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Abstract

In this work, a highly sensitive non-enzymatic glucose sensor was developed based on NiO
hollow cage-like nanostructures (NiO HCs). The novel structures were synthesized using
hydrothermal growth route with glycine employed as a growth director. The as-synthesized
NiO HCs were characterized by using scanning electron microscopy (SEM), X-ray
photoelectron microscopy (XPS) X-ray diffraction (XRD) and Fourier transform infrared
(FTIR) techniques for morphological, compositional and structural determination
respectively. The prepared NiO HCs were directly integrated to be structured electrodes
exhibiting enhanced electrocatalytic performance toward the oxidation of glucose with high
sensitivity (2476.4 pA mM"'em?), Low detection limit (LOD) (0.1 uM), wide detection
range (0.1-5.0 mM) (°=0.99) and excellent reproducibility. The developed non-enzymatic
glucose sensor further demonstrated excellent anti-interference property in the presence of
common interferents’ such as uric acid (UA), dopamine (DP) and ascorbic acid (AS). The
role of glycine molecules was as a growth directing agent and a plausible mechanism has also
been highlighted. In addition, the NiO HCs modified electrode was also used to analyze
glucose concentration in human serum samples. The excellent sensing performance can be
attributed to the unique morphology, which allowed increased electron transfer passages with
lower charge transfer resistance, and enhanced molecular approach during electrochemical
sensing offered from nanoscale “hollow cage” units of NiO structures.
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1. Introduction

The electrical properties of various metal oxides have wide range of spectrum including from
conductors to semiconductors and insulators '. In the recent past, nanoscale semiconducting
metal oxides have been actively and potentially used in the different fields because of their
attractive and unique electronic, mechanical and optical properties. The bulk semiconducting
metal oxides, their properties have been strongly investigated and collected, however
compare to bulk phase of metal oxides, the nanoscale metal oxides have low dimensions,
high surface to volume ratio, high crystalline quality, and a Debye length (D) relative to its
sizes >. These highlighted properties of nanoscale semiconducting metal oxides make them a
strong and potential candidate for the fabrication of nanodevices such as efficient catalyst,
and in the development of sensitive sensors. Different growth techniques including vapour
phase transport °, electrospinning * °, laser ablation ©, arc discharge ’, template assisted
methods®, and low temperature aqueous chemical growth technique ? have previously been
adapted and used for the synthesis of different nanoscale metal oxides. However,
hydrothermal method is well known and most commodiously used because of its advantages
like low temperature, economic feasibility, environment friendliness, and simplicity.

At the present, the determination of glucose concentration is an important task to be
performed in biotechnology, clinical diagnostics, and food industry. Hence, there is an
increasing need of portable, sensitive and selective glucose sensors for the routine
determination of glucose. The glucose detection is performed by two methods i.e. one
involving glucose oxidase and other method is enzyme free. The conventional glucose
biosensors are fabricated by using glucose oxidase which favours the selective oxidation of
glucose in the presence of O, to produce hydrogen peroxide '*'%. Although the sensitive,
glucose oxidase based biosensors are associated with certain issues like complexity in the
immobilization of enzyme, denaturation of the enzyme and expensive, restricting its wide
acceptance in various applications. To overcome these limitations of enzyme based glucose
biosensors, much attention is paid in the recent time for the development of enzyme free
glucose sensors . In the fabrication and design of several non-enzymatic glucose sensors
different materials are used such as precious metals Pt, Au, Ag and alloy-metals 15 1t has
been reported that several metal oxides have been used in the fabrication of enzyme free
glucose sensors such as NiO, CuO, MnO,, and Co304 16-18 Recently, NiO nanostructures
have also been potentially used in the fabrication of enzyme free glucose sensors including
19-20 nanoparticles 2" *, nanoflakes **, and hollow spheres **. The use of template
during the growth of metal oxides for the control of dimension and morphology is an
attractive route to obtain the reproducible nanomaterial of high interest. Particularly, bio-
templates like amino acids and proteins are getting much attention due to their green nature
and efficiency in the formation for unique structures with controlled morphology, which
exhibits enhanced electrochemical properties contrary to the conventional nanostructures.

In the present study glycine amino acid for the first time has been explored for its potential in
the directing growth of NiO nanostructure. The as-synthesized NiO HCs were further
employed for development of highly sensitive, selective and robust non-enzymatic glucose
sensor. The presented glucose sensor was further applied in the analysis of glucose from real
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blood serum and obtained results were in full agreement with those obtained with
commercially available glucometer.

2. Experimental
2.1. Materials

Analytical grade nickel nitrate hexahydrate (Ni(NOs),.6H,0), glycine (C;HsNO,), 33 %
ammonia (NHj3), D-glucose (C¢H20¢), dopamine (CgH;;NO,), ascorbic acid (C¢HsOg), uric
acid (CsH4N4O3) and sodium hydroxide (NaOH) were purchased from Sigma Aldrich. 1.0 %
nafion was prepared in isopropanol (Merck),

2.2. The glycine assisted synthesis of NiO HCs

The hydrothermal method was used for the synthesis of hollow cages of NiO nanostructures
using glycine as bio template. A 0.1M (Ni(NOs),.6H;0) solution was prepared in 100 mL of
deionized water and 5 mL of 33% (NHj3) was also added in the solution, followed by 1.0
gram of (C,HsNO,). After complete homogenization, the growth solution was kept in the
preheated electric oven at 95°C for 4-6 hours. Glycine-aided Ni(OH), nanostructures were
collected and washed to remove residual impurities after the completion of growth process.
The obtained material was further annealed at 450°C for 2-3 hours in order to acquire pure
phase NiO hollow cage-like nanostructures.

2.3. The characterization and electrochemical measurement of NiO nanostructures

Scanning electron microscopy (SEM) (Jeol, Japan) was employed for morphological studies;
X-ray diffraction (XRD) (D-8 of Bruker) contributed towards phase determination of
obtained material; X-ray photoelectron microscopy (XPS) determined chemical composition
and Fourier transform infrared spectroscopy (FTIR) (Nicolet 5700 of Thermo) was used for
chemical bonding studies. The entire electrochemical experiments were accomplished using
Bipotentiostate model 760 USA.

2.4. The modification of glassy carbon electrode with hollow cage-like NiO
nanostructures

Prior to the surface modification, glassy carbon electrode (GCE, diameter 3 mm) was
polished with 1 um and 0.05 pm alumina paste respectively, and then the cleaned with
deionized water. Then electrode was further sonicated in ethanol and di-ionized water to
remove any external impurities and consequently dried at room temperature.

The polished bare glassy carbon electrode was modified (NiO HCs-Nafion/GCE) via drop
casting 5 puL of ethanol dispersed hollow cage-like NiO nanostructures (5 mg/ml). Complete
adhesion of NiO over electrode was ensured by depositing 5 uL drops of 1% nafion solution.
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The finally obtained NiO HCs-Nafion/GCE was used as working electrode during the entire
glucose sensing experiments.

2.5 Electroanalysis

Electroanalysis was carried using cyclic voltammetry (CV) as a primary mode for
measurements. The electrochemical cell system was based on three electrode system. Silver-
silver chloride (silver-silver chloride wire (Ag/AgCl)) was used as a reference electrode;
platinum (platinum (Pt)) electrode was used as a counter electrode and NiO HCs-Nafion/GCE
was used as a working electrode. All the experiments for the enzyme free sensing of glucose
were performed in 0.1 M electrolytic solution of NaOH with initial potential range, 0 to 0.7
(V), scan rate, 0.05 (V/s), quiet time, 5 (sec), and sensitivity, 1x10° (A/V).

2.6 The determination of glucose from human blood serum

Blood glucose concentration was estimated using NiO HCs-Nafion/GCE. The human blood
was obtained from few individuals and properly treated to obtain the samples suitable for the
electrochemical analysis.The blood sera were separated using high speed centrifugation (25
min) followed by proper dilution with 0.1M NaOH. Analysis was done in similar fashion as
mentioned in section 2.5 and results were confirmed and validated by correlating them with
those obtained by a commercial glucometer.

3. Results and discussion
3.1.The characterization of hollow cage-like NiO nanostructures

The novel nanostructures of NiO were synthesized via hydrothermal growth method. Fig.1
represents the XRD pattern obtained for hollow cage-like NiO with three prominent and
sharp diffraction peaks at 20 of 43.16, 62.77, and 75.30.The peaks are indexed to face-
centered cubic (FCC) structure of NiO belonging to (200), (220), and (311) crystal planes as
depicted by standard Joint Committee on Powder Diffraction Standards (JCPDS No. 71-
1179) > %, The data obtained clearly suggest the formation of purely crystalline NiO
material.

Fig.1
The morphological features of synthesized materials were highlighted by SEM. Fig. 2 shows
the low and high resolution SEM images of NiO respectively. Fig. 2(a, b) reveal that NiO
nanomaterial exhibits a hollow cage-like morphology. Fig.2 (b, c) presents high resolution
images reflecting tapering features of individual cage. It can be seen that the formation of
such structures is via interconnected small nano pellets, which further aggregates to give a
spherical hollow-cage shaped structure with an average dimension of 100 to 200 nm.

Fig. 2
Further chemical composition assessment was carried using XPS analysis of hollow-cage
shaped NiO nanostructures. The wide scan spectrum provided in Fig. 3(a) only contains Ni
and O peaks indication highest compositional purity of synthesized product. The Fig. 3(b)
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obtained for Ni 2p shows the presence of corresponding Ni 2p1/2 and Ni 2p3 2 peaks located at
873.0 and 885.9 eV with spin orbit splitting gap of 12.9 eV. Similarly the major peak of O s
shown in Fig. 3(c) resides at 529.8 eV. The obtained peak positions are in full agreement with
pure NiO "%,

Fig. 3
FTIR spectra were recorded both before and after calcination of NiO for better insight of
growth mechanism. Fig.4(a) represents the FTIR spectra of glycine assisted precursor
(Ni(OH),) with important glycine -NH, stretching at 3341 and -C=0 at 1783 cm™, while
other bands can be attributed to different structural units associated with glycine molecules®”
3. When comparing the both FTIR spectra a slight shift in frequencies of -NH, and -C=0
from 3341 and 1783 to 3325 and 1805 cm™ is observed respectively. Such shifts in
vibrational frequencies Cleary depicts the interlinkage between metal oxide and amino acid is
via -NH, and -C=0 groups of glycine. The presence of band near 500 cm™ in Fig 4(b) is
attributed to metal-oxide stretching vibration.

Fig. 4
The FTIR clearly suggests that the NiO growth is assisted via amino group and carboxyl
group which as reported previously possesses selective absorptivity and special metal cation
complexation properties and can serve as an effective growth directing agent”.
Thus, using SEM, XPS, and FTIR information a plausible growth mechanism is suggested in
scheme. 1

Scheme.1

Based on the classical anisotropic growth direction, at the initial stage Ni (OH) ; nuclei are
directed to form nanoplates. Glycine however, owning to its capability of selective absorption
and special metal cation complexation properties *' easily adsorbs onto the surface of newly
formed nuclei leading to spontaneous aggregation. These aggregated nuclei further grow
spherical in shape with void spaces enclosed within. In addition, since there are strong
hydrophobic interactions between glycine molecules, initial growth of nuclei is associated
with branch formation which as a consequence allows formation of hollow-cage, shaped NiO
nanostructures.

3.2 The enzyme free detection of glucose using glycine directed novel hollow cage-like
NiO nanostructures

To explore the electrocatalytic properties of novel nanostructures of NiO, the electrocatalytic
properties of novel NiO nanostructures were evaluated using NiO HCs-Nafion/GCE for the
enzyme free oxidation of glucose. The electrochemical assessment of glucose was done using
CV as a primary technique.

CV profile for both bare and modified electrodes were recorded in the absence and presence
of ImM glucose and are presented in Fig. 5. It can be clearly seen that no significant response
can be recorded for bare glassy carbon both in absence and presence of glucose molecules. In
contrast, NiO HCs-Nafion/GCE in presence of 1.0 mM glucose showed prominent oxidation
peak with increased current response (Ip) which could be assigned to Ni(II)/(II) 2 Such
phenomenon of an excellent electrochemical response could be attributed to the porous nature

5



RSC Advances

and high surface area possessed by as prepared novel nanostructures of NiO. The behaviour
of presented NiO modified electrode is according to the existing glucose sensors composed of
NiO nanostructures '*2" 3> ¥ Although the direct electro catalytic oxidation of glucose at
nickel oxide hollow structures is unclear till today, but based on various literature reports
Ni(I)/(IIT) redox couples is considered to be responsible for direct oxidization of glucose. At
the initial stage where glucose molecules adsorbs over the surface of NiO hollow cages, Ni**
as a consequence of applied potential, electro-oxidize within the alkaline medium to produce
Ni*" as represented by equation (1). This result in the release of electrons which concurrently
are responsible for generation of large anodic peak current and oxidation of glucose to
gluconic acid (C¢H;207) by Ni** which at the same time gets de-oxidized to Ni*" as shown in
equation (2). This system cycles continuously and with an increase in concentration of
glucose, the anodic peak current is simultaneously observed to increase®:**°,

NiO + OH™ = NIOOH € .. ov et et et et vt et et ot e e s s i st sne n e e e e e e e (1)
NiOOH + Glucose — NiO + OH™ + gluconic acid ... ... ... . v v ve e e ven e e e . (2)

The NiO HCs-Nation/GCE electrode with hollow cage shaped morphologies allows
enhanced electron transfer from the electrode to the surface residing glucose molecules based
on their large surface area. In addition, the high density of developed NiO hollow cages with
large spacing among the cage like units not only would provide greater number of
Ni(IT)/Ni(IIT) redox couples but also facilitate the faster diffusion of glucose molecules. Thus,
it is safe to that enhance electrical properties can be obtained by synthesizing NiO with
hollow cage shaped morphological features. Fig. S1 provides a schematic diagram of the
working electrode with a simplified mechanism for enzyme free glucose sensing using NiO
hollow cage modified glassy carbon electrode (GCE).

Fig. 5

To ensure best and reproducible quality of the developed sensor, the optimization of most
important parameters for peak current improvement were done in 1.0 mM glucose using NiO
HCs-Nafion/GCE. The study of catalytic kinetic of glucose oxidation and reduction peak
using novel nanostructures of NiO was performed by evaluating the effect of scan rate on the
current response. The observed and recorded cyclic voltammetry response for the scan rate is
shown in Fig 6(a). The inset shows the linear response of NiO HCs-Nafion/GCE with square
root of scan rate in range from 0.05-1.0 V/s. This study explored that the response of NiO
modified electrode for the redox process is diffusion controlled.

The effect of nanostructured deposition volume over peak current (Ip) was also investigated
and corresponding CV profile is shown in Fig. 6(b). Different volumes including 5, 10, and
15 puL were selected for electrode modification similarly as mentioned in previous section
(2.4). An increased Ip response was recorded with successive increment in nanostructure
casting volume. However, 5 pL was selected as optimum volume based on its stable and
reproducible response. At much higher volumes (> 5 uL) decrease in Ip was noted which
may be attributed to erosion of nanomaterial from surface of electrode. In addition to this, the
effect of electrolytic (NaOH) volume on the electrochemical response of the modified
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electrode was also investigated as depicted in Fig. 6(c). Ip response was recorder in range
from 1-10 ml of electrolytic volume. A shift in the oxidation peak to lower potential with
increase in pH can be clearly seen, however maximum Ip response was obtained at 9 ml of
electrolytic suggesting optimum performance of electrode.
Fig. 6
The important analytical data was obtained by plotting a linear calibration graph between Ip
response (0.48 V) of NiO HCs-Nafion/GCE and glucose concentration in range between 0.1
to 5.0 mM as presented in Fig. 7(a). Linear regression analysis (Fig.7 (b)) evaluated excellent
linearity with correlation of determination (1*) as 0.9997. The developed sensor demonstrated
excellent sensitivity of 2476.4 pA mM™ ¢cm™ which was calculated by dividing the obtained
slope (173.35 pA mM™) from calibration with the standard area of GCE (0.07 c¢m™). The
LOD and limit of quantification (LOQ) calculated as 0.1 (S/N = 3) and 3.3 uM respectively.
The effective area of NiO HCs-Nafion/GCE was estimated by comparing its current density
with that obtained by GCE modified by planer NiO surface. The planer NiO material was
synthesized via similar procedure presented in section (2.2), but in the absence of glycine bio-
template which inhabited the formation of hollow cage like morphology. The corresponded
CV profile is presented in Fig. S2 where, the calculated effective area of 0.30 cm™ was
obtained by the following formula:
@ Nio HCs-MGCE __ A Ni0 HCs—MGCE

QNiO(Planer) GCE Bl A GCE
The estimated effective electrode area is about 4.28 times higher than that of standard GCE.

Fig.7
The electrochemical performance of the developed sensor was compared with other non-
enzymatic glucose sensor systems. The data is provided in Table 1 and it can be seen that the
presently developed sensor offer greater sensitivity with lower LOD values and wider
detection window making it far more superior to the mentioned sensors.

3.3 Selectivity, reproducibility and stability of developed sensor

Selectivity is a crucial parameter in evaluating performance of the non-enzymatic glucose
sensors in the presence of common interferents. For glucose sensing, uric acid (UA);
dopamine (DP) and ascorbic acid (AA) are considered most common interferents *°. Thus,
CV response was recorded for 0.1 mM UA, DP and AA in addition to 1.0 mM glucose using
NiO HCs-Nafion/GCE as shown in Fig. 8(a). No considerable change in response of NiO
HCs-Nafion/GCE was noted which suggested excellent selectivity of the developed sensor.
The reproducibility of developed sensor was measured by modifying 15 bare glassy carbon
electrodes with similar methodology as described section (2.4). These modified electrodes
were further used for anodic peak current measured in 1.0 mM glucose solution. The data
obtained reveled < 1.0 % relative standard deviation (RSD) for anodic peak current (Fig.8
(b)) suggesting high reproducibility of developed sensor. The assessment of stability for the
developed sensor was done by measuring NiO HCs-Nafion/GCE response in 1.0 mM glucose
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solution up to 2 months. The obtained SV profile (Fig. 8(c)) suggests retention of more than
95% of initial current, indicating extreme stability of present sensor.
Fig. 8

3.2. The non-enzymatic glucose sensing of real samples

The modified NiO HCs-Nafion/GCE was successfully used for the estimation of glucose
from human blood. The blood samples were obtained from known personals and the
corresponding blood sera were separated by high speed centrifuge. The prepared samples
were further properly diluted and classified in random and fasting sugar categories. The
blood glucose was estimated using linear equation mentioned in section (3.2) and was
determined in range between 4.8 to 5.9 mM and 4.5 to 4.9 mM for random and fasting sugar
respectively.

Validation of obtained results was done by comparing the measured concentrations with
those obtained by commercial glucometer. Table 2 presents the obtained glucose
concentrations for each sample. The study clearly demonstrates the potential of developed
sensor in the routine estimation of glucose level.

4. Conclusion

In this research study, glycine assisted novel hollow cage-like NiO nanostructures were
prepared by hydrothermal growth method. The synthesized nanostructures possessed
excellent porosity which favours its application in the development of sensitive and selective
enzyme free glucose sensor. The study also presents the growth mechanism of hollow cage-
like NiO nanostructures signifying the role of glycine molecules as growth directing agent.
The developed sensor exhibits excellent sensitivity, high stability and wider working
spectrum compared to other NiO based non-enzymatic glucose sensors. Further more the
developed sensor has shown potential and reliable response in the monitoring of glucose from
real blood samples proving its feasibility for the routine estimation of glucose level in real
human blood sample analysis.
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Figure Captions

Fig. 1 XRD diffraction spectrum of hollow cage-like NiO nanostructures

Fig. 3 XPS spectra of the hollow cage-like NiO nanostructures: (a) wide scale spectrum (b)
(b) Ni 2p and (c) O 1s spectra’s for compositional purity

Fig.2 SEM image of the hollow cage-like NiO nanostructures (a, b) broad scale images with
high distribution (c, d) narrow scale images showing enhanced features of individual hollow
cages.

Fig. 4 FT-IR spectra of hollow cage-like NiO nanostructures (a) before anneling (b) after
anneling of precursors material

Scheme .1 Schematic diagram representing growth mechanism of hollow-cage like NiO
nanostructures

Fig. 5 Cyclic voltammograms of : (Violet) bare GCE in the presence of 0.1 mM glucose,
(Black) NiO HCs-Nafion/GCE in the absense and (Blue) in the presence of 0.1 mM glucose

Fig. 6 CV profile of NiO HCs-Nafion/GCE at various scan rates from 0.05 to 1.0 mV/s in 0.1
M NaOH with 1.0 mM glucose with inset graph of anode and cathode current vs square root
of scan rate (b) CV profile for effect of NiO deposition volume on Ip response of NiO HCs-
Nafion/GCE in range from 05 to 20 uL at 0.48 V (c¢) CV profile for the effect of electrolytic
volume on Ip response of NiO HCs-Nafion/GCE in range from 1.0 to 10.0 ml

Fig. 7 CV profile for NiO HCs-Nafion/GCE (a) with successive increse in glucose
concentration ranging from 0.1 to 5.0 mM (b) the corresponding linear calibration plot

Fig. 8 CV profiles recorded for (a) selectivity of developed sensor for electroactive
interferents (b) NiO HCs-Nafion/GCE reproducibility and corresponding inset bar graph
showing variation of IP responces for 15 similary prepared elctrodes (c) Ip response recorded
for NiO HCs-Nafion/GCE from 1 week up to 02 months of same electrode stored in ambient
air conditions
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Table 1 Comparison of different NiO based non enzymatic glucose sensors in terms of detection limit, linear range

and sensitivity.

Type of Electrode Performance Sensitivity (1A mM™"' cm”)  Reference
LOD (uM) Linear Range
(mM)
NiAl-LDH 3600 0.08-2 339.2 3
CS-RGO-NiNPs 4100 up to 9 318.4 37
DNA dispersed 2.5 0.001 to 8.0 9.0 3®
Graphene-NiO

NiO NPs/GO/GC 1.0 0.003-3.05 1087 9
TiO,/CNT/Pt/GOx 5.7 0.006-1.5 0.24 %0
CuO nanorods/G 4.0 40-8.0 371.43 “

NiO HCs-Nafion/GCE 0.1 0.1 to 5.0 mM 2476.4 This study
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Table 2 Determination of glucose level in real blood serum samples.

Samples Concentration (mM)" Relative standard Glucometer
Fasting Sugar Random Sugar deviation (%) (mM)
Sample 1 4.59 0.4 4.51
Sample 2 4.61 0.1 4.65
Sample 3 4.62 0.3 4.69
Sample 4 4.7 0.1 4.5
Sample 5 541 0.2 545
Sample 6 5.49 0.1 4.52

Conditions NiO HCs-Nafion/GCE, 09 ml 0.1M NaOH, 10 pl filtered real sample (2 times diluted), no. of

replications =3
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Fig. 7
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