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Abstract
A voltammetric biosensor for lead(II) (Pb2+) is described that is based on signal amplification by using an ion-dependent split
DNAzyme and template-free DNA extension reaction. The Pb2+-dependent split DNAzyme was assembled on gold nanoparti-
cles (Au@Fe3O4), and this nanoprobe then was exposed to Pb2+ which causes the split-off of DNAzymes to release primers
containing 3′-OH groups (S1 and S2). The template-free DNA extension reaction triggers the generation of long ssDNA nanotails,
which then can bind the free redox probe N,N′-bis(2-(trimethylammonium iodide)propylene)perylene-3,4,9,10-
tetracarboxyldiimide (PDA+) via electrostatic adsorption. Hence, the concentration of PDA+ in solution is reduced. Therefore,
less free PDA+ can be immobilized on a glassy carbon electrode modified with electrodeposited gold nanoparticles (depAu) to
produce an electrochemical signal, typically measured at ∼0.38V (vs. SCE) for quantitation of Pb2+. The use of a Pb2+-dependent
split DNAzyme avoids the usage of a proteinic enzyme. It also increases the sensitivity of the sensor which has a lower detection
limit of 30 pM of Pb2+.
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Introduction

Lead ions (Pb2+) are a common environmental pollutant accom-
panied by severe human health risks [1–3]. It was demonstrated
that Pb2+ can react with the sulfhydryl groups of enzymes. It
also can become a substitute of essential metal ions such as
iron(III), calcium(II) and zinc(II). This can cause acute and
chronic illnesses including colic-like abdominal pains and ne-
phropathy [4]. According to the standard of U.S. environmental
Protection Agency (EPA) and World Health Organization
(WHO), the maximum acceptable amount of lead in drinking
water are 50μg/L and 10μg/L, respectively [5, 6]. It is therefore
of great importance to explore new approaches to achieve the
ultrasensitive detection of Pb2+.

Recently emerging Pb2+-dependent split DNAzyme, a
DNA nanostructure composed by a catalytic DNA strand
(Cat) and a ribonucleobase-containing substrate DNA strand
(Sub) [7], can be specially cleaved by Pb2+ with high cleavage
activity for releasing massive small DNA segments and thus
provide a possibility for its application in the on-site Pb2+

analysis. Based on this, many biosensors with the usage of
different detection techniques, including surface-enhanced ra-
man scattering (SERS) [8, 9], fluorescence [10], colorimetry
[11], electrochemiluminescence (ECL) [12] and electrochem-
istry (EC) [13, 14], have been fabricated for implementing the
Pb2+ analysis. Among them, EC based analysis systems
showed desirable advantages of cost-effective procedure, sim-
ple operation and miniaturization, and thereby have received
considerable attention [15].

The DNA amplification technologies, such as enzyme-
assisted recycle cleavage [16, 17], strand displacement am-
plification [18, 19] and DNA extend reaction [20], are ef-
fective ways to improve the detection sensitivity of biosen-
sors. Especially, the DNA extend reaction with the unique
property of producing long single or double stranded DNA
(ssDNA/dsDNA) nanotails exhibits desiring advantages in
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biosensing applications, through which different massive
signal probes or enzymes can be decorated simply and
quickly. However, traditional DNA extend approaches, in-
cluding rolling circle amplification (RCA) [21, 22], hybrid-
ization chain reaction (HCR) [23, 24], exponential amplifi-
cation reaction (EXPAR) [25–27], polymerase chain reac-
tion (PCR) [28] and loop-mediated isothermal amplification
(LAMP) [29, 30], were driven by DNA templates and re-
quired strict base pairing, making the systems suffered from
not only structural complexity but also fussy operation.
Fortunately, the template-free DNA extension reaction, in
which the consecutive addition of deoxyribonucleoside 5′-
triphosphates (dNTP) at 3′-OH group of DNA is effectively
catalyzed by terminal deoxynucleotidyl transferase (TdT)
[31, 32], can resolve the above-mentioned problems to a
certain extent. The entirely extension reaction process need
no DNA template, and thus the DNA sequence can be easily
designed and operated, thereby providing a simple, direct
and efficient isothermal amplification method for producing
long ssDNA nanotails in construction of ultrasensitive
biosensors.

The redox probes N,N′-Bis(2-(trimethylammonium
iodide)propylene) perylene-3,4,9,10-tetracarboxyldiimide
(PDA+), a derivative of 3,4,9,10-perylene- tetracarboxylic
dianhydride, possesses the positive charges at both ends,
which can be decorated on negative charged DNA or
gold nanoparticles (depAu) via electrostatic adsorption.
Moreover, the PDA+ is an aromatic molecule consisting
of five phenyl rings structure and two imides at both end
of perylene molecule, which possesses superior electro/
optical property. Therefore, the PDA+ was used as redox
probe and first applied in construction of electrochemical
biosensor. In this work, by combining Pb2+-dependent
split DNAzyme with temple-free DNA extension reac-
tion, a simple and ultrasensitive EC-biosensor was de-
signed for determination of Pb2+. The Pb2+-dependent
split DNAzyme assembled on Au@Fe3O4 (nanoprobes)
was first subjected to the target Pb2+. Here, the Pb2+

can specially split DNAzymes to release substantial
primers containing 3′-OH group (S1 and S2), and thus
trigger the temple-free DNA extension reaction to gener-
ate amounts of long ssDNA nanotails, on which a lots of
free redox probes PDA+ were decorated via electrostatic
adsorption. Since the PDA+ in tube was at a constant
total, the decoration of PDA+ on long ssDNA nanotails
would lead to the reduce of free PDA+ in solution, leav-
ing few free PDA+ for being immobilized on depAu
modified electrode (depAu/GCE) to produce low EC sig-
nal for quantitative detection of Pb2+. The Pb2+-depen-
dent split DNAzyme not only avoided the usage of en-
zyme label, but also effectively increased the sensitivity
of proposed biosensor, providing a simple and sensitive
strategy for Pb2+ analysis.

Experimental

Chemicals and reagents

Chloroauric acid (HAuCl4), silver nitrate (AgNO3),
hexanethiol (HT), Fe3O4 magnetic nanoparticles (Fe3O4),
Zinc nitrate (Zn(NO3)2), phthalic diglycol diacrylate
(PDDA) and tris(hydroxymethyl)aminomethane (Tris) were
purchased from Sigma (St. Louis, MO, USA) (http://www.
sigmaaldrich.com). 3,4,9,10-perylenetetr- acarboxylic
dianhydride (PTCDA) used for synthetizing N,N′-Bis(2-
(trimethylammonium iodide)propylene)perylene-3,4,9,10-
tetracarboxyl- diimide (PDA+) was supplied from Lian Gang
Dyestuff Chemical Industry Co. Ltd. (Liaoning, China)
( h t t p : / / www. l y l i a n g a n g d y e s . c om ) . Te rm i n a l
deoxynucleotidyl transferase (TdT) and its buffer containing
1 M potassium cacodylate, 0.05% (V/V) Triton X-100, 5 mM
CoCl2, and 0.125 M Tris, pH 7.2) were supplied from
Beyotime Biotech Co. Ltd. (Nantong, China) (https://www.
beyotime.com/index.htm). The catalytic strand (Cat): 5′-SH-
(CH2)6-CAT CTC TTC TCC GAG CCG GTC GAA ATA
GTG AGT-3′ and substrate strand (Sub): 5′-GTG GAT TTA
GGGTGAGGTGAGTGAGACTCACTATrAGGAAGA
GAT GGG TAG GAG TGG GAT GAG GAT TTG G-3′, and
deoxyadenosine triphosphate (dATP) were all supplied from
Sangon Biotech Co. Ltd. (Shanghai, China) (https://www.
sangon.com). All aqueous solutions were prepared with
ultrapure water (18.2 MΩ·cm, MilliQ, Millipore).

Apparatus

All electrochemical measurements were conducted on a com-
puter controlled CHI 660E electrochemical system (Shanghai
Chenhua Instrument, China) with a traditional three-electrode
system. The differential pulse voltammetric (DPV) signals
were recorded in 0.10 M phosphate buffered solution (PBS,
pH 7.0) containing 0.1 M Na2HPO4, 0.1 M KH2PO4, and
0.1 M KCl. The parameters were listed as follows, potential:
−0.6 to 0 V; modulation amplitude: 0.05 V; pulse width: 0.05 s
and sample width: 0.0167 s. The cyclic voltammetry (CV)
was performed with the potential ranged from −0.2 V to
0.6 V at 100 mV s−1 in 0.10 M PBS (pH 7.0) containing
5 mM [Fe(CN)6]

3−/4-. The electrodeposition of depAu was
performed in 1 wt% HAuCl4 solution with the usage of con-
stant potential of −0.2 V and reaction for 30 s.

Synthesis of PDA+ redox probes

The synthesis procedure of redox probe PDA+ is listed as fol-
lows: 1.5 mL 3-dimethylaminopropylamine (118 mM) and
0.5 g PTCDA (12.1 mM) were added into 20 mL isobutanol
and reacted for 24 h at 90 °C under stirring. After filtering, the
raw product was subjected to NaOH solution at 80 °C for
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reaction of 30 min for removing superfluous PTCDA, followed
by washing with the usage of ethanol and deionized water,
respectively. After drying under vacuum, 0.3 g raw product,
0.15 mL ethyl iodide and 15 mL toluene were added into a
round bottom flask equipped with a stirring condenser and
refluxed for 3 h. At the conclusion of the reaction, the mixture
was cooled to room temperature and filtered. Then, the aether
was used to wash the precipitate. After drying under vacuum,
brownish red PDA+ thus acquired for further use.

Synthesis of Pb2+-dependent DNAzyme decorated
Au@Fe3O4 nanoprobes

2 mg mL−1 Fe3O4 magnetic nanoparticles (Fe3O4) were first
washed three times by ultrapure water. Then, the washed
Fe3O4 was subjected to 1 mL 0.2 wt% PDDA solution for
reaction at room temperature for 30 min. Afterwards, 5 mL
gold nanoparticles (Au) solution prepared according to the
literature [33] was added into above mixture. Since the
PDDA possessed the positive charges, the Au with negative

charges can be successfully assembled on PDDA functional
Fe3O4 surface via electrostatic adsorption. After incubation
overnight at room temperature with gentle shaking, the resid-
ual Au was moved by using magnetic separation. Following
that, the precipitate (Au@Fe3O4 nanoparticles) was re-
dispersed in 6 mL PBS. Then, 50 μL Pb2+-dependent
DNAzyme (Cat and Sub, 50μM, respectively) was added into
1 mL prepared Au@Fe3O4 solution and reacted half one day
at 4 °C. To block the nonspecific binding sites on Au, 200 μL
HT (50 mM) was dropped into the solution and reacted
40 min. After magnetic separation, the final Pb2+-dependent
DNAzyme decorated Au@Fe3O4 nanoprobes was re-
dispersed in 1 mL PBS for further use.

Principle of electrochemical DNA biosensor for Pb2+

detection

The principle of proposed electrochemical biosensor based on
Pb2+-dependent DNAzyme cleavage recycling and template-
free DNA extension reaction is shown in Fig. 1. The 10 μL

Fig. 1 Schematic illustration of the electrochemical aptasensor for Pb2+

analysis based on ion-dependent DNAzyme cleavage recycling andDNA
extension reaction: (a) the principle of electrochemical DNA biosensor

for Pb2+ detection; (b) the formation of long ssDNA nanotail; (c) the
synthesis route of PDA+
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target Pb2+ with different concentrations was first subjected to
20 μL prepared Pb2+-dependent DNAzyme decorated
Au@Fe3O4 nanoprobes solution for reaction of 40 min.
Through the Pb2+-dependent DNAzyme cleavage recycling
amplification, the small amount of target Pb2+ was converted
into numerous 3′-OH output DNAs (S1), which thus further
triggered the DNA extension reaction to directly generate the
long ssDNA. Therefore, after the magnetic separation, 10 μL
TdT extension solution (200 UmL 1−1 TdT, 2.5 mM CoCl2
and 10 mM dATP) was added into the supernatant and reacted
at 37 °C for 60 min. Subsequently, a fixed concentration of
4 μL 0.3 μM PDA+ with positive charges was adopt into
solution for its adsorption on negative charged long ssDNA
nanotail, resulting in the reduce of free PDA+ in solution.
Then, the solution was coated on depAu modified electrode
for incubation of 40 min. Owing to the depAu/GCE can cap-
ture the free PDA+, a detectable electrochemical signal was
acquired for quantitative detection of Pb2+.

Results and discussion

Electrochemical characterization of the modified
electrode

The CV was used to monitor the sequential fabrication
of the modified electrodes, including the modification of
depAu and free PDA+ on electrode. And all the

electrodes were investigated in 0.10 M PBS (pH 7.0)
containing 5 mM [Fe(CN)6]

3−/4- and the corresponding
results were displayed in Fig. 2A. As expected, because
of the excellent redox activity of [Fe(CN)6]

3−/4-, a cou-
ple of redox peak is acquired (curve a). Owing the
superior conductivity of depAu, an increase in peak
current can be observed after the modification of
depAu on electrode (curve b). Likewise, the absorption
of PDA+ on electrode can lead to a further increase in
peak current (curve c), this is because that the PDA+

with positive charges can facilitate the electron transfer

Fig. 2 (A) CVs of bare GCE (a),
depAu/GCE (b) and PDA+/
depAu/GCE (c) investigated in
0.10 M PBS (pH 7.0) containing
5 mM [Fe(CN)6]

3−/4-. (B) DPV
responses of depAu/GCE (a) and
PDA+/depAu/GCE (b) investi-
gated in 0.10MPBS (pH 7.0). (C)
The CVs of Au/GCE in 0.10 M
PBS (pH 7.0) containing 5 mM
[Fe(CN)6]

3−/4- with different
sweep rates: 10, 20, 50, 80, 100,
120, 150, 180, 200, 250 and
300 mV s−1. The inset shows the
dependence of redox peak cur-
rents on the square root of scan
rate

Fig. 3 Effect of PDA+ concentrations on the sensor performance (target
Pb2+ was set at 10 nM). Error bars represent standard deviations of three
parallel experiments
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on electrode. Moreover, the DPV was also used for
testifying the successful immobilization of PDA+ on
electrode. Here, the 0.10 M PBS (pH 7.0) was served
as detection buffer. It can be seen from Fig. 2B that the
PDA+/depAu/GCE (curve b) have an obvious peak cur-
rent compared to that of depAu/GCE (curve a),
indicting the feasibility of proposed approach.

Additionally, the CV responses of Au/GCE using different
scan rate, including 10, 20, 50, 80, 100, 120, 150, 180, 200, 250
and 300 mV s−1 were also investigated. The 0.10 M PBS
(pH 7.0) containing 5 mM [Fe(CN)6]

3−/4- was used as the de-
tection buffer. From the results we can see that, the both anodic
and cathodic peak currents increased linearly with the square
root of scan rate between 10 and 300 mV s−1, suggesting a
diffusion-controlled process of the [Fe(CN)6]

3−/4- couple at the
modified electrode. The results are shown in Fig. 2C.
Additionally, the electroactive surface area of the Au/GCE was
studied by CV in 5 mM [Fe(CN)6]

3−/4- at different sweep rates
using the Randles-Sevcik equation:

Ip ¼ 2:69� 105
� �

n3=2ADo
1=2Cov1=2

in which Do is the standard diffusion coefficient of [Fe(CN)6]
3

−/4-, Ip is the measured current maximum, n is the number of

electrons,Co is concentration of analyte, and ν is the sweep rate.
As a result, the electroactive surface area of the Au/GCE is
0.165 cm2.

Optimization of the PDA+ concentration

As mentioned above, a fixed concentration of PDA+ with
positive charge was need to be adopt into the solution contain-
ing amounts of formed long ssDNA nanotail. Except for the
PDA+ absorbed on long ssDNA nanotail, there also retained
some free PDA+ used for immobilizing on depAu/GCE for
generating detectable electrochemical signal. Thus, the initial
concentration of PDA+ was a key factor in the performance of
proposed biosensor. Obviously, superfluous PDA+ led to a
high background signal while inadequate PDA+ might bring
in the very low detection signal and detection range, thereby
influencing the detection sensitivity to a certain extent.
Accordingly, the concentration of PDA+ was optimized here.
Concentrations of PDA+ ranged from 3 × 10−9 to 3 × 10−3 M
was selected here. The results in Fig. 3 displays that the de-
tection system have no obviously signal change in the range
from 3 × 10−9 to 3 × 10−5 M, however, when the concentra-
tions of PDA+ reach to 3 × 10−4M, an obviously change in the

Fig. 4 (A) DPV responses of
proposed biosensor in response to
devise target-Pb2+ concentrations
(0.1, 0.5, 2, 10 and 100 nM); (B)
Calibration plot for the electro-
chemical signals against the loga-
rithm of target-Pb2+ concentra-
tions ranging from 0.1 nM to
100 nM

Table 1 Comparison of the proposed sensing system with other reported works using different methods for Pb2+ detection

Analytical method Materials used Linear range Detection limit Ref.

Fluorescence graphene quantum dots and gold nanoparticles 10 pM - 50 nM 5.6 pM 34

Spectrophotometric unimolecular peroxidase-like deoxyribozyme 0.05 μM - 1.2 μM 27 nM 35

Colorimetric glutathione functionalized gold nanoparticles 0.1 μM - 50 μM 100 nM 36

Electrochemical nitrogendoped graphene/chitosan nanocomposite 0.1 μM - 100 μM 66.4 nM 37

Colorimetric colloidal gold nanoparticles 0 nM - 15 nM 59.39 pM 38

Fluorescence ion imprinted fluorescence polymers 0.1 μM - 5.0 μM 34 nM 39

Electrochemical DNA functionalized porphyrinic metal-organic framework 0.05 nM - 200 nM 34 pM 40

Electrochemical 3D DNA-gold nanoparticles network 100 pM - 5 μM 95 pM 41

pH meter Pb2+-specific DNAzyme immobilized magnetic beads 1.0 nM – 100 nM 0.91 nM 3

Colorimetric Pb(II)-binding aptamer immobilized gold nanoparticles 10 nM – 1.5 μM 2.4 nM 42

Fluorometric DNAzyme modified graphene oxide 0 nM - 3 nM 96 pM 43

Electrochemical Pb2+-dependent DNAzyme decorated gold nanoparticles@Fe3O4 0.1 nM - 100 nM 30 pM This work
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DPV signal can be acquired and the current continuously in-
crease with the increasing concentration. Therefore, the opti-
mized PDA+ concentration is 3 × 10−5 M.

Performance of biosensor for determination of Pb2+

Under the optimized conditions, the DPV responses at devise
concentrations of Pb2+ were measured. As displayed in
Fig. 4A, the DPV signal decrease with the increase of Pb2+

concentration, suggesting that more Pb2+ used for recycling
cleavage of ion-dependent DNAzyme, the more DNA frag-
ments acquired to produce substantial DNA long ssDNA
nanotail for PDA+ immobilization, effectively reduces the re-
sidual free PDA+ in solution for assembling on depAu/GCE.
After repeated trials (n = 3), the average decrease of the peak
values shows a good relationship toward the logarithm of Pb2+

concentration in the range of 0.1 ∼ 100 nM (Fig. 4B). The
corresponding regression equation is I = 0.3727–3.9338
lgcPb

2+ and a calculated detection limit is 30 pM. From the
results we can see that the proposed approach displays a rel-
ative wide linear detection range and low detection limit, sug-
gesting that the designed target-induced cleavage recycling
and rolling circle amplification (RCA) can effectively im-
prove the sensitivity of proposed biosensor. Moreover, the
property of proposed sensing system is compared with that

of some reported works. From the Table 1, we can see that
the proposed biosensor shows desiring liner range and detec-
tion limit, providing a sensitive approach for Pb2+ detection.

Selectivity and reproducibility

The selectivity test of proposed electrochemical biosensor to-
ward several different ions (including Ag+, Co2+, K+, Na+,
Ni2+, Zn2+ Cu2+, Sn2+, Fe3+, Ca2+ and Hg2+) was also con-
ducted. As shown in Fig. 5, only a distinct change of electro-
chemical response toward Pb2+ can be obtained when com-
pared with other ions even the concentration up to 10-fold.
Moreover, the cross-sensitivity to other species were also in-
vestigated, the sample containing 10 nM Pb2+, 100 nM Cu2+,
100 nM Sn2+, 100 nM Fe3+, 100 nM Ca2+ and 100 nM Hg2+

was also detected here. As shown in Fig. 5, the electrochem-
ical signal of biosensor towards sample containing 10 nM
Pb2+, 100 nM Cu2+, 100 nM Sn2+, 100 nM Fe3+, 100 nM
Ca2+ and 100 nM Hg2+, is approximated to the current of
biosensor towards sample containing 10 nM Pb2+ only.
These results suggest that the co-exist of other interferences
would not influence the detection of Pb2+, suggesting that the
electrochemical detection of Pb2+ with this biosensor is highly
selective. Additionally, the reproducibility of this system was
also investigated by treatment of four independent electrodes
toward the same Pb2+ concentration (10 nM). The relative
standard deviation (RSD) of four measurements is 5.87%.
Although the RSD is relatively high owing to the interaction
using electrostatic adsorption, the system yet has an accept-
able reproducibility.

The practicality of the assay

To test the practicality of proposed method, recovery experi-
ments for drinking water acquired from the tap in our labora-
tory with different Pb2+ concentrations (0.5, 10, 100 nM) were
carried out. The corresponding results are displayed in
Table 2. The recoveries and relative standard deviations
(RSDs) are ranged from 96.2%–103.5% and 4.3%–5.2%, re-
spectively, suggesting that the proposed biosensor hold a po-
tential application in detection of Pb2+ in drinking water.
Additionally, the tap water samples containing defined Pb2+

concentration by atomic absorption spectrometry (AAS) were
also studied by proposed biosensor. The results in Table 3

Fig. 5 Selectivity analysis of the biosensor (100 nM Ag+; 100 nM Co2+;
100 nM K+; 100 nM Na+; 100 nM Ni2+; 100 nM Zn2+, 100 nM Cu2+,
100 nM Sn2+, 100 nM Fe3+, 100 nM Ca2+, 100 nM Hg2+, 10 nM Pb2+;
blank and the mixture containing 100 nM Cu2+, 100 nM Sn2+, 100 nM
Fe3+, 100 nM Ca2+, 100 nM Hg2+ and 10 nM Pb2+). Error bars represent
the standard deviation from four independent experiments

Table 2 Recovery Experiments of Pb2+ in Drinking Water Samples

Samples Added Pb2+/nM Found Pb2+/nM Recovery/
%

RSD/
%

1 0.5 0.48 96.2 4.3

2 2 2.05 102.5 4.5

3 10 9.65 96.5 4.8

4 100 103.5 103.5 5.2

Table 3 Detection of tap water samples containing defined Pb2+

concentration by atomic absorption spectrometry (AAS) using proposed
biosensor (n = 3)

Proposed Biosensor (nM) AAS (nM)

1 2 3 RSD 1 2 3 RSD

90.2 97.7 99.8 5.3% 96.6 103.5 99.3 3.5%
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shows that the experimental data obtained by the proposed
biosensor were approximate to that of AAS, further suggest-
ing potential application of proposed biosensor in detection of
Pb2+ in drinking water.

Conclusions

An effective way was proposed to detect Pb2+ by combining
ion-dependent split DNAzyme and template-free DNA exten-
sion reaction. The proposed EC biosensor had two features:
First, the substantial primers produced by the cycle of Pb2+-
dependent split DNAzyme triggered the temple-free DNA
extension reaction, avoiding the strict base pairing to make
the detection system became simply. Second, the Pb2+-depen-
dent split DNAzyme avoided the usage of enzyme label, pro-
viding a simple and sensitive strategy for Pb2+ analysis.
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