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Abstract: Herein, we report a non-enzymatic electrochemical glucose sensing platform based on
NiS nanoclusters dispersed on NiS nanosphere (NC-NiS@NS-NiS) in human serum and urine
samples. The NC-NiS@NS-NiS are directly grown on nickel foam (NF) (NC-NiS@NS-NiS|NF)
substrate by a facile, and one-step electrodeposition strategy under acidic solution. The as-developed
nanostructured NC-NiS@NS-NiS|NF electrode materials successfully employ as the enzyme-mimic
electrocatalysts toward the improved electrocatalytic glucose oxidation and sensitive glucose sensing.
The NC-NiS@NS-NiS|NF electrode presents an outstanding electrocatalytic activity and sensing
capability towards the glucose owing to the attribution of great double layer capacitance, excessive
electrochemical active surface area (ECASA), and high electrochemical active sites. The present sensor
delivers a limit of detection (LOD) of ~0.0083 µM with a high sensitivity of 54.6 µA mM−1 cm−2

and a wide linear concentration range (20.0 µM–5.0 mM). The NC-NiS@NS-NiS|NF-based sensor
demonstrates the good selectivity against the potential interferences and shows high practicability by
glucose sensing in human urine and serum samples.

Keywords: NiS nanomaterials; chemically modified electrode; electrochemical deposition; electrocat-
alytic oxidation; glucose sensor; biomedical applications

1. Introduction

Designed electrochemical sensors and biosensors platforms have fascinated a wide-
ranging consideration owing to their potential uses in the area of monitoring of bioprocess,
management of diabetes, and biomedical applications [1–3]. Particularly glucose, an
imperative biomolecule that plays a dynamic role in the area of biomedical for the study
of human health and physiological events [4,5]. Exclusively, due to the large number
of increase of diabetic cases, the urgent design and development of high-performance
electrochemical glucose sensors is highly required. In general, it is recommended that
diabetes patients square their blood glucose level daily at periodic conditions and take
shots of periodic insulin for constant monitoring of their blood glucose levels. The major
clinical diagnosis and managing of disease is dependent upon the level of blood glucose
concentration [6–8], which may be lower or higher than the normal range of concentration
of glucose (~4.4 to ~6.7 mmol/L) in human blood [9–11].

Electrochemical glucose sensing performance necessitates not only an competent
transport of glucoses and electrons, but also a rapid electrochemical redox reaction at
the interface of the electrode/electrolyte [12–14]. So far, various analytical techniques
such as colorimetric, fluorimetric, electroanalytical, etc., have been employed for the
detection of glucose [15,16]. Among the various analytical methods, electrochemical
sensors express interesting tools in terms of decent selectivity, easiness, extraordinary
sensitivity, exceptional accuracy, etc. [17,18]. Glucose sensors have been classified into
two major groups, i.e., enzymatic sensors based on glucose oxidase and non-enzymatic
glucose sensors based on metal and metal oxide nanomaterials [19,20]. Enzyme has definite
restrictions, including uncertainty in durability, complicated enzyme immobilization, and
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high sensitive environmental factors such as pH value, working temperature, storage and
ambient humidity level, etc. [21,22].

To overcome these drawbacks of the enzymatic glucose sensor, many exertions have
been prepared to develop the non-enzymatic amperometric glucose sensing platform [23].
In recent years, numerous research groups have been devoted to the design of non-enzymes-
based glucose detection due to its low cost, easy to handle, long-term durability, and high
repeatability, etc. [24,25]. The utilization of nanostructured materials, including transition
metal oxides (NiO, Co3O4, Fe2O3, CeO2, CuO, etc.), metal hydroxides, metal sulfides nanos-
tructures, bimetallic nanomaterials, carbon nanocomposite materials, etc., have widely
been engaged as successful electrode candidates for the detection of glucose due to their
ease, high synergist action, and great biocompatibility [26–29]. The desirable electrodes for
the design of the electrochemical glucose sensors may concomitantly have good electric
conductivity and high electrocatalytic activity [30]. Among the various nanostructured
transition metal-based materials, Ni-based nanomaterials have been broadly investigated
due to their less expensive and satisfying electrocatalytic activity arisen from the Ni2+/Ni3+

redox couple in an alkaline electrolyte [31–33]. Thus, the design of an enzyme-free high
electrocatalytic active nanomaterials-based sensor platform for the sensitive and selective
detection of glucose is required.

Herein, we developed a simple, facile, and single step electrochemical deposition of
NiS nanoclusters @ NiS nanosphere (NC-NiS@NS-NiS) nanomaterials for enzyme-free
detection of glucose under alkaline electrolyte. The surface morphological study of the as-
fabricated NC-NiS@NS-NiS|NF electrodes was characterized by using scanning electron
microscopic (SEM), high resolution transmission electron microscopic (HRTEM), X-ray
diffraction (XRD), etc. The as-fabricated NC-NiS@NS-NiS|NF sensing electrode exhibited
an exceptional electrocatalytic oxidation of glucose with low positive potential and high
catalytic current. The present sensor demonstrated a low limit of detection (0.0083 µM)
and high sensitivity (54.6 µA mM−1 cm−2) with an extensive linear concentration range.

2. Materials and Methods
2.1. Reagents and Solutions

Nickel (II) nitrate hexahydrate (Ni(NO3)2 6H2O) and thiourea (CS(NH2)2) were ac-
quired from Sigma Aldrich. Potassium hydroxide pellet (KOH) was obtained from SRL.
Nitric acid (HNO3) was received from Rankem analytic. Glucose (Glu) (C6H12O6), ascorbic
acid (C6H8O6) (AA), uric acid (C5H4N4O3) (UA), paracetamol (C8H9NO2) (PA), magne-
sium sulfate hexahydrate (MgSO4·6H2O), sodium chloride (NaCl), and calcium sulfate
pentahydrate (CaSO4·5H2O) were obtained from Sigma Aldrich. Millipore Milli-Q nanop-
ure water (resistivity ≥18 MΩ cm−1) system was used as the solvent throughout this work.
All the reagents obtained and used in this work were of analytical grade, and were applied
without further refinement. Human serum samples were provided by the SRM medical
college hospital and the human urine samples were collected from healthy volunteers.

2.2. Surface Characterization

Surface morphological traits of the NC-NiS@NS-NiS were primarily characterized
with a high resolution field emission scanning electron microscopic (FE-SEM) with a FEI
Quanta FEG 200 at an accelerating voltage of 10 kV and transmission electron microscopic
and high resolution transmission electron microscopic (HR-TEM) images of the samples
on Cu-grids with a JEOL 2010F TEM at 200 kV accelerating voltage, respectively. The
composition of elements and distribution of the NC-NiS@NS-NiS nanomaterials were
studied by using electron dispersive X-ray (EDX) methods using a Hitachi SU-70. The
crystallinity of NC-NiS@NS-NiS nanomaterials was analyzed with an X-ray diffraction
(XRD) technique using a Pan analytical Xpert Pro Diffractometer.
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2.3. Electrochemical Methods and Measurements

All the electrochemical investigations were performed by using an electrochemical
Origaflex multi-channel system (Origaflex OGF500) workstation studied at a temperature
of 26 ± 3 ◦C. The NC-NiS@NS-NiS|NF was used as the working electrode (geometrical
surface area: ∼0.18 cm2). A platinum (Pt) wire was engaged as the auxilliary electrode.
Ag/AgCl (3.0 M KCl) electrode was employed as the reference electrode. Cyclic voltam-
metric (CV) technique was used to understand the electrochemical redox characteristics
and electrocatalytic activities of the NC-NiS@NS-NiS|NF electrodes. Chronoamperometric
(CA) technique was utilized for the detection, selectivity, and real sample analytical capa-
bility of the NC-NiS@NS-NiS|NF electrode. All the electrochemical experiments such as
CV and CA were performed in a conventional three electrode electrochemical cell setup
with corrected iRs.

2.4. Fabrication of NC-NiS@NS-NiS|NF

The NC-NiS@NS-NiS nanomaterials were electrochemically deposited on the pre-
cleaned NiF (NF) substrate (surface area: ~0.18 cm2). The Ni foam was washed successively
with 10 min sonication in acetone and pure water. In typical, five continuous cyclic
voltmmograms of the NF electrode in the cycling the potential window (+0.60 to−1.20 V (vs.
Ag/AgCl)) in the electrolyte mixture of 5.0 mM Ni2+ precursor + 0.75 M thiourea + 0.1 M
HNO3 at a scan rate of 5.0 mV s−1 [31]. The electrochemically deposited NC-NiS@NS-NiS
nanomaterials with a mass loading of ~0.026 mg were designated as NC-NiS@NS-NiS|NF.

2.5. Preparation of Actual Human Serum and Urinary Samples

Human serum sample was obtained from SRM medical college hospital and; the
urine sample was obtained from a fit volunteer of ~25-year-old male and stored imme-
diately in the refrigerator. The collected serum samples were immediately stored with
10% trichloroacetic acid (TCA) in acetone solution for ~3 h in the freezer (~−20 ◦C) to
precipitate the proteins. The resulting serum samples were centrifuged (REMI R-24) at
14,000 rpm for 30 min. The supernatant was diluted using 1.0 M KOH. In similar, a ~5.0 mL
of urine sample was centrifuged for 30 min with a REMI R-24. The filtered supernatant
was then diluted ~10 times with 1.0 M KOH, and was then shifted into electrolyte solution
for practical examination. The standard addition method (SAM) was effectively utilized
for the detection and determination of glucose in real samples.

3. Results and Discussion
3.1. Characterization of NC-NiS@NS-NiS Nanomaterials

Figure 1a presents the FE-SEM images of the NiS nanoclusters@NiS nanosphere nano-
materials. The average particle size was estimated to be ~65.0 nm for the NiS nanosphere.
As can be seen in Figure 1a, the so-formed nanoparticles were agglomerated as microsphere
with a dimension of ~1.49 µm. Figure 1b presents the TEM images of the NC-NiS@NS-NiS
nanostructures. The nanoclusters of NiS with average size of ~2.7 nm were dispersed
on NiS nanosphere (~65.0 nm) homogeneously. Figure 1c displays the HRTEM image of
the NC-NiS@NS-NiS nanomaterials, which showed the lattice fringes value as ~0.267 nm,
corresponding to the attribution of crystalline (101) plane. Figure 1d presents the selected
area electron diffraction (SAED) pattern of the NiS nanoclusters@NiS nanosphere. The
SAED pattern of the NC-NiS@NS-NiS nanomaterials had not demonstrated any clear lattice
fringes to observe auxiliary the crystalline facets. The SAED study suggests the developed
NC-NiS@NS-NiS nanomaterials in this work were amorphous crystalline structures.

The elemental composition of NC-NiS@NS-NiS nanomaterials was further confirmed
by energy dispersive X-ray analysis (EDX), which was presented in Figure S1. The atomic
ratio of Ni to S for the NC-NiS@NS-NiS nanomaterials was estimated to be 55.6:44.4. The
EDX measurement of the NC-NiS@NS-NiS nanomaterials showed the presence of Ni-
and S- in the region. The crystallinity of the NC-NiS@NS-NiS nanomaterials was further
analyzed using with XRD measurements. Figure S2 displays the XRD pattern of the NC-
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NiS@NS-NiS|NF (red line) and bare NF (black line) electrodes. The obtained weak peaks
at 2θ values at ~18.6◦ and ~27.4◦ were attributed to (110) and (220) hexagonal crystalline
plane of NiS (inset of Figure S2). The star (*) marked other major peaks that were resulting
from the substrate of NF.

Figure 1. FE-SEM (a), TEM (b), HR-TEM (c) images, and SAED pattern (d) of the NC-NiS@NS-NiS
nanomaterials.

3.2. Electrochemical Redox Characteristics of NC-NiS@NS-NiS Nanomaterials

Figure S3 displays the CV curves of the bare NF (a), and nanostructured NC-NiS@NS-
NiS|NF (c) electrodes measured in 1.0 M KOH at various scan rates (10 mV s−1 to
125 mV s−1) employed in the potential range of −0.20–0.65 V (vs. Ag/AgCl). The bare NF
and NC-NiS@NS-NiS|NF electrodes showed a pair of strong redox peaks in the potential
range of 0.15–0.53 V, corresponding to Ni2+/Ni3+ redox couple. It is interesting to note that
the area of the CV curves of the bare NC-NiS@NS-NiS|NF electrode showed much higher
electrochemical active surface area over ~3.6 -times than that of the bare NF electrode.
Figure S3b,d presents the plot of currents vs. the square root of scan rates at bare NF, and
NC-NiS@NS-NiS|NF electrodes, showed a linear line. The linear line suggested that the
diffusion-controlled process of active species of hydroxyl ions (OH−) was obtained for both
bare NF, and NC-NiS@NS-NiS|NF electrodes. In addition, the slopes of the oxidation and
reduction curves on the plot log i vs. scan rate were 0.54 and 0.48, respectively, revealed
the semi-infinite linear diffusion is primary at the NC-NiS@NS-NiS|NF electrode.

3.3. Electro-Oxidation of Glucose at NC-NiS@NS-NiS|NF

Figure 2a presents the CV curves of the NF and NC-NiS@NS-NiS|NF electrodes
recorded in prior to (dotted curve) and after (solid curve) the addition of 10.0 mM glucose
in 1.0 M KOH at a scan rate of 20.0 mVs−1. The increased catalytic peak current (~3.3 mA)
was observed @ ~0.48 V once the adding of 10.0 mM glucose at the NC-NiS@NS-NiS|NF
electrode. The increased catalytic current was due to the fact of electro-oxidation of glucose.
On the other hand, the catalytic anodic current was increased in a small extent (0.8 mA @
0.46 V). The NC-NiS@NS-NiS|NF electrode delivered more catalytic current over about
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4-times than that of the NF electrode. Besides, the anodic peak potential (Epa) was shifted to
more positive; and the cathodic peak potential (Epc) was shifted to more negative at the NC-
NiS@NS-NiS|NF electrode after the addition of glucose, suggesting the electrochemical
reaction was a quasi-reversible process. A linear plot presented in Figure S4 was obtained
on the plot of anodic currents vs. the square root of the scan rates at the NF and NC-
NiS@NS-NiS|NF electrodes, suggesting diffusion controlled electrode processes. The
electrochemical oxidation of glucose was an irreversible process occurring at bare NF and
NC-NiS@NS-NiS|NF electrodes. The electrochemical rate of the reaction was calculated
as ~0.23 × 10−3, and ~0.07 × 10−3 mol s−1 cm2 for NC-NiS@NS-NiS|NF and bare NF
electrodes, respectively using the scan rate of 75 mVs−1. The active redox species of Ni2+

is primarily changed to Ni3+ via the electrochemical oxidation reaction, and thus formed
Ni3+ active species of oxidizes, the glucose to gluconolactone via 2e− transfer process
(Equation (1)) followed by the chemical reaction (Equation (2)) [13]:

Ni2+ → Ni3++ e−, (1)

Ni3+ + Glucose→ Ni2+ + Gluconolactone. (2)

Figure 2. (a) CV curves of the bare NF (red curve), and NC-NiS@NS-NiS|NF (blue curve) measured in the absence (dotted
cuve) and the presence (solid curve) 10.0 mM glucose + 1.0 M KOH. Chronoamperometric i-t results of (b) bare NF (red
curve), and (c) modified with NC-NiS@NS-NiS|NF (blue curve) at different constant applied potentials.

Figure 2b,c depicts the chronoamperometric results of the bare NF, and NC-NiS@NS-
NiS|NF electrodes measured in prior to (dotted curve), and the addition (solid curve)
of 10.0 mM glucose in 1.0 M KOH at the varied Eapp, beginning from 0.30 to 0.60 V. As
displayed in Figure 2c, the NC-NiS@NS-NiS|NF electrode exhibited a highest catalytic
current of ~1.6 mA at the applied potential of 0.5 V among the other applied potentials
studied in the present study. However, the bare NF electrode exhibited a small steady state
current of ~0.3 mA at ~0.6 V against the electrochemical oxidation of glucose. Based on the
chronoamperometric results, the as-developed NC-NiS@NS-NiS|NF electrode delivered a
high catalytic current at Eapp of ~0.5 V, which is ~5.3-times higher than that of the bare NF
electrode. Electrochemical impedance spectral (EIS) investigations (Figure S6) suggested
that the polarization resistance (Rp) was decreased after the addition of 10 mM glucose
on both bare NF and the NC-NiS@NS-NiS|NF electrodes. The NC-NiS@NS-NiS|NF
electrode exhibited a value of Rp 65 and 42 ohm cm2 for prior to and after addition of
glucose, respectively. On the other hand, the bare NF electrode showed Rp values of 124
and 112 ohm cm2, respectively. In addition, the NC-NiS@NS-NiS|NF electrode delivered
smaller Rp in comparison to bare NF, suggesting its good catalytic activity towards glucose
oxidation. The electrochemical active surface area (ECASA) of the bare NF and NC-
NiS@NS-NiS|NF electrodes was estimated to be ~1.43 and ~3.49 cm2, respectively, based
on the Eqn. of RfS [6,34], where Rf means the roughness factor and S represents the surface
area. The attained enhanced electrocatalytic activity of the NC-NiS@NS-NiS|NF electrode
was due to the attribution of high electrical double layer capacitance, large ECASA, great
electrochemical active sites, and robust adsorption capability of NiS nanostructures.
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3.4. Electrochemical Detection of Glucose

The amperometric i-t technique was employed to quantitatively detect the glucose
at the optimized NC-NiS@NS-NiS|NF electrode. Figures 3 and 4 shows the i-t curve of
the NC-NiS@NS-NiS|NF electrode measured upon the various addition of concentra-
tion of glucose in the range of 20 µM–5.0 mM at the constant Eapp of ~0.5 V at regular
intervals of 60 s. The effective Eapp was selected based on the results of Figure 3a. As
shown in Figure 4a, the catalytic steady state current was amplified upon the substantial
adding of glucose concentrations in the range of 20 µM–5.0 mM, which was owing to
the corresponding of glucose electro-oxidation at the NC-NiS@NS-NiS|NF. The prob-
able limit of detection (LOD) was estimated to be 0.0083 µM based on the calibration
plot of Figure 3b with a rapid response of ~3 s. Figures 3b and 4b depict the calibration
plot of Figures 3b and 4b. The linear relationship was achieved for the catalytic currents
vs. the concentration of glucose in the range of 20.0–500 µM with a correlation coeffi-
cient of R2 = 0.98 (54.6 µA mM−1 cm−2), and 0.5–5.0 mM with a correlation coefficient of
R2 = 0.99 (48.60 µA mM−1 cm−2). In order to cross-check the sensing performance of the
NC-NiS@NS-NiS|NF electrode towards the detection of glucose, a wide range of glucose
concentrations (20.0 µM–5.0 mM) was tested with a limited addition of glucose and is
shown in Figure 4a. Again, there are two-linear relationships include 20.0–200 µM with a
correlation coefficient of R2 = 0.98 (49.38 µA mM−1 cm−2), and 0.5–5.0 mM with a correla-
tion coefficient of R2 = 0.99 (38.69 µA mM−1 cm−2). The adsorption of oxidized species of
glucose at the electrode surface may be associated with the lower sensitivity on the higher
concentration range. Consequently, the lower the concentration higher sensitivity is. To
our knowledge (Table 1), the present sensor delivered a low LOD, great sensitivity, and
wide range towards the glucose sensing [35–40]. The achieved such a high performance
of the NC-NiS@NS-NiS|NF-based sensor platform is due to the ascription of the worthy
electrocatalytic ability of the developed sensing electrode.

Figure 3. (a) CA i-t curve of NC-NiS@NS-NiS|NF sensing electrode measured in 1.0 M KOH with
several of glucose concentrations (20.0 µM–5.0 mM) at the constant applied potential 0.50 V. (b) The
corresponding calibration plot. (c). Expanded view of the calibration plot of Figure 3b.

Figure 4. (a) CA i-t curve of NC-NiS@NS-NiS|NF sensing electrode measured in 1.0 M KOH under
different concentrations of glucose (20.0 µM–5.0 mM) with limited addition at the constant applied
potential 0.50 V. (b) The corresponding calibration plot.
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Table 1. Comparison of the present glucose sensor based on NC-NiS@NS-NiS|NF reported in literature.

Electrode Technique Eapp
(Volt)

Sensitivity
(µA mM/cm−2)

Linear Range
(mM) LOD (µM) Ref.

NiS-ITO Amperometry 0.50 7.43 0.005–0.045 0.32 [35]
Co-ZIF Amperometry 0.46 2.98 0.002–1.0 0.42 [36]

CoFe-PBA Amperometry 0.60 5270.0 0.0014–1.5 0.02 [36]
Cu Nanowires Amperometry 0.60 420.30 0.1–3.0 0.0035 [37]

Cu2O/TiO2 Amperometry 0.45 14.56 3.0–9.0 62.0 [38]
Pt / Ni NWAs Amperometry 0.45 - 0.02–2.0 1.50 [38]
Cu(OH)2-NPC Amperometry 0.52 2.09 0.2–9.0 0.17 [39]

rGo-ZnO Amperometry −0.30 13.70 0.2–6.6 0.2 0 [40]
ZnO nanotube Amperometry 0.80 30.85 0.1–4.2 10.0 [40]

NC-NiS@NS-NiS Amperometry 0.50 54.60 0.02–5.0 0.0083 This Work

3.5. Selectivity of the Glucose Sensor

In order to study the selectivity of the present amperometric sensor, the NC-NiS@NS-
NiS|NF electrode measured the amperometric sensing with numerous potential inter-
ferents with ~10-fold upper concentration in comparison to concentration of glucose.
Figure 5a displays the i-t curve of the NC-NiS@NS-NiS|NF electrode towards the 100.0 µM
glucose in the absence and the existence of 1.0 mM uric acid (UA), 1.0 mM ascorbic acid
(AA), 1.0 mM paracetamol (PA), 1.0 mM Mg2+, 1.0 mM Na+, and 1.0 mM Ca2+. The rel-
ative amperometric current was plotted in terms of glucose oxidation and is shown in
Figure 5b. The NC-NiS@NS-NiS|NF electrode showed the retention of the electrocatalytic
activity on electro-oxidation of glucose about 94% in the presence of mixture of interfer-
ences. The potential interferences of electroactive molecules such as uric acid, ascorbic
acid, paracetamol, etc., did not show any significant interactions with NiS nanomaterials.
The as-developed NC-NiS@NS-NiS|NF electrode offered a more feasible environment
for the glucose adsorption and oxidation in comparison to other active molecules. It is
suggested that the fabricated NC-NiS@NS-NiS|NF electrode displayed worthy selectivity
to the glucose deprived of exhausting any enzymes and commercial binder.

Figure 5. (a) CA i-t curve of NC-NiS@NS-NiS|NF electrode recorded in 1.0 M KOH with the addition
of 100 µM glucose, 1.0 mM UA, 1.0 mM AA, 1.0 mM PA, 1.0 mM Mg2+, 1.0 mM Na+, 1.0 mM Ca2+

and 100 µM glucose at Eapp: 0.5 V. (b) The measured relative response of the NC-NiS@NS-NiS|NF
electrode in the presence of various interferences.

3.6. Durability and Reproducibility of the Glucose Sensor

The stability of the electrochemical glucose sensor based on the NC-NiS@NS-NiS|NF
electrode was conducted. The electrocatalytic activity of the NC-NiS@NS-NiS|NF electrode
was measured in 10.0 mM glucose + 1.0 M KOH at the constant Eapp of 0.50 V over the
period of time. Figure 6 presents the plot of relative catalytic current vs. time, suggested
that the anodic current was fairly decreased by ~19.0%, which was obtained due to the
fact of oxidized products of glucose adsorbed on the NC-NiS@NS-NiS|NF. The inset of
Figure 6 displays the CV curves of the NC-NiS@NS-NiS|NF electrode measured in 10 mM
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glucose + 1.0 KOH prior to and after had a durability test. The anodic peak potential and
peak currents were not significantly changed after the durability test, signifying that the
as-fabricated NC-NiS@NS-NiS|NF electrode in the current investigation possessed good
stability. The reproducibility and repeatability of the electrochemical glucose sensor were
studied by restating the electrocatalytic oxidation of 10.0 mM glucose with brand new
three-electrodes NiS NC-NiS NS/NiF. The relative standard deviation (RSD) was measured
as 1.43% for three distinct extents, showing high reproducibility of the sensor.

Figure 6. Plot of the relative anodic peak current of glucose oxidation against time at the 1.0 mM
sensing electrode in 10.0 mM glucose + 1.0 M KOH (Eapp: 0.5 V). Inset: CV curves of NC-NiS@NS-
NiS|NF before (dotted curve) and after (solid curve) had a stability in 10.0 mM glucose + 1.0 M KOH
at a scan rate of 20.0 mVs−1.

3.7. Practical Applicability in Human Serum and Urinary Samples

Moreover, the present NC-NiS@NS-NiS|NF sensing electrode tested its practical
applicability of glucose sensing in human serum and urine samples. The prepared actual
serum and urine samples were diluted ~100 times with 1.0 M KOH solution as described
in the experimental section. In this method, prior to addition of glucose in serum and
urine samples was measured as the base line of glucose concentration for the retrieval
standards of glucose concentrations of 20.0 to 100.0 µM. After every addition of glucose
concentration, a rapid and steady state current response was observed periodically. Table 2
presents the recovery prices of the glucose addition in human serum and urine samples at
the NC-NiS@NS-NiS|NF electrodes. The recovery values of the glucose in human serum
were extended about ~98.40–~99.43 % with RSD% values in the range of 0.58–2.04. In
human urinary samples, the recovery values were extended in the range of 97.93–98.33%
with RSD% values between 0.59 and 2.70. It is suggested that the developed glucose sensor
platform based on NC-NiS@NS-NiS nanomaterials possessed a strong potential to permit
uses in biomedical applications. This section may be divided by subheadings. It should
provide a concise and precise description of the experimental results, their interpretation,
as well as the experimental conclusions that can be drawn.

Table 2. Real sample analysis of glucose sensor in practical human urine and serum samples (n = 3)
at the NC-NiS@NS-NiS|NF.

Material Sample Added/µM Found a/µM Recovery/% RSD/%

NC-NiS@NS-NiS

Urine
20.00 19.59 97.93 0.59
50.00 49.17 98.33 1.02

100.00 98.23 98.23 2.70

Serum
20.00 19.68 98.40 2.04
50.00 49.45 98.91 0.58

100.00 99.43 99.43 0.58
a Average of three measurements
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4. Conclusions

In summary, a facile, single-step electrochemical strategy for the construction of NiS
nanoclusters dispersed on NiS nanospheres. The as-produced NiS nanoclusters@NiS
nanospheres successfully engaged as the electrocatalyst and sensing electrode materials
towards the detection of glucose under alkaline electrolyte. The NC-NiS@NS-NiS|NF
electrodes demonstrated a great catalytic anodic peak current ~3.3 mA at the less pos-
itive potential of 0.48 V towards the electrochemical oxidation of glucose. The present
glucose sensing platform based on NC-NiS@NS-NiS nanostructures delivered a lowest
LOD (0.0083 µM), high sensitivity (54.6 µA mM−1 cm−2), rapid response (<3 s), wide linear
range (20.0 µM–5.0 mM), good selectivity, and high potential on practical applicability at
low concentration of glucose. The NiS nanoclusters @ NiS nanospheres possessed a unique
surface morphology, large number of exposed electrochemical active sites, good solidity
without commercial binder, enzymes-mimics catalytic activity, and large ECASA, revealing
an emerging nanomaterials for the design of next-generation biosensor platforms.
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NiS|NF(d); Figure S5: CVs of the NF (a) and NC-NiS@NS-NiS|NF(c) at various scan rates, The plot
of Ipa vs square root of scan rates of NF (b) and NC-NiS@NS-NiS|NF(d); Figure S6: EIS spectra of
the bare NF and NC-NiS@NS-NiS|NF electrodes without glucose (black curve) and with 10 mM of
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Author Contributions: G.M. designed the study; M.A. & Y.M.S. performed the experimental work;
M.A. analyzed the results and drafted the manuscript; G.M. discussed and corrected the manuscript.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by a Science and Engineering Research Board (SERB)-Start-up
Research Grant (Ref. No.: SERB-SRG/2019/000123).

Acknowledgments: This work was supported by a Science and Engineering Research Board (SERB)-
Start-up Research Grant (Ref. No.: SERB-SRG/2019/000123). The authors special acknowledge to
SRM Institute of Science and Technology (SRM IST) for providing all the research facilities, including
SRM-SCIF for TEM measurements.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Haghparas, Z.; Kordrostami, Z.; Sorouri, M.; Rajabzadeh, M.; Khalifeh, R. Fabrication of Non-enzymatic Electrochemical Glucose

Sensor Based on Nano-copper Oxide Micro Hollow-spheres. Biotechnol. Bioprocess Eng. 2020, 25, 528–535. [CrossRef]
2. Kumar, S.; Tripathy, S.; Jyoti, A.; Singh, S.G. Recent advances in biosensors for diagnosis and detection of sepsis: A comprehensive

review. Biosens. Bioelectron. 2019, 124–125, 205–215. [CrossRef] [PubMed]
3. Wongkaew, N.; Simsek, M.; Griesche, C.; Baeumner, A.J. Functional Nanomaterials and Nanostructures Enhancing Electrochemical

Biosensors and Lab-on-a-Chip Performances: Recent Progress, Applications, and Future Perspective. Chem. Rev. 2019, 119, 120–194.
[CrossRef] [PubMed]

4. Ramachandran, R.; Chen, T.-W.; Chen, S.-M.; Baskar, T.; Kannan, R.; Elumalai, P.; Raja, P.; Jeyapragasam, T.; Dinakaran, K.; Gnana
Kumar, G.P. A review of the advanced developments of electrochemical sensors for the detection of toxic and bioactive molecules.
Inorg. Chem. Front. 2019, 6, 3418–3439. [CrossRef]

5. Nyein, H.Y.Y.; Gao, W.; Shahpar, Z.; Emaminejad, S.; Challa, S.; Chen, K.; Fahad, H.M.; Tai, L.C.; Ota, H.; Davis, R.W.; et al. A
Wearable Electrochemical Platform for Noninvasive Simultaneous Monitoring of Ca2+ and pH. ACS Nano 2016, 10, 7216–7224.
[CrossRef] [PubMed]

6. Govindhan, M.; Amiri, M.; Chen, A. Au nanoparticle/graphene nanocomposite as a platform for the sensitive detection of NADH
in human urine. Biosens. Bioelectron. 2015, 66, 474–480. [CrossRef] [PubMed]

7. Huang, H.; Su, S.; Wu, N.; Wan, H.; Wan, S.; Bi, H.; Sun, L. Graphene-based sensors for human health monitoring. Front. Chem.
2019, 7, 399. [CrossRef]

https://www.mdpi.com/article/10.3390/mi12040403/s1
https://www.mdpi.com/article/10.3390/mi12040403/s1
http://doi.org/10.1007/s12257-020-0058-x
http://doi.org/10.1016/j.bios.2018.10.034
http://www.ncbi.nlm.nih.gov/pubmed/30388563
http://doi.org/10.1021/acs.chemrev.8b00172
http://www.ncbi.nlm.nih.gov/pubmed/30247026
http://doi.org/10.1039/C9QI00602H
http://doi.org/10.1021/acsnano.6b04005
http://www.ncbi.nlm.nih.gov/pubmed/27380446
http://doi.org/10.1016/j.bios.2014.12.012
http://www.ncbi.nlm.nih.gov/pubmed/25499660
http://doi.org/10.3389/fchem.2019.00399


Micromachines 2021, 12, 403 10 of 11

8. Mondal, S.; Zehra, N.; Choudhury, A.; Iyer, P.K. Wearable Sensing Devices for Point of Care Diagnostics. ACS Appl. Bio Mater.
2020, 4, 47–70. [CrossRef]

9. Bollella, P.; Sharma, S.; Cass, A.E.G.; Antiochia, R. Minimally-invasive Microneedle-based Biosensor Array for Simultaneous
Lactate and Glucose Monitoring in Artificial Interstitial Fluid. Electroanalysis 2019, 31, 374–382. [CrossRef]

10. Zhang, L.; Ding, Y.; Li, R.; Ye, C.; Zhao, G.; Wang, Y. Ni-Based metal-organic framework derived Ni@C nanosheets on a Ni foam
substrate as a supersensitive non-enzymatic glucose sensor. J. Mater. Chem. B 2017, 5, 5549–5555. [CrossRef]

11. Li, R.; Liu, X.; Wang, H.; Wu, Y.; Lu, Z. High-performance hybrid electrode decorated by well-aligned nanograss arrays for
glucose sensing. Biosens. Bioelectron. 2018, 102, 288–295. [CrossRef]

12. Wang, Y.; Guo, J.; Wang, T.; Shao, J.; Wang, D.; Yang, Y.W. Mesoporous transition metal oxides for supercapacitors. Nanomaterials
2015, 5, 1667–1689. [CrossRef]

13. Arivazhagan, M.; Maduraiveeran, G. Ultra-fine nickel sulfide nanoclusters @ nickel sulfide microsphere as enzyme-free electrode
materials for sensitive detection of lactic acid. J. Electroanal. Chem. 2020, 874, 114465. [CrossRef]

14. Dey, R.S.; Raj, C.R. A hybrid functional nanoscaffold based on reduced graphene oxide-ZnO for the development of an
amperometric biosensing platform. RSC Adv. 2013, 3, 25858–25864. [CrossRef]

15. Govindhan, M.; Chen, A. Enhanced electrochemical sensing of nitric oxide using a nanocomposite consisting of platinum-tungsten
nanoparticles, reduced graphene oxide and an ionic liquid. Microchim. Acta 2016, 183, 2879–2887. [CrossRef]

16. Maduraiveeran, G.; Rasik, R.; Sasidharan, M.; Jin, W. Bimetallic gold-nickel nanoparticles as a sensitive amperometric sensing
platform for acetaminophen in human serum. J. Electroanal. Chem. 2018, 808, 259–265. [CrossRef]

17. Xu, Q.; Yuan, H.; Dong, X.; Zhang, Y.; Asif, M.; Dong, Z.; He, W.; Ren, J.; Sun, Y.; Xiao, F. Dual nanoenzyme modified
microelectrode based on carbon fiber coated with AuPd alloy nanoparticles decorated graphene quantum dots assembly for
electrochemical detection in clinic cancer samples. Biosens. Bioelectron. 2018, 107, 153–162. [CrossRef]

18. Naik, K.K.; Khare, R.T.; More, M.A.; Late, D.J.; Rout, C.S. Glucose sensing and low-threshold field emission from MnCo2O4
nanosheets. RSC Adv. 2016, 6, 29734–29740. [CrossRef]

19. Jayathilake, N.M.; Koley, D. Glucose Microsensor with Covalently Immobilized Glucose Oxidase for Probing Bacterial Glucose
Uptake by Scanning Electrochemical Microscopy. Anal. Chem. 2020, 92, 3589–3597. [CrossRef]

20. Maduraiveeran, G.; Ramaraj, R. Gold nanoparticle-based sensing platform of hydrazine, sulfite, and nitrite for food safety and
environmental monitoring. J. Anal. Sci. Technol. 2017, 8, 14. [CrossRef]

21. Biswas, P.; Karn, A.K.; Paresh, G.; Balasubramanian, P. Biosensor for detection of dissolved chromium in potable water: A review.
Biosens. Bioelectron. 2017, 94, 589–604. [CrossRef]

22. Pagán, M.; Suazo, D.; del Toro, N.; Griebenow, K. A comparative study of different protein immobilization methods for the
construction of an efficient nano-structured lactate oxidase-SWCNT-biosensor. Biosens. Bioelectron. 2015, 64, 138–146. [CrossRef]

23. Pourbeyram, S.; Abdollahpour, J.; Soltanpour, M. Green synthesis of copper oxide nanoparticles decorated reduced graphene
oxide for high sensitive detection of glucose. Mater. Sci. Eng. C 2019, 94, 850–857. [CrossRef]

24. Shavanova, K.; Bakakina, Y.; Burkova, I.; Shtepliuk, I.; Viter, R.; Ubelis, A.; Beni, V.; Starodub, N.; Yakimova, R.; Khranovskyy,
V. Application of 2D non-graphene materials and 2D oxide nanostructures for biosensing technology. Sensors 2016, 16, 223.
[CrossRef]

25. Zaryanov, N.V.; Nikitina, V.N.; Karpova, E.V.; Karyakina, E.E.; Karyakin, A.A. Nonenzymatic sensor for lactate detection in
human sweat. Anal. Chem. 2017, 89, 11198–11202. [CrossRef]

26. Jin, W.; Maduraiveeran, G. Recent advances of porous transition metal-based nanomaterials for electrochemical energy conversion
and storage applications. Mater. Today Energy 2019, 13, 64–84. [CrossRef]

27. Uzunoglu, A. CeO2-ZrO2 Nanoparticle-Modified Enzymatic Lactate Biosensors with Reduced Oxygen Susceptibility. J. Elec-
trochem. Soc. 2018, 165, B436–B441. [CrossRef]

28. Arul, P.; John, S.A. Electrodeposition of CuO from Cu-MOF on glassy carbon electrode: A non-enzymatic sensor for glucose. J.
Electroanal. Chem. 2017, 799, 61–69. [CrossRef]

29. Maduraiveeran, G.; Chen, A. Design of an enzyme-mimicking NiO@Au nanocomposite for the sensitive electrochemical detection
of lactic acid in human serum and urine. Electrochim. Acta 2021, 368, 137612. [CrossRef]

30. Yuan, G.; Wang, L.; Zhang, X.; Wang, Q. Self-supported Pt nanoflakes-doped amorphous Ni(OH)2 on Ni foam composite electrode
for efficient and stable methanol oxidation. J. Colloid Interface Sci. 2019, 536, 189–195. [CrossRef]

31. Arivazhagan, M.; Shankar, A.; Maduraiveeran, G. Hollow sphere nickel sulfide nanostructures–based enzyme mimic electro-
chemical sensor platform for lactic acid in human urine. Microchim. Acta 2020, 187, 468. [CrossRef] [PubMed]

32. Elakkiya, R.; Maduraiveeran, G. A three-dimensional nickel-cobalt oxide nanomaterial as an enzyme-mimetic electrocatalyst for
the glucose and lactic acid oxidation reaction. New J. Chem. 2019, 43, 14756–14762. [CrossRef]

33. Zhe, T.; Sun, X.; Liu, Y.; Wang, Q.; Li, F.; Bu, T.; Jia, P.; Lu, Q.; Wang, J.; Wang, L. An integrated anode based on porous Ni/Cu(OH)2
nanospheres for non-enzymatic glucose sensing. Microchem. J. 2019, 151, 104197. [CrossRef]

34. Wang, X.-D.; Xu, Y.-F.; Rao, H.-S.; Xu, W.-J.; Chen, H.-Y.; Zhang, W.-X.; Kuang, D.-B.; Su, C.-Y. Novel porous molybdenum
tungsten phosphide hybrid nanosheets on carbon cloth for efficient hydrogen evolution. Energy Environ. Sci. 2016, 9, 1468–1475.
[CrossRef]

35. Kannan, P.K.; Rout, C.S. High Performance Non-enzymatic Glucose Sensor Based on One-Step Electrodeposited Nickel Sulfide.
Chem. Eur. J. 2015, 21, 9355–9359. [CrossRef]

http://doi.org/10.1021/acsabm.0c00798
http://doi.org/10.1002/elan.201800630
http://doi.org/10.1039/C7TB01363A
http://doi.org/10.1016/j.bios.2017.11.007
http://doi.org/10.3390/nano5041667
http://doi.org/10.1016/j.jelechem.2020.114465
http://doi.org/10.1039/c3ra43773f
http://doi.org/10.1007/s00604-016-1936-y
http://doi.org/10.1016/j.jelechem.2017.12.027
http://doi.org/10.1016/j.bios.2018.02.026
http://doi.org/10.1039/C6RA01169A
http://doi.org/10.1021/acs.analchem.9b04284
http://doi.org/10.1186/s40543-017-0113-1
http://doi.org/10.1016/j.bios.2017.03.043
http://doi.org/10.1016/j.bios.2014.08.072
http://doi.org/10.1016/j.msec.2018.10.034
http://doi.org/10.3390/s16020223
http://doi.org/10.1021/acs.analchem.7b03662
http://doi.org/10.1016/j.mtener.2019.04.016
http://doi.org/10.1149/2.0601810jes
http://doi.org/10.1016/j.jelechem.2017.05.041
http://doi.org/10.1016/j.electacta.2020.137612
http://doi.org/10.1016/j.jcis.2018.10.049
http://doi.org/10.1007/s00604-020-04431-3
http://www.ncbi.nlm.nih.gov/pubmed/32700244
http://doi.org/10.1039/C9NJ01291E
http://doi.org/10.1016/j.microc.2019.104197
http://doi.org/10.1039/C5EE03801D
http://doi.org/10.1002/chem.201500851


Micromachines 2021, 12, 403 11 of 11

36. Arul, P.; John, S.A. Organic solvent free in situ growth of flower like Co-ZIF microstructures on nickel foam for glucose sensing
and supercapacitor applications. Electrochim. Acta 2019, 306, 254–263. [CrossRef]

37. Zhang, Y.; Su, L.; Manuzzi, D.; Valdés, H.; Monteros, E.D.L.; Jia, W.; Huo, D.; Hou, C.; Lei, Y. Ultrasensitive and selective
non-enzymatic glucose detection using copper nanowires. Biosens. Bioelectron. 2012, 31, 426–432. [CrossRef]

38. Long, M.; Tan, L.; Liu, H.; He, Z.; Tang, A. Novel helical TiO2 nanotube arrays modified by Cu2O for enzyme-free glucose
oxidation. Biosens. Bioelectron. 2014, 59, 243–250. [CrossRef]

39. Mahshid, S.S.; Mahshid, S.; Dolati, A.; Ghorbani, M.; Yang, L.; Luo, S.; Cai, Q. Template-based electrodeposition of Pt/Ni
nanowires and its catalytic activity towards glucose oxidation. Electrochim. Acta 2011, 58, 551–555. [CrossRef]

40. Dakshayini, B.S.; Reddy, K.R.; Mishra, A.; Shetti, N.P.; Malode, S.J.; Basu, S.; Naveen, S.; Raghu, A.V. Role of conducting polymer
and metal oxide-based hybrids for applications in ampereometric sensors and biosensors. Microchem. J. 2019, 147, 7–24. [CrossRef]

http://doi.org/10.1016/j.electacta.2019.03.117
http://doi.org/10.1016/j.bios.2011.11.006
http://doi.org/10.1016/j.bios.2014.03.032
http://doi.org/10.1016/j.electacta.2011.09.083
http://doi.org/10.1016/j.microc.2019.02.061

	Introduction 
	Materials and Methods 
	Reagents and Solutions 
	Surface Characterization 
	Electrochemical Methods and Measurements 
	Fabrication of NC-NiS@NS-NiS|NF 
	Preparation of Actual Human Serum and Urinary Samples 

	Results and Discussion 
	Characterization of NC-NiS@NS-NiS Nanomaterials 
	Electrochemical Redox Characteristics of NC-NiS@NS-NiS Nanomaterials 
	Electro-Oxidation of Glucose at NC-NiS@NS-NiS|NF 
	Electrochemical Detection of Glucose 
	Selectivity of the Glucose Sensor 
	Durability and Reproducibility of the Glucose Sensor 
	Practical Applicability in Human Serum and Urinary Samples 

	Conclusions 
	References

