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A novel niobium doped nickel oxide nanoparticle (NbNiO) was synthesized by sol-gel method and
was applied to fabricate DNA biosensor for detection of Pb?* in water sample for the first time. The
amino-modified G-rich DNA probes were immobilized on the surface of CH-NbNiO-MWCNTSs/ITO
electrode by the covalent interaction between the amino of DNA and the carboxyl of MWCNTSs. When
the lead (I1) ion (Pb?") interacted with the G-rich DNA, it will induce the DNA conformational to
switch from a random-coil to a G-quadruplex resulting in an increase of alternating current impedance.
On the basis of this, we developed an impedance biosensor for the detection of Pb*. The results
showed that the synergistic effect of the synthesized NbNiO nanoparticles and MWCNs could improve
the performance of this DNA biosensor. Under optimal conditions, the fabricated DNA biosensor
possess a wide linear range of 1.0x10™° to 1.0x10° M (correlation coefficient, R=0.998) and a low
detection limit of 7.51 x10™ M (30).

Keywords: Niobium doped nickel oxide, Electrochemical DNA biosensor, Lead (I1) ion

1. INTRODUCTION

Lead is one of the most toxic metallic pollutants and can cause renal malfunction and inhibit
brain development. Once it was absorbed by human body, it would cause significant physiological and
neurological effects on humans, even at low levels, particularly for vulnerable populations such as
children [1-2]. Therefore, an accurate and sensitive method for the detection of lead (1) ion (Pb*) is of
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great significance. The conventional methods including atomic absorption spectrometry [3-5],
inductively coupled plasma mass spectrometry[6-8], anodic stripping voltammetry [9-11] and atomic
fluorescence spectrometry[12-13] have been employed for the detection of Pb**. However, some of
them were time-consuming, tedious sample pretreatment process and needed expensive apparatus.
Recently, considerable efforts have been undertaken to develop novel electrochemical methods for the
detection of Pb?* based on oligonucleotides, DNA enzyme, polymers, small molecules and functional
nanoparticles[14-16]. The electrochemical method possesses high sensitivity, simplicity, low cost and
easily to miniaturization. Therefore the development of electrochemical biosensors for detection of
Pb* ions has great potential applications in field monitoring.

With in-depth study of the interaction between DNA molecules and metal ions, functionalized
DNA molecules gradually become effective tool for Pb?* detection. Three types of DNA molecules (8-
17 DNAzyme, GR-5 DNAzyme and G-rich DNA) affinity to Pb®* have been reported [15-17].
However, DNAzyme is vulnerable to in vivo detection or complex systems when it comes to practical
use [18]. So, it is necessary to develop the G-rich DNA electrochemical sensors for the detection of
Pb?".

Carbon nanotube has been widely applied in the field of electrochemical biosensors because of
its good biocompatibility, high mechanical strength, excellent magnetic property and wide
electrochemical window[19]. And chitosan (CH) is used widely as an immobilization matrix in
electrochemical biosensors due to its excellent film-forming ability, biocompatibility, mechanical
strength, nontoxicity and hydrophilicity [20].

Metal oxide nanoparticles, such as ZnO [21], SnO; [22], In,O3 [23], NiO[24], CdO [25] and so
on, have drawn chemist’s attention in recent years due to their unique physical and chemical
properties. Among them, the NiO has received intensive attention because of its good thermal
sensitivity, electrically induced optical, catalytic activity and electrochemical activity [26], and widely
applied in battery electrodes, transparent electronics, color changing electronics components and the
function of the chemical sensors, electrochemical capacitor sensor layer and high-performance
catalyst[27]. When NiO is doped with other metal elements, its electrical properties can be improved
because the electrical transport is primarily associated with Ni** vacancies. Each Ni** vacancy in the
lattice causes the transformation of two Ni** into two Ni®* for meeting charge neutrality, and this
transformation induces a local lattice distortion[28,29].

In this paper, the nanocomposite of NbNiO nanoparticles, carboxylic group- functionalized
multi-walled carbon nanotubes and chitosan was immobilized on the indium tin oxide electrode and
formed a nanocomposite film with a large specific surface area. Then amino-modified G-rich DNA
probes were immobilized on the surface of CH-NbNiO-MWCNTS/ITO electrode by the interaction
between the amino of DNA and the carboxyl of MWCNTSs. Pb®* could induce the conformation of G-
rich DNA to switch from a random-coil to G-quadruplex, and result in an increase of alternating
current impedance. On the basis of above mentioned, we developed an impedance biosensor for the
detection of Pb?* in real water samples.
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2. EXPERIMENTAL

2.1 Reagents and materials

Niobium acid ammonium oxalate hydrates was obtained from Sigma-Aldrich (USA).
MWCNTs was purchased from Shenzhen Nanotech Port Co., Ltd. Nickel nitrate, ammonium
metavanadate, tetrabutyl titanate, manganese nitrate, citric acid, chitosan, sodium dihydrogen
phosphate, disodium hydrogen phosphate, N- hydroxysuccinimide (NHS), B-yl(3-dimethyl-propyl)
carbodiimide hydrochloride (EDC), Chitosan (CH) and other chemicals were purchased from Aladdin
Reagent Company (Shanghai, China). The sequence 5'-NH,-GGAAGGTGTGGAAGG-3" purified via
polyacrylamide gel electrophoresis (PAGE) was synthesized by Invitrogen (Shanghai, China).

2.2 Apparatus

Scanning electron micrograph (SEM) was obtained on Zeiss Ultra55 field emission scanning
electron microscope (Carl Zeiss, Germany). X-ray diffraction (XRD) was performed with Bruker D8
advance (Bruker, Germany). Thermogravimetry (TG) was carried out on simultaneous thermal
analyzer (STAA449/3/MFC/G , NETZSCH). High-temperature tube furnace was used for
Electrochemical measurements were recorded using an Autolab Potentiostat/Galvanostat (Metrohm).
A conventional three-electrode cell with an Ag/AgCl reference, a platinum wire counter and the
modified ITO as the working electrodes were used.

2.3 Synthesis of NbNiO nanoparticles

The NbNiO nanoparticles were synthesized by sol-gel method [30]. A certain amount of nickel
nitrate and niobium acid ammonium oxalate hydrates were dissolved into deionized water,
respectively, and simultaneously added dropwise into citric acid solution. Then specific content of
nitric acid and aqueous ammonia were added to adjust the pH of the above solution to 1. Subsequently,
the resulted solution was heated and stirred at 70°C to slowly evaporate the deionized water until a
highly viscous transparent green sol was achieved. After that, the sol was transformed into oven, and
heated at 110 °C for 24 h. A swell green NbNiO precursor was obtained. Eventually, the as-
synthesized precursors were ground and then calcined in air at 400°C for 4 h to obtain the nanoparticles
of NbNiO. The samples vanadium doped NiO (VNiO), titanium doped NiO (TiNiO) and manganese
doped NiO (MnNiQO) were prepared at similar procedures.

2.4 The preparation of MWCNTS

The MWCNTs were prepared according to the literature method [31] with appropriate
modification. 0.2 g multi-walled carbon nanotubes were added to 50 mL of mixed acid HNO3—H,SO,
(v/v, 3:1) with ultrasonic treatment for 0.5 h to make the MWCNTS disperse in the acid completely.
Subsequently, the mixture was purified through refluxing for 6 h at 80°C. Then the resulting product
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was separated by membrane filtration and washed with distilled water to neutral. Finally, the obtained
carboxylic group-functionalized multi-walled carbon nanotubes (MWCNTSs) was dried under vacuum
at 60°Cfor 24 h.

2.5 Fabrication of electrochemical DNA biosensor

The fabrication processure of electrochemical DNA biosensor referred to our previous
literature[32]. The DNA biosensor was prepared as follows: (i) prior to modification, the ITO
substrates were soaked in an ultrasonic bath successively with acetone, absolute alcohol and distilled
water for 5 min each time, and then dried at room temperature; (ii) 50 mg of CH was dissolved into
10mL of 1% (vol.%) acetic acid solution to form a transparent CH solution; then 6 mg of as-
synthesized NbNiO nanoparticles and 4 mg MWCNT-COOH were dispersed into above solution and
sonicated for 6h to obtain a uniform gel of CH-NbNiO-MWCNTS; (iii) 10uL of above nanocomposite
was pipetted onto the surface of the cleaned ITO electrode and dried at room temperature to get a
modified electrode denoted as CH-NbNiO-MWCNTSs/ITO; (iv) The CH-NbNiO-MWCNTs/ITO
electrode was placed in a mixture of NHS and EDS at 40 °C for 1 h , followed by washing with
deionized water and drying at room temperature; (v) Immobilization of NH,-ssDNA probes was
performed by pipetting 10uL of 1.0 uM NH,-ssDNA on the CH-NbNiO-MWCNTSs/ITO surface for
dryness at room temperature, followed by washing with PBS solution (pH 7.0) and ultrapure water to
remove the un-immobilized NH,-ssDNA, the obtained electrode was denoted as sSSDNA/CH-NbNiO-
MWCNTS/ITO.

2.6 The formation of G-quadruplex induced by Pb**

The ssSDNA/CH-NbNiO-MWCNTS/ITO electrode was immersed into different concentrations
of Pb* solution (0.1 M PBS, pH 7.0) for 5 min at 90°C, followed by cooling to room temperature
within 1 h and keeping at room temperature for 1 h to ensure G-quadruplex fully formed. After that,
the electrode was thoroughly washed with 0.10 M PBS to remove unbound Pb®*. The obtained
electrode was denoted as Pb**-ssDNA/CH-NbNiO-MWCNTS/ITO.

2.7 Electrochemical measurements

Electrochemical measurements were investigated by cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS) and differential pulse voltammetry (DPV). The CV scans were
performed at 10mV/s from -0.4 to 0.8V (vs. Ag/AgCl). EIS measurements were conducted at 0.18V
over a 10%-10° Hz frequency range, with 0.01V signal amplitude. DPV currents were obtained over a
potential range from -0.15 to 0.55V with pulse amplitude of 0.025V. Electrochemical measurements
were carried out in a 0.1 M phosphate buffer solution (PBS, pH 7.0) containing 5 mM [Fe(CN)g]* "+
solution and 0.1 M KCI solution. The detailed fabrication and detection procedures for the developed
DNA biosensor are illustrated in Fig. 1.
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Figure 1. Schematic representation of the steps for fabrication of DNA biosensor

3. RESULTS AND DISCUSSION
3.1 Optimization of the synthesis conditions

3.1.1 The choice of dopant

In order to compare the conductivity of NiO nanomaterials doped with different metal
elements, the electrochemical properties of the different modified electrodes were characterized by
cyclic voltammetry. The experimental results showed that the peak current of Nb-doped NiO was
much higher than that of NiO doped with other elements. Thus, the NbNiO was chosen for further
studies.
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Figure 2. The CVs of different metal doped NiO modified ITO electrode. (a)CH/ITO, (b)NiO/ITO,
(c)MnNiIO/ITO, (d)TiNIO/ITO, (e)VNIO/ITO and (f)NbNiIO/ITO in 0.1 M phosphate buffer
solution (PBS, pH 7.0) containing 5 mM [Fe(CN)e]” ™ solution and 0.1 M KCI solution with
scan rate of 10mV/s.

3.1.2 The optimization of dopant content

In order to investigate the effect of dopant (Nb) content on the conductivity of NbNiO
nanoparticles, we synthesized different proportion of Nb-doped NiO nanoparticles by sol-gel method
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and investigated by cyclic voltammetry. As seen in Fig.3, the peak current of pristine NiO was much
lower than that of NiO doped with Nb, which suggested that doping Nb could improve the
conductivity of the electrode. When the content of Nb was ten percent (wt.%), the maximum peak
current was achieved. Thus, the optimal doping ratio was 10%.
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Figure 3. The CVs of NbNiO modified ITO electrode with various Nb contents. (a)un-doped, (b)5%,
(c)8%, (d)10%, (e)12%, (f)15% in 0.1 M phosphate buffer solution (PBS, pH 7.0) containing 5
mM [Fe(CN)s]* ™ solution and 0.1 M KClI solution with scan rate of 10mV/s.

3.2 Characterization of NbNiO

3.2.1 XRD characterization
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Figure 4. X-ray powder diffraction pattern of NbNiO.
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The phases of the synthetic NobNiO samples were investigated by XRD analysis. As can be
seen from Fig. 4, the diffraction peaks corresponding to (111), (200), (220), (311) and (222) planes
were observed. All of these diffraction peaks of NiO can be indexed as a face-centered cubic phase as
identified using the standard date JCPDS04-0835. No any other impurities were observed in the
powder pattern, indicating that the Nb was doped into crystallographic structure of NiO.

3.2.2 SEM characterization

To further illustrate our synthesis strategy, the product was also characterized by SEM. The
SEM image of the sample was shown in Fig.5. It can be seen that the samples showed irregular shapes
with an average size of about 30~50 nm. A three-dimensional structure was formed among particles
indicating a large specific surface area. The BET surface area was also determined by N, physisorption
exhibiting a reasonably high specific surface area of 160.41 m? g™, which was consistent well with
SEM results.

200 nm EHT = 5.00 kV Mag = 150.00 K X SCNU
WD = 6.8 mm Photo No.=7758  Signal A = InLens

Figure 5. SEM image of NbNiO nanoparticles

3.3 Characterization of the modified electrodes

3.3.1 SEM characterization

The morphologies and microstructures of different modified electrodes were studied by means
of SEM as shown in Fig. 6. From Fig. 6A, the obtained MWCNTs was stacked together and
constituted a reticulated porous nanostructure, measuring about 50 nm in mean diameter. After adding
chitosan, we could see that the surface of MWCNTSs was uniformly coated with a layer of chitosan
membrane (Fig. 6B). Fig. 6C displayed the surface of CH-NbNiO-MWCNTs nanocomposites. As can
be seen from it, NbNiO nanoparticles were uniformly dispersed in the network structure of carbon
nanotubes, which is conducive to improve the conductivity of the electrode and capture more DNA
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molecules. When the CH-NbNiO-MWCNTSs nano-composites were conjugated with sSDNA, as Fig 6D
shown, the nanocomposites matrix were buried under layer of immobilized DNA and was attributed to
very high loading of the probe DNA molecules on the surface of the modified electrode.
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Figure 6. SEM images of (A) MWCNTSs, (B) MWCNTs-CH, (C) CH-NbNiO-MWCNTSs and (D)
sSDNA/CH-NbNiO-MWCNTSs on the surface of ITO.

3.3.2 Electrochemical characterization

Electrochemical impedance spectroscopy (EIS) is an effective method to monitor the interface
properties of the electrodes in the assembly process and was widely used to characterize the fabrication
process of DNA biosensor[33]. Fig. 7A shows the impedance spectroscopy of stepwise assembly
procedures. Results revealed that NbNiO-CH (curve c¢) and MWCNTs-CH (curve d) modified
electrodes showed a lower electron transfer resistance (R¢) than the CH modified one (curve b),
implying that NbNiO and MWCNTSs possessed excellent electron transfer property and were able to
accelerate the electron transfer. When the NbNiO and MWCNTSs were added simultaneously, Re; of the
CH-NbNiO-MWCNTS/ITO electrode (curve e) achieved minimum, indicating the synergistic effect of
NbNiO and MWCNTSs. After ssDNA was conjugated (curve f), Re increased due to the electrostatic
repulsion between the negatively charged phosphate backbones of probe ssDNA and [Fe(CN)e]* "+
anion[34], confirming the effective immobilization of ssDNA. In the presence of Pb®*, R increased
sharply (curve g). It was probably due to Pb?* induced the G-rich DNA conformational switch from a
random-coil to G-quadruplex. Meanwhile, differential pulse voltammetry also applied to characterize
various modified electrodes, which coincided with the EIS results.
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Figure 7. EIS and DPV of (a)ITO electrode,(b)CH/ITO electrode, (c)NbNiO-CH/ITO lectrode,
()MWCNTs-CH/ITO  electrode,  (e)CH-NbNiO-MWCNTSs/ITOelectrode,(f)ssDNA/CH-
NbNiO-MWCNTSs/ITOand(g)Pb?*-ssDNA/CH-NbNiO-MWCNTS/ITO.

3.4 Optimization of pH

The effect of pH value on the formation of G-quadruplex was studied, due to the great
influence of pH on the biological activity and stability of biological molecules.The relation
curve of pH values and the R difference (AR¢;) before and after the formation of G-quadruplex
was shown in Fig. 8. It was found that the change of supporting solution’s pH would cause
obviously change of AR¢:. The value of AR increased with the increasing pH value from 6.0 to
7.0 and then decreased when the pH exceeded 7.0. Thus, pH 7.0 of the working buffer was
selected for the further studies.
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Figure 8. The effect of pH on the performance of the biosensor was examined from 6.0 to 8.0.
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3.5 Sensitivity and Selectivity

9024

Under optimal conditions, the sensitivity of the DNA biosensor was studied by immersing into

various concentrations of Pb?* solution.
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Figure 9. The calibration plot of AR Vs negative logarithm of Pb?* concentrations and selectivity (B)
with 10 M metal ion (such as 10 uM Co?*, Cu**, Zn**, Ca**, Mg®*, Cd**, Ni**, Mn*", Na*, K*).

Table 1. Comparison performance of this proposed biosensor with that of some other DNA biosensors

for Pb?* detection

Probe Detection Linear LOD( References
method range (M) M)

6 -10 Li et al.

G-quadruplex/Amplex ultrared  Fluorescence 0~10 4x10 2011
G-quadruplex/AuNPs Fluorescence 0~10° 1(2)81§ 1 Hgoelt; :
TBA/CeO,-MWCNTSs- Amperometr 10%-10° 5.0x10°  Lietal.

EMIMBF,/GCE y ’ 2011
5x10° 5.0x10° Linetal.

G-quadruplex EIS 10 55107 10 2011

Pb**-ssDNA/CH-NbNiO- 10_q4q5 71511

MWCNTS/ITO EIS 107°~10 02 proposed

When Pb?* interaction with G-rich DNA to form G-quadruplex, it would hinder electron

transfer, resulting in an increase of Re. As shown in Figure 9A, upon decreasing the concentration of
Pb%* from 10° M to 10" M, the AR¢ gradually decreased, because less and less ssSDNA on the
electrode could form G-quadruplex. AR decreased linearly with the logarithm of Pb*" concentration
within a range from10®° M to 10™° M. The linear regression equation was as follows:

ARe(€2)=9.24 logCpp+(mol-L™)+102.80  R?*=0.998

Where, AR was the R difference before and after the sSSDNA interactions with Pb?*; Cppos
was the concentration of Pb**; R was the correlation coefficient.
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The detection limit of the assay for Pb*" detection was determined to be 7.51x10% M (30)
(where o is the relative standard deviation of the blank solution, n=11), which is lower than those of
electrochemical, fluorescent, and colorimetric assays for Pb?*.

The selectivity of the biosenor was also explored: the values of ARg were analyzed upon
adding other metal ions (such as 10 uM Co®*, Cu?*, Zn®*, Ca**, Mg®*, Cd**, Ni**, Mn*", Na*, K*) to the
sensing system instead of Pb®*. The result was shown in Fig. 9B. We observed that only Pb®* caused a
considerable decrease in Re; While other ions yielded little changes, which indicated that the sensor was
specifically responding to the Pb**. The good performance of the DNA biosensor in comparison with
other DNA biosensor is obvious from Table 1. It is clear that the different characteristics of the
proposed strategy for Pb** detection are better in some cases or comparable with the other sensors
reported so far.

3.6 Application of the biosensor

To evaluate the analytical reliability and application potential of the developed biosensor,
recovery experiments for pure drinking water with different Pb?* concentrations were performed. The
results summarized in Table 2 showed that the biosensor showed an acceptable accuracy, with RSD
values ranging between 0.2 and 2.4. Simultaneously, the Pb** recovery was between 99.0% and
102.4%, which clearly indicated the potentiality of the biosensor for detection of Pb?* in environmental
monitoring with the proposed method.

Table 2. Recoveries of Pb?" in drinking water samples spiked with Pb** standard solution

Concentration (M) o e Recovery
Sample Added Found RSD (%, n=5) %)

1 0 Not Found -- --

2 5.00x107° 4.95(£0.05)x10™® 1.0 99.0
3 5.00%107" 5.05(x0.10)x10” 2.0 101.0
4 5.00x107® 5.12(x0.08)x10° 1.6 102.4
5 5.00x10™° 5.03(x0.01)x107 0.2 100.6
6 5.00x10™ 4.98(+0.12)x10™° 2.4 99.6

4. CONCLUSIONS

In summary, a novel electrochemical biosensor for highly sensitive detection of Pb?* has been
developed utilizing CH-NbNiO-MWCNTs nanocomposite as a promising transduction platform. The
NbNiO nanoparticles possessed a large specific surface area could greatly enhance the immobilization
of DNA probes and synergistic improve the electrical conductivity with the MWCNTSs. The detection
of Pb®* was based on Pb* induced the conformation of G-rich DNA to switch from a random-coil to
G-quadruplex and result in an increase of alternating current impedance. Result showed that the
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biosensor has high sensitivity, low detection limit, good selectivity and a wide linear range for the
quantitative analysis of Pb%*. The assay can be used in environmental monitoring and analysis.
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