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Abstract

We present a novel simple strategy for the detection of Pb>* based on G-quadruplex DNA and gold nanoparticles. First, gold
nanoparticles were chemically adsorbed onto the surface of a thiol-modified gold electrode. Subsequently, the substrate DNA1
was adsorbed onto the surfaces of the gold nanoparticles via thiol-gold bonds, so that the complementary guanine-rich DNA2
could be hybridized to the gold electrode in sequence. [Ru(NH;)e]*" (RuHex), which can be electrostatically adsorbed onto the
anionic phosphate of DNA, served as an electrochemical probe. The presence of Pb** can induce DNA2 to form a stable G-
quadruplex and fall off the gold electrode. The amount of RuHex remaining on the electrode surface was determined by
electrochemical chronocoulometry (CC). The prepared biosensor showed high sensitivity for Pb** with a linear range with
respect to In(cpy,,) from 0.01 to 200 nM and a low detection limit of 0.0042 nM under optimal conditions. Because of the high
selectivity of the Pb>*-specific DNA2, the designed biosensor also showed low false-positive signal rates with other metal ions in

real-world examples. Therefore, this strategy has the potential for practical application in environmental monitoring.

Keywords Pb** detection - Electrochemical biosensor - Gold nanoparticles - G-quadruplex

Introduction

With the development of modern agriculture and industry,
environmental pollution has become increasingly serious.
Contamination with heavy metals has aroused considerable
public concern because they present a significant hazard to
human health due to their bioaccumulation, toxicity, and low
rate of clearance. Among the most toxic of the heavy metal
ions is lead, which can cause serious damage to the central
nervous system, kidneys, liver, skin, and other organs, even at
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concentrations measured in parts per million [1-6]. According
to the U.S. Environmental Protection Agency (EPA), the max-
imum allowable contamination level of lead ions in drinking
water is about 72 nM. Recently, lead contamination of soil,
food, and drinking water has generated widespread concern.
Natural soil is still the most widely used medium for plant
cultivation, and lead ion pollution of cultivated land can be
transferred into plants, which can affect food safety and ani-
mal health [7, 8]. The detection of trace amounts of lead ions
in water and soil is consequently very important.
Traditionally, many detection methods have been used to
measure lead ions, including atomic absorption spectrometry,
mass spectrometry, atomic emission spectrometry, and induc-
tively coupled plasma mass spectrometry (ICP-MS) [9-13].
These techniques have been successfully used in the labora-
tory but are not suitable for in-situ determinations, as complex
pretreatment steps as well as unwieldy and expensive instru-
ments are required to perform these methods. By contrast,
electrochemical determination permits the use of ultrasensi-
tive, portable, and inexpensive electrode-based systems.
Chronocoulometry (CC), which was initially employed by
Tarlov and coworkers [14], is a more accurate electrochemical
method than cyclic voltammetry (CV) for quantifying the den-
sity of nucleic acid (DNA) absorbed on the surface of an
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electrode. Unlike other electrochemical methods, one obvious
advantage of CC is that the charge generated by the reaction of
species adsorbed on the electrode surface and the electrical
double layer charge can be distinguished from the charge gen-
erated by the reaction of redox molecules that diffuse to the
electrode surface [15]. Therefore, chronocoulometry was se-
lected here to study the amount of [Ru(NH;)s]** (RuHex)
bound to the anionic phosphate of DNA adsorbed on the sur-
face of'the electrode, which changes depending on the lead ion
concentration.

Several types of DNA probes have been developed to bind
specifically with Pb®*, including “8-17” DNAzyme [16, 17],
GR-5 DNAzyme [18], and Pb**-induced G-quadruplex
DNAs [19-21]. In recent years, G-quadruplex DNAs have
attracted much attention as possible sensors for bioanalytical
detection [22, 23]. G-quadruplexes are higher-order structures
formed from guanine-rich oligonucleotides through the stack-
ing of planar G-tetrads [24]. There are many 7t—7t interactions
in the G-quadruplex structure, which consequently has a
strong affinity for many fluorescent dyes. Thus, many fluores-
cent probes based on G-quadruplex structures have been stud-
ied [21, 23]. Furthermore, the presence of stabilizing cations
(Ag*, Hg**, Pb®*, etc.) can induce the formation of stable G-
quadruplexes in short guanine-rich DNA sequences [25].
Among these G-rich DNAs, the T30695 molecule,
5'-(GGGT)4-3', was found to form a stable G-quadruplex in
the presence of Pb>* [19, 26]. According to previous reports
[27, 28], compared with other metal ions, Pb>* is more effi-
cient at stabilizing G-quadruplexes as the resulting M—O and
0O-0 bonds are relatively short [29]. This extra stability of the
Pb** complexes enables the use of short guanine-rich DNA
sequences (T30695) for Pb** sensing with high sensitivity and
selectivity.

The use of appropriate nanomaterials to modify the surface
of an electrode can increase its specific surface area, meaning
that its loading capacity for DNA will increase. Moreover,
incorporating nanomaterials can improve the detection sensi-
tivities and reduce the detection limits of biosensors based on
DNA [30, 31]. Gold nanoparticles were first synthesized in a
controllable manner in 1973 [32]. Since then, the method of
preparing gold nanoparticles has been developed further, and
is now very simple [33, 34]. Gold nanoparticles have many
desirable properties, such as good chemical stability, biocom-
patibility, and electrochemical activity. Thus, they have been
widely used in electrochemical biosensors [35-37].

In the work reported in the present paper, we designed an
electrochemical biosensor for Pb** detection based on G-
quadruplex DNA and gold nanoparticles. First, we used gold
nanoparticles to modify the electrode in order to increase its
specific surface area and improve its electronic transport prop-
erties. Secondly, the oligonucleotide substrate was chemically
absorbed on the gold nanoparticles via thiol-gold bonds.
Finally, a short guanine-rich DNA sequence was hybridized
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with the complementary substrate oligonucleotide.
[Ru(NH;)s]*" (RuHex) was used as an electrochemical probe
that can bind to the anionic phosphate of DNA through elec-
trostatic interactions, even at very low ionic strengths [38].
The presence of Pb>* can induce the formation of stable G-
quadruplexes in the short guanine-rich DNA sequence so that
it falls off the double-stranded DNA. Consequently, the elec-
trochemical signal decreases with increasing lead ion concen-
tration, which makes it possible to detect Pb2*.

Materials and methods
Reagents

Tris(2-carboxyethyl)phosphine hydrochloride (TCEP),
chloroauric acid (HAuCly-4H,0), hexaammineruthenium(III)
chloride (Ru(NH;3)4Cls), trisodium citrate, 1,2-ethanedithiol,
tris(hydroxymethyl) aminomethane (Tris), and metal salts such
as Pb(NOj3), and CuAc, were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). All reagents
were analytical grade and used without further purification.
Deionized water (18 M2 cm) was used throughout the
experiments.

The DNA sequences were obtained from GENEWIZ
Biotechnology Co. Ltd. (Suzhou, China). The following two
oligomers were used in this work: DNA1: 5'-CACC
CACCCAC-(CH,)4-SH-3"; DNA2: 5'-GGGT
GGGTGGGTGGGT-3'.

Instrumentation

The morphology of the gold nanoparticles was characterized
by transmission electron microscopy (TEM; JEM-200CX,
JEOL, Tokyo, Japan). For comparison with this sensor, an
atomic absorption spectrophotometer (AAS; SP-3803AA,
Shanghai Spectrum Instruments, Shanghai, China) with an
air-acetylene burner was used to determine Pb**. The adsorp-
tion wavelength was 283.3 nm and the spectral bandwidth was
1.4 nm. All electrochemical measurements, including cyclic
voltammetry (CV), electrochemical impedance spectroscopy
(EIS), and chronocoulometry (CC), were performed using a
CHI 660E electrochemical workstation (Shanghai Chenhua
Instrument Co. Ltd., Shanghai, China). A conventional
three-electrode system comprising a saturated calomel elec-
trode reference electrode, a platinum wire auxiliary electrode,
and a AuNPs/dsDNA-modified working electrode was used.
Cyclic voltammetry (CV) analysis was conducted using an
electrolyte comprising 5 mM Fe(CN)® and 0.1 M KCI at a
scan rate of 100 mV/s in the range from —0.2 V t0 0.6 V. In the
EIS experiments, the frequency range was 0.01-100 kHz, the
signal amplitude was 5 mV, and the electrolyte contained
5 mM Fe(CN)>* and 0.1 M KCL. Chronocoulometry (CC)
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Scheme 1 Description of the
Pb>* detection strategy
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was performed in 10 mM Tris-acetate (pH 7.4) containing
50 uM [Ru(NH;)s]** within the potential range from —0.2 to
0.6 V. The pulse period was 0.25 s for CC.

Preparation of gold nanoparticles

Gold nanoparticles were prepared using the conventional cit-
rate reduction method described previously [33, 34], albeit
with the following minor modifications. Before the experi-
ment, all glassware was immersed in aqua regia for 2 h in
order to remove reducing substances. First, 100 mL of ultra-
pure water were added to a round-bottom flask and heated to
boiling under constant stirring. Second, 384 uL of HAuCl,
(0.08 M) were added to the solution, after which 3.3 mL of
trisodium citrate (38.8 mM, 60 °C) were added rapidly into the
boiling solution. The color of the solution changed from col-
orless to wine red after boiling for another 15 min with

Fig. 1 a TEM image and b a
absorbance spectrum of the gold
nanoparticles
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DNA2
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constant stirring. After stirring for another 15 min, the solution
was cooled to room temperature. The solution was stored at
4 °C until further use. The concentration of the prepared gold
nanoparticles was about 2.2 nM, as assessed by spectropho-
tometry utilizing the Beer—Lambert law.

Fabrication of the electrochemical biosensor

The gold electrode (dp =2 mm) was first polished to a mirror
in an aqueous slurry of alumina particles (1.0, 0.3, and
0.05 mm, sequentially), and was then ultrasonically cleaned
in ethanol and deionized water for 3 min each. After that, the
gold electrode was dipped into freshly prepared piranha solu-
tion (98% H,S04:30% H,O, = 3:1 (v/v)) for 10 min, followed
by a thorough rinse with deionized water in order to remove
organic contaminants. Finally, the gold electrode was activat-
ed in 0.5 M H,SO,4 by scanning between 0 and 1.6 V at a scan
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Fig. 2 CVs of the gold electrode at different stages of the fabrication
process in 5 mM of Fe(CN)s> ™ and 0.1 M of KCI: a bare Au
electrode; b thiol-modified Au electrode (SAM/Au electrode); ¢
AuNPs/SAM/Au electrode; d DNA1/AuNPs/SAM/Au electrode; e
DNA2/DNA1/AuNPs/SAM/Au electrode

rate of 100 mV/s until a reproducible cyclic voltammogram
(CV) was obtained. The pretreated gold electrode was then
rinsed with water and dried with nitrogen.

The fabrication steps are shown in Scheme 1. The self-
assembled thiol monolayer (SAM) was formed on the surface
of'the pretreated gold electrode after dipping the electrode into
40 uM 1,2-ethanedithiol for 6 h at room temperature, after
which it was rinsed with ethanol and subsequently with de-
ionized water. The prepared SAM/Au electrode was then im-
mersed in a 10 nM gold nanoparticle solution for 16 h at room
temperature, during which the gold nanoparticles were
immobilized on the surface of the Au electrode through chem-
ical Au-S bonds.

The gold nanoparticle-modified SAM/Au electrode
(AuNPs/SAM/Au electrode) was then incubated in a solution
composed of 10 uM DNAI, 25 mM Tris-acetate buffer
(pH 7.4), and 1 mM TCEP (included to reduce disulfide-
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Fig. 3 EIS of the gold electrode at different stages of the fabrication
process in 5 mM of Fe(CN)6> " and 0.1 M of KCI: a bare Au
electrode; b thiol-modified Au electrode (SAM/Au electrode); ¢
AuNPs/SAM/Au electrode; d DNA1/AuNPs/SAM/Au electrode; e
DNA2/DNA1/AuNPs/SAM/Au electrode
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bonded oligomers) for 10 h at room temperature. After this,
the Au electrode with immobilized DNA1 on its surface (the
DNA1/AuNPs/SAM/Au electrode) was hybridized with
15 uM DNA2 in 25 mM Tris-acetate, 0.3 M NaCl, pH 7.4
for 60 min at room temperature. The prepared electrochemical
biosensor (the DNA2/DNA1/AuNPs/SAM/Au electrode) was
stored in 25 mM Tris-acetate buffer (pH 7.4) at 4 °C until
further use.

Results and discussion
Design of the strategy

The electrochemical biosensor for Pb®* detection was based
on G-quadruplex DNA and gold nanoparticles. The sensing
mechanism applied in this work is shown in Scheme 1. First,
the gold nanoparticles self-immobilized on the surface of a
thiol-modified gold electrode. Then the gold nanoparticles
were decorated with 3'-terminally thiol-modified DNA1 and
its complementary DNA2 (T30695) in sequence. Ruthenium
hexamine ([Ru(NH;)s]>*; RuHex for short) can bind to the
anionic phosphate of DNA through electrostatic interactions
[38]. Thus, RuHex served as an electrochemical probe in this
strategy.

DNAZ2 can form a G-quadruplex structure in the presence
of Pb** [19], which induces it to separate from double-
stranded DNA. Concomitantly, the amount of RuHex
adsorbed on the surface of the electrode will also decrease.
Thus, the electrochemical signal depends on to the concentra-
tion of lead ions.

The results of the characterization of the gold nanoparticles
used in this strategy are shown in Fig. 1. The average diameter
of the prepared nanoparticles was about 15 nm, and they pre-
sented a fairly uniform morphology. Moreover, the character-
istic absorption peak of gold nanoparticles at 520 nm was also
visible.

Feasibility of the electrochemical biosensor

The feasibility of constructing an electrochemical biosensor
based on G-quadruplex DNA utilizing a gold nanoparticle
amplification strategy for Pb>* detection was first verified
(see Fig. 2). The cyclic voltammogram curves indicated that
the CV signal of the thiol-modified Au electrode was signifi-
cantly lower than that of the bare Au electrode. This con-
firmed that a self-assembled thiol monolayer had indeed
formed on the surface of the Au electrode, as this monolayer
hindered electron transfer. After AuNPs had assembled on the
electrode surface, thus promoting electron transfer, the CV
signal rose again. When DNA1 and DNA2 were chemically
adsorbed on and hybridized to the electrode in sequence, the
CV signal decreased again, which indicated that double-
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stranded DNA was successfully fabricated on the surface of
the Au electrode.

The fabrication process of the biosensor was also moni-
tored by electrochemical impedance spectroscopy (EIS). The
electrical impedance-equivalent circuit, which is composed of
the Warburg impedance (Zw), the charge-transfer resistance
(Rct), the solution resistance (Rs), and the double-layer capac-
itance (Cgy), is shown in the inset of Fig. 3. The diameter of the
semicircle is equal to the value of the Rct in the Nyquist plot of
impedance spectroscopy. The bare Au electrode had the
smallest Rct (Fig. 3a). After the Au electrode was modified
with thiol groups, the Rct increased dramatically due to the
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Fig. 5 Chronocoulometric curves in 50 mM RuHex for the prepared
electrochemical biosensor in the presence of various concentrations of
Pb>*: @ 0 nM; b 0.01 nM; ¢ 0.05 nM; d 0.1 nM; e 0.5 nM; 1 nM; g
5nM; A 10 nM; 7 20 nM; j 50 nM; &£ 100 nM; / 200 nM

Lead ion reaction time (min)

low electron transfer rate (Fig. 3b). When AuNPs were assem-
bled on the surface, the electron transfer rate increased, so the
Rct was reduced (Fig. 3c). Subsequently, the Rct rose again
due to the attachment of DNAT1 to the Au electrode (Fig. 3d).
After the formation of the duplex of DNA1 and DNA2 due to
their hybridization on the surface of the biosensor, the Rct
increased further (Fig. 3e). Importantly, the EIS measurements
were in agreement with the results of the CV measurements.
In general, the lower the electron transfer rate, the larger the
Rct value.

Optimization of the detection conditions

The pH value, DNA1 concentration, incubation times of
DNA1 and DNA2, and Pb>* reaction time were optimized in
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Fig. 6 Calibration curve for Pb>* concentration (0.01-200 nm)
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Table 1 Comparison of the developed AuNPs/G-quadruplex biosensor with existing biosensors in terms of detecting Pb** jons

Electrode materials Detection range LOD Reference
[3-Cyclodextrin/rGO 1.0-100 nM 0.5 nM [40]
Bismuth nanoparticles 5.0-60 ug L' (24.1-289.6 nM) 0.8 ug L' (3.86 nM) [41]
Dithiocarbamate-modified 4'-aminobenzo-18-crown-6/AuNPs 0.1-75 uM 50 nM [42]
Pt/CeO,/urease 0.5-2.2 uM 0.019 uM [30]
Nanoporous pencil-graphite electrodes 5.0-45 ug L' (24.1-217.2 nM) 0.46 pg L' (2.22 nM) [31]
Mn(TPA)-SWCNTs 0.1-14.0 uM 38 nM [43]
AuNPs/G-quadruplex 0.01-200 nM 0.0042 nM Present work

order to obtain the best sensor fabrication and detection con-
ditions. As shown in Fig. 4a, the chronocoulometric signals
increased from pH 5.0 to 7.4 and then decreased. The maxi-
mum charge was observed at pH 7.4. This result was consis-
tent with the theoretical expectations, since a pH of about 7.4
is optimal for many biological systems, such as human blood.
We therefore chose pH 7.4 for both fabrication and Pb**
detection.

In addition, the concentration of DNA1 attached to the
electrode surface was also optimized. As shown in Fig. 4b,
the chronocoulometric signal increased as the DNAT1 concen-
tration increased from 1 to 10 uM. However, there was no
obvious change in the chronocoulometric signal when the
DNAI1 concentration was increased further. This indicated that
the binding sites on the surfaces of the gold nanoparticles were
saturated. Hence, 10 uM was selected as the optimal DNAI
concentration.

Furthermore, the hybridization time of DNA1 and DNA2
was also optimized. The chronocoulometric signal increased
from 30 to 60 min, as shown in Fig. 4c. However, there was no
change in the response signal when the incubation time was
longer than 60 min due to the saturation of the hybridization
sites. We consequently chose 60 min as the optimal incubation
time.

Finally, the reaction time of the lead ions with DNA2 was
also optimized. In the optimization experiment, the
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Fig. 7 Selectivity investigation of the electrochemical sensor. The

concentration of Pb** was 70 nM while the concentrations of the other
metal ions and anions were 0.5 pM and 1 puM, respectively)
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concentration of lead ions was 70 nM. As shown in Fig. 4d,
the charge gradually decreased before 30 min, but almost no
change was observed after that. At the beginning, Pb** in-
duced the formation of the G-quadruplex structure in increas-
ing amounts of DNA2, after which it was released into the
electrolyte, taking the absorbed RuHex with it, which led to a
decrease in the chronocoulometric signal. However, when the
time was longer than 30 min, the reaction was saturated, and
there was no change in the electrode’s total charge. Thus, we
chose 30 min as the optimal Pb** reaction time.

Pb** detection sensitivity

Chronocoulometry is an analytical method that is well suited
to quantifying the amount of RuHex bound to the anionic
phosphate of DNA on the surface of a Au electrode [39].
The charge value (chronocoulometric signal) is proportional
to the amount of RuHex adsorbed on the DNA. Increasing the
concentration of Pb** causes more DNA2 to dissociate into
the electrolyte. This in turn will lead to a decrease in the
amount of RuHex adsorbed on the surface of the Au electrode.
Hence, the charge decreases as the Pb>* concentration in-
creases (Fig. 5). According to the Cottrell equation, charge is
linearly proportional to time raised to the power of 1/2. The
intercept of the linear part of each curve in Fig. 5 represents
the sum of the Faraday charge and the electrical double-layer
charge, which we denoted Q.

This simple experimental process can be explored using the
Cottrell equation as follows:
i l) _ nFAD Il{/uzILIexC;uHex

T1/241/2

Chronocoulometry (CC) is the integrated form of
chronoamperometry:

1/2 * 12
—_ 2nFADRuHexCRuHext /

0= I:)l(t) 112

+ le + nFAFRuHex

where n is the number of electrons transferred, F is the
Faraday constant, A is the electrode’s surface area, Drypex 1S
the diffusion coefficient of RuHex in solution, C*g ey 1S the
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Table 2 Determination of Pb** in

water and soil samples Sample This biosensor (mM)  RSD (%) n=3) AAS (nM)  Recovery (biosensor/AAS, %)
Tap water - - - -
Lake water 98.87 35 99.23 99.6
River water 156.12 3.5 154.95 100.8
Orchard soil 28.90 3.8 29.00 99.7
Farmland soil 1~ 32.22 3.6 32.15 100.2
Farmland soil 2 26.68 35 26.72 99.1

concentration of RuHex in solution, Qy; is the electrical
double-layer charge, I'rypex 18 the adsorption capacity of
RuHex on the electrode surface, and nFAT g pex 1S the
charge due to the reaction of RuHex adsorbed onto the elec-
trode surface, that is, the Faraday charge.

Because the concentration of RuHex (50 uM) in the solu-

“
2"EADRUI-Iexl/Z Crutex nr
T2

tion does not change, and Qg are
constants.

Hence, AQ.=Qy— 0.=nFAAT'rupex(c=0.01, 0.05, ...,
200 nM; Q, denotes the value of O without Pb>").

In Fig. 6, AQ equals the D value between Q.. and Q,, which
means that it represents the change in adsorption capacity of
RuHex on the electrode due to the presence of Pb**. As can be
seen from Fig. 6, AQ s linearly proportional to In(cpy,, ) in the
range 0.01-200 nM. The correlation equation is AQ =
0.106In(cpys) +0.5794, and R? is 0.997. The detection limit
(30) is about 0.0042 nM. This LOD value is comparable to
those of most other reported Pb>* sensors (Table 1).
According to the EPA, the maximum allowable level of lead
ions in drinking water is about 72 nM. Thus, the designed
electrochemical sensor is sufficiently sensitive for Pb>* detec-
tion in drinking water applications.

Detection selectivity for Pb>*

In order to determine the selectivity of the sensor, we tested
the sensor for interference from a number of common metal
ions: K*, Mg?*, Cd**, Cu®*, Hg>*, Mn**, and Ca**. The con-
centration of Pb>* was 70 nM while the concentrations of the
other ions were all 0.5 uM. Moreover, the potential interfer-
ence from common anions frequently encountered in environ-
mental samples, i.c., CO32_, HCOs5 SO42_, NO; , F, and
CI' (I uM), was also investigated. As shown in Fig. 7, no
obvious AQ was observed in the presence of the other ions.
This corroborates the findings that G-quadruplex DNA
(T30695) can only be efficiently stabilized by Pb>" due to
the resulting relatively short M—O and O-O bonds [27, 28].
Thus, the designed biosensor will not be disturbed by other
metal ions and showed good selectivity for Pb**.

Analysis of water and soil samples

In order to test whether the proposed strategy could be applied
in the outside environment, it was used to detect Pb>* in real
water and soil samples. Before detection, the water samples
were filtered through a 0.2-pm membrane and then boiled for
10 min in order to remove chlorine.

The soil samples were collected from the top 0-20 cm of
topsoil from orchards and farmland in the suburbs of Huai’an
in China. Soil samples were collected from six points in each
sampling area and pooled. Excess soil was discarded using a
quarter-division method and the retained soil samples were
heat-digested using the HCI-HNO;-HF-HCIO, four-acids
method described previously [44] with minor modifications.
After air-drying, grinding, and sifting (100 mesh), 0.300 g of
the pretreated soil sample were placed in a
polytetrafluoroethylene vessel. After moistening with water,
5 ml of hydrochloric acid (HCI) were added to the vessel,
heated on a hot plate at 130 °C for 2 h, and then cooled.
Subsequently, 5 mL of nitric acid (HNO3), 4 mL of
hydrofluoric acid (HF), and 2 mL of perchloric acid
(HCIO,4) were added and the vessel was capped and heated
on a hot plate at 160 °C for 1 h, after which the cap was
opened and heating was continued at 180 °C to remove silicon
while continuously shaking the vessel. When white smoke
was visible, the vessel was capped again and heating was
continued at 180 °C for about 1 h until the black residue
was fully digested. Finally, the cap was removed and the sam-
ples were heated until there was no white smoke and the
viscous liquid was colorless. If the black residue was not
digested sufficiently, 2 mL of HNOs, 2 mL of HF, and 1 mL
of HCIO, were added to the vessel and the above process was
repeated until there was no black residue. After cooling the
soil digestion solution, the walls of the vessel were washed
with distilled water and the solution was transferred into a 25-
mL volumetric flask. The soil digestion solution was diluted
100 times with distilled water and the pH value was adjusted
to 7.4 with Tris-acetate buffer before detecting lead ions.

For comparison purposes, the concentrations of lead ions in
the samples were also measured by atomic absorption spec-
trophotometry (AAS) in accordance with the national standard
method (GB/T7475-1987 and GB/T 23739-2009).
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As can be seen in Table 2, the content of Pb>* in tap water
was too low to be detected. The recoveries (biosensor/AAS)
from these samples were between 99.1 and 100.8%, and the
relative standard deviation (RSD) was acceptable, as shown in
Table 2. The results indicated that the proposed strategy has
the potential for application to real-world water samples and
soil monitoring.

Conclusions

In this work, we designed a novel electrochemical biosensor
for Pb** detection. We increased the specific surface area and
electrical conductivity of the sensor using gold nanoparticles
and specific DNA oligonucleotides for the purpose of electro-
chemical signal amplification. A short guanine-rich DNA
(DNA2) was used for the specific recognition of Pb>*. This
sensing strategy was demonstrated to have a low detection
limit (0.0042 nM) and good selectivity toward Pb**. Good
recoveries from water and soil samples compared to the na-
tional standard AAS method indicated that the biosensor has
the potential to be utilized in actual environmental monitoring.
This strategy could also be applied to construct electrochem-
ical sensors based on ion-specific G-quadruplex DNAs for the
detection of other metal ions, such as Hg>*, Ag®, and K*.
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