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Abstract: In this study, for the first time, Phyllanthus Reticulatus fruit extract was utilized as a reducing
agent in the synthesis of silver nanoparticles (Ag-NPs). For sample analysis, a number of approaches
were employed. The synthesized Ag-NPs have a spherical shape and a homogeneous in size. The
well-known crystal structure and optical energy absorption spectrum of Ag-NPs were respectively
revealed by the XRD and UV-VIS analysis. This new method is simple and eco-friendly for producing
silver and other noble metals in large quantities. The Ag-NPs modified glassy carbon electrode was
prepared for nicotine oxidation which indicated that Ag NPs had the ability to enhance the electron
transfer rate of the oxidation process. In 0.1 M phosphate buffer (pH of 7.4), a significant increase in
the oxidation peak current of nicotine was observed at the modified electrode. Cyclic voltammetry,
amperometry, and electrochemical impedance spectroscopy characterizations showed that Ag-NPs
had better electrocatalytic performance toward nicotine (NIC) oxidation with good stability, and
selectivity. This sensor showed a linear response with the concentration of NIC in the range of 2.5
to 105 µM. The limit of detection (LOD) was estimated to be 0.135 µM. The interference analysis
was carried out on the Ag-NPs/GCE with various molecules like acetic acid, ascorbic acid, calcium
chloride, glucose, magnesium chloride, urea, and uric acid. Hence, these molecules did not interfere
with NIC detection, indicating a perfect selectivity of Ag-NPs/GCE. Moreover, the Ag-NPs/GCE
sensor was effectively applied to detect NIC in a real-world sample (saliva) of a tobacco chewer.
Furthermore, the Ag-NPs/GCE sensor exhibited very good stability and repeatability in human
saliva samples. Finally, Ag-NPs/GCE was also successfully applied to detect spiked nicotine in saliva
samples with high recovery value, indicating its high accuracy and effectiveness in NIC analysis.

Keywords: amperometry; modified electrodes; green synthesis; nicotine; silver nanoparticles

1. Introduction

A common practice around the world is now smoking and using tobacco products.
Both active and passive smokers who consume Tobacco products are seriously harmed
by their obsession with them. Each year, the use of tobacco products and smoking has an
impact on more than 8 million people [1]. The addictive substance present in cigarettes and
tobacco is known as nicotine (NIC) which has a negative impact on human health. Nicotiana
tabacum is a plant species that produces NIC, a natural pyridine alkaloid. The chemical
formula and IUPAC name for nicotine are C10H14N2, and 3-[(2S)-1-methylpyrrolidin-2-
yl]pyridine, respectively [2]. The nicotine liquid is clear to light brown or yellow in color.
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NIC is exceedingly toxic and addictive, because it stimulates the brain, raises blood pressure,
quickens the heartbeat and contributes to a number of risk factors [3]. Tobacco leaves are
the primary component used to produce cigarettes, cigars, and flake tobacco. NIC makes
roughly about 0.6–3.0% of the dry weight of tobacco and each cigarette contains ~2 mg of
nicotine [4]. The liver breaks down nicotine into a variety of metabolites, although cotinine,
a lactam derivative, is the most significant nicotine metabolite in the mammalian species.
Approximately 70–80% of nicotine is metabolized into cotinine in humans (Figure 1). The
conversion of NIC to cotinine involves two distinct stages. Initially, a particular enzyme
known as microsomal P450 catalyzes the conversion of nicotine to an iminium ion with
the nitrogen atom in the 1’ position and the carbon atom in the 5’ position. Following this,
the cytosolic aldehyde oxidase enzyme catalyzes the conversion of this iminium ion to
cotinine [5,6].

Figure 1. Chemical transition of nicotine to cotinine by liver.

NIC is easily absorbed when it enters the alveoli, where it causes serious respiratory
conditions as well as cancer [7]. In a non-smoker, the usual range of NIC values is less than
10 ng/mL [8]. By the way, NIC can be used therapeutically and as an insecticide, albeit it is
eventually supplanted by its derivative neonicotinoids [4]. Numerous analytical techniques
can be used to detect NIC in human samples such as sweat, saliva, urine and blood [9]. Gas
chromatography (GC), capillary electrophoresis [10], High-performance liquid chromatog-
raphy (HPLC) [11], spectroscopy, chemiluminescence [12], radio-immunoassay [13], diode
array detection and other methods were also used to detect NIC content [11]. However,
there are some limitations and drawbacks to each of these methods. They depend on ex-
pensive set up, required highly qualified technical personnel, extensive sample preparation,
longer duration for analysis, etc. [14,15]. In recent years, electrochemical sensors have
been tested for their applications across all industries due to their low price, simplicity,
robustness, sensitivity, and speed [16–23]. Among the other methods, cyclic voltammetry
and amperometry have numerous advantages to study the electrochemical activities of
NIC [24]. Herein, we have developed an electrochemical sensor using green synthesized
silver nanoparticles (Ag-NPs) as an electrocatalytic material using a berry fruit called
Phyllanthus reticulatus (PER) as a reducing agent, which is commonly found in the southern
part of India. As of now, no one reported this fruit as a reducing agent to synthesize silver
nanoparticles. It is well known that noble metal nanoparticles are versatile agents which are
widely acknowledged to have significant applications in a wide variety of fields. Metallic
silver nanoparticles in particular are crucial for advanced sensor technology because they
demonstrate traits typically associated with noble metals (high conductivity, chemical sta-
bility, non-linear optical behavior, etc.) and unique properties such as high catalytic activity
and antibacterial action [25]. Thus, silver nanoparticles have been synthesized using a
variety of techniques, including hydrothermal [9], microwave [26], electrochemical [27],
and green chemistry [28]. Some of these systems have the disadvantages of the high cost
of operation, toxic materials, and energy requirements. The process of green synthesis
involves using of natural resources like plant biomass, plant extracts, or microorganisms
to produce nanoparticles, and offers a more environmentally friendly alternative to the
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traditional chemical and physical methods. Thus, green synthesis is increasingly being
explored as a promising approach for synthesizing nanoparticles in a sustainable man-
ner [29]. The main objective of this research was to create silver nanoparticles effectively by
eco-friendly green synthesis method and use them to prepare the electrochemical sensor
for determination of NIC. X-ray diffraction (XRD), UV visible spectroscopy (UV–VIS), and
Field emission scanning electron microscopy (FESEM) were used for the characterizations
of as-prepared Ag-NPs. It is worth mentioning that the determination of NIC was carried
out by others using Potentiometric paper sensors [24], carbon Nanofiber-Poly(amidoamine)
dendrimer-altered glassy carbon electrode [10], and biosynthesized gold nanoparticles [30].
In this method, for the first time, synthesis of Ag-NPs was carried out using fruit extract ob-
tained from Phyllanthus reticulatus and also prepared an electrochemical sensor for detection
of NIC with high selectivity.

2. Experimental
2.1. Materials

Phyllanthus reticulatus (PER) fruits were collected (from Kattankulathur, Chengalpattu
district, Tamil Nadu, India), washed and stored at 4 ◦C in an airtight vial for further work.
Silver nitrate (AgNO3) was procured from Sigma Aldrich, India. The all-other reagents
were of analytical grade and used without further purification. Nicotine (C10H14N2) was
procured from Sigma-Aldrich. The solutions used in the experimental procedure were
freshly prepared using deionized (DI) water and kept away from the light to prevent any
photochemical reactions.

2.2. Synthesis of Silver Nanoparticles (Ag-NPs)

The 10 mL of AgNO3 solution (1 mM) was taken in a 25 mL glass beaker and wrapped
with an aluminum foil, because of its light-sensitive property [31]. 0.2075 g of fresh fruits
were taken in 10 mL of DI H2O and smashed to extract the dye, filtered the supernatant
of the raw fruit, and the extract was stored at 4 ◦C. Finally, 1.5 mL of PER fruit extract
(supernatant) was mixed with AgNO3 in a proportion of 1.5:10. This mixture was stirred
continuously using a magnetic stirrer at 800 rpm and heated up to 70 ◦C. Within an hour, the
color of the mixture changed to reddish-brown, which led to the change in absorption spec-
trum and indicated the formation of silver nanoparticles. The entire reaction was carried
out with an aluminum-wrapped glass beaker. Then, the solution was transferred into an
aluminum wrapped 15 mL centrifuge tube and kept under 4 ◦C for future characterization
(Figure 2).

2.3. Characterization

The UV-Jasco spectrophotometer was utilized to collect UV-visible spectra of Ag-NPs
and PER fruit extract. Additionally, the shape and size of the nanoparticles formed were
determined using FE-SEM. The morphological characteristics of the Ag-NPs were studied
by subjecting a drop of dispersion that was cast onto an aluminum foil and observed by
a (JEOL, JSM IT800, Tokyo, Japan) field emission scanning electron microscope (FE-SEM)
operated at 1.10 kV. For this purpose, the Ag-NPs dispersion was drop casted onto an
aluminum foil and dried on a hot plate, kept in a hot air oven overnight at 50 ◦C, and
finally subjected to FE-SEM analysis. To confirm the crystalline structure of the Ag-NPs, an
X-ray diffractometer (D8-Advance, BRUKER, Mannheim, Germany) was used to obtain
an X-ray diffraction (XRD) pattern in the 2θ range of 20 to 90◦. To prepare the sample for
XRD measurement, the Ag-NPs dispersion was cast onto a silicon wafer substrate and then
calcined at 400 ◦C for 3 h to convert the phase from amorphous to crystalline by elimination
of organic components [32]. The XRD pattern was obtained using Cu Kα radiation with a
wavelength of 1.5406 Å, at a voltage of 40 kV, and a current of 15 mA. The scan rate was
10◦/min.
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Figure 2. Schematic representation of green synthesis of Ag-NPs for electrochemical detection of NIC.

2.4. Electrochemical Measurements and Sensor Preparation

A CHI 760E electrochemical workstation was used for all electrochemical measure-
ments (CH Instruments, Austin, TX, USA). Ag/AgCl stored in 1 M KCl was utilized as a
reference electrode and platinum wire was utilized as a counter electrode in a standard
three-electrode setup. A glassy carbon electrode (GCE) modified with Ag-NPs was utilized
as a working electrode. Prior to the modification, GCE was polished to achieve a mirror-like
surface using 0.05 µm alumina powder (Al2O3) on a polishing cloth and bath-sonicated in
DI H2O. After that, 10 cycles of potential scanning between 0.5 and 1.0 V were used to elec-
trochemically treat GCE in 0.1 M H2SO4. This treated GCE’s surface was then drop-casted
with 7 µL of Ag-NPs dispersion and was dried at 50 ◦C. After that, Ag-NPs/GCE was
carefully dipped into 10 mL of DI H2O to remove the unbounded nanoparticles from the
electrode surface, it was later dried at room temperature for a few minutes. Later, the same
procedure was repeated for a second coat of Ag-NPs dispersion. Finally, before putting
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Ag-NPs/GCE into the phosphate buffer solution (PBS), as-prepared Ag-NPs/GCE was
swept multiple cycles in 0.1 M KOH and then used to detect NIC in PBS.

2.5. Nicotine Standard Sample Preparation

1 mM stock solution of NIC sample was prepared by dissolving purchased NIC
(C10H14N2) (3-(1-methyl2-pyrrolidinyl) pyridine) in 10 mL of DI H2O, and the prepared
solution was bath sonicated for 5 minutes and stored at 4 ◦C for future use.

3. Results and Discussion

After the PER fruit extract was added to a 1 mM AgNO3 solution, the formation of
nanoparticles (NPs) was observed. The color of the AgNO3/PER mixture changed from col-
orless to yellow to reddish brown, as shown in Figure 2, which demonstrated the formation
of silver nanoparticles. Surface plasmon vibration, an optical characteristic that is exclusive
to noble metals, is responsible for this shift in color [33]. UV-visible spectroscopy [34], field
emission scanning electron microscopy [35], and X-ray diffraction [36] were also used to
validate the production of Ag-NPs.

3.1. X-ray Diffraction Analysis

X-ray diffraction (XRD) is one of the most important techniques for identifying the
structural properties of NPs. It gives sufficient information about the nanoparticles’ phase
and crystallinity [37]. Figure 3 depicts the diffraction pattern of the Ag-NPs with the
diffraction spots at 2θ values of 38◦, 44.1◦, 64.4◦, and 77.3◦, this pattern was consistent
with the cubic phase of silver NPs and can be referenced to the (111), (200), (220), and
(311) planes of the face-centered cubic (fcc) structure. The Scherrer equation was used to
determine the typical crystallite size of the synthesized nanoparticles.

D = kλ/β cos θ (1)

where, k is a dimensionless form factor (0.94), λ is the wavelength of Cu Kα’s, D is the
average crystallite size, the diffraction peaks full-width half-maximum (FWHM) β, and (θ)
Bragg’s angle which are all given in the formula of Equation (1).
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The Williamson-Hall (WH) approach is based on the idea that the size and strain could
be estimated by considering peak width as a function of the Bragg angle [38]. The average
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crystallite size and strain of Ag-NPs can be calculated from the angle of the line and the
intersection at the y-axis, respectively.

ββ cos θ = ε (4 sin θ) +kλ/D (2)

where k is a correction factor chosen as 0.94, D is the crystallite dimension in nm, strain
(ε) is measured in nanometers (nm), and FWHM is expressed in radians (r). Equation (2)
represents the uniform deformation model (UDM) of the WH approach, in which the strain
of the material was considered to be homogenous in all directions of the crystallites [39].

The strain (ε) component of Equation (2), which is a straight line with y = mx + c
(m = slope; c = intercept), can be extracted from the slope by comparing a diagram of cos
(in radians) vs. sin. By plotting the Ag-NPs crystallographic planes, all the values can be
calculated from Equation (2).

Sin2θ = (λ2/4a2) (h2 + k2 + l2) (3)

where, a is the lattice parameter, hkl values for the above equation were taken from Table 1.
Equation (3) was used to determine the average lattice parameter of the crystal structure
of Ag NPs, which was 4.0847 Å. The XRD pattern of silver nanoparticles proved that
Ag-NPs are crystalline. The four different diffraction peaks at 2θ values of 38.15◦, 44.31◦,
64.49◦, and 77.40◦ can be correlated to the face-centered cubic structure (111), (200), (220),
and (311) planes of Ag-NPs, respectively (ICCD file: 65-2871). An additional peak was
found at 69.17◦, this peak was caused by the silicon (si) substrate which was used as the
substrate for the drop-casting of Ag-NPs, and calcination at 400 ◦C was required to remove
the PER fruit extract components and achieve the phase formation of crystallite structure
from amorphous nature. As shown in Figure 3, only the XRD bands of Ag NPs were
found on the Si substrate, this demonstrated the excellent purity of the synthesized Ag
NPs. From Equation (1), the average crystallite size “D” of the Ag-NPs was computed
using Equations (1) and (2), and it was found to be 39.85 nm from equation 1 and 25.67 nm
from Equation (2). The observed discrepancy between the crystallite size results from the
Scherrer equation and the WH equation may be the result of the WH equation’s inclusion
of strain of Ag-NPs and instrumentation broadening. Figure 4 was plotted using the β cos θ
vs. 4 sin θ of Ag-NPs sample, where the θ is the same diffracted angle from the XRD pattern.
Hence, the four points and their location gave a linear plot, in which the slope indicated
the strain (−0.00138) of green synthesized Ag NPs. A positive strain value indicates that
the strain is expanding, while a negative slope in the strain is compressive. Therefore, in
this case, the micro-strains cannot be the primary cause of widening or establishes that the
strain was compressive, resulting in a smaller crystallite size as given in Equation (2) (WH
eqn.) than in Equation (1) (Scherrer eqn.). The low values showed that lattice relaxation
occurs inside nano crystallites [40].

Table 1. The hkl plane of Ag-NPs calculation using 2θ values from XRD graph.

2θ θ (Rad) Sin2 θ Ratio 1 Ratio 3 h2 + k2 + l2 h k l Lattice Parameter ‘a’ (Å)

38.15 0.33292 0.10680187 1.04676 3.14028 3 111 4.0825

44.31 0.38668 0.14221459 1.39384 4.18152 4 200 4.0852

64.49 0.56278 0.28466569 2.79000 8.36999 8 220 4.0835

77.4 0.67544 0.39092838 3.83147 11.4944 11 311 4.0847
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Figure 4. Williamson Hall Plot of β cos θ vs. 4 sin θ of Ag-NPs sample.

3.2. UV Visible (UV-Vis) Spectroscopy

The UV-visible spectra served as an additional confirmation that nanoparticle for-
mation in the water solution had occurred, according to Figure 5. The dispersion was
examined in the range from 200–800 nm wavelength. This study revealed a surface plas-
monic resonance (SPR) [41] at the 440 nm wavelength range, which correlated to the
generation of Ag-NPs. Ag-NPs heavily absorbed light at a wavelength of ~422 nm due to
the electron transition (blue curve). Also, PER fruit extract revealed an absorption peak at
~275 nm due to organic compounds present in the solution (red curve). The exact process of
metal NPs extracellular synthesis is unknown. It was once believed that the nicotinamide
adenine dinucleotide (reduced form: NADH) coenzyme served as an electron transporter
to neutralize the Ag+ ions [42,43].

Figure 5. UV–visible spectra of (red curve) PER fruit extract and (blue curve) Ag-NPs synthesized by
using phytochemical agents present in the Phyllanthus reticulatus fruit extract. The peak at 422 nm
corresponds to the surface plasmon resonance of Ag-NPs.
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3.3. Surface Morphology Studies by FE-SEM

The Ag-NPs were analyzed by using FE-SEM to produce visual pictures. Figure 6a–c
shows the morphology and size of the generated Ag-NPs. ImageJ software was used to
measure the size distribution, which showed spherical nanoparticles between 10 to 90 nm
(Figure 6c). These findings were consistent with the SPR peak’s form, which was seen by
the UV-Vis spectrum at 422 nm. It was reported that the type of plant extract had an impact
on the size and shape of the bio-synthesized nanoparticles [2]. Numerous studies have
documented various forms of Ag-NPs, including triangular [31], spherical [26], pentagonal,
cuboidal [44], and hexagonal [17]. As a result, the spherical Ag-NPs found in this work
were consistent with the expected Ag-NPs forms, while other clustered configurations may
be due to the presence of organic compounds in the extract. By transferring the electrons
from the functional groups, the phytochemicals present in PER contributed to the reduction
of Ag+ ions into Ag0 [36].

Figure 6. (a) FE-SEM images of Ag-NPs prepared using PER fruit extract, (b) magnified image of
Ag-NPs as shown in red square on image (a), and (c) particle size distribution of Ag-NPs.

3.4. Electrochemical Impedance Spectroscopy (EIS) Studies

The EIS was used to analyze the interface properties of the electrodes in their original
state. The section of the graph that resembled a semicircle at higher frequencies showed that
the process of electron transfer was limited at the electrode interface, and this suggested
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that there was a resistance to the charge transfer (also known as Rct). Meanwhile, the
linear section at lower frequencies indicated that the electron transfer process was limited
by diffusion [44–47]. Figure 7 illustrates the impedance spectra of both the bare GCE
and the Ag-NPs/GCE in a solution containing 5 mM of the [Fe(CN)6]−3/−4 in 0.1 M
KCl. It was clear that at bare GCE, the lowest Rct value (218 Ω) was found, indicating a
desirable conductivity. At Ag-NPs/GGE (545 Ω), a rise in the Rct value was noted due
to the formation of an organic layer covered Ag-NPs which prevented electron transfer
between the [Fe(CN)6]−3/−4 system and GCE. As a result, the Ag-NPs/GCE showed
the biggest Nyquist diameter when compared to bare GCE. It was possible that the Rct
value had increased due to the electrostatic repulsion between the Ag-NPs covered with
the negatively charged organic molecules and [Fe(CN)6]−3/−4 in the solution [48]. The
rise in semi-circular diameter seen at the Ag-NPs/GCE may indicate the formation of a
layer that prevents electrons moving from the electrolyte [Fe(CN)6]−3/−4 to the surface
of the electrode. The inset in Figure 7 illustrates the equivalent of Randle’s circuit of a
Nyquist plot, where the circuit was simulated and fitted to the Nyquist plot perfectly. The
aforementioned findings supported that green synthesized Ag-NPs can be used to modify
GCE for NIC oxidation.

Figure 7. The Nyquist plots of bare GCE and Ag-NPs/GCE in a solution containing 5 mM
[Fe(CN)6]−3/−4 in 0.1 M KCl with an equivalent circuit diagram (inset).

3.5. Cyclic Voltammetry Response of the Sensor

To examine the electrochemical behavior of NIC on Ag-NPs modified GCE, cyclic
voltammograms (CV) were recorded. The ideal settings for achieving the best analytical
performance were carefully determined by examining all required aspects that may affect
the current reaction of NIC. Figure 8 displays the equivalent voltammograms for both
modified and unmodified bare GCEs in the presence and absence of 100 µM NIC in PBS
(pH 7.4). Contrary to the earlier reports, which stated that NIC starts to oxidize at a potential
of around 0.9 V on the modified GCE [14,49], this study showed that NIC undergoes anodic
oxidation at the surface of the Ag-NPs modified GCE starting at a potential of about +0.75 V
and the peak centered at +0.85 V with a high oxidation peak current of 4 µA. It showed
the best electrocatalytic property of Ag-NPs and suggested a faster electron transfer rate
towards NIC compared to the bare GCE. By reversing at +1.2 V, during a cathodic scan,
no voltametric reaction that might be related to the NIC reduction was seen. As a result,
we draw the conclusion that NIC oxidation at both Ag-NPs modified or unmodified GCE
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was irreversible. The obtained background current was suitably low, demonstrating the
advantages of using the unaltered GCE as a sensing platform. Ag-NPs/GCE was used to
measure the different concentrations of NIC by recording CVs in 0.1 M PBS at a scan rate
of 50 mV/s. As shown in Figure 9, the peak current of NIC oxidation (Ipa) was linearly
increased with the concentrations of NIC from 10 µM to 200 µM. This proved that the
Ag-NPs/GCE had exhibited high sensitivity and stability towards electro-oxidation of NIC.

Crystals 2023, 13, x FOR PEER REVIEW 11 of 20 
 

 

the scan rate (υ1/2) (Figure 10b). The linear equation was found to be Y = 0.48885 x − 1.07741 
with a correlation coefficient of (R2) of 0.9939, indicating that NIC underwent a diffusion-
controlled oxidation process on the Ag-NPs/GCE. 

3.5.2. Effect of pH on NIC Oxidation 
Figure 11a illustrated CVs recorded for NIC oxidation at the Ag-NPs/GCE in differ-

ent pH solutions from 4.0 to 8.0. The oxidation current responses of NIC were not discern-
ible when pH values were reduced to less than 4.0 (i.e., pH 2). The electrocatalytic oxida-
tion peak of NIC at the Ag-NPs/GCE was shifted negatively as the pH of the solution 
increased. This suggested that the NIC oxidation reaction was pH dependent. At pH 8, 
the highest Ipa was attained. NIC is a base that is not very strong and has two acidic prop-
erties. It has pKa1 of 8.02, and pKa2 of 3.12. When it accepts a proton, it becomes the form 
of tetrahydropyrrole nitrogen that has only one proton. When it loses a proton, it becomes 
the form of pyridine nitrogen that has no proton. These forms were found for NIC mole-
cules [50,51]. Additionally, Figure 11b illustrates the correlation between the pH and Epa 
of NIC, which gave a slope of −68.4 mV/pH. The measured value was comparable to the 
theoretical value of −59 mV/pH as per the Nernst equation, indicating that the oxidation 
of nicotine on Ag-NPs/GCE involved an equivalent number of electrons and protons. 

 
Figure 8. Cyclic voltammograms of Ag−NPs/GCE (i) and bare GCE (ii) were recorded in 0.1 M PBS 
containing 100 μM of NIC at a scan rate of 50 mV/s. CVs of bare GCE in the solution without NIC 
(iii). 

Figure 8. Cyclic voltammograms of Ag-NPs/GCE (i) and bare GCE (ii) were recorded in 0.1 M
PBS containing 100 µM of NIC at a scan rate of 50 mV/s. CVs of bare GCE in the solution without
NIC (iii).

Figure 9. Cyclic voltammograms were recorded using Ag-NPs/GCE with different concentration of
NIC (0 µM, 10 µM, 50 µM, 100 µM, 150 µM and 200 µM) in 0.1 M PBS at a scan rate of 50 mV/s.
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3.5.1. Effect of Scan Rate on NIC

The effect of the scan rate on the NIC oxidation process was evaluated in order to
reveal the mechanism of the electrochemical process on Ag-NPs/GCE. The scan rate had
an impact on the peak potential as well as oxidation peak currents of NIC as we recorded
CVs at different scan rates in the range from 10 to 200 mVs−1 in 0.1 M PBS (pH 7.4). It was
found that when the scan rate (υ) was increased, the peak potential for anodic peak (Epa) of
NIC marginally shifted to a more positive potential in accordance with the kinetic regulated
process, confirming an irreversible electrochemical reaction (Figure 10a) [14]. The oxidation
peak currents (Ipa) of NIC were increased linearly with the square root (sqrt.) of the
scan rate (υ1/2) (Figure 10b). The linear equation was found to be Y = 0.48885 x − 1.07741
with a correlation coefficient of (R2) of 0.9939, indicating that NIC underwent a diffusion-
controlled oxidation process on the Ag-NPs/GCE.
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root of scan rate and oxidation peak currents of NIC.

3.5.2. Effect of pH on NIC Oxidation

Figure 11a illustrated CVs recorded for NIC oxidation at the Ag-NPs/GCE in different
pH solutions from 4.0 to 8.0. The oxidation current responses of NIC were not discernible
when pH values were reduced to less than 4.0 (i.e., pH 2). The electrocatalytic oxidation
peak of NIC at the Ag-NPs/GCE was shifted negatively as the pH of the solution increased.
This suggested that the NIC oxidation reaction was pH dependent. At pH 8, the highest
Ipa was attained. NIC is a base that is not very strong and has two acidic properties. It has
pKa1 of 8.02, and pKa2 of 3.12. When it accepts a proton, it becomes the form of tetrahy-
dropyrrole nitrogen that has only one proton. When it loses a proton, it becomes the form
of pyridine nitrogen that has no proton. These forms were found for NIC molecules [50,51].
Additionally, Figure 11b illustrates the correlation between the pH and Epa of NIC, which
gave a slope of −68.4 mV/pH. The measured value was comparable to the theoretical
value of −59 mV/pH as per the Nernst equation, indicating that the oxidation of nicotine
on Ag-NPs/GCE involved an equivalent number of electrons and protons.
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3.6. Amperometric Study

Since amperometry (I-T) could provide a low detection limit, great sensitivity, and
excellent reproducibility, this technique was more frequently used to detect various analytes.
The amperometric response of the Ag-NPs/GCE was recorded at an applied potential of
1.0 V in 0.1 M PBS (pH 7.4) containing various concentrations of NIC (Figure 12a). During
this measurement, the buffer solution was stirred using a magnetic pellet at a speed of
750 rpm. To determine the standard deviation, amperograms were performed using a
newly prepared Ag-NPs/GCE. Also, a calibration graph of NIC was made by plotting NIC
concentrations against oxidation currents as shown in Figure 12b. With the addition of NIC
concentrations, the oxidation peak currents were increased linearly. A linear relationship
between the amperometric response and NIC concentrations was observed from 2.5 to
105 µM. The linear equation was found to be Y = 1.139 × 10-08x + 6.87 × 10-08, with a
correlation coefficient (r2) of 0.9937. By using Equation (4), the limit of detection (LOD) was
determined to be 0.135 µM.

LOD = 3.3 SD/S (4)

The standard deviation (SD) and slope of the calibration graph were found to be
4.682 × 10−8 A and 1.139 × 10−8 A µM−1, respectively. The response time of the Ag-
NPs/GCE was also about 2 s for NIC. Compared to some of the previously published
electrochemical sensors, this newly synthesized Ag-NPs based sensor could offer the lowest
LOD for NIC, as shown in Table 2.

3.7. Stability, Repeatability and Interference Studies

As shown in Figure 13a, the stability of freshly modified Ag-NPs/GCE was studied
by recording continuous CVs in 0.1 M PBS for up to 50 potential cycles. It was noticed that
background current was decreased only up to 25% at the potential of 1 V. Thus, the majority
of the Ag-NPs are still attached to the surface of GCE. Although, some of the material was
leached out of the GCE after multiple potential cycles which was commonly reported for
various modified electrodes. From this study, it was believed that organic components
covered Ag-NPs have firmly adhered to the GCE which can be used for NIC detection.
Figure 13b shows the repeatability data for NIC detection on an Ag-NPs/GCE after eight
independent measurements of 100 µM NIC in 0.1 M PBS. The bar diagram was also
showed that the current response of the sensor for NIC detection was almost stable (inset
of Figure 13b), which indicated the good repeatability of the sensor. Next, the selectivity of



Crystals 2023, 13, 589 13 of 18

the newly prepared Ag-NPs/GCE was investigated by recording amperograms with the
addition of various interfering molecules with 5 µM NIC, as depicted in Figure 14a. The
oxidation responses of commonly encountered chemicals in saliva were also investigated,
including acetic acid (AA), ascorbic acid (AsA, 2 µM), calcium chloride (CaCl2), glucose
(Glu), magnesium chloride (MgCl2), urea, and uric acid (UA). These interference molecules
were mixed with 0.1 M PBS (pH 7.4) and NIC in a 1:1 ratio. As shown in Figure 14b, the
oxidation current response was decreased by about ~5% in the presence of these chemicals.
This study further suggested that the tested chemicals had no significant impact during
the measurement of NIC which may be credited to the organic compounds bound to the
nanoparticles surface.
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Figure 12. (a) Typical steady state amperometric measurement of nicotine oxidation at 1.0 V (vs.
Ag/AgCl) with successive additions of nicotine from 2.5 to 105 µM in 0.1 M PBS. (b) Calibration
curve of NIC which was made by Ipa vs. [NIC].

Table 2. Comparison of various analytical parameters between the proposed method and other
reported EC sensors for NIC.

Electrode Linear Range LOD Reference
BDE 9.9 to 170 µM 0.3 µM [2]

AGCE 1200 µM 0.7 µM [3]
BN doped graphene 1 to 1000 µM 0.42 µM [14]

bAuNPs/SPE 10–2000 µM 2.33 µM [30]
RGO/DPA/PGE 131–1,900 µM 7.60 µM [48]

MWCNT 31–220 µM 7.6 µM [52]
Carbon paste 50–500 µM 6.1 µM [53]
NDG/GCE 0–200 µM 0.27 µM [54]
PoPD/GCE 0.000183 to 1.01 µM 55.00 pM [55]

Green synthesized Ag-NPs/GCE 2.5 to 105 µM 0.135 µM This work
Footnotes: BN—boron nitride nanosheets, AGCE—Activated glassy carbon electrode, RGO—Reduced graphene
oxide, bAuNPs—biosynthesized gold nanoparticles, SPE—screen printed electrode, AGCE—activated glassy
carbon electrode, MWCNT—multiwall carbon nanotubes, PoPD—poly (o-phenylenediamine), NDG—nitrogen
doped graphene, BDE—boron doped diamond electrode.
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Figure 13. (a) CVs were recorded using an Ag-NPs/GCE for continues 50 cycles in 0.1 M PBS at a
scan rate of 50 mV/s. (inset: Bar plot shows the changes in current during the 1st cycle and 50th
cycles). (b) CVs of 100 µM NIC detection in 0.1 M PBS for 8 times on an Ag-NPs/GCE at a scan
rate of 50 mV/s. (inset: Bar diagram shows the changes in peak currents for 100 µM NIC on a same
Ag-NPs/GCE).
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Figure 14. (a) Amperogram was recorded for interference compounds with (5 µM) NIC in 0.1 M PBS
using an Ag-NPs/GCE under a rotation speed of 750 rpm, applied voltage of 1 V. (b) Bar plot shows
the magnitude of current response changes after each addition of interference compounds.

3.8. NIC Detection in Tobacco and Saliva Samples

Figure 15a,b illustrates the amperometric detection of NIC content in tobacco and
saliva samples using an Ag-NPs/GCE. These data demonstrated the practical application
of the fabricated nanomaterial. For this analysis, salivary samples were collected from
a person (age = 62) before and after the consumption of commercially available PAN
masala. To conduct further experiments, both of the saliva samples were diluted using DI
H2O, sonicated for five minutes, and then centrifuged at 5000 rpm for ten minutes. After
the centrifugation, the supernatant was isolated. Various linear concentrations of both
tobacco and saliva samples were added separately into PBS, and the resulting amperograms
were recorded using an Ag-NPs/GCE. Figure 16 shows that our newly prepared sensor
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can be used to detect known concentrations of standard NIC solutions that were spiked.
Table 3 shows the estimated concentrations of NIC in both the salivary samples and the
spiked samples. The recovery values were also calculated which ranged from 98 to 102%.
These results suggested that the Ag-NPs/GCE could be used to selectively detect NIC in
real samples.
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Figure 16. Amperogram was recorded using an Ag-NPs/GCE for detection of NIC in saliva sample
along with spiking of standard NIC solution in to 0.1 M PBS under a rotation speed of 750 rpm. The
applied potential was 1 V.

Table 3. The determination of NIC in saliva samples using Ag-NPs/GCE.

S.No. Samples Added (µM) Found *
(µM) RSD % Recovery %

1. Saliva - 0.494 - -
2. Std. sample 0.5 0.984 0.0314 98
3. Std. sample 1 1.514 0.0097 102
4. Std. sample 2 2.474 0.0391 99

* Mean value of triplicate measurements.
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4. Conclusions

In this article, for the first time, we reported a novel green synthesis method to produce
Ag-NPs using the fruit extract of Phyllanthus reticulatus (PER). As-synthesized Ag-NPs had
been comprehensively analyzed by using FE-SEM, XRD, and UV-Vis spectroscopy. It was
found that the Ag-NPs were formed with a spherical shape in the size range from 10–90 nm.
FCC crystal structures with a crystallite size of 25.67 nm were measured by XRD data. In
addition, the light absorption peak of the nanoparticles was found at 422 nm, which also
confirmed that organic compounds were bounded on the surface of Ag-NPs. From CV and
EIS results, electrochemical and electrocatalytic properties of Ag-NPs/GCE were measured.
CV data indicated the good electrocatalytic activity of the as-prepared Ag-NPs for NIC
oxidation in 0.1 M PBS. The conductivity of Ag-NPs was studied by EIS which confirmed
that Rct was increased after the modification process. Moreover, using amperometry, the
linear range of NIC detection was found to be from 2.5 µM to 105 µM with a detection limit
of 0.135 µM and a response time of the sensor was ~2s. We envisage that our proposed
sensor could be used for the accurate determination of NIC in tobacco and saliva samples.
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