 min incubation,
with a linear range from 0.5 μM to 10 μM. The specificity of the
DNAzyme sensor was challenged with metal ions of Mn2+, Ni2+,
Zn2+, Co2+, Mg2+, Ca2+, Cu2+ and Hg2+, and little signal change was
observed. Thus the sensor appeared to be specific to Pb2+. Furthermore,
the sensor was successfully applied for Pb2+ detection in extracts of soil
spiked with lead, with a detection limit of 300 nM, illustrating the
sensor's applicability.

To improve the sensitivity, nanoparticles were usually modified in
the substrate strand to enhance the electrochemical signal [50]. For ex-
ample, Shen et al. developed a electrochemical sensing assay by taking
advantage of catalytic reactions of the DNAzymes that binding to Pb2+

and theDNA-Au bio-bar codes for signal enhancement. After incubation
with Pb2+ for 60min, the electrochemical DNAzyme sensor enabled the
detection limit of Pb2+ to be 1 nMwith a linear calibration ranging from
5nMto 100 nMbymeasuring differential pulse voltammetry (DPV) sig-
nals of Ru(NH3)63+ [51]. Later, Yang et al. developed a novel strategy for
constructing an amplified DNAzyme sensor for the electrochemical



Fig. 3.Working principle of electrochemical Pb2+-dependent DNAzyme sensor for Pb2+ detection. A: Immobilization ofmethylene blue (MB)-functionalized Pb2+-specific DNAzyme and
substrate duplex onto the gold electrode, prohibiting the contact between MB and the electrode; B: Binding of Pb2+ in the specific binding site, and exhibits high catalytic activities; C:
Cleaving toward its rA-containing substrate strand, releasing flexible DNAenzyme strand, thus facilitated the electrochemical communication between MB and the electrode.
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detection of Pb2+ [52]. The DNAzyme strand was immobilized onto the
gold nanoparticles, and then hybridized it to substrate strand. In the
presence of Pb2+, the substrate was cleaved and released from the
gold nanoparticles, then the DNAzyme strand modified on the gold
nanoparticles could hybridize with the capture DNAmodified electrode
film, which resulting in an enhanced electrochemical signal. Based on
the chronocoulometric (CC) signals of Ru(NH3)63+, a linear relationship
between Q and Pb2+ concentrationwas obtained from 0.1 nM to 35 nM
with a detection limit of 0.028 nM. The specificity of the sensor was de-
termined by challenging it with other metal ions of Mn2+, Ni2+, Zn2+,
Co2+, Mg2+, Ca2+ and Cu2+, and the results indicated the sensor was
highly specific to Pb2+.

Furthermore, quantum dots have also been widely used as signal
amplifiers for constructing ultrasensitive DNA sensors. For example,
Zhang et al. developed an electrochemical DNAzyme-based strategy
for monitoring of Pb2+ by anodic stripping voltammetry (ASV) with
PbS quantum dots layer-by-layer assemblies as signal amplification la-
bels [53]. The proposed Pb2+ sensing approach combined the catalytic
activity of the Pb2+-specific DNAzymes, and enabled to detect Pb2+

with a dynamic range from 1 nM to 1000 nM (detection limit of
600 pM) after 60 min incubation with Pb2+. The sensor showed good
selectivity for Pb2+ against other metal ions of Mg2+, Mn2+, Zn2+,
Hg2+ and Cu2+, and was successfully employed to monitor Pb2+ in
real waste water samples. Tang et al. constructed a simple, ultrasensi-
tive sensor for electrochemical detection of Pb2+ by ASV [54]. Due to
the DNA-assisted cascade of hybridization reaction with the CdS quan-
tum dots for signal amplification, the detection limit for Pb2+ can be
as low as 6.1 pM after 60min cleavage time of the biosensor in the pres-
ence of Pb2+. And the DNAzyme sensor has high selectivity toward
Pb2+ over other metal ions commonly coexist with Pb2+, such as
Mg2+, Mn2+, Zn2+, Pb2+, Cd2+, Hg2+ and Cu2+. Furthermore, they
also applied the proposed sensing system to detect Pb2+ in Minjiang
River (Fuzhou, China) water samples. Zhuang et al. designed a novel
magneto-controlled electrochemical DNA biosensor for ultrasensitive
Pb2+ detection with ferrocene as signal reporter by coupling the
Pb2+-specific DNAzyme with DNA-based hybridization chain reaction.
Based on the square wave voltammetry response (SWV), a linear rela-
tionship was observed between the peak currents and the logarithm
of Pb2+ concentrations in the range of 0.1 nM to 75 nMwith a low de-
tection limit of 37 pM [47]. The selectivity of the designed sensor was
evaluated by challenging it against other metal ions including Hg2+,
Co2+, Cu2+, Ag+, Ni2+, Zn2+, Fe2+, Cd2+ andMg2+, and the results re-
vealed that the sensor exhibited high specificity to Pb2+. Ge et al.
developed a multi-amplified paper-based electrochemical DNAzyme
sensor with HRP/GOx bioconjugations as the signal amplification unit
for Pb2+ detection [55]. The developed sensor exhibited a wide linear
response from 0.005 nM to 2000 nM, with a detection limit of 2 pM.

Electrochemical impedance spectroscopy (EIS) has been proven to
be sensitive tool for probing the features of DNA-modified electrodes
with the advantages of ease of signal quantification, less damage to
the biological interactions, and label-free on the DNA strand [56]. And
EIS biosensors have been widely applied to heavy metals detection.
Zhou et al. developed a label-free impedimetric sensor for Pb2+ deter-
mination based on DNAzyme catalytic beacons and ordered mesopo-
rous carbon–gold nanoparticle sensing platform. The sensor showed a
linear relation with the Pb2+ concentration in a wide range of 0.5 nM
to 50 μM, with a detection limit of 0.2 nM [57]. Then the sensor was
employed for Pb2+ determination in Taozi lake water and Xiangjing
River water samples, indicating the potential of the sensor as a reliable
analytical method for environmental Pb2+ detection. Our group report-
ed a label-free, simple and sensitive assay for detection of Pb2+ by EIS
[58]. The pre-hybridized duplex DNA of DNAzyme and the complemen-
tary substrate DNA was immobilized onto the gold electrode via Au\\S
bonding. Upon addition of Pb2+, changes in the DNA structure led to re-
duced charge transfer resistance, based on which allowed to selectively
detect at 0.1 pM, which is much lower than other electrochemical
DNAzyme sensors. The sensor was also successfully challenged in natu-
ral lake water sample (Baiyangdian Lake, China).

Commonly, traditional Pb2+-specific DNAzyme based electrochem-
ical biosensors need the immobilization of DNA on the electrode sur-
face, and this procedure is time-consuming and tedious. Tan et al.
proposed a simple but sensitive immobilization free DNAzyme based
electrochemical sensor for Pb2+ detection [59]. The established sensor
was ease of operation because it is immobilization free and has high se-
lectivity due to the DNAzyme specificity to Pb2+. The electrochemical
signal has a linear relationship with the Pb2+ concentration over the
range of 0.05 μM to 1 μM with a 18 nM detection limit. Furthermore,
the sensor has been applied to detect Pb2+ in Minjiang River (Fuzhou
China) water samples with satisfactory results.

3. G-quadruplex DNAzyme for Pb2+ ion detection

A single-stranded guanine-rich DNA can transform into G-
quadruplex in the presence of cation ions (such as K+, Pb2+) that is
found to complex tightly with hemin to form the ion-stabilized
hemin/G-quadruplex complex [60]. The hemin/G-quadruplex complex
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displays robust peroxidase activity and acts as horseradish peroxidase-
mimicking DNAzyme (G-quadruplex DNAzyme), which can catalyze
the oxidation reaction between the target molecules and hydrogen
peroxide, and result in the appearance of an oxidized product [61,
62]. Compared with the Pb2+-specific DNAzyme, which is high cost
of DNAzyme preparation and the use of unstable molecules (RNA)
[63], the G-quadruplex DNAzyme possesses the advantages of less
expensive, stable against hydrolysis, high thermal stability, rena-
tured several times without losing their activity [64]. Therefore, the
G-quadruplex DNAzyme has been extensively applied for the design
of numerous sensors. In the followings, we will focus on the strategies
for designing of fluorescent, colorimetric and electrochemical sensors
based on the signal amplification of hemin/G-quadruplex DNAzyme.

3.1. Fluorescent G-quadruplex DNAzyme sensor

Studies have confirmed that Pb2+ is capable of stabilizing the
G-quadruplex structure [65–67], and the formed Pb2+-stabilized
G-quadruplex can also bindwithhemin and then showperoxidase activ-
ity. However, to develop a fluorescent sensor, a fluorescent signal probe is
required,which has nofluorescence property itself but the oxidation prod-
uct displays strong fluorescence signal when oxidized by G-quadruplex
DNAzyme. Following this principle, G-quadruplex DNAzyme-based
fluorescent sensor for selective detection Pb2+ was developed. Never-
theless, a few fluorescent sensors have been developed so far.

Li et al. developed a G-quadruplex DNAzyme-based fluorescence
assay for the detection of Pb2+ ions [68]. The detection mechanism
based on G-quadruplex DNAzyme for Pb2+ detection was shown in
Fig. 4. In their work, Amplex UltraRed (AUR) was selected as the signal
reporter andAGRO100was employed for preparation theG-quadruplex
DNAzyme. In the absence of Pb2+, the catalytic activity of hemin in the
presence of AGRO100 was very weak, and the fluorescence intensity of
the system showed very low. In the presence of Pb2+, the fluorescence
intensity of the system increased significantly,whichwas due to the for-
mation of Pb2+-stabilized hemin/G-quadruplex complexes (G-
quadruplex DNAzyme) that possesses high catalytic activity and can
act as a cofactor to catalyzeH2O2-mediated oxidation of non-fluorescent
Amplex Ultra Red (AUR) to form a highly fluorescent oxidized AUR
product, resulting in increased fluorescent intensity. The assay exhibit-
ed excellent selectivity of 100-fold toward Pb2+ over other tested
metal ions and high sensitivity for Pb2+ with a linear detection range
from 0 nM to 1000 nM, detection limit of 0.4 nM. Besides, they also val-
idated the practicality of the sensing probe for Pb2+ determination in
Fig. 4. Sensing principle offluorescentG-quadruplexDNAzyme sensor for Pb2+ detection. A: Fre
quadruplex complexes (G-quadruplex DNAzyme) in the presence of Pb2+ and hemin (acts as a
non-fluorescent Amplex Ultra Red (AUR) to form a highly fluorescent oxidized AUR product.
extracts of soil samples, and the results indicated that the proposed
method was comparable to the ICP/MS-based analysis for Pb2+.

Later, using the similar strategy, they designed an improved
fluorescence assay for quantification of Pb2+ [69]. In this work,
gold nanoparticles were employed for DNAzyme oligonucleotide
(T30695) immobilization. Due to the large surface of the gold nano-
particles, many Pb2+-stabilized hemin/G-quadruplex complexes
formed on the gold nanoparticle, which significantly enhanced the cat-
alytic activity of the system to catalytic oxidization theH2O2-AURprobe.
Thus, a lower detection limit of 0.05 nM for Pb2+ is achieved, and the
linear response of its fluorescence intensity with respect to the Pb2+

concentration was over the range 0 nM to 100 nM. Furthermore, the
assay allowed detection of Pb2+ in blood samples without conducting
tedious sample pretreatment. The results showed that the T30695–Au
NPs/AUR assay had the potential for on-site and real-time detection of
Pb2+ ions in biological samples.

3.2. Colormetric G-quadruplex DNAzyme sensor

Unlike the colorimetric Pb2+-dependent DNAzyme sensors that col-
orimetric reporters (nanoparticles) are required, many other agents
(substrate of the G-quadruplex DNAzyme) are available for colorimetric
G-quadruplexDNAzyme sensors, such as 3,3′,5,5′-Tetramethylbenzidine
(TMB) [70], o-phenylenediamine (OPD) [71] and 2,2-azino-bis(3-ethyl-
benzothiazoline-6-sulfonic acid) (ABTS) [72]. The G-quadruplex
DNAzyme can catalyze oxidation of the substrates to colored products
with excessive H2O2. Therefore, a series of colorimetric sensors for the
sensitive and selective detection of Pb2+ were prepared.

For example, Li et al. developed a colorimetric G-quadruplex
DNAzyme (named PS2. M) sensor for Pb2+ with ABTS as the signal re-
porter [73]. The principle of sensing Pb2+ via G-quadruplex DNAzyme
was shown in Fig. 5. In the presence of K+, the K+-stabilized G-
quadruplex DNAzyme exhibited a superior peroxidase activity and effec-
tively catalyzed the H2O2-mediated oxidation of ABTS to the colored
ABTS•− (radical form). Upon addition of Pb2+, the K+-stabilized G-
quadruplex converted to the more stable Pb2+-stabilized G-quadruplex
but with low DNAzyme activity, which is reflected by an obvious de-
crease in readout signal. This ABTS-H2O2 colorimetric system allowed to
quantitative detection Pb2+ in aqueous with a detection limit of 32 nM.
To demonstrate the application potential of the G-quadruplex DNAzyme
probe in environmental analysis, Pb2+ in the freshwater systemwas test-
ed, and the results suggested that the introduced DNAzyme-basedmeth-
od could be applied to the analysis of Pb2+ in environmental samples.
e singleDNAzyme strands (AGRO100) in buffer; B: Formation of Pb2+-stabilizedhemin/G-
cofactor), which show high catalytic activity and catalyze the H2O2-mediated oxidation of



Fig. 5. Illustration of Pb2+-induced allosteric G-quadruplex DNAzyme for colorimetric detection of Pb2+. A: The K+-stabilized G-quadruplex DNAzymes exhibit peroxidase activity and
catalyze the H2O2-mediated oxidation of ABTS to the colored ABTS•−; B: Transformation of the K+-stabilized G-quadruplex into the more stable Pb2+-stabilized G-quadruplex but
with low DNAzyme activity, decreasing the color of the sensing system.
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Similarly, based on the difference in binding abilities and G-
quadruplex DNAzyme activities of the G-quadruplex toward K+ and
Pb2+ [74], Wang et al. reported a colorimetric G-quadruplex DNAzyme
(named PS2.M) sensor for Pb2+ detection with ABTS as the signal re-
porter [75]. Upon addition of Pb2+ to the K+-stabilized G-quadruplex/
hemin complex system, K+ was replaced by Pb2+ in the G-quadruplex,
resulting in the loss of the binding ability toward hemin and the inhibi-
tion of the G-quadruplex DNAzyme activity. Based on the color change
of the catalyzed H2O2-mediated oxidation of ABTS, this assay enabled
Pb2+ to be determined in the range from 0.05 μM to 1.2 μM, with a de-
tection limit of 27 nM. The assay was successfully applied for Pb2+ de-
tection in real water samples.

With G-quadruplex DNAzyme as the biocatalyst for the amplified
readout, dual DNAzyme-based sensors were developed on the basis of
the Pb2+-specific DNAzyme and G-quadruplex DNAzyme [76,77]. For
instance, Zhu et al. designed a novel aptamer-DNAzyme hairpin struc-
ture, composed of Pb2+-dependent DNAzyme and HRP-mimicking
DNAzyme (G-quadruplex DNAzyme), which could be used as a sensor
for colorimetric detection of Pb2+ [78]. In the absence of Pb2+, the hair-
pin could not be open, and thus the formation of the G-quadruplex was
inhibited, whereas the presence of Pb2+ induced the conformational
change of the hairpin structure and activated the HRP-mimicking
DNAzyme. The formed G-quadruplex DNAzyme then catalyzed the
H2O2-mediated oxidation of ABTS to the colored ABTS•−. Based on the
color change, the concentration of Pb2+ could be determinedwith a de-
tection limit of 10 nM. Selectivity results showed that the sensor had a
highly specific response to Pb2+. The proposed method was applied to
evaluate Pb2+ concentration in Minjiang River (Fuzhou China) water
samples. The results indicated that this proposed method could be
used to detect Pb2+ in real water samples. Similarly, Zhang et al. de-
signed an intramolecular stem-loop structurewith the DNA/RNA-cleav-
ing DNAzyme in the loop portion and the G-quadruplex DNAzyme
sequence was caged in the double-stranded stem portion. In the pres-
ence of Pb2+, the substrate strand is cleaved to fragments, resulting in
the release of the DNAzyme sequence and subsequent formation of a
G-quadruplex DNAzyme. Due to the dual signal amplifications of the
Pb2+-specific DNAzyme and the G-quadruplex DNAzyme, the sensing
system exhibited high level of sensitivity with a detection limit of
14 nM [79].

The above mentioned Pb2+-promoted G-quadruplex DNAzyme has
been widely used for Pb2+ detection in laboratory, but it has never
been applied to design a detection kit for Pb2+ detection.With this mo-
tivation, Liu et al. developed a detection kit using guaiacol (GA) as ideal
colorimetric probe for facile detection of Pb2+ [80]. The detection limit
had a working range of 10 nM to 100 nM with a low detection limit of
1 nM for Pb2+. The shelf-life of the kit was 180 days at 4 °C, and the
reliability of the kit was evaluated for Pb2+ determination in real food
samples. The excellent performance characteristics of the detection kit
indicated that it holds a promising application for low-cost and sensitive
Pb2+ detection in foods.

3.3. Electrochemical G-quadruplex DNAzyme sensor

A very important feature of the G-quadruplex DNAzyme is the per-
oxidase-like activity, which is able to effectively catalyze the H2O2-me-
diated oxidation of the substrates with an obvious color change or lead
to the generation of fluorescence in the presence of H2O2-AUR. Taking
advantage of these properties, a number of colorimetric or fluorescent
G-quadruplex DNAzyme-based biosensors have been developed for
the amplified biosensing of Pb2+. However, electrochemical assay is
an interesting and convenient techniquewith high sensitivity and selec-
tivity and electrochemical detection of small molecules by using the
simple, low cost devices have recently received a good deal of attention,
in comparison with the spectroscopic methods [81].

The peroxidase can catalyze oxidation polymerization of aniline to
PANI [82], which is one of the most important conducting polymers
due to its remarkable electrochemical and redox properties [83]. On
the basis of this principle, Li et al. developed the first electrochemical
G-quadruplex DNAzyme sensor for highly sensitive and selective detec-
tion of Pb2+ with aniline as the substrate [84]. The sensing principle for
Pb2+ was shown in Fig. 6. First, the guanine-rich DNA was self-assem-
bled on the electrode surface. Upon addition of Pb2+, the guanine-rich
DNA transformed into G-quadruplex structure, and the G-quadruplex
DNAzyme with peroxidase catalytic activity was successfully achieved
after binding with hemin. Subsequently, the G-quadruplex DNAzyme
catalyzed oxidation of aniline to PANI in the G-quadruplex structure in
the presence of H2O2, resulting in a readily measurable “turn-on” am-
perometric signal. The constructed assay exhibited good response to-
ward Pb2+ with a low detection limit of 0.5 nM.

Afterwards, Zhang et al. also designed an in-situ amplified electro-
chemical sensing of Pb2+ based on G-quadruplex DNAzyme-catalyzed
polymerization of aniline [85]. In the presence of Pb2+, the Pb2+-specif-
ic DNAzyme was activated and then cleaved the substrate strand at the
RNA site (rA) into two parts, which triggering strand-induced DNA hy-
bridization chain reaction events, and forming a nicked double-helix.
Upon addition of hemin, the hemin-binding aptamer could form the
DNAzyme. Hence, a large number of DNAzymes were cascaded through
the double-helix DNA. Due to the generation of polyaniline through the
large number of DNAzymes-catalyzed polymerization, the catalytic cur-
rents of the as-produced polyaniline were linearly dependent on target
Pb2+ concentration from0.05 nM to 50 nMwith a lowdetection limit of
32 pM. The sensorwas successfully applied for determination of Pb2+ in



Fig. 6. Schematic illustration of Pb2+ sensing principle based on G-quadruplex DNAzyme-catalyzed deposition of PANI. A: Preparation of guanine-rich DNA modified gold electrode; B:
Immersing the DNA film into Pb2+ and hemin solution, successively, to prepare G-quadruplex DNAzyme film; C: Catalyzed oxidation of aniline to PANI in the G-quadruplex structure
in the presence of H2O2; D: Amperometric measurement.
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Minjiang River (Fuzhou, China) water samples and showed good spec-
ificity and selectivity to Pb2+ over other metal ions, e.g., Zn2+, Cu2+,
Cd2+, Mn2+, Mg2+, Co2+ and Ni2+.

Until now, unfortunately, there has been very few reports with re-
spect to G-quadruplex DNAzyme-catalyzed deposition of substrate on
the electrode surface in constructing Pb2+ sensors. So developing elec-
trochemical G-quadruplex DNAzyme sensors for the detection of Pb2+

is still of a great challenge. Unlike PANI that possesses outstanding con-
ductivity, we have previously confirmed that some phenolic com-
pounds can also be catalytically oxidized by G-quadruplex DNAzyme
in the presence of H2O2 and produce insoluble products precipitated
on the electrode surface that reduced the conductivity of the electrode,
based on which “signal-on” electrochemical impedance spectroscopy
(EIS) sensors were developed with the merits of high sensitivity and
very short response time [86,87]. Therefore, G-quadruplex DNAzymes
have great potential in designing ultrasensitive Pb2+ sensors by using
proper substrates (such as phenolic compounds) as signal amplifiers.

4. Conclusions

DNAzymes have attracted growing interest as catalytic labels for sens-
ing events, which have become part of numerous applications in many
areas. And they also provide a broad platform for constructing biosensors
and have been customized for use in various signaling transduction strat-
egies. This review presents fundamentals concerning the properties of
the Pb2+-specificDNAzymeandG-quadruplexDNAzyme, and their sens-
ing principle of diverse type sensors. Examples of application of different
DNAzymes sensors for the detection of Pb2+with fluorescent, colorimet-
ric and electrochemical readout are also described in this review. The
rapid development of the DNAzyme-based sensing field is undoubtedly
a result of their outstanding properties, and thereby the DNAzymes
have the potential to be further applied to construct robust recognition
and catalytic units for bioanalysis and nanobiotechnology in the future.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.microc.2016.12.010.
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