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Abstract
A highly sensitive and selective electrochemical biosensor for Pb2+ with a dual-amplification strategy is proposed. The first
amplification step was realized by the cycle of Pb2+ and 8–17 DNAzyme (S2), and the hybridization chain reaction (HCR)
triggered by S1 further amplified the electrochemical signal. Fe3O4@Au NPs, as a multifunctional magnetic carrier, is not only
manifested in the construction of a magnetically controlled electrochemical response interface, but also has significant contri-
bution in the purifying system, reducing interference, increasing the specific surface area, and the DNA loading. The magnetic
nanocomposites were characterized by TEM as spheres with particle size of around 39 nm.When there was no Pb2+, long double-
strand DNA (dsDNA) is formed on the surface of Fe3O4@Au NPs by the S1-triggered HCR; in the presence of Pb2+, S2 is
activated and S1 on the surface of magnetic biocomposites (Fe3O4@Au NPs-S1) is continuously cleaved with the cycle of Pb2+

and S2, leading to a significant decrease of methylene blue (MB) absorbed on dsDNA. Such reverse dual-signal amplification
strategy effectively increased the current difference and improved the sensitivity of the proposed sensor. The electrochemical
signal of MB was obtained by differential pulse voltammetry (DPV) with preconcentration, showing a linear response toward
Pb2+ ranging from 50 pM to 1 μM with a detection limit of 15 pM. The proposed method has feasible applications in detecting
other heavy metal ions based on other metal-dependent DNAzyme.

Keywords Dual amplification . Label-free detection . Multifunctional magnetic carrier . Pb2+ determination . Environmental
monitoring

Introduction

Heavy metal pollution is an important factor leading to envi-
ronmental deterioration [1, 2]. Even trace amounts of heavy
metal pollution into the human body will cause great harm to

the human body [3]. Lead ion (Pb2+) is one of the most toxic
heavy metal ions that can induce various serious diseases,
including neurological disorders, cardiovascular disease, and
memory lapses [4, 5]. Considering its severe toxicity, World
Health Organization (WHO) has set the highest allowable
limit for Pb2+ in drinking water at 48 nM [6]. Therefore, it is
significant to develop a highly sensitive and reliable method
for Pb2+ determination.

Over the past years, various analysis techniques have
been utilized in detecting Pb2+, such as atomic absorption
spectrometry (AAS) [7], X-ray fluorescence spectrometry
(XRF) [8], inductively coupled plasma mass spectrometry
(ICP-MS) [9], et al. These determination techniques usu-
ally require expensive determination instruments and have
poor portability. In recent years, researchers have devel-
oped various novel sensing systems for Pb2+ determina-
tion, including colorimetric, fluorometric, and electro-
c h em i c a l t e c h n i q u e s [ 1 0–12 ] . Among t h em ,
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electrochemical sensors show outstanding strengths such
as convenient operation, rapid determination, high sensi-
tivity, and the possible portability [13–15]. In order to
improve the selectivity of electrochemical sensor, 8–17
DNAzyme which is specific single-strand sequence is
used as molecular recognition elements, showing high
catalytic activity and good selectivity towards Pb2+ [16].
When there is Pb2+, the DNAzyme could be activated so
that the substrate strand could be split into two fragments
at the ribonucleoside adenosine (rA) position.

Fe3O4@Au NPs exhibited obvious advantages in the
performance of the electrochemical sensor. Fe3O4@Au
NPs can be distributed quickly and regularly on the mag-
netic glassy carbon electrode (MGCE) surface by magnet-
ic field-directed self-assembly [17–20]; a soft-modified
electrochemical magneto-controlled response interface
was constructed. When the magnetic core was removed
after measurement, the response interface on the surface
of the electrode can fall off. Here, the complex electrode
modification was eliminated and the regeneration of the
electrode was simplified. In addition, Fe3O4@Au NPs can
be easily modified and assembled with DNA by Au–S
bonds, and large capacity was provided for modifiers with
their large specific surface area [19, 21, 22].

The HCR is an initiator-triggered reaction, using a trig-
ger strand of DNA to cause two stable DNA hairpins to
alternately recognize each other and hybridize to form
DNA polymers with nicked double helices [23]. HCR is
an enzyme-free, isothermal, and easy control amplifica-
tion method, which does not require hybridization equip-
ment [24], leading to a widespread application for con-
structing the sensing platform. Chu et al. developed a
catalytic hairpin assembly/hyperbranched hybridization
chain reaction-based photoelectrochemical sensor for hu-
man telomerase RNA, realizing the signal output through
the H2O2 catalysis with the abundant DNAzyme of
hemin/G-quadruplex [25]. Chen et al. proposed an ultra-
sensitive electrochemical biosensor in detecting DNA
methylation with HCR amplification; H2O2 could be cat-
alyzed by avidin-HRP which attached to DNA polymers
through the biotin tagged on hairpin, realizing the signal
output [26]. Herein, methylene blue (MB) as a redox in-
dicator, which can easily interact with double-strand DNA
(dsDNA) based on π–π stacking interactions, or single-
stranded DNA (ssDNA) based on electrostatic adsorption
[27–29], is used as a remarkable electrochemical signal
probe in signal transformation [30–32].

Based on the above considerations, a highly sensitive
and selective electrochemical biosensor for Pb2+ was de-
signed based on a dual-amplification strategy. Firstly, the
Pb2+ and DNAzyme (S2) could be circularly participated
into the process of cutting substrate strand (S1), and the
electrochemical signal be continuously reduced.

Secondly, long-chain dsDNA could be formed with the
uniquely designed S1 by the HCR. The transformation
between Pb2+ and electrochemical signal molecules was
realized by MB adsorbed on long dsDNA. This proposed
electrochemical biosensor can be used for analyzing envi-
ronmental water samples.

Materials and methods

Reagents and materials

Chloroauric acid (HAuCl4), FeCl3·6H2O, FeCl2·4H2O,
NH3·H2O, (3-Ami-nopropyl) triethoxysilane (APTES),
ethylenediamine tetraacetic acid (EDTA), boric acid, and
sodium borohydride (NaBH4) were purchased from
Sinopharm Chemical Reagent (Shanghai, China, http://
www.sinoreagent.com/). 6-Mercapto-1-hexanol (MCH)
was supplied by Aladdin (Shanghai, China, http://www.
aladdin-e.com/). Tris and DNA marker A (25~500 bp)
was purchased from Sangon Biotech (Shanghai, China,
http://www.sangon.com/). All oligonucleotide sequences
were synthesized and purified by Sangon Biotech
(Shanghai, China, http://www.sangon.com/) and are
shown in Table S1. A Tris-HCl buffer 1 (10 mM
trishydroxymethyl aminomethane hydrochloride (Tris-
HCl), 100 mM NaCl (pH 7.4)) was used to dissolve the
S1, S2. A Tris-HCl buffer 2 consisting of 10 mM Tris-
HCl, and 10 mM NaCl (pH 7.4) was used to dissolve the
hairpin oligonucleotides (H1 and H2) and employed as
test solution for the electrochemical measurements. The
H1 and H2 were acquired by heating up solution to
95 °C and maintaining for 5 min, then cooled to normal
temperature gradually for at least 2 h. All other reagents
used were of analytical grade, and no further purification
was needed.

Instruments and characterizations

All electrochemical analyses were carried out using an
electrochemical analyzer (CHI 660D, China). A conven-
tional three-electrode system consisted of a platinum elec-
trode as the counter electrode, a saturated calomel elec-
trode (SCE) as the reference electrode, and a magnetic
glassy carbon electrode (MGCE, Φ = 5 mm) as the work-
ing electrode. MGCE containing a demountable magnet
was purchased from Tianjin Incole Union Technology
(Tianjin, China, http://www.incole.com/). Transmission
electron microscopy (JEOL, Japan, https://www.jeol.co.
jp/) was conducted to obtain images. The UV–Vis absorp-
tion spectroscopy was recorded using a UV-2550 spectro-
photometer (Shimazu, Japan, https://www.shimadzu.com.
cn/). Gel electrophoresis used in 15% native-PAGE gel
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(gel which could separate bases ranging from 25 to 150)
with Tris-borate-EDTA (TBE buffer, containing Tris,
boric acid, and EDTA) was obtained from Macklin
Chemical (Shanghai, China, http://www.macklin.cn/),
and gel image was photographed by 3500R Gel Image
System (Shanghai, China, http://www.biotanon.com/).

Preparation of Fe3O4 NPs and Fe3O4@Au NPs

Firstly, Fe3O4 was synthesized using the one-step
solvothermal method 17. FeCl3

.6H2O of 4.70 g was dissolved
in 80 mL ultrapure water and heated with stirring, 1.72 g
FeCl2·4H2O was added when the temperature reached 80 °C
under the protection of nitrogen, and 10mL aqueous ammonia
was dropwise added until the pH up to 10. The obtained Fe3O4

NPs was separated using a magnet after 30min of reaction and
washed three times with ethanol and then with water. The
Fe3O4 NPs was finally dispersed in ultrapure water and pre-
served at 0–4 °C. Herein, 1 mL of the Fe3O4 NP suspension
was taken and vacuum dried overnight; the concentration of
the suspension was calculated to be 14 mg mL−1. The
Fe3O4@Au NPs were synthesized as follows. The 172-μL
Fe3O4 NP suspension was shook in 20 mL of 10% (v/v)
APTES absolute ethanol overnight, washed with ethanol and
water, and dispersed in 30 mL water. Afterward, 0.72-mL
aqueous solution of HAuCl4 (48.5 mM) was added; then,
0.6-mL freshly prepared NaBH4 solution (25 mM) as reduc-
tant was added dropwise into the above solution with stirring
for 5 min. The final Fe3O4@Au NPs were separated through
external magnetic field and washed with ultrapure water for
three times. According to the same quantitative method as
Fe3O4 NPs, the concentration of Fe3O4@Au NPs was calcu-
lated to be 1.2 mg mL−1.

Preparation of magnetic biocomposites

The obtained Fe3O4@Au NPs were added into a solution
which contains 0.3 μM thiolated S1 in 10mMTris-HCl buffer
(pH 7.4, 100 mM NaCl) and then stirred for 2 h. The
Fe3O4@Au NPs-S1 were then shaken in 1 mM MCH for
1 h at room temperature to reduce non-specific adsorption.

Fabrication of electrochemical biosensor

The preparation process of the biosensor is illustrated in
Scheme 1. The obtained Fe3O4@Au NPs-S1 was incubat-
ed in a mixture of 0.3 μM S2 and Pb2+ of different con-
centrations in 1-mL Tris-HCl buffer system for 40 min at
37 °C. After magnetic separation, a mixture solution of
H1 and H2 was added into the reaction system for 90 min
at 37 °C. After that, 100 μM MB was added and stirred
for 20 min, realizing the interaction with DNA. Finally,
the resulting biocomposites were washed with Tris-HCl
buffer to remove any excess MB and diffused in 2-mL
Tris-HCl buffer, a MGCE was inserted into the surface
of the buffer gently and vertically, realizing the adsorption
of biocomposites on the surface of MGCE; the entire
magnetic adsorption process took 5 min and the electro-
chemical signal was obtained by differential pulse volt-
ammetry (DPV).

Results and discussion

Design of strategy

The constructed electrochemical biosensor for Pb2+ determi-
nation is schematically clarified in Scheme 1. The uniquely

Scheme 1 Schematic illustration
of the biosensor for the Pb2+

determination.
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designed S1was used for signal amplification byHCR and the
S2 was used as a selective recognition element. The substrate
S1 was consisted of the Pb2+ action site rA and the HCR
trigger sequence which could initiate a HCR reaction. The
substrate S1 could be firmly anchored on Fe3O4@Au NPs
by the Au–S interaction. After that, the excess sites which
were not occupied by S1 were removed by the MCH fixed
to the surface of the Fe3O4@Au NPs-S1 by the Au–S interac-
tion between MCH and Au. When there is Pb2+, the S2 was
activated and the S1 would be cleaved; the HCR trigger se-
quence was fall off. As a result, the S1 only left residual DNA
fragment immobilized on the Fe3O4@Au NPs. In the absence
of Pb2+, the substrate S1 could not be cleaved. Thus, the HCR
trigger sequence at the 3′ terminal of S1 could initiate the
following HCR reaction after the addition of H1 and H2.
After that, long dsDNA were formed on the surface of
Fe3O4@Au NPs. Ultimately, a mass of signal probe MB
was absorbed on the long dsDNA based on π–π stacking
interactions, generating an obvious electrochemical response.
The quantitative determination of Pb2+ was realized by detect-
ing the electrochemical signal of MB on DNA.

Three times of magnetic separation were involved in the
experiment (Scheme 1): for the first time, the free S1 was
separated to avoid the cleavage of free S1 by Pb2+; secondly,
the HCR trigger sequence was separated from the reaction
system and HCR could not occur; for the last time, the excess
MB was removed to eliminate the interference of excess MB
on the determination results.

The proposed electrochemical biosensor for Pb2+

contained three amplification elements. Firstly, the Pb2+

and the S2 were able to circularly participate into cleaving
the substrate S1, continually decreasing the IT (IT was
electrochemical signal with adding Pb2+). Secondly, the
signal amplification function of HCR obviously increased
the I0 (I0 was electrochemical signal without adding
Pb2+). Thus, the current difference value (ΔI = I0 − IT) sig-
nificantly increased after adding Pb2+. Thirdly, the large
specific surface area was provided for the immobilization
of DNA by Fe3O4@Au NPs, and the electrochemical re-
sponse of MB was further enhanced.

Choice of materials

Fe3O4@Au NPs were chosen as the material to construct
the electrode interface. Comparing with simple Fe3O4

nanoparticles (curve b), the Au shell coated onto the
Fe3O4 surface not only increased the amount of immobi-
lization of DNA, but also enhanced the conductivity of
the composite material (curve c), improving the current
response (Fig. 1A). The magnetization curves (Fig. 1B)
of VSM analysis showed that the saturation magnetization
of Fe3O4 NPs (curve a) and Fe3O4@Au NPs (curve b)
was about 60 emu g−1 and 47 emu g−1, respectively.

The gold nanoparticles on the surface of Fe3O4 NPs were
most likely to cause a decrease in the saturation magneti-
zation. There was no significant influence on the magnetic
adsorption of Fe3O4@Au NPs to the electrode surface.
The magnetic biocomposites could be rapidly adsorbed
to the MGCE surface when a MGCE touched the surface
of the test solution (about 30 s) as the inset in Fig. 1B
shows. Taking advantage of the magnetism of Fe3O4@Au
NPs, necessary purification and removal of interference
signal can be realized by rapid magnetic separation.
More importantly, free modification of electrode could
be achieved by the introduction of Fe3O4@Au NPs,
which reduce the batch-to-batch variation caused by elec-
trode modification, saving the time of modifying and
polishing the electrode compared with other electrochem-
ical sensors (Table S2).

Characterization of Fe3O4@Au NPs

Figure 2 A exhibits the XRD spectra of Fe3O4 NPs and
Fe3O4@Au NPs. The peaks of curve a at 2θ values of
30.2°, 35.6°, 43.2°, 53.6°, 57.3°, and 62.7° were typi-
cally XRD patterns (220), (311), (400), (422), (511),
and (440), agreeing with that of the standard Fe3O4

[33, 34]. The peaks of Fe3O4@Au NPs at 35.5°,
44.3°, 64.5°, 77.7°, and 82.0° correspond with the crys-
tal plane of AuNPs in (111), (200), (220), (311), and
(222) [35]. The shape and dispersion of the nanoparti-
cles were characterized with TEM. As shown in Fig.
S1A and Fig. S1B, both the two kinds of nanoparticles
were spherical in structure. The diameters of nanoparti-
cles were measured by the software Image J; Fig. S1
shows that the diameters of Fe3O4@Au NPs (38.9 ±
2.9 nm) were a bit larger than Fe3O4 NPs (21.4 ±
3.3 nm) (about 200 nanoparticles were taken into calcu-
lation and particle size distributions of Fe3O4 NPs and
Fe3O4@Au NPs are shown in Fig. S1C and Fig. S1D).
In Fig. 2B, the distribution of Fe, Au, and Fe3O4@Au
NPs in the same field of vision was characterized by
EDS mapping; spherical nanoparticles could be ob-
served in the vision of Fe3O4@Au NPs, suggesting that
the Au NPs were successfully coated on the Fe3O4 NPs
surface. As indicated in Fig. 2C, the formation of
Fe3O4@Au NPs-S1 was verified by the UV-Vis absorp-
tion spectrum. The UV absorbance peak of Au NPs was
obtained at 520 nm (curve a). Curve b showed that
there was no characteristic adsorption peak of Fe3O4

NPs in the range of 200–700 nm. Moreover, after Au
NPs were conjugated with Fe3O4 NPs, a new UV ab-
sorbance peak of Au NPs was obtained at 550 nm,
showing a red shift compared with Au NPs, indicating
that Fe3O4@Au nanocomposites were successfully syn-
thesized (curve c). Two distinct absorbances of
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Fe3O4@Au NPs-S1 were observed at 260 nm and
550 nm (curve d); the peak at 260 nm is similar to that
of the free S1 solution (curve e), which the S1 was
successfully covalently linked with Fe3O4@Au NPs
through Au-S bond (curve d). In addition, the zeta

potential of Fe3O4@Au NPs-S1 (− 19.9 mV) decreased
comparing with that of Fe3O4@Au NPs (22.3 mV) (Fig.
2D) due to the large number of negative groups
contained in DNA (S1), further demonstrating the suc-
cessful modification of S1.

Fig. 2 Characterization of the materials. A The XRD spectra of Fe3O4

NPs and Fe3O4@Au NPs. B EDS mapping image for the distribution of
Fe (a), Au (b), and Fe3O4@Au NPs (c) in the same field of vision.CUV-

Vis spectra of Fe3O4@Au NPs-S1 (a, Au NPs; b, Fe3O4 NPs; c,
Fe3O4@Au NPs; d, Fe3O4@Au NPs-S1, e, S1). D Zeta potential of
Fe3O4@Au NPs and Fe3O4@Au NPs-S1

Fig. 1 Functions of the components. A Cyclic voltammograms with
different materials. (a) Bare MGCE; (b) Fe3O4 NPs/MGCE; (c)
Fe3O4@Au NPs/MGCE. B VSM analysis of (a) Fe3O4 NPs and (b)
Fe3O4@Au NPs (the internal illustration on the left shows the rapid

adsorption of MGCE to Fe3O4@Au NPs, the internal illustration on the
right shows the magneto-controlled response interface on the surface of
MGCE)
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Feasibility analysis of the strategy

Native-PAGE gel electrophoresis analysis

Fifteen percent native-PAGE gel electrophoresis was uti-
lized to characterize the different samples to verify the
feasibility of the proposed biosensor in Pb2+ determina-
tion. As can be seen in Fig. 3, lane M represented DNA
maker; lanes 1–2 were S1 and S2, respectively. Lane 3
was the band in the absence of Pb2+ and lane 4 was the

band in the presence of Pb2+. The S1 band became weak
and an obvious band with faster migration could be seen
in front in lane 4, indicating that the S1 was cleaved. Lane
5 and lane 6 were H1 and H2, respectively; after mixing
S1, H1, and H2, there were obvious bands with slower
migration at the bottom (lane 7), indicating that S1 could
initiate the HCR so that the long dsDNA could be formed.

DPV analysis

The DPV was applied to evaluate the feasibility for the
biosensor in detecting Pb2+. As shown in Fig. 4A, when
there was no Pb2+, the S1 could not be cleaved, a small
DPV response was obtained (curve a) due to the nonspe-
cific adsorption of MB on ssDNA S1. When Pb2+ at the
concentration of 1 μM was induced, S1 can be cleaved at
the rA site by S2, a lower DPV response was obtained
(curve b) resulting from the trace adsorption of MB on
DNA fragments, IT was decreased. Furthermore, when H1
and H2 were added, curve c showed an obvious current
peak due to the HCR; as a result, I0 was increased. When
there was Pb2+ at the concentration of 1 μM, the electro-
chemical signal displayed a distinct decrease (curve d),
which indicated that the S1 was cleaved and the initiator
strand was separated from the reaction system, the HCR
reaction cannot be triggered even in the presence of H1
and H2, revealing that the introduction of HCR is efficient
in signal amplification in the proposed biosensor.

More specific, the electrochemical signal was detect-
ed with or without HCR, the current difference value
(ΔI = I0 − IT) was calculated. As shown in Fig. 4B, the
ΔI treated with HCR increased nearly 6 times compared
with the untreated ones in the condition of the Pb2+ that
is at a low concentration of 5 nM.

Fig. 4 A DPV curves of different condition: (a) Fe3O4@Au + S1 +
MCH + S2 +MB, (b) Fe3O4@Au + S1 +MCH + S2 + Pb2+ +MB, (c)
Fe3O4@Au + S1 +MCH+ S2 +H1 +H2 +MB, (d) Fe3O4@Au + S1 +
MCH + S2 + Pb2+ + H1 +H2 +MB. B The current difference value (ΔI)

of Fe3O4@Au NPs-S1 incubated with S2 and different concentration of
Pb2+ without HCR compared with that with HCR. ΔI was calculated by
DPV difference of 0 pM Pb2+ with other concentration of Pb2+

Fig. 3 Verification of analytical process by native-PAGE gel electropho-
resis. Lane M: DNA marker; lane 1: S1; lane 2: S2; lane 3: S1 + S2; lane
4: S1 + S2 + Pb2+; lane 5: H1; lane 6: H2; lane 7: S1 + H1 +H2 (HCR
progress)
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Optimization of method

In order to obtain the optimum sensing performance, the
following parameters were optimized: (a) the DNA densi-
ty immobilized on Fe3O4@Au NPs, (b) the hybridization
chain reaction time, (c) the molar ratio of S2 to S1, and
(d) the reaction time of DNAzyme. Respective text and
figures on optimizations are given in the Electronic
Supporting Material. In short, the following experimental
conditions were found to give the best results: the DNA
immobilization density of 0.3 μM (Fig. S2A), the HCR
time of 90 min (Fig. S2B), the molar ratio of S2 to S1
with 1:1 (Fig. S2C), and DNAzyme cleavage time with
40 min (Fig. S2D).

Electrochemical determination of Pb2+

The determination performance of the fabricated biosen-
sor was investigated by measuring Pb2+ at various con-
centrations. It can be obviously seen that with the

increasing concentration of Pb2+, the current response de-
creased (Fig. 5a). Figure 5 b shows the relationship be-
tween the ΔI (difference between electrochemical signal
without Pb2+ and that with Pb2+) and Pb2+ concentration,
and a logarithmic calibration plot for Pb2+ determination
from 0.05 nM to 1 μM was obtained, the linear regression
equation was ΔI = 0.8610lgC + 1.5263 (R2 = 0.9998). The
limit of determination (LOD) was 15 pM (LOD = 3 s/d,
where s is the standard deviation of the blank and d is the
slope of the calibration curve). In addition, comparing
with some of the previous report in detecting Pb2+

(Table S2), our proposed biosensor demonstrated a better
performance.

Specificity and reproducibility of the biosensor

The selectivity of the biosensor for Pb2+ was estimated by
detecting various metal ions including Zn2+, Mg2+, Fe3+,
Ag+, Cu2+, Cd2+, Hg2+, and Ca2+ (Fig. 6a). It could be
seen that all the investigated possible interfering ions had

Fig. 5 a DPV images of the biosensor at the voltage of − 0.6~0.0 V after adding different concentrations of Pb2+. The concentrations were 0 nM,
0.05 nM, 1 nM, 5 nM, 10 nM, 50 nM, 100 nM, 500 nM, and 1000 nM from top to bottom. b Calibration linear of DPV response to Pb2+

Fig. 6 a The responses of the proposed sensor to Pb2+ at the concentration of 100 nM and other metal ions at the concentration of 1 μM (Zn2+, Mg2+,
Fe3+, Ag+, Cu2+, Cd2+, Hg2+, Ca2+). b The reproducibility of the five electrodes for the determination of 100 nM Pb2+
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almost no obvious effect on the response of this sensor to
Pb2+. The results demonstrated that the sensor has high
selectivity toward Pb2+. In addition, the reproducibility of
the sensor was investigated by analyzing the same con-
centration of Pb2+ (100 nM) using five prepared elec-
trodes under the same experimental condition (Fig. 6b).
A relative standard deviation (RSD) of 3.45% was
acquired.

Actual sample determination

To investigate the practical application effect of the pro-
posed sensor, the determination for different concentra-
tions of Pb2+ in different real water samples was conduct-
ed by standard addition method, including tap water, lake
water, and landfill leachate before and after factory purify
treatment. Before the test, four actual water samples were
centrifuged at 12,000 rpm for 1 min and then filtered to
remove the insoluble impurities. The Pb2+ in each real
sample was determined by our method and ICP-MS, re-
spectively. As shown in Table 1, the results of our sensor
were in agreement with those determined using ICP-MS.
Moreover, the RSD was below 4.19% and the recovery
was from 94.1 to 106.0% in these real samples. According
to these results, we can judge that the fabricated sensor
possessed good precision and accuracy and has broad ap-
plication prospects in environmental water samples.

Conclusion

We have established that a highly sensitive and selective
electrochemical biosensor for Pb2+ was designed with a
dual-amplification strategy. The Pb2+ and S2 could be

circularly participated into the process of cutting S1
and the electrochemical signal was effectively reduced.
Owing to the HCR and large surface of Fe3O4@Au NPs,
mass of MB absorbed on dsDNA increased the electro-
chemical signal obviously, realizing the label-free deter-
mination. The significant current difference value en-
abled the highly sensitive determination of Pb2+.
Moreover, Fe3O4@Au NPs act as an excellent electrode
material, not only making the proposed method conve-
nient and simple for magnetic separation to purify the
analysis system, but also realizing the free of electrode
modification and enhancing the regeneration ability of
the electrode. Considering the above obvious advantages,
we preconceive that the proposed method has potential to
be a sensitive, selective, and convenient platform for ac-
tual water sample analysis and has a broad application
prospect in the field of environmental monitoring. Like
many other electrochemical sensors, the major drawback
of our sensor is the single signal output which may affect
the accuracy and precision of the measurement results.
We would explore the dual signal sensors in the future to
improve the above performance of electrochemical sen-
sors, especially the “on-off” dual signal sensors with
high sensitivity.

Funding This work was supported by the National Natural Science
Foundation of China (No. 81773681, 81572081, 21904069) and the
Natural Science Foundation of Jiangsu Province (No. BK20190653).
This work was also supported by Chinese Postdoctoral Science
Foundation (No. 2019M661777, 2017M621789) and the Postdoctoral
Science Foundation of Jiangsu (No. 2019K068, 2019Z176).

Compliance with ethical standards All experiments were
performed in compliance with the relevant laws and institutional
guidelines.

Table 1 Results of Pb2+ determination (n = 3)

Sample Measured (nM) ICP-MS (nM) Added Pb2+ (nM) Founded Pb2+ (nM) RSD (n = 3) (%) Recovery (%)

25 25.9 ± 0.7 2.54 103.6

Tap water ND ND 50 52.2 ± 1.2 2.21 104.4

100 97.4 ± 3.1 3.15 97.4

25 24.9 ± 0.9 3.51 99.6

Lake water ND ND 50 49.4 ± 2.0 4.13 98.8

100 95.4 ± 1.4 1.51 95.4

Landfill leachate before treatment 25 115.8 ± 2.5 2.19 106.0

89.3 ± 2.1 88.1 50 141.1 ± 2.6 1.84 103.6

100 183.4 ± 7.7 4.19 94.1

Landfill leachate after treatment 25 55.4 ± 0.7 1.20 99.6

30.5 ± 0.7 30.2 50 81.5 ± 1.5 1.84 101.4

100 129.2 ± 4.2 3.27 98.7

ND not detected

The data are presented as mean value of three determinations ± standard deviations (SD)
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