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ARTICLE INFO ABSTRACT

Keywords: Herein, we report the anionic surfactant, ethylene diamine tetraacetic acid (EDTA), mediated synthesis of WO3

Norepinephrine nanoparticles and its subsequent modification through gamma irradiation (GI) and electrochemical im-

Melatonin mobilization with nicotinamide adenine dinucleotide (NAD). Glassy carbon electrode (GCE) modified with GI-

w(c)otine WO3; NPs and the enzyme NAD exhibited strong electro-oxidation of three important biomolecules such as
3

norepinephrine (NEP), melatonin (MEL) and nicotine (NIC) in 0.1 M phosphate buffer saline (PBS) at physio-
logical pH of 7. Square wave voltammetry (SWV) studies exhibited three well-defined peaks at potentials of 120,
570 and 840 mV, corresponding to the oxidation of NEP, MEL and NIC respectively, indicating that simultaneous
determination of these compounds is feasible at the NAD/GI EDTA-WO3/GCE. The proposed sensor displayed a
wide linear range of 0.010-1000 uM with the lowest detection limit of 1.4nM for NEP, 2.6 nM for MEL and
1.7 nM for NIC respectively. Furthermore, the modified electrode was successfully applied to detect NEP, MEL

Nicotinamide adenine dinucleotide
Electrochemical biosensor

and NIC in pharmaceutical and cigarette samples with excellent selectivity and reproducibility.

1. Introduction

Norepinephrine (NEP), melatonin (MEL) and nicotine (NIC) are
important biomolecules that coexist in the extracellular fluid of the
central nervous system and plasma. NEP (4-[(1R)-2-amino-1-hydro-
xyethyl] benzene-1,2-diol) is a vital catecholamine neurotransmitter,
secreted and released by the adrenal glands, noradrenergic neurons and
cerebral cortex (Goyal et al., 2011). NEP is responsible for increased
heart rate, attention and focus, dilation of pupil and vasoconstriction. It
also promotes the conversion of glycogen to glucose in the liver and
helps in converting the fats into fatty acids, resulting in an increment in
energy production (Samdani et al., 2016). Extreme abnormalities of
NEP concentration levels may lead to thyroid hormone deficiency,
congestive heart failure, arrhythmia, ganglia neuroblastoma and Par-
kinson's disease (Ardakani et al., 2010; Wang et al., 2015).

Melatonin (N-acetyl-5-methoxytriptamine), a methoxyindole hor-
mone secreted by the mammalian pineal gland located deep in the
brain, plays a crucial role in regulating the sleep-wake cycle and bio-
logical circadian rhythm (Kumar et al., 2016). The circadian rhythm of
MEL is controlled by the suprachiasmatic nucleus that regulates the
amount of NEP release from the sympathetic nerve terminals which
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interacts with the B-adrenoceptors leading to formation of MEL (Meng
et al., 2012). MEL is responsible for a variety of physiological and be-
havioral processes including neurological, psychiatric, reproductive
and as neuroprotective agent in Alzheimer and Parkinson's disease
models (Levent, 2012).

Nicotine (3-[(2S)-1-methylpyrrolidin-2-yl]lpyridine) is an alkaloid
substance primarily found in various plants and a highly tobacco-spe-
cific compound in cigarette smoke which gets readily absorbed by the
human body and affects broad diseases (Vargas et al., 2013). Despite its
high toxicity, it has been also associated with neurodegenerative
treatments, such as Alzheimer's, Parkinson's, pulmonary, and vascular
diseases (Lee et al., 2018). NIC also activates and interacts with the
neurotrophins in the central nervous system, facilitating the release of
neurotransmitters like dopamine, serotonin, epinephrine, NEP, acet-
ylcholine and replenishing the neurohormone stores (Akhtar et al.,
2018). Due to the clinical significance of NEP, MEL and NIC, it is es-
sential to develop an analytical method, which would be helpful to
diagnose and understand the biological relationship between them
consequently opening new range of clinical and pharmaceutical appli-
cations.

Over the past decades, there has been considerable interest in the
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development of methods for the determination of biomolecules by
spectrofluorimetry, HPLC, capillary electrophoresis and potentiometry
techniques (Thomas et al., 2015; Yasuda et al., 2013). Among these,
electroanalytical sensing methods have several advantages such as low
detection limit, less interference, low cost, fast response and being
suitable for analytical applications. In this work, we introduce a sen-
sitive and selective electrochemical procedure for the simultaneous
determination of NEP, MEL and NIC using NAD immobilization on
gamma irradiated tungsten trioxide nanoparticles (WO3) modified
glassy carbon electrode (GCE). The nicotinamides are an important
class of pyridine nucleotides that functions as an oxidative cofactor in
eukaryotic cells and also the coenzyme form of the vitamin niacin. The
NAD coenzyme acts as a hydrogen acceptor and electron carrier in
oxidation-reduction reactions in cell metabolism. Under physiological
conditions, it plays a key role as redox agent that catalyzes reactions in
which NAD™* is reduced to NADH and vice versa which is responsible
for the energy production through redox reactions in cellular respira-
tion (Ali et al., 2011). Electro-deposition of NAD immobilization on
WO3 NPs was an important step for the detection of NEP, MEL and NIC.
WO; NPs with its unique properties including optical tunable band gap,
quantum confinement and structural flexibility is widely applied for the
electrochemical determination of dopamine (Anithaa et al., 2015),
serotonin ( Anithaa et al., 2017a), epinephrine and xanthine (Anithaa
et al.,, 2017b), guanine (Anithaa et al., 2017c) and acetylcholine
(Anithaa et al., 2018). Anionic surfactants (ethylene diamine tetra-
actetic acid, EDTA) have been widely used in chemistry particularly
affecting several electrochemical processes, as well as in the synthesis of
inorganic semiconductors. WO3 NPs interact with EDTA through sur-
face adsorption and proved to be useful for the determination of bio-
logical compounds. Gamma irradiation on WO3 NPs plays a crucial role
on defect creation in the form of lattice defects, vacancies, defect
clusters and dislocations which acts as trapping centers for NAD im-
mobilization.

To the best of our knowledge, no study has been published so far
reporting the simultaneous determination of NEP, MEL and NIC by
using any kind of modified electrodes. The aim of the present work is to
construct a novel biosensor for the determination of analytes in the
commercial and real samples with satisfactory recoveries.

2. Experimental
2.1. Reagents

Norepinephrine, melatonin, nicotine and nicotinamide adenine di-
nucleotide were purchased from Aldrich. Tungstic acid, ethylene dia-
mine tetra acetic acid and 0.1 N sodium hydroxide solutions were
purchased from Fischer Scientific. 0.1 M phosphate buffer saline (PBS)
with different pH values were prepared by mixing the stock standard
solutions of Na,HPO, and NaH,PO, and adjusting pH with 0.1 M H3PO,
or NaOH.

2.2. Apparatus

Powder X-ray diffraction (XRD) patterns, photoluminescence (PL),
scanning electron microscopy (SEM) and X-ray photoelectron spectro-
scopy (XPS) were used to analyze the structural, optical, morphological
properties and chemical states of pristine WO3 in comparison with the
GI WO3; NPs. The detailed experimental conditions and instrumental
information were mentioned in supplementary S1. Electrochemical
measurements were executed on a CHI 609D workstation connected to
glassy carbon electrodes (GCE) as the working electrode, platinum wire
as counter electrode and Ag/AgCl as reference electrode.

2.3. Synthesis of WO3 nanoparticles

The sodium tungstate solution was obtained by dissolving of
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tungstic acid (H,WO,4) in sodium hydroxide (NaOH) solution.
Subsequently 0.5 g of EDTA was added to the precursor solution to act
as a surfactant. The final solution was exposed to microwave under
optimum power of 180 W for 15 min and dried at 100 °C for an hour.
The resultant products were irradiated using Gamma Chamber 1200
(1.25 MeV °Co source) at IUAC, New Delhi. WO; NPs were exposed to
the optimized dosage of 150 kGy at room temperature and the activity
at the time of exposure was 5.499 kGy/hr. The above gamma irradia-
tion process was repeated under identical conditions for WO3 NPs
prepared with and without EDTA addition.

2.4. Preparation of modified electrodes

Prior to modification, the GCEs were first polished with sand paper
followed by 1.0, 0.3, and 0.05 mm alumina slurry, respectively, and
sequentially sonicated for 1 min in ethanol and double-distilled water
bath to remove any residues. The procedure for the construction of the
biosensor was as follows: firstly, the pretreated GCE surface was mod-
ified by dropping 10 pL of 5 mg/mL GI EDTA-WO3; NPs suspension and
dried in air for overnight at room temperature in the absence of light to
form GI EDTA-WO3/GCE. The fabricated electrode was cycled in 0.1 M
H,S0, solution containing 0.2 mM NAD between the potential ranges of
0.2 to —0.4V. Subsequently, the electrode was thoroughly rinsed with
double-distilled water and then dried at 4 °C for 1h in the absence of
light (denoted as NAD/GI EDTA-WO3/GCE). For comparison, NAD/
EDTA-WO3/GCE and EDTA-WO3;/GCE were prepared by the similar
procedure. When not in use, the electrodes were stored in aqueous
solution of 0.1 M PBS (pH 7.0) at 4°C. The storage stability and de-
tection mechanisms can be improved through immobilization of the
mediators by covalent conjugation method, which permits the most
stable immobilization of both the enzymes and apatmers (Alejandra
et al., 2016).

2.5. Real samples preparation

The NEP injection was diluted 100 times using deionised water and
100 pL of this solution was added to 0.1 M PBS (pH 7.0), and measured
by SWV for five times. The average result of NEP in the injection was
0.98 mg/mL, which was quite consistent with that of prescribed injec-
tion specification (1.00 mg/mL). Ten melatonin tablets were weighed
and ground into a fine powder. Then, 100 mg of powdered tablets was
weighed, transferred to 10 mL calibrated flask and completed to the
volume with de-ionized water. It was centrifuged for 15minat
4000 rpm to complete dissolution and the mixture was filtered through
a filter paper. Cigarettes were taken out of their rolling paper and dried
at 40 °C in a oven for 30 min before weighing. A mixture of ten cigar-
ettes taken from two packs of the same brand was dispersed (0.1 g) with
10 mL water, sonicated for 3h and then filtered. 100 puL of the clear
filtrate was mixed with the PBS (pH 7.0) containing 1.0 mM SDS and
analyzed under same conditions.

3. Results and discussion
3.1. Physical characterization of pristine and GI EDTA-WO3 NPs

XPS spectra were recorded to investigate the surface composition
and chemical states of the pristine and GI EDTA-WO3; NPs. It can be
seen from the survey analysis shown in Fig. S1A that the W and O were
the main constituent elements and carbon (C 1s) appearing at 284 eV
may be due to inadvertent species from the instrument (Yang et al.,
2015). Fig. 1A and B shows the corresponding tungsten (W 4f) and
oxygen (O 1s) peaks for both the pristine and GI EDTA-WO3 NPs. W 4f
can be deconvoluted into a doublet with binding energy peaks at
35.44 eV and 37.58 eV, corresponding to the emission of W 4f,,, and W
4fs,» core-levels that belong to the W®™ oxidation (Zhang et al., 2015)
with a spin-orbit separation of 2eV. For GI EDTA-WO3; NPs, the
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Fig. 1. XPS spectra of the pristine EDTA-WO3; and GI EDTA-WO3 NPs for W 4f (A) and O 1s (B) spectrum; Powder XRD patterns (C) of the pristine and GI EDTA-WO3
with and without NAD; FESEM images (D) of NAD/GI EDTA-WO3; with GI EDTA-WO3 as inset.

characteristic peaks are shifted by about 0.3eV to a lower binding
energy (35.16 eV and 37.24 eV), inferring that there is no significant
variation in the oxidation state of W atoms.

The O 1s spectrum shown in Fig. 1B displays the obvious peaks at
530.03 eV ascribed to lattice oxygen atoms (0®~) that form the strong
W =0 bonds and the adsorbed oxygen (O~ and O, ) forms W-O bond
at 531.49 eV (Wang et al., 2016) as in the case of GI EDTA-WO3; NPs.
Unlike pristine, lattice 0>~ up-shifted to 530.56 eV, and a new peak at
527.44 eV could be attributed to W-O-N bond. According to Fig. 1B,
the GI EDTA-WO3 NPs displays significantly more adsorbed oxygen
than in EDTA-WO; NPs, suggesting a prominent interaction of ion-ad-
sorbed oxygen with NAD via electro-deposition.

In order to confirm the electro-deposition of NAD, the immobiliza-
tion was made on WO3; NPs/ITO; they are characterized by powder
XRD, PL and FESEM. Fig. 1C shows the powder XRD patterns of pristine
and GI EDTA-WO3; NPs before and after NAD deposition. The diffraction
peaks of all the samples could be well indexed to a monoclinic structure
(File No. 72-0677). However, the peak intensity decreases significantly
and lattice parameters changes for NAD/GI EDTA-WO3; when compared
to that of NAD free GI EDTA-WO; which indicate the decrement in
crystallinity of WO3 due to electro-deposition of NAD.

XRD results were further confirmed by PL spectra (Fig. S1B) through
the appearance of lower intensity peaks which could be attributed to
the creation of more oxygen vacancies or defects, resulting in more
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Fig. 2. CVs recorded for the simultaneous detection (A) of NEP, MEL and NIC at bare GCE, EDTA-WO3/GCE (curve a), GI EDTA-WO3/GCE (curve b), NAD/EDTA-
WO3/GCE (curve c¢) and NAD/GI EDTA-WO3/GCE (curve d) in 0.1 M PBS (pH 7.0) at the scan rate of 50 mV/s; (B) CVs of various scan cycles for the immobilization of
NAD on GI EDTA-WO3/GCE for NEP (a), MEL (b) and NIC (c) with RSDs of 0.55%, 0.65% and 0.61% respectively; (C) CVs of varying amount of WO3; NPs on NAD/
GCE for NEP (a), MEL (b) and NIC (c) with RSDs of 0.87%, 0.95% and 0.77% respectively; (D) Plot of oxidation peak current vs. pH in 0.1 M PBS with RSDs of 1.04%

(NEP, curve a), 1.15% (MEL, curve b) and 1.07% (NIC, curve c).

oxygen adsorption on the surface of the NAD/GI EDTA-WO3 NPs. The
results suggest that the modified electrode act as strong acceptors to
capture the free electrons.

Fig. 1D shows FESEM images of the GI EDTA-WO3 NPs before and
after NAD electro-deposition. The NAD immobilized GI EDTA-WO3; NPs
exhibits the wrinkle shaped morphology suggesting the presence of
high-density edges with electrostatic interactions between NAD and
WO3, whereas, GI EDTA-WO3 displays the aggregated particles in the
form of cuboids (Inset of Fig. 1D). It can be further explained by the
migration of large amount of WO particles due to the surface and
adsorption of NAD on the oxide films surface. The parallelogram-
shaped pristine EDTA-WO3 NPs (Fig. S2A) changes to wavy morphology
after the deposition of NAD (Fig. S2B). EDX confirms the presence of
NAD on prepared WO3 NPs with the presence of N and S atoms (Fig.
S3).

3.2. Electrochemical behaviours of NEP, MEL and NIC at NAD/GI EDTA-
WO;

Fig. 2A shows the CVs recorded at various electrodes in a ternary
mixture solution of 5 M NEP, 25 uM MEL and 50 uM NIC in 0.1 M PBS
(pH 7.0). At bare GCE, pristine EDTA-WO3/GCE and gamma irradiated
EDTA-WO3/GCE, only a broad and overlapped oxidation peak was
obtained and the potentials of NEP, MEL and NIC were indistinguish-
able to the extent that the simultaneous determination of these biolo-
gical molecules was impossible. However, at the NAD immobilized GI
EDTA-WO3/GCE, three sharp and well-defined oxidation peaks with
larger peak separation potential and higher peak currents

corresponding to the oxidation of NEP, MEL and NIC have appeared.
The three oxidation peaks for NEP, MEL and NIC are well resolved at
200, 650 and 900 mV respectively, with the peak separation potentials
of 450 mV (NEP-MEL) and 250 mV (MEL-NIC). All the observed vol-
tammetric responses demonstrate that the NAD/GI EDTA-WO3/GCE
possess excellent electrocatalytic activities towards the oxidation of
NEP, MEL and NIC, which can be attributed to its unique structural
features and excellent electrochemical properties. It was noted that the
NAD immobilized, but non-irradiated EDTA-WOs/GCE, also did not
give the desired results indicating that the combination of NAD and
gamma irradiation on EDTA-WO; have contributed to the significant
simultaneous sensing of three important biomolecules.

The analytical parameters for the simultaneous detection of NEP,
MEL and NIC using NAD/GI EDTA-WO3; modified GCE have been op-
timized in terms of different scan cycles (3-30 cycles) of NAD electro-
deposition and different concentrations of WO3; NPs. As shown in
Fig. 2B, the maximum peak currents of NEP, MEL and NIC were ob-
tained at the optimized scan cycles of 18. In higher scan cycles, the peak
currents decreased as the prolonged deposition produce thicker film,
which in turn, would hinder electron transfer between the electrode
surface and the bulk solution. Therefore, the scan cycles of 18 was
found to be the optimal parameter for the electro-deposition of NAD.
The varying amount of WO3 NPs concentrations ranging from 1.0 to
10.0 mg/mL on the NAD immobilized electrode tended to a limiting
value of peak currents of the analytes. As shown in Fig. 2C, the peak
current responses of NEP, MEL and NIC increased with increasing the
amounts of WO3 NPs until 5.0 mg/mL and subsequently decreased with
further increase in WOz NPs (< 5.0 mg/mL). The observed behavior
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Scheme 1. Plausible mechanism of the simultaneous determination of NEP, MEL and NIC at NAD/GI EDTA-WO3/GCE in 0.1 M PBS (pH 7.0).

could be due to the fact that the higher amount of WO3 NPs enhances
interface electron transfer resistance, changes electrode surface area
and reduces the density of NAD. Therefore, the optimum WO;3; NPs
content was chosen as 5.0 mg/mL for all the subsequent measurements.

The pH influence on the peak currents of NEP, MEL and NIC on
NAD/GI EDTA-WO3/GCE was investigated by CV method at various pH
values in 0.1 M PBS. As shown in Fig. 2D, the modified electrode shows
electrocatalytic activity over a wide range of pH (4.0-10.0), but higher
peak currents of all the three analytes were observed at neutral pH 7.0.
This pH (7.0) value was applied in subsequent experiments.

The detailed oxidation mechanism is shown in Scheme 1. The en-
zymatically active regeneration of 1,4-NADH on WOj; led to the in-
crease of oxidation current of NEP, MEL and NIC. NEP contains catechol
residue and a side-chain amine group which are capable of forming
norepinephrinequinone due to oxidation reaction. The electrochemical
process of MEL involves the formation of cation at 5-position of the
indole ring to form N-acetyl-N-formyl-5- methoxykynuramine due to
transfer of two electrons and one proton. The oxidation mechanism of
NIC involves the formation of methanol and substitution of the CH; to
OH in the tertiary nitrogen of pyrrolidine ring with two electron tran-
sitions.

3.3. Simultaneous and individual determination of NEP, MEL and NIC on
NAD/GI EDTA-WO3/GCE

SWV measurements were performed in 0.1 M PBS (pH 7.0) in the
potential region from —0.2-1.4 V with amplitude of 50 mV, frequency
of 10 Hz and quiet time of 2 s. Fig. 3A-C shows SWV response of all the
three analytes. Measurements were made for various concentration of
one substance while keeping the other two constants. In case of NEP,
the oxidation peak current increased proportionally with increase in its
concentration from 0.010 uM to 1000 uM at the fixed amounts of MEL
(75uM) and NIC (25 pM). A linear regression equation between the Ip,
with Cygp was obtained as I, (uA) = 1.163 + 0.625 Cygp

(0.010-100 pM) (R? = 0.9991) and I, (uA) = 53.6 + 0.054 Cygp
(100-1000 M) (R? = 0.9996). The detection limit for NEP was calcu-
lated to be 0.0014 pM. Similarly, the concentrations of NEP and NIC at
15uM and 25 pM respectively were kept constant; the concentration of
MEL was changed within the range of 0.010-1000 uM. The linear re-
gression equation of MEL was deduced as I, (uA) = 0.589 + 0.221
Czr, (0.010-100 pM) (R* = 0.9981) and I, (uA) = 19.9 + 0.020 Cypr,
(100-1000 uM) (R? = 0.9989). The detection limit for MEL was calcu-
lated to be 0.0026 uM. In the same way, the concentration of NEP and
MEL were retained as constant at 15uM and 75 pM respectively, and
the concentration range of NIC was varied from 0.010 to 1000 uM; the

linear regression equation of NIC was deduced as I,
(uA) = 1.722 + 0.331 Cyic (0.010-100 uM) (R* = 0.9986) and I,
(HA) = 30.12 + 0.049 Cyic (100-1000 uM) (R* = 0.9992) and the

detection limit for NIC was 0.0017 uM. All these measurements were
performed under signal-to-noise ratio of S/N = 3. These experimental
results indicated that the simultaneous determination of the above
three species is feasible in mixture solution using SWV response. As
shown in Fig. 3D, three oxidation peaks were well separated, and the
peak currents increased in proportion to their concentrations from
0.010 to 1000 uM without affecting the peak potential and current of
any analyte presented in Fig. 3A, B and C. The observed results de-
monstrate that the individual and simultaneous determination of the
three analytes were in the same concentration range, but not interfering
with one another, which indicates the highly selective nature of the
sensor towards chosen analyte(s).

In order to make a comparison with recently reported sensors, the
characteristics of different electrochemical sensors for NEP, MEL and
NIC determination are summarized in Table 1. It can be seen that the
fabricated sensor offered simultaneous detection of NEP, MEL and NIC
for the first time, with wide linear ranges and lowest detection limits
compared with that of most sensors reported for individual detection of
NEP, MEL and NIC analytes. The significant improvement in the de-
tection limit over a wide concentration range of NEP, MEL and NIC
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Fig. 3. SWVs profiles of NAD/GI EDTA-WO3/GCE in 0.1 M PBS (pH 7.0) at different concentrations (0.010-1000 uM) of individual NEP (A), MEL (B), NIC (C) and (D)
the simultaneous determination of NEP, MEL and NIC with increasing concentrations from 0.010 to 1000 uM; Inset of (A), (B) and (C) shows the corresponding plots
of the anodic peak current vs. concentrations for NEP, MEL and NIC, in which the maximum relative standard deviations (RSDs) reach 3.24%, 2.16% and 2.43% for

individual determination for NEP, MEL and NIC.

could be attributed to the fact that the NAD/GI EDTA-WO3 possesses
high electroactive surface area, unique morphology, high oxygen va-
cancies and good electrocatalytic activity.

3.4. Interference, stability and reproducibility studies of the modified
electrode

Under the optimal experimental conditions, the influence of various
potentially interfering agents existing in pharmaceuticals and cigarette
samples on the determination NEP, MEL and NIC was investigated. Fig.
S4 shows the anti-interference ability of the NAD/GI EDTA-WO;3/GCE
towards the simultaneous determination of NEP, MEL and NIC in 0.1 M
PBS (pH 7.0). The influence of 500-fold excess of ADP, ATP, glucose,
folic acid, tyrosine, tryptophan, uric acid, cysteine, ascorbic acid, metal

ions such as Na™ ions, K* ions and 50-fold excess of dopamine, ser-
otonin, epinephrine, cotinine and guanine were tested on the SWV re-
sponse in the presence of 5uM each of NEP, MEL and NIC. The toler-
ance limit was defined as the maximum concentration of the interfering
substance that caused approximately 5% relative error in the simulta-
neous determination of NEP, MEL and NIC. There is no significant shift
in the oxidation peak currents and peak potentials recorded in the
presence of the interfering species indicating that the NAD/GI EDTA-
WO3/GCE can be considered as a good electrochemical biosensor for
the recognition of NEP, MEL and NIC simultaneously in aqueous solu-
tions with good anti-interference property.

The long-term stability and reproducibility of NAD/GI EDTA-WO3/
GCE have been evaluated by SWV technique. The stability of the pro-
posed electrode was evaluated at 10 uM concentration of each analyte

Table 1

Comparison of the fabricated sensor with the NEP, MEL and NIC sensors reported in the literature.
Electrode Linear Range (UM) Detection limit (uM) Ref.

NEP MEL NIC NEP MEL NIC

FeMoO,/GCE 1-200 0.0037 Samdani et al. (2016)
WO3-TiO,/ITO 3.23-388 1.07 Li et al. (2012)
MWCNT/ZnO/chitosan/SPE 0.5-30 0.2 Wang et al. (2015)
Sn0,-Co304/rGO/IL/CPE 0.02-6 0.0041 Zeinali et al. (2017)
N-doped graphene/CuC0,0,/CPE 0.01-3 0.0049 Tadayon and Sepehri, 2015
Gr/Fe304/CPE 0.02-5.80 0.0084 Bagheri et al. (2015)
TiO,/PEDOT/MIP 0-5000 4.9 Wu et al. (2009)
Nano TiO,/CPE 2-540 0.0134 Shehata et al. (2016)
ZnO/graphene nanofibers 0-10 0.074 Tabassum and Gupta, 2017
NAD/GI-EDTA WO3 0.01-1000 0.01-1000 0.01-1000 0.0014 0.0026 0.0017 Present work
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Table 2
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Determination of NEP, MEL and NIC in commercial samples and comparison of the proposed method with other methods.

Samples Analyte Addition (uM) Found (uM) RSD (%) Recovery (%) Reference method
NEP injection NEP 0 6.24 2.33 - 6.03
3 9.32 4.32 100.32 9.14
6 12.04 3.70 101.25 11.98
MEL tablet MEL 0 0.85 2.56 - 0.79
0.5 1.44 3.21 98.63 1.30
1.0 1.85 2.89 99.29 1.83
Cigarette sample NIC 0 5.17 2.33 - 4.92
5 10.43 1.98 99.54 9.93
10 15.23 3.04 101.34 14.87

in a solution over a period of 30 days at pH 7.0. It was found that the
peak currents of NEP, MEL and NIC remained unchanged for the first 20
days with relative standard deviation (RSD) as = 1.54%, = 1.96%,
and + 1.72%. After 20 days, a deviation in the peak current was no-
ticed with increase in variations in RSD values, therefore it is concluded
that the sensor can be successfully used for the first 20 days. The re-
producibility of the proposed approach was evaluated by intra- and
inter-assay coefficients of variation. The intra-assay precision of this
method was evaluated by assaying 10 uM each of NEP, MEL and NIC for
six replicative measurements using the same NAD/GI EDTA-WO3/GCE
(Fig. S5A), and the inter-assay precision was evaluated by assaying
10 uM concentration of each analyte (NEP, MEL and NIC) in 0.1 M PBS
(pH 7.0) for successive measurements using six modified electrodes
made independently (Fig. S5B). The relative standard deviations (RSD)
values for intra-assay were observed as * 0.45%, + 0.74% and *=
0.52% for NEP, MEL and NIC respectively, while the inter-assay RSDs
were + 0.63% (NEP), + 0.86% (MEL) and + 0.78% (NIC). These re-
sults indicated the NAD/GI EDTA-WO3; modified GCE biosensor held
satisfactory performances in stability and reproducibility, and it would
be applicable for the analysis of real samples.

3.5. Analysis of real samples using NAD/GI EDTA-WO3/GCE

The practical application of NAD/GI EDTA-WO3; modified GCE was
tested by measuring the concentration of NEP in norepinephrine bi-
tartrate injection, MEL in melatonina tablet and NIC in cigarette sam-
ples. The standard addition technique was used for the determination of
these analytes and the analytical results are listed in Table 2. Satisfac-
tory recovery of the experimental results was found for NEP, MEL and
NIC which indicates that the method could be efficiently used for the
determination of NEP, MEL and NIC in commercial samples and com-
pared with the reference method (Zhang and Stewart, 1993; Zeinali
et al., 2017; Svorc et al., 2014).

4. Conclusions

In the present work, a novel biosensor was developed, for the first
time, based on the nicotinamide adenine dinucleotide (NAD) im-
mobilized gamma ray irradiated EDTA-WO3 nanoparticles modified
glassy carbon electrode (NAD/GI EDTA-WO3/GCE) for the simulta-
neous detection of norepinephrine, melatonin and nicotine. Square
wave voltammetry was found to be more suitable technique for the
electrocatalytic determination of NEP, MEL and NIC in the presence of
several potential interfering physiological biomolecules. Remarkably,
the lowest detection limits of 1.4nM, 2.6 nM and 1.7 nM have been
obtained for determination of NEP, MEL and NIC respectively, either
individually or simultaneously over a wide dynamic range of
0.010-1000 uM in 0.1 M PBS (pH 7.0). Furthermore, the proposed
biosensor could be successfully applied in commercial samples (injec-
tion, tablets and cigarette) for the determination of NEP, MEL and NIC
with good stability and excellent reproducibility. Future work may in-
clude further optimization of the biosensor, developing integrated

sensing system and expanding its application to monitor the biomole-
cules in vivo.
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