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In this paper, we concentrated on the simplest way to synthesize Nickel ion doped poly (neutral red)
(Ni**@PNR) hybrid nanocomposites (abbreviated as Ni**@PNR HN) through a reverse
microemulsion method. Because the MWCNTSs/Nafion composite film was negatively charged, the
positively charged Ni?*@PNR HN can be adsorbed by electrostatic interactions onto the surface of
MWCNTs/Nafion modified electrode. The hybrid nanocomposite exhibited excellent electrocatalytic
activity for glucose oxidation due to three-in-one synergistic effects, namely, the special
copolymerization structures of Ni>*@PNR HN as an active catalytic center; the amount of doping of
Ni?* can be tuned by the attachment of NR with MWCNTs/Nafion, resulting in the hybrid
nanocomposites containing much more Ni** and possessing a significant signal amplification effect
toward the glucose oxidation reaction; the effective immobilization of Ni** at the modified electrode
surface was achieved by the non-covalent interaction of hybrid nanocomposites and MWCNTs/Nafion
support materials. Accordingly, the Ni**@PNR HN/MWCNTs/Nafion modified electrode displayed an
enhanced electrocatalytic activity to glucose oxidation in 0.1 mol-L™* NaOH solution, owning the
advantages of higher sensitivity, lower detection limit, wide linear range, and good stability and
selectivity for constructing a novel enzyme-free glucose electrochemical sensor.

Keywords: Ni**@poly (neutral red) hybrid nanocomposites (Ni** @PNR HN); MWCNTs/Nafion
modified electrode; enzyme-free glucose biosensor

1. INTRODUCTION

Glucose, a chemical formula CgH1,06, is the most widely distributed and important
monosaccharide in nature. Glucose plays an important role in the field of biology. It is the energy
source and metabolic intermediate product of living cells, that is, the main energy supply of biological
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energy. The development of a fast and reliable method for rapid determination of glucose
concentration is of great significance in clinical diagnosis. The development of electrochemical
glucose sensors has attracted considerable attention over the past few years [1-3]. Commonly, the
electrochemical detection of glucose is carried out on the basis of the glucose oxidase (GOx) enzyme,
however, enzyme-modified electrodes have several disadvantages, such as high enzyme costs,
instability, complicated immobilization procedures and critical operating conditions, etc [4-6].

In order to resolve these problems, a great amount of research has been devoted to fabricating
an enzyme-free glucose sensor [7-10]. Among these, metal nickel-based compounds exhibit
remarkable electrocatalytic abilities for glucose due to their exclusive redox behavior (Ni%*/Ni**), high
surface to electroactive area, and biocompatibility [11-12]. However, pure metal of Ni is difficult to
prepare and have poor stability for electroanalysis because it’s readily oxidized in air and in solution
[13]. In recent years, many studies have been devoted to the synthesis of different morphologies of
Nickel, such as nanoparticles, nanorods, nanosheets, nanowires, nanoplates, mesoporous structures and
hollow nanospheres, especially by the support of carbonaceous materials [14-20]. Therefore, it is still
necessary to propose a simple and one-step synthesis method to prepare nickel based nanomaterials,
which will be applied to the research of novel nonenzymatic glucose electrochemical sensors.

On the other hand, the existing methods for immobilization of Nickel-based materials include
electrochemical polymerization [21-22], direct electrodeposition [23-24], electrostatic adsorption [25],
electrospinning [26], thermal catalytic etching technique [27] and sol-gel method [28], etc. However,
due to the poor permeability of polymer film, the sensitivity and stability of the polymer film modified
electrode produced by polymerization will be reduced; the direct deposition requires complex
instruments and the sediments are unstable; the Nickel-based materials by electrostatic adsorption is
generally small amount, easy to fall off, lost in the solution; the electrospinning and thermal catalytic
etching technique are suffering from some disadvantages, such as extremely long and costly processes
as well as complexity; the sol-gel method makes the electrical activity of molecule easily restricted by
the conductivity of the substrate. Therefore, there is an urgent need to develop a new method for
immobilization of Nickel-based materials on electrodes.

Carbon materials have been used as a matrix to enhance electron transfer rates and electro-
catalytic activities. As one important carbon material, the unique properties of carbon nanotubes
(CNTSs), such as remarkable surface area, excellent conductivity, and wide electrochemical range,
make it an ideal material in electrochemical sensors [29-30]. In addition, Nafion is an excellent cation
exchange agent, composed of a perfluorinated sulfonic acid ester, and the composite film of Nafion
and CNTs which can be easily attracted by ion exchange process, hydrophobic interaction and
electrostatic adsorption of hydrophobic cations, such as Ni?* [31-32]. Furthermore, Neutral red (NR) is
a kind of living as a cell staining and pH indicator of basic phenazine dye and its monomer on the
conductive substrate with good electrochemical behavior, which has a good catalytic effect on some
biological molecules [33-34]. NR has been reported to be good electronic mediator in monomer form
also but the main problem working with monomer NR is that it leaches out from immobilization
matrix at electrode surface. So the attachment of NR with MWCNTSs and Nafion needs to be highly
deliberate.
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In this paper, we concentrated on the simplest way to synthesize the Ni*@ poly (neutral red)
hybrid nanocomposites (Ni**@PNR HN) through a reverse microemulsion method. Because the
MWCNTs/Nafion composite film was negatively charged, the positively charged Ni** @PNR HN can
be adsorbed by electrostatic interactions onto the surface of MWCNTs/Nafion modified electrode.
Three-in-one synergistic effects existed simultaneously, namely, the special copolymerization
structures of Ni**@PNR HN as an active catalytic center; the amount of doping of Ni** can be tuned
by the attachment of NR with MWCNTSs/Nafion, resulting in the hybrid nanocomposites containing
much more Ni** and possessing a significant signal amplification effect toward the glucose oxidation
reaction; the effective immobilization of Ni** at the modified electrode surface was achieved by the
non-covalent interaction of hybrid nanocomposites and MWCNTs/Nafion support materials.
Furthermore, we proposed the possible mechanism of the formation of Ni**@PNR HN. The as-
prepared hybrid nanocomposites were confirmed by various physical characterizations and the
practicality of the proposed glucose sensor was also demonstrated toward glucose detection in
injection and human serum samples with satisfactory results.

2. EXPERIMENTAL

2.1 Instruments and reagents

All electrochemical tests were performed by using a CHI6G60E electrochemical working station
(Chen Hua Inc., China). A RO+5S025 multi-position magnetic stirrer (IKA, Germany) and TG16G
centrifuges (Xi'an Mogina Instruments Manufacturing Co., Ltd.) were all used for the synthesis of
Ni*@PNR HN. Fluorescence spectra were recorded on a Hitachi F-7000 fluorescence
spectrophotometer (Hitachi, Japan). And, the Ni**@PNR HN was characterized by a JEM-2100
transmission electron microscope (TEM, Hitachi Electronics Corporation, Japan), Merlin Compact
field emission scanning electron microscope (SEM, Carl Zeiss, Germany) and IR Prestige-21
transform infrared spectrometer (Shimadzu, Japan). All experiments were carried out with a
conventional three-electrode system in a 10 mL electrochemical cell. A glass Carbon electrode (GCE)
with 3 mm in diameter was used as the basic working electrode, and a twisted platinum wire was used
as the counter electrode. All the potentials quoted here were relative to an Ag/AgCI (saturated KCI)
reference electrode.

Multi-walled Carbon nanotubes (MWCNTSs, Shanghai Aladdin Chemical Reagent Co. Ltd.,
China) and Nafion 117 (5 % in a mixture of lower aliphatic alcohols and water, DuPont Co. of U.S.A.)
were prepared of MWCNTSs/Nafion dispersion with a concentration of 0.2 mg-mL™. Nickel nitrate was
purchased from Xi’an Chemical Reagent Factory, China. And, Neutral red (NR) was purchased from
Tianjin Hebei District Haijing Fine Chemical Factory, China. Urea acid (UA, Chinese, Wu Sanhua
factory packaging, packaging of goods in Hungary), and ascorbic acid (AA) and dopamine (DA) were
purchased from Shanghai Aladdin Chemical Reagent Co. Ltd., China. Stock standard solutions of
glucose (Tianjin Hengxing Chemical Reagent Co. Ltd., China) were prepared by dissolving
appropriate amount of glucose in 0.1 mol-L™ NaOH at a concentration of 0.1 mol-L™ and stored at 4
°C. Glucose injection produced by Sichuan Kelun pharmaceutical Co. Ltd., China. Fresh human serum
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samples are provided by Xi'an University of Technology hospital. All reagents were of analytical
reagent grade without further purifications, and doubly distilled water was used throughout.

2.2 Synthesis of Ni**@PNR HN

The Ni*@PNR HN was synthesized by the reverse microemulsion method. The reverse
microemulsion system (W/O) was prepared first by mixing in agitation 1.80 mL of Triton X-100, 7.50
mL of cyclohexane and 1.80 mL of 1-hexanol for 30 min. When the mixing solution becomes clear,
250 pL of doubly distilled water was added into the mixture. After this, 100 pL of 0.02 mol-L™* NR
solution and 20 pL of 0.02 mol-L™ Ni?* were dripped stirringly, respectively. After 30 min, a
polymerization reaction was initiated by adding 100 uL of 0.02 mol-L™* ammonium persulfate (APS).
The polymerization reaction was allowed to continue for 12 h under vigorous agitation. Acetone was
then added to destroy the emulsion, followed by centrifuging and washing with ethanol and water for
three times, respectively. Finally, the prepared hybrid nanocomposite was dispersed in doubly distilled
water and stored in 4 °C refrigerator. Without adding 20 uL 0.02 mol-L™ Ni?*, the PNR was obtained
in the same way.

2.3 Preparation of NiZ*@PNR HN/MWCNTSs/Nafion modified electrode

Prior to modification, the bare GCE was polished to a mirror-like surface using 0.3 um and
0.05 pm alumina slurries sequentially, and then ultrasonically cleaned in water. Afterward, 30 pL
Ni**@PNR HN were dispersed in 60 pL of 0.2 mg-mL™ MWCNTs/Nafion mixed solution, and mixing
appropriate amount of ethanol were ultrasonicated homogeneously for 15 min. Then, about 2 pL. mixed
homogeneous droplet was dropped on the surface of the well-polished GCE. After drying, the
Ni**@PNR HN/MWCNTs/Nafion modified electrode was prepared well. The modified electrodes
were subjected to investigate the electrochemical behavior of electrodes and glucose oxidation.

The prepared MWCNTs/Nafion mixed solution with 3 uL was applied to the GCE surface, and
the MWCNTs/Nafion modified electrode was made and dried at room temperature. Then, the
MWCNTSs/Nafion modified electrode was inserted into the mixing solution containing 2.0x10™ mol-L’
' NR, 1.0x10° mol-L™* Ni?* and 0.1 mol-L™ PBS (pH=5.5), scan rate of 50 mV-s™, potential window of
-14 V ~ +1.8 V for 5 circles of electro-initiation, then -0.8 V ~ +0.8 V for 40 circles, the
Ni?*/PNR/MWCNTs/Nafion modified electrode was obtained by cyclic voltammetry (CV). The
PNR/MWCNTSs/Nafion and P-Ni*/MWCNTs/Nafion modified electrodes can be prepared by the
above method without Ni?* or NR solution.

2.4 Experimental procedure

The electrochemical measurements of Ni2+@PNR HN/Nafion/MWCNTs modified electrode in
0.1 mol-L™* NaOH containing blank or different concentrations of glucose standard solution, such as
CV and Chronoamperometry, were performed successively.



Int. J. Electrochem. Sci., Vol. 13, 2018 1758
3. RESULTS AND DISCUSSION

3.1 Characterization of synthesized Ni>*@PNR HN

The SEM images of Ni*@PNR HN/MWCNTs/Nafion were shown in Fig.1. The MWCNTSs
was twining (Fig.1a). When decorated with PNR (Fig.1b), it was clear that PNR had been adsorbed on
the surface of MWCNTSs/Nafion, and crosslinked with MWCNTSs. It can be also seen that the doping
of Ni** made Ni* @PNR HN and MWCNTs/Nafion form multilayer and three-dimensional spatial
structure (Fig.1c). And, it can be distinctly seen from TEM images that the synthesized Ni**@PNR
HN was scaly, with a diameter of about 20 to 30 nm (as shown in Fig.2).

Figure 2. TEM images of Ni**@PNR HN.

The fluorescence spectra of NR solution, Ni?*/NR solution and Ni>*@PNR HN were shown in
Fig.3. The maximum excitation and emission wavelengths of NR solution were 534 nm and 640 nm,
respectively (Fig.3a and 3b). The maximum excitation and emission wavelengths of Ni**/NR solution
were 535 nm and 634 nm, respectively (Fig.3c and 3d). Accordingly, the emission wavelength shifted
blue by 6 nm. The possible reason was that Ni** and NR formed simple Nickel complex resulting in
the emission wavelength to move. However, the maximum excitation and emission wavelengths of
NiZ*@PNR HN were at 551 nm and 600 nm (Fig.3e and 3f), respectively, and the maximum
excitation and emission wavelengths shifted considerably. The possible reason was that when K;S,0g
was used as an initiator, a NR cation radical was generated and collided with each other to form a
dimer and further an oligomer [35]. In the process of chemical polymerization in situ, Ni** was doped
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to form a hybrid nanocomposite, which resulted in the larger shift of maximum excitation and
emission wavelengths.
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Figure 3. Fluorescence spectra of NR solution (a and b), Ni?*/NR solution (c and d) and Ni** @PNR
HN (e and f). (cng = 2.5x10° mol-L?, cni®* = 5.0x107" mol-L™Y)

The infrared spectra of NR solution, Ni%*/NR solution and Ni>*@PNR HN were shown in
Fig.4. NR solution (a) was located at 1654.8 cm™, 1458.1 cm™, 1382.9 cm™ and 1049.2 cm™, which
was the skeleton vibration absorption peaks of benzene ring. The absorption peak of two substituent
groups of benzene ring was at 881.4 cm™. The stretching vibration of C-N bond on the phenothiazine
ring was located at 1330.8 cm™ [36]. The plane bending vibration of C-H bond was located at 1274.9
cm™. The corresponding absorption peaks of Ni?*/NR solution (b) were 1652.9 cm™, 1454.2 cm™,
1382.9 cm™ and 1049.2 cm™, respectively. The stretching vibration of C-N bond was located at 1330.8
cm™. The plane bending vibration of C-H bond was located at 1276.8 cm™. The absorption peaks
corresponding to Ni*@PNR HN (c) were 1649 cm™, 1456.1 cm™, 1382.9 cm™ and 1049.2 cm™,
respectively. The stretching vibration of C-N bond was located at 1334.6 cm™. The plane bending
vibration of C-H bond was located at 1278.7 cm™. Compare to NR monomer (a) or Ni**/NR solution
(b), the C=C or C=N stretching vibration on the benzene ring of Ni**@PNR HN (c) was blue shifted
by 3.9 cm™, the C-N stretching vibration was red shifted by 3.8 cm™, and C-H plane bending vibration
shifted by 3.8 cm™, respectively. The displacement effect was attributed to the relaxation of the
conjugated structure of hybrid polymers caused by the doping of Ni®*. After NR chemical
polymerization, the degree of conjugation in the whole molecular structure was increased, but due to
the doping of Ni?*, the degree of conjugate structure was less than that reported in the literature [37].
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Figure 4. Infrared spectrograms of NR solution (a), Ni®*/NR solution (b) and Ni** @PNR HN (c).

3.2 The electrochemical behavior of Ni?* @PNR HN/MWCNTSs/Nafion modified electrode

3.2.1. The electrochemical behaviors of PNR/MWCNTSs/Nafion, P-Ni?*/MWCNTSs/Nafion and
Ni%*/PNR/MWCNTs/Nafion modified electrode

CV curves of three prepared modified electrodes in 0.1 mol-L™ NaOH solution were shown in
Fig.5. Under alkaline conditions, the PNR/MWCNTs/Nafion modified electrode (Fig.5a) had no
electrical activity. The redox peak potentials of P-Ni**/MWCNTs/Nafion modified electrode were
occurred at 0.627 V and 0.466 V (Fig.5b), respectively, which was the typical redox wave of the
couple of Ni**/Ni** [38]. The Ni**/PNR/MWCNTs/Nafion modified electrode showed a pair of redox
peaks at 0.646 V and 0.451 V (Fig.5c), which corresponded to the transformation between Ni?* and
Ni**, respectively.
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Figure 5. CV curves of the PNR/MWCNTs/Nafion(a), P-Ni**/MWCNTs/Nafion(b) and
Ni%*/PNR/MWCNTSs/Nafion (c) modified electrode in 0.1 mol-L™ NaOH solution.
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The results showed that, Ni** can be doped into the polymer film of PNR by electro-
polymerization under alkaline conditions. Compared to the P-Ni**/MWCNTs/Nafion modified
electrode, the reversibility of the Ni**/PNR/MWCNTs/Nafion modified electrode became worse, and
the reversible reaction between Ni** and Ni** would be restricted by the electrochemical activity of the
NR polymer film.

3.2.2 Comparison of electrochemical responses of Ni*/PNR/MWCNTs/Nafion and Ni**@PNR
HN/MWCNTSs/Nafion modified electrode to Glucose

A comparative study on the electrocatalytic performance toward glucose oxidation at different
modified electrodes were carried out by CV (Fig.6). A pair of redox peaks appeared at 0.646 V and
0.451 V on the Ni*/PNR/MWCNTs/Nafion modified electrode for the primary redox couple
(Ni**/Ni**) (Fig.6a). When glucose was present in the solution, the oxidation and reduction peak
potentials of the Ni**/PNR/MWCNTs/Nafion modified electrode did not change apparently, and there
was no corresponding increase in peak current as well (Fig.6b). The Ni**/PNR/MWCNTSs/Nafion
modified electrode didn’t exhibit electrocatalytic oxidation activity towards glucose, although it was
prepared in an electro-polymerization solution made of Ni** and NR at the same concentration of the
synthetic hybrid nanocomposite. Due to the poor permeability of polymer film, Ni?* doped PNR film
by electrochemical polymerization method might block the transmission electron and influence the
electrocatalytic ability of Nickel ion on glucose. On the other hand, CV curves of the Ni**@PNR
HN/MWCNTs/Nafion modified electrode showed that, there was a distinct redox peak at 0.697 V and
0.493 V (Fig.6c), respectively, and the peak shape was better, corresponding to the oxidation or
reduction process of Ni**/Ni**. In absence of glucose, the background current of Ni*@PNR
HN/MWCNTs/Nafion modified electrode (Fig.6¢) was higher than that of other modified electrodes
(Fig.6a), which indicated that Ni’*@PNR HN/MWCNTSs/Nafion modified electrode had the highest
active surface area. As can be seen from the CV curve of the Ni*@PNR HN/MWCNTs/Nafion
modified electrode in 0.1 mol-L™ NaOH containing 1.0x10™ mol-L™ glucose solution (Fig.6d), the
modified electrode had a very obvious electrochemical response to glucose with an oxidation peak at
0.688 V and a reduction peak at 0.533 V. The reduction peak current (from 1.884x10° A to 1.060x10®
A) and the oxidation peak current (from -1.477x10° A to -4.697x10° A) all increased dramatically,
and which was the result of the catalytic oxidation of glucose by Ni** on the modified electrode
surface. Moreover, the Ni* @PNR HN/MWCNTs/Nafion modified electrode showed a uniquely high
net current that was approximately 3.2 times greater than those in other modified electrodes. The much
higher current response of the Ni®* @PNR HN/MWCNTs/Nafion modified electrode may be due to its
more sterically hindered structure and a larger conducting surface area to support more active species,
such as Ni**. When glucose concentration was measured, the Ni** @PNR HN was easily assembled on
the surface of MWCNTs/Nafion modified electrode by electrostatic interactions to achieve the
electrical signal amplification.
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Figure 6. CV curves of the Ni*/PNR/MWCNTSs/Nafion modified electrode in 0.1 mol-L™* NaOH
solution (a) and 0.1 mol-L™ NaOH containing 1.0x10™ mol-L™ glucose solution (b); CV curves
of the Ni** @PNR HN/MWCNTs/Nafion modified electrode in 0.1 mol-L™* NaOH solution (c)
and 0.1 mol-L* NaOH containing 1.0x10™ mol-L™ glucose solution, respectively (d).

3.2.3 Electrochemical behavior of glucose on Ni**@PNR HN/MWCNTs/Nafion modified electrode

As shown in Fig.7a—e, the NiZ*@PNR HN/MWCNTs/Nafion modified electrode showed an
obvious oxidation peak in 0.1 mol-L™* NaOH solution containing different concentration of glucose at
+0.617 V. With the increasing of glucose concentration, the peak currents, especially the oxidation
peak currents of Ni** @PNR HN/MWCNTs/Nafion modified electrode were obviously increased. The
increased oxidation peak currents can be used as an electrical response signal of Ni**@PNR
HN/MWCNTs/Nafion modified electrode to glucose concentration, thus realizing the high sensitive
electrochemical detection of glucose concentration.

1.0
0.8
0.6
0.4
02
0.0

024

044

06

08

1.0

124

144

16

1.8

204

22

2.4 - T - T - T - T - T

0.2 0.0 0.2 0.4 0.6 0.8
Potential/V/(vs. Ag/AgCl)

Current/1e-5A

Figure 7. Electrochemical responses of different concentration of glucose on the Ni**@PNR
HN/MWCNTs/Nafion modified electrode. (The concentration ranged from a — e, followed by
0, 1.0x107?, 1.0x10®, 1.0x107, 1.0x10°® mol-L ™)



Int. J. Electrochem. Sci., Vol. 13, 2018 1763
3.3 Optimization of experimental conditions

3.3.1 Selection of scan rate

Fig.8 showed the CV curves of glucose oxidation on the Ni®*@PNR HN/MWCNTSs/Nafion
modified electrode at various scan rates ranging from 10 to 500 mV-s. The anodic (ipa) and cathodic
(inc) peak current were increased when increasing the scan rate. Simultaneously, the oxidation peak of
Epa and the reduction peak of Ep slightly moved in the positive or negative directions, respectively.
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Figure 8. CV curves of the Ni**@PNR HN/MWCNTs/Nafion modified electrode in 0.1 mol-L™
NaOH containing 1.0x10™ mol-L™ glucose solution, scan rates from the inside to the outside
were 10, 20, 30, 50, 70, 90, 100, 130, 150, 180, 200, 250, 300, 350, 400, 450, 500 mV-s™,
respectively.
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When the scan rate at low was increased from 10 mV-s™ to 100 mV-s™ (Fig.9a), both anodic
and cathodic peak currents i, were found directly proportional to the scan rates v with a linear equation
of ipa= -2.5184x107-v -2.816x10° (R*= 0.9992) and i, =1.3818x10"-v + 3.2642x10® (R*= 0.9951),
respectively. Under low scanning speed condition, the relationships between Ep, i, and v showed that
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the electrode process was dominated by surface adsorption [39]. At high scan rate of 100~500 mV-s™,
the peak current i, was directly proportional to the square root of scan rate v (Fig.9b), and the linear
regression equation was: ip,= -4.9724x10°.v*? +2.2794x10°° (R? = 0.9991) and ip.= 2.7285x10°.v!/%-
1.4463x10° (R?= 0.9975). Under high scanning speed condition, the relationships between Ep, ip and
v2 indicated that the glucose oxidation on the Ni** @PNR HN/MWCNTSs/Nafion modified electrode
was a diffusion-confined process [40].

The experiments also investigated the difference between the oxidation peak potential of Ep,
and the reduction peak potential of Ej, that was, the relationship between the value of AE, (AE, = Epa-
Eyc) and the scan rate v was also investigated. When the scan rate v was 100 mV-s™, the value of AE,
between the oxidation peak potential and the reduction peak potential was minimum, so the optimum
scan rate was chosen for 100 mV-s™.

3.3.2 Selection concentration of Ni>*@PNR HN

The modified electrodes made of Ni**@PNR HN and MWCNTs/Nafion would be mixed in
different proportions, and then were inserted into 0.1 mol-L™ NaOH solution or containing 1.0x10”
mol-L™ glucose solution. The peak current was defined as the ratio of S/N by CV, and the value of S/N
gradually increased with the increase of dilution times. When the dilution ratio was 1:10, the S/N
reached its maximum value, so 1:10 was the best dilution factor.

3.4 Possible electrochemical sensing mechanism
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Scheme 1. Block diagram of proposed synthesis of Ni**@PNR HN materials.

At certain temperatures, the initiator of K,S,0g broke down and produced an active free
radical, SO4¢, which caused the NR monomer to yield free radicals and bound to the NR monomer into
dimers or further oligomers. Under the conditions of chemical initiation, NR was more likely to
polymerize due to the increase of SOy radicals. When Ni** was introduced into the process of
synthesis of nanocomposites, the N atoms of polymer chains and Ni** were bonding with the
coordinated bonds [41]. Here, PNR provided an excellent support to the Ni** ion adsorption by its
heteroatoms (N), where the electron clouds on the heteroatom interacted with the d-orbital of Ni** ion
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[42]. Accordingly, Ni* and NR formed a multi-layered, three-dimensional space structure, which
greatly enriched the concentration of Ni** on the modified electrode surface. This made the Ni** soften
and adsorb on the PNR surface which helped to oxidize the Ni?* into NiO(OH) on the surface of PNR.
The formation mechanism of Ni>*@PNR HN was shown in Scheme 1.

The electrocatalytic oxidation characteristics of glucose by Ni**@PNR HN can be described as
(Scheme 2): firstly, the hydroxide ion (OH") in the solution diffused toward the modified electrode
surface and reacted slowly with Ni** to form Ni(OH),, and the following reaction occurred on the
electrode: Ni(OH), + OH" — NiO(OH) + H,O + e, that was, the mutual transformation between
Ni(OH), and NiO(OH). With the addition of glucose, the following chemical reaction occured:
NiO(OH) + glucose — Ni(OH), + gluconolactone, it was accepted that the oxidation of glucose to
gluconolactone was catalyzed by the NiO(OH)/Ni(OH), redox couple, respectively, and therefore the
oxidation peak current was increased. The increase of anodic peak current indicated that the oxidation
of glucose was accompanied by the electro-oxidation of Ni(OH), to NiO(OH) [43-45].
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Scheme 2. Possible sensing mechanism of electrocatalytic oxidation of glucose by Ni**@PNR HN in
0.1 mol-L™ NaOH solution.

3.5 Interference experiment

The interferences of common glucose sensor were investigated for 1.0x10° mol-L™ glucose
solution with an error of less than £5 %, for example, the same concentration of UA, DA and AA, and
the experiment results were shown in Fig.10. There was no obvious current response observed with the
addition of the same concentration of UA, DA and AA. The high selectivity may be attributed to the
presence of Nafion, since the negatively charged MWCNTSs/Nafion centers repelled UA, DA and AA
[16, 46]. It was indicated that the common interferences did not affect the accuracy of the analysis
when measuring the glucose concentration.
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Figure 10. Amperometric responses of the Ni®* @PNR HN/MWCNTs/Nafion modified electrode with
successive addition of 1.0x10® mol-L? Glu, 1.0x10° mol-L? UA, 1.0x10° mol-L* DA,
1.0x10° mol-L™ AA and 1.0x10°® mol-L™ glucose in 0.1 mol-L™* NaOH solution, respectively.

3.6 Analysis characteristics

3.6.1 Linear range and detection limit

The electrocatalytic response of the glucose oxidation on the Ni?*@PNR HN/MWCNTs/Nafion
modified electrode was acquired from DPV technique. DPV graphs of Ni*@PNR
HN/MWCNTs/Nafion modified electrodes in 0.1 mol-L™* NaOH solution containing different
concentrations of glucose were shown in Fig.11. With the increase of glucose concentration, the
oxidation peak currents of Ni**@PNR HN/MWCNTs/Nafion modified electrodes were obviously
enhanced (Fig.11A: a—j). In 0.1 mol-L™* NaOH solution, the enhanced oxidation peak current of the
NiZ*@PNR HN/MWCNTSs/Nafion modified electrode and the glucose concentration in the range of
2.0x10°® mol-L™*~1.0x10° mol-L™ showed a good linear relationship (Fig.11B and Fig.11C). The
analytical results were included in Table 1.

Current/1e-5A
w
|

Potential/V/(vs. Ag/AgCl)

Figure 11. A: DPV curves of different concentration of glucose on the Ni**@PNR
HN/MWCNTs/Nafion modified electrode. (The concentration ranged from a—j, followed by O,
2.0x10°%, 4.0x107%, 6.0x108, 8.0x10°®, 1.0x107, 3.0x107, 5.0x107, 7.0x107, 1.0x10° mol-L™)
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Figure 11. B: The calibration curve of different concentration of glucose on the Ni**@PNR
HN/MWCNTs/Nafion modified electrode (the concentration ranged from 2.0x10°%, 4.0x10%,
6.0x10°® and 8.0x10® mol-L™, respectively.
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Figure 11. C: The calibration curve of different concentration of glucose on the Ni**@PNR
HN/MWCNTSs/Nafion modified electrode (the concentration ranged from 1.0x107, 3.0x107,
5.0x107, 7.0x10" and 1.0x10° mol-L™*, respectively.

Table 1. Analytical characteristics of the proposed method.

Concentration range Linear equation R RSD %  Detection limit?
(mol-L™) (mol-L ™) (n=3) (mol-L ™)
T © : BA — 6 .
1.0x10"'~1.0x10 Aipa/10°A =-2.2x107.c— 2.8  0.9960 55 6.5x107

2.0x10°~8.0x10°  Aip/10°A=-3.0x10"-c—2.0 0.9994
 Determined as three times the standard deviation of the blank signals.
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For comparison, the performances of other non-enzymatic glucose sensors based on reported in
literatures have been listed in Table 2 [47-55]. As can be seen, the Ni* @PNR HN/MWCNTs/Nafion
modified electrode showed a relatively lower detection limit (6.5x10° mol-L™) compared with others.
This phenomenon might be attributing to the special copolymerization structures of Ni>*@PNR HN as
an active catalytic center, the hybrid nanocomposites containing much more Ni’* and possessing a
significant signal amplification effect toward the glucose oxidation reaction, and the effective
immobilization of Ni?* at the modified electrode surface. For electrodes of the Cuss@Nis; CSNPs/rGO
[47], Ni@f-MWCNT [49], Ni(OH),/NCF [18], NiCo0,S4 [53], Ni-ZnO [54] and NiNPs/S-BI-PAEK
[55], although their linear ranges were wider, the detection limits were more higher than the Ni** @PNR
HN/MWCNTs/Nafion modified electrode. Above all, the Ni?* @PNR HN/MWCNTs/Nafion modified
electrode can be used to fabricate sensor and detect glucose of higher sensitivity over the concentration
range from 2.0x10® to 1.0x10® mol-L™. In addition, our proposed material was synthesized by a
simple procedure, and it also showed a reasonable performance when compared with other reports.

Table 2. Comparison of the performances of the proposed sensor with other published non-enzymatic
glucose sensors.

. Linear range Detection limit
Electrode material (mol-L™Y) (mol-L™Y) Reference
Ni°*@PNR HN 2.0x10°~1.0x10® 6.5x107 This work
Cus3@Nis; CSNPs/rGO 1.0x10°~4.1x107 5x107" [47]
. 5.0x10"~1.15 x10™ -
Ni(OH),/N-RGO 115 x 1052 4x10™ 1.2x10” [15]
. . 9.0x10°~1.08x107 ]
Ni(OH),/NiO nanosheet 108x10°~3.62x10° 5.0 x10° [48]
Ni@f-MWCNT 5.0x10°~1.2x10 2.1x10° [49]
Ni(OH),/NCF 5%x10°~9.15%x10" 8x10”’ [18]
Ni(OH), nanowires 1x10™~6x107 1x10° [50]
Ni(OH),/AI(OH)4 2.5x10°~4.5x10™ 4.76x10™ [51]
Fe304-CNTs-NiNPs 1x10°~1.8x10 6.7x10° [52]
NiC0,S, 5x10°~ 2 x10 2 x10° [53]
Ni-ZnO 1x10°~8.1x10° 2.8x107 [54]
NiNPs/S-BI-PAEK 1x10°~4x10" 2x10” [55]

Notes: NPs: nanoparticles; CSNPs: core-shell nanoparticles; rGO: reduced graphene oxide; N-RGO:
nitrogen-doped reduced graphene oxide; NiI@f-MWCNT: Nickel nanoparticles decorated
functionalized multi-walled carbon nanotubes; MWCNTSs: multiwalled carbon nanotubes; NCF:
nitrogen-doped carbon foam; CNTs: carbon nanotubes; S-BI-PAEK: Sulfonate and Benzimidazole
functionalized Poly (arylene ether ketone).

3.6.2 Reproducibility and stability property of the Ni** @PNR HN/MWCNTs/Nafion modified electrode

In order to confirm the good reproducibility and stability of the modified electrode, the
NiZ*@PNR HN/MWCNTs/Nafion modified electrode was placed in 0.1 mol-L™* NaOH containing
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1.0x107" mol-L™ glucose solution, and 5 cycles of CV scanning were performed after 72 h. As shown
in Fig.12, the peak potential of the modified electrode remained essentially unchanged, and the values
of the oxidation peak currents were not more than 5 % compared to the first scanning, which clearly
confirmed the importance of the MWCNTs/Nafion scaffold in enhancing the stability of Ni**@PNR
HN.

2.0
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1.0 ]
0.5 ]
0.0 ]
-0.5 ]
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-1.5
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Figure 12. Electrochemical reproducibility and stability of Ni**@PNR HN/MWCNTSs/Nafion

modified electrode. (Cgiucose = 1.0x107 mol-L™*, 0.1 mol-L™* NaOH, scan rate: 100 mV-s™)

3.7 Sample determination

To evaluate the commercial applicability of the proposed glucose sensor, the glucose detection
was performed in glucose injection and real biological fluids, such as human serum by DPV method.
According to the experimental method, the analysis results of certain concentration of glucose
injection were shown in Table 3.

Table 3. Determination results of glucose injection.

Sample Standarld Found1 Relative error
(mol-L™) (mol-L™) (%, n=3)
1 5.56x107" 5.66x10°" +1.8
2 5.56x107 5.35%x10° -3.8

The standard recovery test with certain amount of human serum by diluted proper multiples
was carried out according to the experimental method. Meanwhile, the serum samples without glucose
were taken as blank contrast, and the recoveries of glucose concentration from human serum samples
were listed in Table 4. The proposed glucose sensor received remarkable recovery results from 94.8 %
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to 101 %. Hence, the Ni** @PNR HN/MWCNTSs/Nafion modified electrode can be potentially used to
detect glucose in real samples.

Table 4. Determination results of glucose in serum samples using the proposed glucose sensor (n=3).

Sample Added Found? Recovery RSD®
b (mol-L Y (mol-L Y (%) (%, n=3)
8 1.0x10®
1 5.0x10 5 74510° 94.8 3.2
7 1.0x10°®
2 6.0x10 5165107 101 3.7

2 Standard deviation method and. ® Relative standard deviation with three replicative measurements.

4. CONCLUSIONS

Ni**@PNR HN with unique network structure can be synthesized by a facile and one-step
reverse microemulsion method. By utilizing the advantages of superstructure nanostructured hybrid
material, this very simple method has been proposed to construct a novel non-enzymatic glucose
electrochemical sensor. The electrostatic interactions between the positively charged Ni** @PNR HN
and the negatively charged MWCNTSs/Nafion film, which could become the driving force to assemble
Ni>*@PNR HN on the modified electrode surface, and provide the effective immobilization of Nickel-
based materials in the oxidation of glucose. The proposed enzyme-free glucose sensor has wide linear
range, high sensitivity, low detection limit and high response speed, good stability and selectivity,
which can be used to detect glucose in human serum samples.
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