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s-based biosensor for Pb(II) using
electrochemical impedance spectroscopy†

Xi Zhu,a Huifeng Xu,*bc Ruolan Lin,a Zhonghuang Wang,a Bijuan Zheng,a Guidi Yang*a

and Guonan Chenc
In this research, we demonstrate a label-free DNA concantamers-

based biosensor using electrochemical impedance spectroscopy for

Pb2+ with a 0.1 nM detection limit. This sensor was used to assay Pb2+

in the extraction of Bauhinia championi.
The detection of trace amounts of targets (DNAs, proteins,
metal ions, and disease biomarkers) plays a signicant role in
early-stage disease diagnosis, food quality control, environ-
mental monitoring, and homeland security. For achieving this,
numerous sensing and signal amplication strategies have
been developed.1 Among them, the polymerase chain reaction
(PCR) is considered to be the most successful tool2 for the
detection of DNA3 and proteins.4 However, PCR is limited by
complicated thermal cycling steps and false positive results due
to complicated thermal cycling steps.5,6 In addition, rolling
circle amplication (RCA),7–10 and hyperbranched rolling circle
amplication (HRCA)11–14 are excellent candidates for ampli-
fying detection due to their simplicity and high efficiency.15,16

Although these nuclease-based amplied methods can be used
for the detection of exceedingly low levels of targets, they suffer
from the complexity of the experimental system due to complex
operations, expensive polymerase, and tedious labels. There-
fore, the development of detection without the enzyme is highly
desirable.

Recently, Chen et al.17,18 used two well-designed auxiliary
DNA probes to hybridize with two different regions of the ssDNA
by driven by the free energy of base pair without enzyme,
resulting in the formation of linear DNA concatamers. This
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novel hybridization chain reaction (HCR) process has been used
to fabricate several electrochemical biosensors by labeling
different electroactive reagents on the auxiliary probes, which
can be used to assay DNA,17,18 microRNA,19 proteins20 and small
molecules.21

Deoxyribozymes (DNAzyme), articial nucleic acid enzymes,
can catalyze a broad range of chemical and biological reactions
in the presence of specic cofactors. These cofactors include
amino acids,22 metal ions23 and small organic molecules.24 Pb2+,
designated as an “air toxic” metal ion, is harmful to the global
habitat25,26 and ecosystem27–29 due to its non-biodegradability.
Therefore, various Pb2+-dependent DNAzyme-based biosensors
have been constructed, including colorimetric,30,31 electro-
chemical,32–34 uorescence,35–37 surface-enhanced Raman scat-
tering,38 and dynamic light scattering.39 Compared with
traditional methods for Pb2+, such as atomic spectroscopy,
these well-designed sensors avoid multiple steps of sample
pretreatment, sending samples to centralized laboratories at a
high cost with a long turnaround time, and a rather complex
laboratory technique. Even so, the detection limits of these
sensors are not satisfactory, and thus the development of a high
sensitivity sensor is desired.

By combining the high selectivity of Pb2+-dependent DNA-
zyme and amplication of DNA concatamers, we developed an
electrochemical impedance spectroscopy (EIS)-based sensor for
Pb2+. EIS is a useful technology for studying biomolecular
interactions based on ligand binding interactions-induced
change in the electrode dielectric properties.40 To demonstrate
the spectra in detail, the equivalent circuit was used to t the
EIS data. The green arrow in Fig. 1 denotes the circuit. In the
impedance spectra, the semicircle portion at higher frequencies
relates to the electron transfer-limited process, and the linear
part at lower frequencies corresponds to diffusion. The equiv-
alent circuit consists of the electrolyte solution resistance Rs,
the surface electron transfer resistance Rct which reects the
surface condition of the gold electrode surface, Warburg
impedance Zw and constant phase element related to double
layer capacitance Cdl.41 It is worth noting that the change in the
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Working principle of this DNA EIS-based sensor.

Fig. 2 Nyquist plots of different electrodes in a 5 mM [Fe(CN)6]
3�/4�

solution and 0.1 M KCl. Curves a to c denote the bare electrode,
DNAzyme-modified electrode, DNAzyme/substrate-modified elec-
trode (DNA sensor), respectively; curve d and e denote the DNAzyme/
substrate-modified electrode after analysis of 0.5 nM Pb2+ without and
with HCR process, respectively.

Fig. 3 (A) Impedance spectra of different Pb2+ concentrations: (a)
0 nM; (b) 0.3 nM; (c) 0.5 nM; (d) 1 nM; (e) 2 nM; (f) 5 nM; (g) 10 nM; (h) 50
nM; (i) 100 nM. (B) Linear relationship between Rct value and the

2+
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semicircle diameter reects the change in the interfacial
charge-transfer resistance (Rct), which is related to the situation
on the electrode. A larger semicircle displays more resistance.
Here, Rct is an important parameter for quantitative detection.

The assay process contains two steps, the recognition
element and the amplication element, as shown in Fig. 1.
The recognition element consists of thiolated capture DNA-
zyme immobilized on the gold electrode surface and its
substrate strand. At this stage, the negative charge of the DNA
backbone on the electrode is small, resulting in a small
resistance to [Fe(CN)6]

3�/4� probe. In the presence of Pb2+,
DNAzyme would catalyze the hydrolytic cleavage of the
substrate strand into two pieces, resulting in only DNAzyme
remaining on the electrode. The amplication element is
then initiated in the presence of auxiliary A1 and A2. They are
well-designed and both of them contain two fragments. The
italic fragment at the 30 end of A1 is complementary to the
italic fragment of A2, and the underlined fragment at the 50

end of A2 hybridizes with the underlined fragment of A1.
Thus, the cascade of the self-assembly process between A1
and A2 forms micrometer-long DNA concatamers. In addi-
tion, the italic fragment at the 30 end of A1 is also
complementary to the italic fragment of the DNAzyme on the
electrode, which helps the DNA concatamers to link to the
electrode surface. During this process, the negative charge of
the DNA on the electrode increases sharply, leading in a
very signicant resistance signal. The sequences are
shown in ESI.†

For verifying the feasibility of this proposed sensor, we
characterized its the preparation, recognition, and amplica-
tion. Fig. 2 indicates the Rct of different modied electrodes in a
5 mmol L�1 [Fe(CN)6]

3�/4� solution with 0.1 M KCl. Compared
to the bare gold electrode (curve a, Rct ¼ 60 U), the immobili-
zation (curve b, Rct ¼ 172.5 U) and hybridization (curve c, Rct ¼
287 U) of DNAzyme on the electrode leads to an increase in the
negative charge and resistance, displaying larger diameters of
the semicircle at higher frequencies. According to the formula
in the ESI,† the surface coverage of DNAzyme on the electrode
were calculated to be 1.8 � 10�12 mol cm�2. Aer the addition
of 0.5 nM Pb2+, the substrate was cleaved, and the negative
This journal is © The Royal Society of Chemistry 2014
charges on the electrode surface then decreased, resulting in a
slightly decreased semicircle domain (curve d, Rct ¼ 247.5 U). It
is indicated that at 0.5 nM Pb2+, about 13.8% of the cleavage
efficiency of DNA enzyme was achieved. Aer the HCR process,
the formed DNA concatamers exhibited large amounts of
negative charge, resulting in a signicantly increased semicircle
(curve e, Rct ¼ 441.7 U).

To investigate the amplication of this sensor, the absolute
values of the Rct change (|DRct| ¼ |Rct1 � Rct0|) were compared,
where Rct0 and Rct1 stand for before and aer the introduction of
Pb2+, respectively. There was a small |DRct| without the HCR
process, while an about 4-time amplication of |DRct| was
observed during the HCR process. These results show that this
method can be used to assay trace amounts of Pb2+ using EIS.

Under the abovementioned optimized conditions, we
investigated the impedance response of this biosensor to
different Pb2+ concentrations. Fig. 3A and B show the imped-
ance spectra in this system aer interaction with different
concentrations of Pb2+. With increasing Pb2+ concentration, the
diameter of the semicircle increased, showing that Rct is
proportional to Pb2+ concentrations. As a result, a proportional
relationship was achieved between Rct and the logarithm of the
Pb2+ concentration in the range of 0.3–100 nM, as shown in the
inset of Fig. 3B. The regression equation is:
logarithm of Pb concentration.

Anal. Methods, 2014, 6, 8886–8889 | 8887
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Fig. 4 Histogram of DRct to different metal ions, whose concentra-
tions are 0.5 nM.

Table 1 Assay of Pb2+ in the extraction of a traditional Chinese herb

Sample number Added (nM) Found (nM) Recover (%)

1 1.0 1.07 107
2 2.0 1.81 90.5
3 5.0 5.13 102.6
4 10.0 9.46 94.6
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R/U ¼ 4309.68 + 414.86 log C(Pb2+) r ¼ 0.9910

where R is the Rct value, C(Pb
2+) is Pb2+ concentration, and r is

the regression coefficient. The detection limit was calculated to
be 0.1 nM based on the 3s per slope (s is the standard deviation
of blank sample for 10 times), which is prior to those of DNA-
zyme-based electrochemical biosensors.32,33,42

Good specicity is one of the most important parameters
for a sensor. Here, we performed a comparison experiment
on non-target metal ions and target Pb2+. The non-target
metal ions included Ag+, Hg2+, Cu2+, Cd2+, Ni2+, Fe3+, and
Al3+. The concentrations of these non-target metal ions and
Pb2+ were 0.5 nM. The experimental results are shown in
Fig. S1.† DRct represents the Rct change, that is, DRct ¼ Rct1 �
Rct0, where Rct0 and Rct1 stand for before and aer the
introduction of Pb2+ during the HCR process, respectively. It
is clear that for non-target metal ions, there are small DRct

values. On the contrary, an obvious DRct was observed in the
presence of Pb2+. This result conrms that this proposed
method has excellent selectivity to Pb2+ due to high selectivity
of DNAzyme (Fig. 4).

This biosensor was also applied to assay Pb2+ in the extrac-
tion of Bauhinia championi, a traditional Chinese herb for
relieving osteoarthritis.43 The detection results are shown in
Table 1. Satisfactory recoveries (90.5–107%) were obtained,
suggesting that this method can provide an efficient tool for the
detection of Pb2+ in the traditional Chinese herb.

In summary, by combining the amplication of the HCR
process and Pb2+-dependent DNAzyme, we constructed an EIS-
based DNA sensor for Pb2+ with a detection limit of 0.1 nM.
Further, it was used for the detection of river samples. It showed
promise for the detection of metal ions in the traditional
Chinese herb.
8888 | Anal. Methods, 2014, 6, 8886–8889
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