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Abstract
An amplified electrochemical biosensing scheme is described for lead(II) ions. It is making use of DNAzyme-assisted target
recycling and catalytic hairpin assembly (CHA). The hairpin strand (substrate probe for the Pb2+-based DNAzyme; referred to as
SP) is composed of trigger probe (TP) and a capture probe 1 attached to gold nanoparticles (AuNP). In the presence of the enzyme
probe that partially hybridizes with SP, the introduction of Pb2+ triggers target recycling and drives the highly amplified
translation of target Pb(II) to TP. The CHA reaction is further initiated by TP. The modified AuNP act as the connecting unit,
and this leads to the formation of a 3D DNA-AuNP network on the electrode (which is the third amplification step). It can bind
the positively charged redox mediator RuHex via electrostatic interaction for electrochemical detection. This biosensor has a low
detection limit (95 pM) and any analytical range that covers the 100 pM to 5 μM Pb(II) concentration range. It is selective over
other divalent metal ions. It was applied to the determination of Pb2+ in spiked real-world samples.
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Introduction

As a well-known and non-biodegradable environmental pollut-
ant, lead cation (Pb2+) can accumulate in human body through
the food chain and cause many adverse effects on the immune,
central nervous, and reproductive systems, particularly on chil-

dren [1]. Nowadays, legal restrictions limit the lead level in the
environment. According to the International Agency for
Research on Cancer (IARC) and the U.S. Environmental
Protection Agency (EPA), the thresholds of Pb2+ in drinking
water are 10 ppb (48.26 nM) and 15 ppb (72 nM), respectively
[2]. Therefore, as a public health concern, the development of
routine and effective sensing platform for sensitive and selective
determination of Pb2+ is very essential for water quality control
and industrial monitoring. To achieve this, numerous common
detection technologies such as atomic absorption spectrometry
(AAS) [3], inductively coupled plasma-mass spectrometry
(ICP-MS) [4], inductively coupled plasma-atomic emission
spectrometry (ICP-AES) [5] have widely been applied in Pb2+

determination. However, those methods are still limited by te-
dious time-consuming sample pretreatment and skilled person-
nel for on-site detection. During the past decade, although great
efforts have been made to improve Pb2+ detection performance,
there are still challenges that need to be overcome to develop an
efficient and convenient method for Pb2+ monitoring.

DNAzymes are specific DNA sequences that can recognize
target analytes or catalyze specific chemical and biological
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reactions [6], such as DNA/RNA ligation [7], cleavage [8].
DNAzymes offer advantages over ribozymes or proteins as
they have higher catalytic activity and are much more stable
[9], that have been successfully employed for the metal ions
detection [10, 11]. As a classical model, the typical Pb2+-de-
pendent DNAzyme called “8–17” comprises of a substrate
strand (17DS) and an enzyme strand (17E), and the substrate
strand containing a single RNA base (rA) at the cleavage site
can be cleaved into two pieces in the presence of Pb2+ which
acts as a cofactor (Scheme 1a) [12]. And the activity of
DNAzyme is positively correlated to the concentration of
Pb2+ [13]. Based on that, some considerable DNAzyme-
mediated Pb2+ electrochemical biosensors combined with
the effective signal amplification means, which overcome
the limitations of the traditional protocols, have received in-
creasing attention. For instance, Zhuang et al. developed an
electrochemical biosensor by coupling Pb2+-dependent
DNAzyme cleavage with hybridization chain reaction
(HCR), in which ferrocene (Fc, electrochemical signal tag)
was labeled on the formed DNA nanowires [14]. Liu and
co-workers reported an electrochemical DNAzyme biosensor
for Pb2+ using cleavage-induced template-independent poly-
merization (using terminal deoxynucleotidyl transferase,
TdTase) and alkaline phosphatase amplification [15]. Cai
et al. studied a miniaturized electrochemical biosensing sys-
tem for Pb2+ detection based on dual Pb2+-DNAzyme assis-
tant feedback strategy, which involves two rolling circle am-
plification (RCA) processes [16]. Nevertheless, compared
with other strategies, the Fc labeling procedure and enzymes

all make the detection relatively costly and complicated.
Therefore, it is highly desirable to get access to a highly sen-
sitive approach for Pb2+ assay that offers the advantages of
excellent stability performance in real-life sample analysis.

Poly adenine (poly A) sequences containing multiple con-
secutive adenines, as an elaborate anchoring block for prefer-
ential binding with the gold nanoparticles (AuNP) surface
with high affinity, even comparable to gold-thiol chemistry.
And poly A-mediated binding requires nomodification during
synthesis, inducing easy modulation in the preparation of
DNA-AuNP conjugates with high purity and low cost [17,
18]. More interestingly, catalytic hairpin assembly (CHA), as
a simple nucleic-acid amplifying strategy, can effectively am-
plify signal from branched DNA junctions fabricated by the
trigger-initiated circular assembly of metastable hairpin
probes without the involvement of enzyme. It can offer unique
features for point-of-case analyte detection with negligible
background [19, 20].

As a proof-of-concept experiment, herein, a novel electro-
chemical method for Pb2+ analysis with the combination of
DNAzyme as a recognition element, and AuNP and CHA as
the signal amplification tools has been first reported. The con-
struction process and biosensing principle of this strategy is
outlined in Scheme 1, including three steps: (A) the
DNAzyme-based Pb2+ recycling amplification; (B) the CHA
reaction; (C) self-assembly of 3D DNA-AuNP network on
gold electrode (AuE) and the electrochemical assay. In the first
step, the constructed SP-AuNP involves a properly designed
hairpin-shaped probe (substrate probe of the DNAzyme, SP),

Scheme 1 Schematic illustration
of the electrochemical biosensor
for Pb2+ determination
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which conjugate to the AuNP via poly A10. The enzyme probe
(EP) can partially hybridizes with SP-AuNP to form the
DNAzyme system. Upon the participation of the cofactor
Pb2+, the DNAzyme is cleaved at the rA position, bringing
about the release of target Pb2+, EP, and two fragments of SP-
AuNP that serves as trigger probe (TP) and capture probe 1
(CP1-AuNP), respectively. The liberated Pb2+ and EP can
then hybridize with another SP-AuNP to achieve the first cy-
cle cleavage (Cycle I). In the second one, the released TP
triggers CHA reaction between three alternating hairpin
DNA probes (HP1, HP2 and HP3), that contain the comple-
mentary strands (purple parts) of CP1, to form the branched
DNA junctions (Note: The procedure of CHA between three
hairpins is introduced in detail in Supporting Information),
which constitutes Cycle II. In the last, third, the capture probe
2 (CP2) supplied as the substrate for the 3D DNA-AuNP
network is immobilized on the AuE surface through Au-S
bond [21]. MCH is further assembled on the AuE to block
blank binding sites. Subsequently, the CP1-AuNP from Cycle
I can hybridize with CP2, then the obtained branched DNA
junctions from Cycle II can be assembled on the AuE with the
CP1-AuNP through a hybridization reaction. Due to the ex-
cellent surface area of AuNP [22], the 3D DNA-AuNP net-
work can be formed after repetitive hybridizations between
the branched DNA junctions and CP1-AuNP to afford large
amounts of DNA concatemers on the AuE surface. These
negative charge DNA concatemers can gather positive charge
redox indicators (the third signal amplification), [Ru(NH3)6]

3+

(RuHex for short), via electrostatic interaction, leading to an
obvious readout signal [23, 24]. Thus, by using the triple
signal amplification process, this inspired biosensor can offer
a controllable and economically method for Pb2+

determination.

Materials and methods

Materials

Oligonucleotides were HPLC-purified and synthesized by
Sangon Biotechnology Co., Ltd. (Shanghai, China; https://
www.sangon.com/), and their sequences were listed in Tab.
S1. And all hairpin probes were heated to 95 °C for 5 min and
then cooled immediately for 15 min in ice bath before use.
Lead nitrate (Pb(NO3)2·3H2O), 6-mercapto-l-hexanol (MCH),
trisodium citrate and chloroauric acid (HAuCl4·4H2O) were
obtained from Aladdin Chemistry Co., Ltd. (Shanghai, China;
http://www.aladdin-e.com/). Hexaammineruthenium (III)
chloride ([Ru(NH3)6]

3+, RuHex) was from Sigma-Aldrich
Chemical Co. (St. Louis, MO; https://www.sigmaaldrich.
com/). All other reagents were of analytical grade and
purchased from Sinopharm Chemical Reagent Co., Ltd.
(Beijing, China; https://www.sinoreagent.com/). All

solutions were prepared using ultrapure water with an
electric resistance >18 MΩ·cm that was obtained through a
Millipore Milli-Q water purification system (Billerica, MA,
USA; http://www.merckmillipore.com/).

Apparatus and characterization

All electrochemical measurements were performed with a CHI
660D electrochemical workstation which purchased from Chen
Hua Instrument Co., Ltd. (Shanghai, China; http://www.chinstr.
com/) via a conventional three-electrode system. And the three-
electrode system composes of a bare or functionalized gold
electrode (AuE, 2 mm in diameter) as the working electrode,
a platinum wire as the auxiliary electrode, and a Ag/AgCl ref-
erence electrode with a saturated KCl solution. Differential
pulse voltammetry (DPV) was carried out in 10 mM phosphate
buffered saline (PBS, 1×, containing 140 mM NaCl, 5 mM
KCl, 1 mM MgCl2, pH 7.4) within the potential range from
−0.6 to 0 V with a step potential of 0.83 mV. The modulation
amplitude was 50 mV, and the pulse width was 50 mV s−1.
Cyclic voltammetry (CV) measurement was performed in
5 mM [Fe(CN)6]

3−/4- aqueous solution containing 0.25 mM
KCl in the voltage range from −0.2 to 0.6 V with scan rate of
50 mV s−1. Electrochemical impedance spectroscopy (EIS)
measurement was recorded within 5 mM [Fe(CN)6]

3−/4- solu-
tion containing 0.25 mM KCl in the frequency range from 0.
1 Hz to 100 kHz with an amplitude of 5 mV.

Absorption spectra were conducted on a UV2600 UV-vis
spectrophotometer (Shimadzu international trading Co. Ltd.,
Japan; http://www.shimadzu.com.cn/) in the wavelength range
from 400 nm to 800 nm at room temperature. Transmission
electron microscopy (TEM) measurement was carried out using
a transmission electron microscope (JEM-3010; http://www.jeol.
co.jp/). The sample for TEM characterization was prepared by
adding a drop of colloidal solution on a carbon-coated copper
grid and then drying at room temperature.

Preparation of SP-AuNP

The synthesis process of AuNP (20 nm) was given in the
Supporting Information. For preparing SP-AuNP [17], the
citrate-stabilized AuNP was incubated with SP (poly A10 an-
choring block) in a molar ratio (SP/AuNP) of 5000 for 16 h.
The mixture was then brought to 10 mM sodium phosphate
buffer (pH 7.4) containing 100 mMNaCl, allowed to stand for
40 h. Afterward, the particles were washed three times in
10 mM sodium phosphate buffer (pH 7.4) with 100 mM
NaCl through centrifugation (15,000 rpm (21,380 rcf),
10 min, 4 °C) to remove excess SP. Finally, the resulting
conjugates were re-dispersed in ultrapure water and stored at
4 °C until use.
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Pretreatment and fabrication of the biosensor

Firstly, the working gold electrodes (AuE) were cleaned by im-
mersing in freshly-prepared piranha solution (H2O2/H2SO4, 1:3)
for 2 h with three times, and rinsed with ultrapure water. Then,
the AuE were polished on the microcloth with 0.05 μm alumina
suspension, followed by ultrasonic cleaning in ethanol and ultra-
pure water, respectively. Finally, the electrodes were again rinsed
thoroughly with ultrapure water and dried under nitrogen stream.
Subsequently, 10 μL of thiolated CP2 (0.1 μM) was dropped on
the cleaned AuE surface and incubated for 2 h at 37 °C to form
self-assembly monolayers by Au-S bond. After rinsing gently
with PBS (10 mM, pH 7.4), the AuE was subjected to incubate
with 10μLMCH (2mM) solution for 2 h to ensure a monolayer
of CP2 in a consistent orientation. After that, the resultingMCH/
CP2/AuEwas thoroughly rinsed with PBS (10mM, pH 7.4) and
stored at 4 °C for ready.

In the meantime, an aqueous solution of Pb2+ (2 μL, 0–
10 μM, or unknown sample) was mixed with SP-AuNP
(4 μL, 1 μM (AuNP was 0.2 nM)), EP (2 μL, 0.1 μM), 1×
reaction buffer (50 mM Tris-HCl and 500 mM NaCl, pH 8.2).
After incubated at 37 °C for 1 h, HP1, HP2 and HP3 (2 μL,
0.4 μM, respectively) were added with a total volume of 20μL,
and then 10 μL of above solution was attached on the MCH/
CP2/AuE for 2 h at 37 °C to form the 3DDNA-AuNP network.
Finally, the electrode was reacted with 10 μL of RuHex
(50 μM) for 10 min at room temperature to ensure RuHex is
stably anchored to the DNA concatemers, and rinsed with PBS
(10 mM, pH 7.4) three times for DPV detection.

Results and discussion

Characterization of bare AuNP and SP-AuNP

Transmission electron microscopy (TEM) was utilized to
characterize the prepared bare AuNP (Fig. 1a). The spherical

structure of AuNP shows homogeneous diameter (~ 20 nm)
and good dispersion. Additionally, UV-vis spectroscopy ex-
periments of AuNP with different states were further per-
formed, and revealed in Fig. 1b. The citrate-capped AuNP
shows a typical absorption peak with the absorption wave-
length at 519 nm (blank line). Upon the addition of SP strand,
the characteristic absorption peak of AuNP at 519 nm is red-
shifted to 524 nm (red line), which demonstrates the success-
ful accomplishment of the SP-AuNP nanoprobes.

Investigation of the feasibility and multiple signal
amplification of the Pb2+ biosensor

In order to confirm the feasibility of the designed electrochem-
ical biosensing strategy, under different conditions, differen-
tial pulse voltammetry (DPV) responses were detected using
RuHex as the indicator and the results are depicted in Fig. 2.
For the blank sample, it is clear that the current intensity at
around −0.22 V is weak (curve b). In contrast, when the con-
structed biosensor is incubated in the solution containing
5 μM Pb2+, the DPV response increased largely (curve a,
positive sample). It is indicated that a substantial number of
RuHex close to the AuE surface by binding to the phosphate
backbones of DNA for efficient electron transfer. This clearly
reveals that the electrochemical method can be employed only
with the target Pb2+. Subsequently, we performed the control
experiment differing in EP. In the absence of EP, there is a
negligible DPV peak (curve c) similar to that of the blank
sample in the DPV curves, confining that CP1 and TP will
be caged in the “close” hairpin structure of SP without EP.
Then, a poor DPV peak is observed in the presence of counter-
target Hg2+ instead of Pb2+, demonstrating that the significant-
ly increased DPV signal is relied on the specific recognition of
target Pb2+ (curve d).

Additionally, to verify the triply amplified strategy of
this biosensing platform, we also studied the control ex-
periments through the MCH/CP2-modified AuE immersed

Fig. 1 a TEM micrograph of
AuNP; b absorption spectra of
AuNP (blank line) and SP-AuNP
(red line)
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in the solution containing different cycles. There are two
poor current intensities without any cycles (curve e) and
with Cycle II only (without EP and SP-AuNP, curve g)
similar to that of the blank sample (curve b), respectively,
showing that there are no obvious amplification effect.
When the MCH/CP2-AuE is incubated with Cycle I only
(curve f), a moderate DPV peak is observed, suggesting
that the assembly of CP1-AuNP on the AuE will lead to
slight signal amplification. However, once two cycles
were further introduced, the DPV response increased ob-
viously (curve a), which is ascribed to the formation of the
3D DNA-AuNP network, resulting in more negative
charges on the AuE. All these results signify that the
highest signal is obtained via the dual amplification strat-
egy and the additive amplification efficiency of Cycle I
combined with Cycle II is much higher than that of
Cycle I only. Therefore, according to the DPV response
change, it is reasonably concluded that this amplification
route can be feasible for Pb2+ assay.

Electrochemical characterization of the modified
electrodes

Electrochemical impedance spectroscopy (EIS) reflects the
interface feature of the electrode, which can be carried out
as a very sensitive tool to validate the stepwise fabrication
process of this biosensor. In a typical EIS, the diameter of
semicircle corresponds to the electron-transfer resistance
(Ret), which shows the electron transfer kinetics of the redox
probe ([Fe(CN)6]

3−/4-) at the AuE surface. As illustrated in
Fig. 3a, a very small semicircle is obtained at bare AuE
(curve a), indicating a low electron-transfer resistance. The
resistance increase with the assembly of CP2 on the elec-
trode (curve b), which is owing to the electrostatic repulsion
between negative charges of the DNA oligonucleotides back-
bone and the negatively charged [Fe(CN)6]

3−/4- ions.
Subsequently, after immersing the CP2-modified AuE into
the MCH solution (curve c), a higher impedance is achieved,
suggesting that MCH is mobilized on the surface of AuE.
Especially after the hybridization reaction with 3D DNA-
AuNP network in the presence of Pb2+, the resistance dra-
matically increased (curve d), which shows the access of the
redox probe to the electrode is further hindered because of
the resistance of DNA. However, when the MCH/CP2/AuE
was treated by the solution without Pb2+, the resistance of
electrode almost no change (curve e), indicating that the
formation of the 3D DNA-AuNP network due to the specific
interaction between the biosensor and Pb2+. Furthermore, the
changes of the electrode behavior were also characterized by
cyclic voltammogram (CV) (shown in Fig. 3b). Compared
with the redox peak currents of the bare AuE (curve a), CP2/
AuE (curve b) and MCH/CP2/AuE (curve c) slightly de-
creased, successively. Then, the CV response is obviously
inhibited and the peak gap is significantly separated after
the surface of electrode is modified with 3D DNA-AuNP
network (curve d), which is attributed to the large assembly
of the DNA concatemer with negative charges. As expected,
the absence of Pb2+ leads to a moderate CV signal (curve e)
that similar to curve c, revealing that the generation of the

Fig. 2 Typical DPV responses of the electrochemical assay via the
exposure of the modified AuE to the positive sample (5 μM Pb2+, (a)),
blank sample (b), 5μMPb2+ without EP (c), 5 mMHg2+ in place of 5μM
Pb2+ (d), 5 μMPb2+ without any cycles (e), 5 μMPb2+ with Cycle I only
(f), 5 μM Pb2+ with Cycle II only (g)

Fig. 3 Nyquist plots (A) and CVs
(B) of the biosensor assembly
process. (a) bare AuE, (b) CP2/
AuE, (c) MCH/CP2/AuE, (d) 3D
DNA-AuNP network/MCH/CP2/
AuE, (e) MCH/CP2/AuE incu-
bated with the solution without
Pb2+. The concentration of Pb2+ is
5 μM
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3D DNA-AuNP network after the specific cleavage of Pb2+.
Thus, the results are in accordance with that observed in EIS
value as confirmation of the successful construction of the
electrochemical biosensor.

Analytical performance of the prepared biosensor
toward Pb2+

To explore the quantitative application of this electrochemi-
cal biosensor, this prepared method was employed for vari-
ous concentration of Pb2+ under the optimal conditions (see
Supporting Information). As seen in Fig. 4a, the DPV re-
sponse of the biosensor enhances gradually corresponding
to the concentration of Pb2+ increased from 0 to 10 μM.
Furthermore, the current intensity continues to increase with
the increasing concentration of Pb2+ until reaching a plateau,
as displayed in Fig. 4b. And the DPV value is proportional
to the logarithm (lg) of Pb2+ in the concentration range 100
pM-5 μM, with a linear regression equation expressed as I =
1.081 + 0.513 lgC (I and C stand for the peak current inten-
sity and the concentration of Pb2+, respectively) and the cor-
relation coefficient is R = 0.998 (Inset in Fig. 4b). The limit
of detection (LOD) is calculated to be 95 pM based on eval-
uating the average response of blank sample plus 3 times
standard deviation. Additionally, in comparison with other
existing approaches (as listed in Table 1), this reported sys-
tem for Pb2+ exhibits a lower detection limit and the wider
range, which is attributed to the triply amplified strategy,
suggesting that the promising avenue of the biosensor in
potable water.

From the practical point, selectivity is the essential ele-
ment for Pb2+ exploration. Under the optimized analysis con-
ditions, control experiments were examined by challenging
the assay against several environmentally relevant divalent
metal ions including Cu2+, Mg2+, Ca2+, Hg2+, Zn2+, Mn2+,

Cd2+ and Ni2+ (5 mM, respectively), which are commonly
coexist with Pb2+. As revealed in Fig. 5, compared with the
blank sample, the interfering metal ions cannot cause any
distinct DPV change, while an obviously high current signal
is observed in the presence of Pb2+ (5 μM) only. In addition,
the response of Pb2+ coexisted with the non-target metal ions
is similar to those without interfering ions. The above con-
sequence demonstrates the excellent specificity of this bio-
sensing platform for Pb2+.

Reproducibility, another important parameter, was also
employed to evaluate the performance of the biosensor. The
relative standard deviation (RSD) obtained by five construct-
ed biosensors incubated with 5 μM Pb2+ was 3.4%, illustrat-
ing this biosensor has an acceptable reproducibility. In addi-
tion, a long-term storage assay was further studied for the
stability of our biosensor, by measuring the DPV signal for
5 μM Pb2+ at regular intervals (2 days). After 2 weeks, the

Fig. 4 a The DPV responses of the electrochemical biosensor versus Pb2+

with various concentrations (0, 0.1 × 100, 1 × 100, 5 × 100, 1 × 101, 5 × 101,
1 × 102, 5 × 102, 1 × 103, 5 × 103, 1 × 104 nM); b plots of current signal vs

different concentrations of Pb2+. Inset: the relationship between DPV peak
and the logarithm of Pb2+ concentration in the range from 100 pM to 5 μM.
Error bars show the standard deviations across three repetitive experiments

Table 1 Detection performance comparison of our assay with other
methods

Strategies a Methods b Linear range (pM) LOD (pM) Ref.

D/GLSS C 2.0 × 103–1.0 × 106 2.0 × 103 [25]

G/CD C 1.0 × 103–8.0 × 105 1.0 × 103 [26]

D/AgNC F 5.0 × 103–5.0 × 104 1.0 × 103 [27]

D/SDR F 1.0 × 103–1.0 × 106 3.0 × 102 [28]

D/Z PE 5.0 × 102–2.0 × 104 1.0 × 102 [29]

D/AuNP SERS 1.0 × 103–1.0 × 107 1.0 × 103 [30]

D E 5.0 × 102–5.0 × 106 2.5 × 102 [31]

D/CHA/AuNP E 1.0 × 102–5.0 × 106 9.5 × 101 This work

aDDNAzyme, GLSS gold label silver stain,G G-quadruplexes, CD clip-
like cyanine dye, AgNC silver nanoclusters, SDR strand displacement
reaction, Z ZnO nanoflower
bC colorimetric, F fluorescence, PE photoelectrochemical, SERS surface
enhanced Raman scattering, E electrochemical
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biosensor retained 93% of its initial current response, indicat-
ing a good stability of the designed biosensor.

Practical application

The applicability of the fabricated electrochemical strategy in
water sample (tap water was used without further treatment),
which obtained from our laboratory, was successfully imple-
mented. The existing Pb2+ in tap water cannot be detected by
our biosensor. Then, Pb2+ ions were added into the tap water
samples at three different concentrations of 5 nM, 50 nM and
100 nM according to the standard addition method. These
samples were measured using our biosensor and the classic
inductively coupled plasma-mass spectrometry (ICP-MS), re-
spectively. It is observed from Tab. S2 that these data obtained
by our strategy reveal a good agreement with those deter-
mined via ICP-MS. And the discrepancies between the two
methods are all less than 12.4%. This clearly demonstrates
that the established biosensor may be applied for real water
sample analysis with excellent accuracy and reliability.

Conclusions

In summary, a bio-inspired DNAzyme-based triple-signal am-
plification strategy was established to construct electrochem-
ical biosensor for the detection of Pb2+. The ingenious Pb2+-
based DNAzyme as the recognition element exhibits excellent
specificity, while our assay brights about high sensitivity due
to following reasons: First, a doubly amplified strategy using
DNAzyme and catalytic hairpin assembly is capable of gen-
erating amounts of branched DNA junctions; Second, AuNP
with large surface area directly served as an efficient linker for
the formation of 3D DNA-AuNP network (the third amplifi-
cation) to bind with RuHex, which triggers significant en-
hancement of electrochemical signal. With outstanding de-
sign, this method provides a potential platform for Pb2+

detection in real water sample, and our future works will be
aimed at creating the simpler electrochemical biosensors with-
out redox mediators.
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