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The authors herein described an amplified detection strategy employing nanoporous Au (NPG) and gold
nanoparticles (AuNPs) to detect Pb?* ions in aqueous solution. The thiol modified Pb?*-specific DNA-
zyme was self-assembled onto the surface of the NPG modified electrode for hybridizing with the AuNPs
labeled oligonucleotide and for forming the DNA double helix structure. Electrochemical signal, redox
charge of hexaammineruthenium(Ill) chloride (RuHex), was measured by chronocoulometry. Taking
advantage of amplification effects of the NPG electrode for increasing the reaction sites of capture probe
and DNA-AuNPs complexes for bringing about the adsorption of large numbers of RuHex molecules, this
electrochemical sensor could detect Pb?>*+ quantitatively, in the range of 0.05-100 nM, with a limit of
detection as low as 0.012 nM. Selectivity measurements revealed that the sensor was specific for Pb?*
even with interference by high concentrations of other metal ions. This sensor was also used to detect
Pb2* jons from samples of tap water, river water, and landfill leachate samples spiked with Pb?* ions,
and the results showed good agreement with the found values determined by an atomic fluorescence
spectrometer. This simple aptasensor represented a promising potential for on-site detecting Pb?>* in

drinking water.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

In 2003, the hazardous levels of lead contamination detected in
Washington D.C. drinking water aroused people's extensive at-
tention (Chen et al., 2005; Renner, 2004; Zeng et al., 2013a, 2013b).
Exposure to trace amount of lead can cause neurological, cardio-
vascular, reproductive, and developmental disorders (Fan et al.
2008; Huang et al., 2008; Jain et al., 2006; Marbella et al., 2009).
The maximum contamination level (MCL) for lead in drinking
water is defined by the U.S. Environmental Protection Agency
(EPA) to be 72 nM (even lower than 72 nM of lead is associated
with children's neuro-developmental deficits) (Yang et al., 2010).
Hence, it is essential to develop sensors for ultrasensitive detection
of Pb? ™.

Analytical methods [e.g., atomic absorption spectrometry
(AAS), inductively coupled plasma optical emission spectrometry
(ICP-OES), and inductively coupled plasma mass spectrometry
(ICP-MS)] are the standard techniques utilized for Pb?*
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determination (Arduini et al., 2010; Liang and Sang, 2008; Quin-
tana et al., 2012). These methods are very sensitive, selective, ac-
curate and can be used to detect different kinds of metal ions but
require expensive and complex equipment, materials and include
time consuming extraction steps to eliminate the excipients,
contaminants and interfering ions (Yola et al.,, 2012). In addition,
the analysis must be performed in a specialized laboratory by
skilled personnel. Electrochemical techniques have attracted con-
siderable interest due to their remarkable sensitivity, low cost,
portability and inherent simplicity (Ge et al., 2014; Tang et al.,
2008).

In developing highly sensitive electrochemical sensors, ampli-
fied detection strategy is the central research topic. Various signal
amplification strategies, such as the utilization of nanomaterials as
electrode materials to construct sensing platforms and carriers for
increasing the upload of electrochemical tags, the integration of
enzyme-assisted signal amplification processes, and the employ-
ment of new labels and so on, have been developed (Dreaden
et al., 2012; Huang et al., 2013b; Saha et al., 2012; Shen et al., 2008;
Wu et al, 2014). Particularly, great attention has been paid to
different nanomaterials, such as metal nanoparticles (NPs), quan-
tum dots (QDs), magnetic nanoparticles (MNPs), carbon-based
nanomaterials and polymeric NPs (Aragay et al., 2012; Chen and
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Chatterjee, 2013; Huang et al., 2013a; Xu et al., 2012; Zhang et al.,
2007; Zhou et al., 2016a, 2014a). Recently, nanoporous gold (NPG)
has attracted considerable attention due to its high surface-to-
volume reaction, excellent conductivity, stability and biocompat-
ibility (Zhang et al., 2014b). The use of NPG electrode can increase
the electrochemical signals and lower the detection limits by the
enhancement of electron transfer on the electrode surface and the
enlargement of the surface area of the substrate electrode. For the
preparation of nanoporous electrodes, dealloying method, by
which Ag was dissoluted from Au/Ag alloy in nitric acid, to make
controllable three-dimensional nanoporous metal films, has been
reported (Ding and Erlebacher, 2003; Erlebacher et al., 2001;
Zhang and Li, 2012). The free-standing NPG films yield a robust
and sensitive current response to reactions such as CO and glucose
oxidation (Xu et al., 2007; Zhang and Li, 2012). Furthermore, oli-
gonucleotide-functionalized gold nanoparticles (AuNPs) have been
employed as amplifying tags for biosensing protocols due to their
unique properties (Brakmann, 2004; Shen et al., 2008). Plaxco and
co-workers have developed an electrochemical sensor for Pb2+,
taking advantage of catalytic reactions of a deoxyribozyme
(DNAzyme) and using DNA-Au bio-bar codes to achieve signal
enhancement, which achieved nanomolar sensitivity (Xiao et al.,
2006). Yang et al. (2010) also developed an electrochemical sensor
for detection of Pb?* using DNAzyme functionalized gold AuNPs
as a means of amplification, enabling the detection limit to be
0.028 nM. Zeng and our team developed a sensitive electro-
chemical Pb?* sensor using a carboxylic acid group functionalized
multi-walled carbon nanotubes/AuNPs-modified electrode and
taking advantage of Pb?*-induced G-rich DNA conformation, with
a limit of detection as low as 4.3 x 10~%nM (Zhu et al., 2014).
However, the reported electrochemical lead detection methods
require complex and multistep protocols. Thus it is necessary to
develop a simple and efficient sensor for the detection of lead.
Here we propose a simpler electrochemical approach based on the
NPG electrode and highly specific, metal-induced activation of a
lead-requiring DNAzyme.

This work has assessed the characteristics of NPG and AuNPs,
and enabled us to construct a highly sensitive electrochemical
sensor for amplified detection of Pb?*. Taking advantaging of NPG
electrode as a solid support for the immobilization of probe DNA
and using a specially designed DNAzyme-AuNPs system to achieve
signal enhancement were investigated. Compared with the com-
mon Pb2* sensor, the proposed sensor is based on the amount of
surface confined DNA switch, which is independent of the unique
structures of DNA such as the G-quadruplex (Zhu et al., 2014),
hairpin (Baker et al., 2006), or stem-loop (Ke et al., 2003). More-
over, the amplification system avoids the time-consuming syn-
thetic procedures, thereby achieving a sensitive, rapid, and simple
chronocoulometric aptasensor.

2. Materials and methods
2.1. Materials and apparatus

Au-Ag alloy foils (100 nm in thickness, 50:50, w/w) were kindly
provided by Prof. Ding, Y., Shandong University, Jinan 250100, P. R.
China. The synthesized oligonucleotides were purchased from
Sangon Biotech. Co., Ltd. (Shanghai, China). The sequences were as
follows: Probe 1 (P1): 5’-SH-(CH,)s-TTTCATCTCTTCTCC-
GAGCCGGTCGAAATAGTGAGT-3’; Probe 2 (P2): 5'-SH-(CH,)s-ACT-
CACTATArGGAAGAGATG-3'. P1 is the Pb?*-specific DNAzyme and
P2 is the substrate oligonucleotide. Tris (2-carboxyethyl) phos-
phinehydrochloride (TCEP), hexaammineruthenium(Ill) chloride
(RuHex), and 6-mercaptohexanol (MCH) were purchased from
Sigma-Aldrich Chemical Co. All other chemicals were of analytical

grade and were used without further purification. Ultrapure water
(18.2 MQ cm) was used throughout the experiments. The buffers
involved in this work are as follows: 10 mM Tris-acetate buffer (pH
8.0), 500 mM acetate buffer (pH 5.2), and Tris-EDTA buffer (TE,
10 mM Tris-HCI and 1 mM EDTA, pH 8.0).

Electrochemical measurements were carried out on a CHI760D
electrochemistry system (Chenhua Instrument, China). The three-
electrode system used in this work consisted of a glass carbon
electrode (GCE, 3 mm in diameter) as working electrode, a satu-
rated calomel electrode (SCE) as reference electrode and a Pt foil
auxiliary electrode. The microstructure of NPG electrode surface
was observed by a JSM-6700F field emission scanning electron
microscope (JEOL Ltd., Japan). The surface area of NPG was mea-
sured with Quantachrome NOVA 2000e using the BET method
(Quantachrome Instrument, USA). The transmission electron mi-
croscopy (TEM) image of AuNPs was measured with a JEOL JEM-
3010 transmission electron microscopy (JEOL Ltd., Japan). UV-vis
absorption spectra were recorded using a Shimadzu UV spectro-
photometer (UV-2550, Japan). All work was performed at room
temperature (25 °C) unless otherwise mentioned.

2.2. Sensor fabrication

The GCE was first polished in the aqueous slurry of alumina and
rinsed with deionized water. Residual alumina particles were
thoroughly removed by sonicating electrodes in ethanol and
deionized water for 5 min, respectively. Then the GCE was soni-
cated in “piranha solution” (H,SO4: 30% H,0,=3:1, V/V), and
rinsed with ultrapure water. After being dried with nitrogen, the
NPG foil (prepared by selective dissolution of Ag from Ag/Au) was
carefully coated onto a pretreated GCE via physical adsorption
after being washed with ultrapure water to neutral pH (Ding et al.,
2004; Hu et al., 2008; Zhang et al., 2014b). The freshly prepared
NPG electrode was incubated in a solution composed of 1 uM P1,
10 mM Tris-acetate buffer (pH 8.0), and 1 mM TCEP (which is in-
cluded to reduce disulfide bonded oligomers) (Yang et al., 2010)
for 12 h. The P1 modified NPG electrode was then passivated with
1 mM MCH for 2 h followed by washing with 10 mM Tris-acetate
buffer (pH 8.0) to reduce nonspecific adsorption of P1 and to ob-
tain a well aligned DNA monolayer (Levicky et al., 1998).

2.3. Preparation of DNA probe functionalized AuNPs

AuNPs were prepared by citrate reduction of HAuCl, according
to literature (Liu and Lu, 2006; Zhang et al., 2014a) with some
modification. Briefly, 10 mL of 38.8 mM trisodium citrate was ra-
pidly added to a boiled 100 mL of 1 mM HAuCl, solution with
vigorous stirring for 15 min in a 250 mL round-bottom flask
equipped with a condenser. The color changed from pale yellow to
wine red in 1 min, indicating the formation of AuNPs. The solution
was cooled to room temperature (23-25 °C) under stirring. The
average diameter of such prepared AuNPs was ~ 15 nm measured
by zetasizer nano Zs and TEM (see Fig. S5). According to Beer's law
using UV-vis spectroscopy based on the extinction coefficient of
27x108M~'cm~! at A=520 nm for 13 nm particles, the con-
centration of the AuNPs was ~10 nM (Haiss et al., 2007; Huang
et al.,, 2013b).

AuNPs is readily functionalized with thiolated P2 via the well-
known gold-sulfur chemistry (Taton et al., 2000). Conjugates of
oligonucleotide P2-AuNPs were synthesized following the protocol
with a slight modification (Liu and Lu, 2006). In brief, 9 uL of
10 uM thiol-modified P2 was activated with 1 uL of 0.5 M acetate
buffer (pH 5.2) and 1.5 pL of 10 mM TCEP for 1 h and added to
1.0 mL of AuNPs, storing in a drawer for at least 16 h (magnetic
stirring may also be applied to facilitate the reaction). The P2-
AuNPs conjugate was aged in 100 mM NaCl and 10 mM Tris-
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acetate buffer (pH 8.0) for at least another day. Most of the free P2
was removed by two centrifugations: firstly, the P2-AuNPs solu-
tion was centrifuged at 15000 rpm for 20 min and then the red
nanoparticle precipitate was dispersed in 200 uL of buffer con-
taining 100 mM NaCl and 10 mM Tris-acetate (pH 8.0); secondly,
recentrifuged and dispersed in 500 puL of buffer containing
300 mM NaCl and 10 mM Tris-acetate (pH 8.0). The solution was
stored at 4 °C.

2.4. Assembly of DNA-AuNPs on NPG electrode

For the hybridization reaction, P1 modified NPG electrode was
immersed into the P2-AuNPs solution for 2 h at 37 °C. Temperature
stability was accomplished by the temperature-controlled thermostat.
Finally, the electrode was immersed in buffer (10 mM Tris-acetate, pH
8.0) for 5 min to reduce the nonspecific adsorption of P2-AuNPs.

2.5. Detection and calculation

The modified electrode reacted with various concentrations of
Pb%* in buffers (10 mM Tris-acetate, 100 mM NaCl, pH 8.0) for
40 min at 37 °C. Then the electrode was immersed in buffer so-
lution (10 mM Tris-acetate, pH 8.0) for 5 min to remove the non-
specific adsorption of P2-AuNPs. Chronocoulometry (CC) was
performed in 5 mL of 10 mM Tris-acetate solution (pH 8.0) con-
taining 50 uM RuHex. The experiment of CC started at a potential
of 0V (Initial E) at which there was no electrolysis. The potential
was then changed instantaneously to a value of 0.7 V (Final E) that
led to the reaction of RuHex in solution and was held at 0.7 V for
250 ms. Cyclic voltammetry (CV) measurements were carried out
at the potential range of —0.3 to 0.8 V at scan rate of 50 mV s~ .
Electrochemical impedance spectra (EIS) was performed in 0.1 M
PBS (pH 7.4) containing 5 mM [Fe(CN)g]>~/4~ (1:1) and 10 mM KCl
in the frequency range from 0.1 Hz to 100 kHz with 5 mV as the
amplitude at a polarization potential of 0.18 V. Optimization ex-
periments, detection limit and selectivity tests were next per-
formed. In all optimization experiments, 1.0 nM Pb?>* was used
and selectivity measurement, 10 nM Pb?* was used.
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2.6. Environmental samples analysis

Three different environmental samples, tap water, river water,
and landfill leachate sample were used in this study. Tap water
was derived from Changsha Running-water Company, China. River
water was taken from Dongting Lake, China. And landfill leachate
was obtained from municipal solid waste landfills in Changsha,
China. They were centrifuged at 10000 rpm for 5 min and filtered
to remove the suspension and solid impurities. The pH of the
sample solutions was then adjusted to 8.2. The solutions were next
spiked with different concentrations of Pb?*. Detection of Pb%*
was then conducted using the developed biosensor. Meanwhile,
the same samples were filtrated via the 0.2-pm polycarbonate
filter and analyzed by atomic fluorescence spectrometry (AFS) as a
standard detection method for validation the sensor.

3. Results and discussion
3.1. Experimental principle and sensing scheme

In the present study based on the Pb?*-specific DNAzyme (“8-
17" DNAzyme), the authors fabricated an amplified electro-
chemical sensor for highly sensitive and selective detection of
Pb%*. The sensing strategy is shown in Scheme 1. NPG, prepared
by selective dissolution of Ag/Au alloy with controlled size and
spatial arrangement of pores, was coated onto a pretreated GCE via
physical adsorption, followed by the self-assembly of the thiol
modified oligonucleotide capture probe, P1. After treatment with
MCH for eliminating nonspecific binding on electrode surface and
also for keeping DNAzyme activity, the GCE-NPG-P1 was allowed
to interact with the P2-AuNPs complexes and the double stranded
DNA was obtained by hybridization of P1 with its partially com-
plementary P2. When the as-prepared GCE-NPG-P1-P2-AuNPs
was incubated with the solution containing Pb?™*, the catalytic
strand P1 carried out catalytic reactions to give hydrolytic cleavage
of the substrate strand P2 at the scissile rA (Wang et al., 2008;
Yang et al.,, 2010). Chronocoulometry was initially employed to
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Scheme 1. Schematic illustration of the aptasensor preparation and the proposed mechanism for the Pb?* detection.
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quantify DNA surface density via measuring redox charge (Q) of
RuHex at surfaces, and it was used to quantify immobilized DNA
recently. Chronocoulometry involves measurement of the charge
vs. time response to an applied potential step waveform. The
shape of the resulting chronocoulogram can be understood by
considering the concentration gradients in the solution adjacent to
the electrode surface. Chronocoulometry, which has been proved
to be a more accurate electrochemical technique than cyclic vol-
tammetry to quantify the amount of DNA (Lao et al., 2005), was
selected to measure the Pb?* concentration, because the chron-
ocoulometric signal is linearly proportional to the amount of DNA,
which depends on the concentration of Pb?*. Taking advantage of
amplification effects of the NPG electrode for increasing the re-
action sites of capture probe (P1) and DNA-AuNPs complexes for
providing a great number of sites for adsorption of RuHex mole-
cules, this electrochemical sensor design would display a sa-
tisfactory detection capability in theory.

3.2. Characterization of the NPG electrode

Apart from excellent biocompatibility, Au-based 3D porous
structure is a suitable candidate for fabricating aptasensors, be-
cause its large surface area can realize significantly amplified de-
tection (Feng et al,, 2011; Zhang et al., 2013). The pore/ligament
size of NPG is controllable by varying etching time and tempera-
ture, or the initial alloy ingredient (Zhang et al., 2014b). As shown
in Fig. 1A, dealloying Ag/Au foil at 25 °C for 2 h resulted in a na-
noporous structure. Moreover, the dynamic changes of the layer by
layer were characterized by field emission scanning electron mi-
croscope (see Fig. S1). Compared with NPG (Fig. S1B), the P1
modified NPG (Fig. S1C) was more blurred due to the poor elec-
trical conductivity of oligonucleotides, and the pore size became
slightly smaller. After assembly of P2-AuNPs, the pore size of P1-
P2-AuNPs modified NPG electrode was getting smaller than P1
modified NPG and even a slight blocking phenomenon was ob-
served (Fig. S1D). The used Au-Ag alloy foil was ca. 100 nm thick,
and the gold loading of the prepared NPG film was ca.
0.1 mg cm ™2, The real surface area of NPG was estimated to be ca.
10.8 m? g~ ! using the BET method. The NPG electrode had a total
active surface of 211.9 mm?, while the corresponding bare GCE
electrode was 19.6 mm?. The significant enhancement of 10.8-fold
was obtained, representing a much larger surface area and more
reaction sites of the Au-based 3D porous electrode (Qiu et al.,
2009). The number of pore layers was ca. 3.0, and the theoretical
value was obtained via the equation of relative surface enhance-
ment between a flat and a nanoporous electrode, according to
fundamental geometric considerations, supposing a close-packed
structure (Szamocki et al., 2007):

f=nz@/3)'? M

With f being the enhancement factor and n the number of pore
layers.

Cyclic voltammetry (CV) was carried out to test the property of
the modified electrode. Fig. 1B was the electrochemical responses
of Fe(CN)g>~/Fe(CN)g*~ at the NPG/GCE, AuNPs/GCE and polished
GCE. It showed that the peak current at NPG/GCE was ca. 2.2-fold
higher than that at GCE, and even 1.6-fold higher than that at
AuNPs/GCE (widely used strategies as it offers the advantages of
convenience and wide application in electrocatalysis and electro-
analysis) (Wu et al., 2014) due to the larger active surface area of
NPG/GCE. However, the peak current increase was not as sig-
nificant as that expected on the basis of the increment in surface
area. This observed phenomenon might be caused by fast electron
transfer of the redox couple at the outermost layer, and the inner
porous surface might be ineffective if the reactant concentrations
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Fig. 1. Field emission scanning electron microscope image of the NPG with a pore
size of ~40 nm (A); cyclic voltammograms (B) of bare GCE (a), AuNPs/GCE (b),
NPG/GCE (c) modified electrode in 10 mM KCl solution containing 5.0 mM ferri-
cyanide at a scan rate of 50 mVs~'.

from the bulk solution dropped down to zero at the outer surface
layer (Park et al., 2003; Qiu et al., 2009). The reproducibility of NPG
modified electrodes was also studied, and the results indicated
that the NPG modified electrodes exhibited excellent reproduci-
bility (see Fig. S2).

3.3. Characterization of the NPG-based biosensor

Electrochemical impedance spectroscopy (EIS) was applied to
characterize the layer-by-layer assembling process of the NPG-
based aptasensor. The semicircle diameter represented the elec-
tron-transfer resistance in EIS. Fig. 2 illustrated the Nyquist plot of
impedance for the stepwise modification process with the NPG/
GCE electrode in a 5 mM Fe(CN)g>~/Fe(CN)s*~ phosphate buffer
containing 10 mM KCl at an open circuit potential with the fre-
quency varied from 0.01 Hz to 100 kHz. Moreover, the interface
can be modeled by an equivalent circuit. This equivalent circuit
included the electron-transfer resistance (Rcr), the warburg im-
pedance (Z,,), the ohmic resistance of the electrolyte (R;), and in-
terfacial capacitance (Cy). EIS includes a semicircular part and a
linear part. The semicircle diameter could represent the electron-
transfer resistance, R, which dominates the electron transfer
kinetics of the redox probe at the electrode interface. Meanwhile,
the linear part at lower frequencies corresponds to the diffusion
process. Besides, the interface could be modeled by an equivalent
circuit by the method, which was described in our previously work
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Fig. 2. Electrochemical impedance spectra (Nyquist plots) of bare GCE (a), NPG/GCE
(b), P1/NPG/GCE (c), MCH/P1/NPG/GCE and (d) with frequency range from 0.01 Hz
to 10° Hz.

(Zhou et al., 2014b, 2016b). As seen in Fig. S4, the good agreement
between the measured data and the fitting curve indicated that
this equivalent circuit (see Fig. S3A) was suitable and meaningful
for this electrochemical system. Therefore, this equivalent circuit
was used to fit the impedance spectroscopy data and extract the
values of the Equivalent Circuit Elements (Table S1). The Rcr value
of bare GCE electrode was about 403 € (curve a). With the mod-
ification of NPG, an almost straight line was observed and the R¢r
value was about 15 €, indicating an increase in the electron
transfer ability (curve b). After being self-assembled with nega-
tively charged P1 and MCH, the Rcr value increased due to the
electrostatic repulsion (curve ¢ and d). However, the R values
were still quite low after P1 immobilization and MCH modifica-
tion, revealing excellent conductivity of NPG. The UV-vis spectra
of the Au colloid, thiolated P2 and biofunctionalized reporter P2
with AuNPs were recorded by the spectrophotometer (see Fig. S5).
The results indicated that the AuNPs has been successfully labeled
on thiolated P2.

3.4. Optimization of the detection strategy

A series of experiments were performed to optimize the con-
ditions with acceptable signal response. The effect of pH condition,
the reacting time with the Pb®* ions, and the influence of the
concentration of RuHex on the CC charge were investigated. The
effect of temperature was not considered, because it is our in-
tention that the Pb?* aptasensor will be used at room tempera-
ture, which is more suitable for application.

pH value always plays an important role in chemical reactions,
especially in biochemical reactions. Fig. S6A showed the CC charge
difference of the NPG-P1-P2-AuNPs modified electrode in different
pH buffer solutions containing 1.0 nM of Pb®* ions. The electric
signal maintained a high level in the pH range of 6.5-8.0. It re-
vealed that the aptasensor had a good ability to resist the impact
of pH change and was quite suitable for real sample detection. The
electric signal reached the maximum when the pH value was 8.0,
indicating that the double helix structure was unzipped. Therefore,
PH 8.0 was noted as the best pH level to maintain the detection in
good condition. The reaction time between substrate oligonu-
cleotide and Pb?* ions directly affect the detecting result and the
efficiency. The results were showed in Fig. S6B. With the increas-
ing of reacting time, the CC charge responses had an ascent and
reached maximum in the reacting time of 30 min, indicating that

the reaction between substrate oligonucleotide and Pb>* ions was
complete. Consideration from the reaction sufficiency and detec-
tion efficiency, 30 min was selected as the optimal reaction time
between substrate oligonucleotide and Pb?*. For the preparation
of chronocoulometric aptasensor, the immobilization of RuHex on
the electrode surface was a crucial step because the density of
RuHex directly affected the sensor performance. Hence, before
studying the sensitivity for Pb?*, the influence of the concentra-
tion of RuHex on the CC charge was investigated. As shown in Fig.
S6C, it was observed that the CC charge responses increased sig-
nificantly with the increasing of the RuHex concentration and
saturated when the RuHex concentration reached 50 pM. Thus,
50 uM RuHex was chosen in this study.

3.5. Sensitivity for Pb**

According to the above standard procedures and under the
optimized assay conditions, different concentrations of Pb?* were
added to the buffer and the CC was carried out for the detection.
The various concentrations of Pb?* were 0, 0.05, 0.1, 0.5, 1.0, 5.0,
10.0, 50.0, and 100.0 nM. The experimental results were shown in
Fig. 3A, and the chronocoulometric curves converted to Anson
plots by plotting charge versus t'/2 were shown in Fig. 3B. The
linear part of the Anson plot was then extrapolated back to time
zero to obtain the intercept for the plot in the presence and ab-
sence of Pb?*. With the increase of the Pb?>* concentration, the
charges of RuHex decreased gradually. Even at very low con-
centrations of Pb?*, the charge exhibited perceptible change,
which indicated that Pb?>* could be detected with high sensitivity
in this proposed aptasensor. The results indicated that charges of
RuHex decreased with the increase of the concentration of Pb?*
ranging from 0.05 to 100 nM. In Fig. 3C, the change of the charge
linear regression coefficient result was 0.9887 and the detection
limit was estimated to be 0.012 nM by using 3¢ (where ¢ is the
standard deviation of the blank solution, n=3). The reproducibility
of the aptasensor for detection of 10.0 nM Pb>* was 4.28% (RSD,
n=3). Table S2 shows that the sensitivity of the nanoporous Au-
based electrochemical aptasensor is superior to other DNAzyme-
based biosensors for detecting Pb®* as reported previously. This
proposed indirect Pb?>* detection method obtained a low detec-
tion limit, wide linear range, and fast response time, which can
completely meet the requirement of water quality monitoring
(Table S2).

3.6. Selectivity for Pb*~*

To evaluate the selectivity of this protocol, two control ex-
periments were conducted. First, the difference of chron-
ocoulometry signals for Pb>* and other metal ions, including
Ni2+‘ K+, Ca2+‘ Mg2+, A13+‘ Zn2+‘ Fe3+, Cu2+, Mn2+' Cr2+, Cd2+,
and Hg?*, under optimum conditions were compared. As in-
dicated in Fig. 4, in contrast to the significant response as observed
for Pb?*, negligible signal change was observed upon the addition
of other tested metal ions. Hence, the results showed excellent
selectivity toward Pb?* over other metal ions because of the
specificity of Pb?>*-dependent DNAzyme. Second, Pb®>* and other
metal ions were mixed to form a mixture solution as a sample for
the anti-jamming capability testing of the aptasensor. The chron-
ocoulometry signal was obviously higher than other samples
without Pb?*. These results indicated that the approach was not
only insensitive to other metal ions but also selective toward Pb?+
in their presence. As noted above, the present aptasensor has ex-
cellent anti-jamming capability and outstanding selectivity.
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Fig. 3. Pb?* target concentration-dependent curves for the chronocouloumetric
aptasensor. (A) Representative chronocoulometric curves for NPG/GCE electrodes
with Pb?*-specific DNAzyme (P1) and substrate oligonucleotide (P2) in 10 mM
Tris-acetate (pH 8.0) with 50 mM RuHex before and after reaction with Pb?* at a
series of concentrations (0.05, 0.1, 0.5, 1.0, 5.0, 10.0, 50.0 and 100.0 nM). Pulse
period: 250 ms; pulse width: 700 mV. (B) The chronocoulometric curves are con-
verted to Anson plots by plotting charge versus t'/2, (C) Logarithmic plots for signal
versus target Pb?* concentration (0.05, 0.1, 0.5, 1.0, 5.0, 10.0, 50.0 and 100.0 nM) in
the presence of NPG and AuNPs amplification. Signal was defined as the difference
in the redox charge of RuHex after and before reaction with Pb?*. Error bars stated
the standard deviations of measurements taken from at least three independent
experiments.
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Fig. 4. Chronocoulometry signal in the presence of various metal ions. The con-
centration of each metal ion is 10 nM. The signal intensities were 5.75 C (buffer),
5.58 C (Ni2*), 5.61C (K*), 548 C (Ca®*), 550 C (Mg2*), 5.46 C (AI3*), 5.49 C
(Zn2+), 5.50 C (Fe3+), 5.46 C (Cu?*), 5.53 C (Mn2+), 5.46 C (Cr2*), 5.44 C (Cd?+),
5.42 C (Hg?*), 3.08 C (Pb?*), 5.38 C (mixed ions without Pb?*), and 3.13 C (mixed
ions).

3.7. Analysis of Pb®* in water samples

To test the practical application of the proposed method, sev-
eral environmental water samples spiked with Pb?*, with con-
centrations of 0, 5.0, and 10.0 nM, were tested using the proposed
method and AFS. The environmental water samples used in the
study were tap water, river water, and landfill leachate samples.
All the samples were filtered through a 0.2 pm membrane and
then centrifuged for 20 min at 12,000 rpm before the detection
measurements were performed. The concentrations of total Pb?+
in water samples were measured to be less than 0.1 nM by AFS.
The results were summarized in Table 1 and showed excellent
agreement with the found values determined by AFS, suggesting
good accuracy of the proposed method for Pb?* detection in the
water samples. Although the study here only demonstrated the
detection of Pb?* ions, the proposed sensing strategy can be ap-
plied to detecting different analytes (DNA or other metal ions)
using other specificity structures that selectively bind the other
analytes.

Table 1
Lead concentration in environmental sample determined by proposed method and
AFS.

Sample Added Pb2+ Proposed method® RSDP (%) AFS® (nM)
(nM) (nM)
Tap water 1 0 ¢ 0 <01
Tap water 2 5.0 5.07 242 5.03
Tap water 3 10.0 10.09 317 10.06
River water 1 0 ¢ 0 <01
River water 2 5.0 5.03 1.95 5.03
River water 3 10.0 9.98 2.76 10.07
Landfill leachate 0 ¢ 0 <01
1
Landfill leachate 5.0 5.05 3.29 5.08
2
Landfill leachate 10.0 10.1 2.85 10.06
3

2 Mean of three replicate measurements.
b RSD=Relative signal deviation.
€ No Pb%* could be detected.
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3.8. Reproducibility, stability and regeneration of the NPG-based
biosensor

To further investigate the reproducibility of the proposed Pb?*
aptasensor, we repeatedly assayed the Pb?* jons with three dif-
ferent levels under the same abovementioned procedures and
conditions. Experimental results revealed that the Relative Stan-
dard Deviations (RSD) between five runs were 4.1%, 4.9% and 4.7%
for 0.1 nM, 1.0 nM and 10 nM, respectively (Fig. S7A). The Pb**
aptasensor was stored at 4 °C over 28 days, the electrochemical
response did not change obviously (RSD 4.5%) for the detection of
1 nM Pb?* solution (Fig. S7B).

In addition to sensitivity and selectivity, reusability is also an
extremely important feature for aptasensors in the practical appli-
cations. The reusability was investigated as follows: the electrode
could be regenerated by incubating the hybridization of P2 and P1-
NPG modified electrode in hot water (90 °C) for 1 min, by which
hybridized DNA was removed via thermal denaturation. After five
cycles of regeneration procedure, the aptasensor almost retained its
original hybridization efficiency, with the RSD of 4.6% at the same
Pb?* concentration of 1 nM (Fig. S7C). The low RSD represented that
the developed strategy could be regenerated and used repeatedly.

4. Conclusion

In summary, a chronocoulometric aptasensor was constructed
using DNAzyme modified with AuNPs, coupling with NPG mod-
ified electrode. The significant enhancement of 10.8-fold total ac-
tive surface of NPG modified electrode was obtained, representing
much more reaction sites of the Au-based 3D porous electrode,
while DNA-AuNPs complexes provided a great number of sites for
adsorption of RuHex molecules. The amplified detection strategy
was introduced in detail, and produced an ultrasensitive electro-
chemical detection of Pb?>* down to nanomolar level with a re-
latively wide dynamic working linear range. It was also found that
the aptasensor exhibited excellent selectivity, reproducibility, and
could be easily regenerated. This simple aptasensor represented a
promising potential for on-site detecting Pb?>* in drinking water.
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