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HIGHLIGHTS GRAPHICAL ABSTRACT

o A stable and selective potentiometric
aptasensor for the detection of lead
ions. %

e Applying a potentiometric method
together with gold dendritic to detect
small ions species. e

e Low-cost and low-power consump-
tion design for label-free potentio-
metric aptasensor.
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ease of operation, and low detection limits. However, potentiometric detection of small ionic species
aptasensors is still challenging. This article describes the first example of a label-free G-quadruplex-
based potentiometric aptasensing platform for the detection of Pb?*. Polyion oligonucleotide-labeled
gold nanoparticles (AuNPs-DNA) as probes are modified on Au electrode, providing high-density nega-
tive charge on the electrode surface. These signal-amplifying probes can selectively form G-quadruplexes

{’(Z}tlgﬁg;etry with the presence of Pb?* ions and reduce the negative charges on the electrode surface, hence achieving
Aptasensors potentiometric detection of Pb?* ions with high selectivity. The AuNPs-DNA-based aptasensor shows an
Gold dendritic acceptable sensitivity over a wide range from 10~"! to 10®M with a detection limit of 8.5 pM.
G-quadruplex Furthermore, confirmed by coupled plasma mass spectrometry, the sensing platform is capable of per-
Pb%+ forming effective and accurate detection of Pb?* level in real water samples. The presented aptasensor
offers a fast, convenient, low-maintenance, and highly sensitive alternative for on-site water pollution

detections.
© 2019 Elsevier B.V. All rights reserved.
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heavy metal ions [1-5], for their advantages of low power con-
sumption, robust construction, and ease of miniaturization [6—8].
Heavy metal ions such as lead ions (Pb®*) are nonbiodegradable,
highly toxic, and can accumulate and induce adverse effects in the
human body upon trace amount of exposure [9,10]. Solvent poly-
meric membranes containing neutral or charged carriers (iono-
phores) have been widely applied to solid-state ISEs for the
detection of heavy metals [11—13]. Researchers have put tremen-
dous efforts to improve the stability and sensitivity of solid-state
ISEs by introducing different synthetic receptors, and using
conductive polymers and nanomaterials as the ion-to-electron
transducers [14—16]. Nevertheless, the detection of various types
of heavy metal ions using polymeric-membranes-based solid-state
ISEs is still facing challenges such as limited detection limits and
component leaching from the ion selective membranes (ISMs). To
date, there are few reports on polymeric membranes based solid-
state ISE, which encourages the development of a new receptor-
based potentiometric sensing platform to address these existing
issues for the detection of heavy metals under real complex envi-
ronmental and clinical conditions.

Deoxyribonucleic acid (DNA) and aptamers, as bioreceptors with
high specificity, has been applied to build a variety of powerful
sensing platforms [17,18]. The accelerated progress in solid-state
potentiometric sensing technology has led to new potentiometric
systems that utilize DNA or aptamers to detect various targets, such
as butyrylcholinesterase, cardiac troponin complex and bisphenol A
[19—21]. Aptamer-based sensing relies on the charge changes from
the interaction of negatively charged DNA or aptamers with targets.
However, most of the reported studies are based on the sensing of
macromolecules, and the current development of aptasensor-based
potentiometric detection of heavy-metal ionic species are still lack-
ing. In particular, no potentiometric aptasensor for Pb?>* detection
have been reported. Compared to macromolecules, heavy metal
ionic species lacks satisfactory sensitivity and detection limits in
potentiometric aptamer sensor systems as targets due to its rela-
tively smaller molecular size. Therefore, a new potentiometric plat-
form is essential for the potentiometric detection of ionic species.

As an emerging new strategy, the special skeletal trans-
formation of guanine quartet to G-quadruplex (G4) structures in
the presence of specific metal ions offers a new way for heavy metal
detection. DNA sensors for Pb?* detection have been designed
based on the Pb?*-induced G-quadruplex formation [22—24].
Despite their excellent sensitivity and selectivity, these DNA sen-
sors require electrochemical labels or fluorophores for signaling,
which involves complex fabrication and detection process. Unlike
these reported approaches, potentiometric aptasensors based on
the change on surface-charge density can simply provide response
signals without the use of any labels [25]. Hence, it is highly
desirable to develop a highly specific aptasensor using simple and
low-power potentiometric detection systems for the detection of
Pb?* in complex biological or environmental samples.

Herein, we report for the first time, a label-free potentiometric
aptasensor for the detection of Pb®* (Scheme 1). Based on the
specific binding between DNA strands and Pb?* ions that trans-
forms DNA strands into stable G4 structures, a “sandwich-type”
detection strategy with highly selective sensing mechanism can be
established. In addition, polyion oligonucleotide-labeled gold
nanoparticles (AuNPs-DNA), as signal-amplified probes to enhance
the output electrical signal and control the interfacial amount of
DNA, are used to modify the Au electrode to provide high-density
negative charges on the electrode surface [26]. Gold dendritic
(DenAu) with three-dimensional nanostructures and high surface
areas were employed as the solid contact to maximize the immo-
bilization of aptasensor, ensure optimum signal, and decrease the
resistance of the potentiometric sensing platform. The developed

aptasensors were also successfully implemented in the detection of
real samples. The demonstrated potentiometric aptamer-based
sensor with high selectivity offers a promising future for the on-
site detection of heavy-metal species.

2. Experimental section
2.1. Reagents and materials

Tetrachloroaurate (III) tetrahydrate (HAuCly - 4H,0, 47.8% Au) was
purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). KCl,
Na,HPO4, NaH,PO4, hydrogen peroxide (30%), CaCl,, Cu(NOs3),,
Hg(NOs), ZnCly, NiCly, FeCls, MgCl, and Pb(NOs3), were obtained
from Sinopharm Chemical Reagent Co., LTD. (Shanghai, China). Cd (II)
standard solution (1 mgmL~!) was purchased from Merck Serono
Co., Ltd. (Shanghai, China). Sulfuric acid (99.99%), DNA sequences
were synthesized by Shanghai Sangon Biological Engineering Tech-
nology & Service Co. Ltd. (Shanghai, China). Gold nanoparticles
(30 nm, stabilized suspension in citrate buffer) were purchased from
Sigma-Aldrich. The tap water, lake water and river water samples
were collected from our lab, the lake of Binjiang Park (Shanghai,
China) and Huangpu River (Shanghai, China), respectively. All other
chemicals were of analytical grade and used without further purifi-
cation. Doubly distilled water (>18 MQ cm), generated by Millipore
water purification system, was used throughout the experiments.

2.1.1. Sequence information
C;-DNA: HS-CACCCTCCCAC- 3’
C,- DNA: HS-GGGTGGGTGGGTGGGTGGGT- 5

2.2. Apparatus and measurements

Open circuit potential (OCP) measurements were carried out
with a CHI660C electrochemical workstation (CH Instruments,
Shanghai, China). The pH values of series of 0.1 M PBS (containing
Na;HPO4—NaH,P0O4 and NaCl) were measured by a PHS-3C pH
meter (Leici Instrumental Corporation, Shanghai, China). All po-
tentials reported in this paper are referenced to the Ag/AgCl
reference electrodes (filled with 3.0 M KCl). OCP detection was
investigated with a two-electrode system, comprising of the
modified Au electrode as the indicating electrode and Ag/AgCl as
the reference electrode. Morphologies of the modified electrode
surfaces were observed with scanning electronic microscopy
(Hitachi S-4800 equipped with EDX detector), The solid-state UV
spectra were collected by UV/vis/NIR spectrophotometer (Lambda
950, PerkinElmer, USA). The determination of real samples was
verified by inductively coupled plasma mass spectrometry (ICP-MS,
Element 2, Thermo Finnigan, Germany).

2.3. Preparation of DenAu

The Au electrodes (0.04cm?) were rinsed thoroughly with
piranha solution (the mixtures of concentrated sulfuric acid and
hydrogen peroxide with the volume ratio of 7:3), followed by
cleaning in ethanol and water for 5 min consecutively with ultra-
sonication. The electrode was then polished with 0.05 and 0.3 pm
alumina slurry to a mirror-like finish on chamois leather and then
rinsed with double-distilled water. Subsequently, the Au electrode
was electrochemically cleaned using several potential cycling
between —0.2 and 1.6 V in 0.5 M H,SO4 and dried with a stream of
highly purified N, [27]. For preparation of the DenAu, the cleaned
Au electrode was immersed into a mixed 3.0 mM HAuCl, and 0.1 M
H,S04 aqueous solution (without stirring or N, bubbling) at room
temperature, followed by electrodepositing at —1.5V for 300 s in a
static ambient condition [28].



W. Tang et al. / Analytica Chimica Acta 1078 (2019) 53—59 55

& \ Hybridization )f‘ L
? 5

Ao e
———— DenAu

CDNA

®
©®

Pb?* ions

o] a
8 3 -...-.______T ___________ G-quadruplex
I
Time Time
®
® AuNP © Pb2* @ DenAu v C,-DNA C,-DNA AuNPs-DNA probe

Scheme 1. Schematic illustration for electrochemical biosensing system constructed by aptasensor/DenAu/Au for Pb>* detection: (A) synthesis of the AuNPs-DNA probe, (B)
fabrication process of the C;-DNA/DenAu/Au, (C) fabrication process of the Aptasensor/DenAu/Au, (D) potentiometric detection of Pb?*.

2.4. Construction of the sensing platform

Initially, AuNPs were immersed into the homogeneous thiol-
terminated C,-DNA for 12 hat 37 °C (1:2 v/v ratio of AuNPs: DNA
sequences), allowing assemble of thiol-terminated C,-DNA on the
surface of AuNPs. The resulting AuNPs-DNA probes (Scheme 1A)
were stored at 4 °C before use. Then, C;-DNA/DenAu/Au was pre-
pared by self-assembled monolayers of thiol-terminated C;-DNA
on the gold surface of the DenAu modified Au electrode. This as-
sembly was carried out by incubating the electrode in C;-DNA so-
lution for 12 h, followed by washing with buffer (Scheme 1B).
Finally, the AuNPs-DNA probes were self-assembled onto the
working area via complementary base-pairing hybridization be-
tween C1-DNA and AuNPs-DNA for 6 h at 37 °C (Scheme 1C). All the
unbounded thiol-terminated C;-DNA, AuNPs-DNA probes were
washed with buffer and dried at room temperature. The modified
aptasensor/DenAu/Au electrode was stored at 4 °C until use.

2.5. Potentiometric detection of Pb*>*

As shown in Scheme 1D, the resulting electrode was incubated
with the different concentrations of Pb?* in PBS (pH 7.4) for
30 min at room temperature, followed by washing with 0.1 M PBS
(pH 7.4). Afterward, the OCP was measured in 0.1 M PBS (pH 7.4) at
room temperature. In order to evaluate the influence of nonspecific
adsorption, the response of each aptasensor was continuously
monitored for 100 s to obtain a stable signal before the potentials
were recorded. The AOCP values of the aptasensors were calculated
according to the following equation: AOCP = OCP, — OCP}, where
OCP, and OCPy, represent the potentials after and before the elec-
trode interacting with the Pb?* for 30 min, respectively. The ob-
tained OCP signal was registered as the sensing signal introduced
by the different concentration of target Pb%*,

3. Results and discussion

3.1. Principle of sensing Pb** by potentiometric aptasensing
platform

The proposed potentiometric platform did not follow the
Nernstian response, which used large number of negative charges

based aptamer as specificity recognition receptor instead of being
entrapped in a polymeric membrane. During the affinity process,
the modified AuNPs-DNA probes in direct bind to Pb?>* and form G4
conformations, and thus the surface charge of modified electrode
was largely reduced, inducing the change of potentiometric signals,
which was correlated to the concentrations of Pb®* [15]. Such po-
tential changes during sensing the Pb?* target could induce by two
mechanisms: (1) The bonding of C,-DNA with Pb%* target that
develops stable G4 structures that detaches from the C;-DNA
(immobilized Au electrode). It should be noted that these leaving
AuNPs-DNA probes are C;-DNA-based which possess negative
charges. Therefore, this process decreases the degree of negative
charges and increases the electrical potential at the surface of the
electrode. (2) The association of C,-DNA with Pb>* ions that gen-
erates G4 structures without detaching from C;-DNA. Such asso-
ciation can also increase the potential on the electrode surface.
Remarkably, both synergistic mechanisms could increase the OCP
values and enhance the response signals. The clear change in po-
tential difference of the modified electrode against the reference
electrode before and after interacting with the target Pb?>* can be
measured via potentiometry successfully. However, the sensing
mechanism is not the same as the phase-boundary potential model
in ISEs and the calibration curves do not follow the classical
Nernstian model [15].

3.2. Characterization of the aptasensor

The morphological and material proprieties of aptasensor/
DenAu were characterized by a scanning electron microscope
equipped with energy-dispersive X-ray spectroscopy (SEM-EDX)
and UV—vis spectrometer. As shown in Fig. 1A, the SEM image of
aptasensor/DenAu indicates that a large amount of dendritic
structures, with average diameters around 800 nm, and the lengths
less than 2 pm (Fig. S1).

To modify the sensor, a large amount AuNPs-DNA probes were
immobilized on the surface of the sensor. As shown in the EDX of
elemental mapping of aptasensor/DenAu, the elements gold (Au)
(Fig. 1B), sulfur (S) (Fig. 1C), and phosphorous (P) (Fig. 1D) are ho-
mogeneously and uniformly dispersed on the surface, demon-
strating the successful modification of a large number of
aptasensor. In addition, a typical EDX spectrum (Fig. S2) of
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Fig.1. (A) SEM image of aptasensor/DenAu, and energy dispersive X-ray (EDX) elemental mapping of (B) Au, (C) S, and (D) P elements of aptasensor/DenAu. (E) Solid UV—vis spectra
of (a) DenAu and (b) aptasensor modified DenAu. (F) OCP curves of different modified electrodes: (a) DenAu/Au, (b) aptasensor/DenAu/Au, (c) 0.1 uM Pb?*/aptasensor/DenAu/Au.

aptasensor/DenAu was also used to indicate the elemental consti-
tution of the scanned area.

Furthermore, solid UV—vis absorption spectroscopy was used to
characterize DenAu and the aptasensor. As shown in Fig. 1E, one
characteristic peak at around 500 nm was observed, which in-
dicates that the densely packed dendritic structures are symmet-
rically distributed on the electrode surface (curve a). As shown in
curve b, two characteristics at around 260 and 500 nm for the as-
prepared DenAu and aptasensors were observed. The absorption
peak at around 500 nm is derived from DenAu, indicating the
successful decoration of DenAu on the surface of the Au electrode.
The characteristic peak at 260 nm corresponds to the C{-DNA
sequence and AuNPs-DNA probes. Overall, the obtained UV—vis
spectrum confirms the successful modification of aptasensor with
DenAu.

To analyze the performance of the prepared sensor in the
detection of the target analyte, the apatsensor/DenAu probes were
used for qualitative monitoring of 0.1 uM Pb?* (as an example). As
seen from Fig. 1F, initially, the OCP of DenAu modified Au electrode
(DenAu/Au) was recorded (curve a). After the self-assembly of
aptasensor on the DenAu/Au, a significant decrease in the OCP
value (curve b) is observed which corresponds to the successful
modification of negative charged aptasensor. Thereafter, the apta-
sensor/DenAu/Au is incubated in 0.1 uM Pb?* solution. Due to the
strong and specific interaction between the aptasensor and the

target Pb%", the aptasensors left from the surface of the electrodes
and a dramatic increase in the OCP value is observed (curve c).

3.3. Optimization of experimental conditions

In order to optimize the detection sensitivity of the designed
sensor, two variables were investigated systematically: (1) inter-
action time between the potentiometric sensor and the Pb?* target
and (2) pH of the detection solution. These effects are shown in
Fig. 2. For the evaluation of the AOCP signal, 1.0 nM Pb?* solution
was utilized in all cases.

The capture and interaction between aptasensor and Pb?* are
strongly time-dependent. During the incubation period, there was
a competitive reaction between Pb%* and C;-DNA with C-DNA. Co-
DNA was detached from C;-DNA and associated with Pb?*, devel-
oping stable G-quadruplex structures, which required time
[29—31]. To obtain optimal AAOCP signals, the effects of the incu-
bation time between aptasensor and Pb?>* were hence investigated.
As indicated in Fig. 2A, the Pb?* signal increased with the
increasing incubation time and stabilized after 30 min. The AOCP
signal does not change significantly for the interaction time beyond
30 min, indicating that the interaction between aptasensor and
Pb?* have reached a dynamic equilibrium after 30 min. As a result,
30 min was determined as the optimum incubation time for the
detection of target Pb?* in our work.
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Fig. 2. Effect of (A) interaction time between the potentiometric aptasensor and target Pb>*, and (B) pH value of detection solution on the AOCP responses of the aptasensor. All the

measurements were performed in 1.0 nM Pb?* solution.

Furthermore, the influence of the pH of the detection solution
was investigated. The pH of detection solution influences on the
interaction affinity between aptasensor and Pb%> and charge in-
tensity, therefore, is considered a crucial to the detection of Pb%>*. As
shown in Fig. 2B, the AOCP signal of Pb?* increased with the in-
crease of pH value from 4.0 to 7.4 and decreased as pH increase
above 7.4. This suggests that the highly acidic or alkaline sur-
roundings may destroy the activity and special recognition ability
between immobilized aptasensor and Pb?*. Hence, a pH of 7.4 is
selected as the optimal pH of the incubation and detection solution
to obtain the maximum AOCP signal.

34. Quantitative analysis of Pb*>*

Under the optimal conditions, target Pb%* with different con-
centrations were analyzed by the developed aptamer sensing
platform. As reported, the solubility of Pb?>* can be influenced by
phosphates [32], especially for Pb?>* with high concentration;
therefore, we found that this sensing platform shows a linear
relationship from the range of 107! to 107°M as illustrated in
Fig. 3A with a regression coefficient (R?) of 0.9980. The equation of
the curve was calculated to be AOCP =13.03 Ig (C&}) + 150.24,
where C%ﬁ corresponds to the concentration of Pb%* ions (M).
Notably, the calibration curve displays the good linear relationship
between the AAOCP values and logarithm of the analyte concen-
trations with a low detection limit (LOD) of 8.5 pM (S/N = 3). The
results indicate that the developed sensing platform for the
detection of the Pb?* target has a wide linear range and improved
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sensitivity compared with our previous work [25]. As discussed in
reported works [15,21,25,33,34], the variation of /AAOCP values was
influenced by the variation of the negative charged AuNPs-DNA-
probe-based sensing platform during the recognition event, indi-
cating that the potentiometric measurements did not follow the
Nernstian response. A comparison of the analytical performance of
aptasensor/DenAu in this work and other reports is shown in
Table 1. The detection limit in this proposed method was compa-
rable to other work, and the modification process was relatively
simple compared with the Pb?* biosensors with labels [35—41].
In order to evaluate the selectivity of the aptasensor based on
C1-DNA and AuNPs-DNA probes, the voltage responses toward the

Table 1

Analytical performance comparison between different Pb%* biosensors.
Detection method Probe Detection limit  Reference
RRS TBA 900 pM [35]
Colorimetry DNAzyme and MB 20.0 pM [36]
DPV (Fe—P)n-MOF-Au-GR  20.0 pM [37]
Chronocoulometry DNAzyme and RuHex  12.0 pM [38]
Photoelectrochemical ~ AuNP-labeled DNA 50.0 pM [39]
SWASV PANI NTs 96.5 pM [40]
Potentiometry PANI microfibers 630 pM [41]
Potentiometry Aptasensor 8.50 pM This work

Abbreviations. RRS: resonance Rayleigh scattering. TBA: thrombin binding aptamer.
MB: molecular beacon. DPV: differential pulse voltammetry. (Fe—P)n-MOF-Au-GR:
DNA functionalized iron-porphyrinic metal-organic framework. RuHex: hex-
aammineruthenium (III) chloride. PANI NTs: Size-tunable polyaniline nanotubes.
PANI: Electrospun polyaniline.

Hg* cd? Cu® Zn* Ni* Fe** Mg® Pb*

Fig. 3. (A) Calibration curve of aptasensor/DenAu/Au obtained from the sensing platform versus the logarithm of Pb>* in PBS (pH 7.4) solution concentrations. (B) Selectivity of the
potentiometric aptasensors array against 1.0 uM interfering ions added in PBS (pH 7.4) solution.
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Table 2
Detection of Pb?* in water samples with the proposed method. (n = 3).
Water sample Added (nM) Proposed Method ICPMS
Found (nM) Apparent RSD (%) Found (nM) Apparent RSD (%)
Recovery (%) Recovery (%)
Tap water 5.0 5.01 100.2 4.54 4.79 95.8 1.11
10.0 9.77 97.7 418 10.15 101.5 133
Lake water 5.0 5.13 102.6 2.58 5.38 107.6 2.66
10.0 10.23 102.3 4.48 10.32 103.2 1.84
River water 5.0 487 974 3.78 5.21 104.2 1.30
10.0 10.47 104.7 3.17 10.19 101.9 2.76

Pb**analyte and a variety of potential interferences were evaluated.
Samples that contains various metal ions expected to co-exist in the
real-life situation, namely, 1.0 uM Hg?*, Cd**, Cu®*, Zn®*, Ni%*,
Fe**, and Mg®* were investigated. As illustrated in Fig. 3B, the
1.0nMPb?* displays a notable increase in the AOCP signal,
compare to the solutions containing other interfering ions, sug-
gesting high and favorable selectivity of the developed platform.
These data illustrate that the presence of other complex non-target
pollutants in the environment does not interfere with the Pb%*
detection. Consequently, the constructed sensing system is
considered highly selective, enabling the applicable detection of
Pb? in real complex media.

Moreover, the repeatability and stability of aptasensor-based
sensing platform was also investigated. The repeatability was
studied by detecting 0.1nM and 1.0nMPb?* in PBS (pH 7.4),
respectively. The obtained relative standard deviations (RSDs) are
3.23% and 4.98%, respectively, showing that the sensing system had
satisfactory repeatability (Fig. S3). The stability was investigated at
1.0 nM Pb?*, and the results show that the sensing platform has no
obvious decrease after the modified electrodes were stored at 4 °C
for 7 days (Fig. S4).

3.5. Detection of Pb*>* in real samples

To evaluate the applicability of the aptasensor-based potentio-
metric sensing system, different water samples, including tap, lake,
and river water were analyzed. The detailed procedures are shown
in the Supporting Information. As presented in Table 2, a significant
increase in OCP value was observed, with the increment of spiked
Pb%* concentration at 5.0 and 10.0 nM. Table 2 shows an apparent
recovery in the rage of 97.4%—104.7% with acceptable RSDs.
Moreover, the results achieved from this work great well with the
results from ICPMS, suggesting that our designed sensing system
could be applied for the detection of target Pb?>" in the environ-
mental monitoring.

4. Conclusion

This article describes, for the first time, a label-free aptasensor-
based potentiometric sensor, with the specially structured large
surface area and high capacity charge storage based high-double-
layer-capacitance DenAu as the solid conduct layer, for the stable
and reliable detection of Pb?>*. The sensing platform displays
favorable reproducibility with prolonged service life. The sensitive
/\OCP response toward the Pb?* target yielded good linearity over
the wide range of 107! to 10~® M with the detection limit as low as
8.5 pM. Compared with other traditional electrochemical detection
strategies, the present aptasensor based potentiometric sensing
system presented higher selectivity for the detection of Pb** in
environmental conditions. In addition, the sensor gave outstanding
performance to directly detect the heavy metal without sophisti-
cated processes, which opens up a promising new horizon in

potentiometric sensing applications for environment monitoring.
This proposed system awaits further improvement toward real-life
application. Future works can include the integration with portable
device or wearable electronics for user-friendly and wide applica-
tion in on-site detection and warning system.
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