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ABSTRACT: Histamine, a pivotal chemical within certain cells of
the human body, is responsible for eliciting various allergic
symptoms, such as sneezing and a runny nose. In cases of allergies,
where the immune system misidentifies typically harmless
substances, such as certain foods or dust, as harmful, an efficient
histamine sensor becomes imperative. This research introduces a
novel sensing platform by employing a material comprising
hydrothermally synthesized WS2 nanosheets and using this with
a chitosan (CS) biopolymer on a screen-printed carbon electrode
(SPE). Integrating WS2 and CS components on the SPE via drop-
casting synergistically enhances conductivity and various sensor
properties. This novel hybrid material combines organic CS and
inorganic WS2 components applied for nonenzymatic histamine
detection via differential pulse voltammetry. This study also included crystallite size determination and surface morphology
assessment through characterization of the synthesized WS2 nanosheets. On the surface of the SPE, WS2 and CS were drop-casted. It
is recommended that histamine be electrochemically measured on modified WS2/CS/SPE electrodes. Histamine measurements
were conducted within a linear coverage of 1−100 μM, with a limit of detection of 0.0844 μM and sensitivity of 1.44 × 10−4 mA/μM
cm2. The developed sensor exhibited notable levels of sensitivity, selectivity, stability, and repeatability, along with an extended linear
range. The sensing technique was consequently employed to detect the histamine levels in packed food items like fermented food
samples (cheese, tomato sauce, tomato ketchup, and soy sauce) at room temperature (25 °C). The findings recommend the
utilization of electrochemical sensing on modified WS2/CS/SPE electrodes for accurate histamine detection.

1. INTRODUCTION
Food readily gets contaminated, and conserving the freshness of
food is of prime responsibility equally for consumers as well as
the food industry, as inappropriate packing execution is capable
of stimulating the maturation of microorganisms as well as
bacteria, emerging food deterioration via free amino acid
decarboxylation by using bacterial enzymes, and directing the
formation of biogenic amines (BAs).1,2 Food safety has
transformed into a pivotal concern that needs to be addressed.
Histamine is associated with a category of compounds
recognized as biogenic amines. Histamine (2-(1H-imidazol-4-
yl) ethanamine)3 is produced by the decarboxylation of
histidine,4 which is activated via the enzyme L-histidine
decarboxylase.5−7 It is a vasoactive aquaphilic and biogenic
amine (BA) that causes allergies8 and/or human body
intoxications, and also it may deteriorate the freshness of
food.7 Histamine levels indicate the freshness and quality of
foods and beverages. Determining histamine levels in food and
beverages is crucial due to its potentially harmful effects on
humans. For instance, histamine detection is particularly
interesting because of its implications in biomedical as well as
in food safety applications, especially in monitoring histamine
levels in biological samples including various fish products,

packed food items like fermented foods, vinegar,9,10 alcoholic
beverages, and processed meat.11 The primary source of
histamine in food is histidine decarboxylation, which is aided
by endogenous decarboxylases or microbial activity during food
spoiling. Consuming foods with high histamine concentrations
results in histamine poisoning.8 Such poisoning causes
symptoms such as headache, nasal discharge, bronchospasm,
cardiac infarction, hypotension, and edema.12 The United States
Food andDrug Administration (USFDA) regulates the maximal
acceptable quantity of histamine in fish and seafood stuff at 50
ppm, and the toxic level for human beings is 500 ppm.13 These
(BAs) are organic bases having low molar mass whichever
particularly exist in surviving beings and consistently retain vital
physiological activity.14,15 The minor extent of BAs is frequently
biosynthesized in flora as well as animalia kingdoms. Enormous
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quantities of it exist in fermented and deteriorated foods
(fermented sausage, cheeses, vegetables, fish commodities, and
liquor) as a consequence of microorganism amino acid
decarboxylation.16 Even though a modest extent of BAs is vital
for living beings, BAs lead to foodborne illness at high
concentrations.17 Histamine is a uniformly existing BA as it is
identified in various fruits, green vegetables, cheese, fish, beer,
and red wine8 at a quite small concentration. At the same time,
when food is damaged, the quantity increases to a harmful range
to an extent of 500 mg kg−1 of product, leading to foodborne
illness.8 The histamine content is also a prominent marker of
food freshness, as well as quality. Histamine is feasibly developed
during the manufacturing, packing, or transference of protein-
rich foods employing changes in temperature or bacterial
enzymatic decarboxylation of histidine.18 Most of the
physicochemical reactions occur in foodstuff during storage,
and the reactions are lead via distinct agents like packaging
procedures, moisture, light, heat, etc. Besides all these,
adulterated foods are potent to transform the food content,
which also leads to health constraints.18 Fresh fish hold
particularly low levels of histamine, despite the fact that spoiled
fish have increased histamine levels. Hence, the histamine level is
recommended as a natural freshness indicator of fish.19 The US
Food and Drug Administration (FDA) proposed that a standard
limit for histamine for edible fish is 50 mg kg−1, while the
standard limit set by the European Union (EU) is 100−200 mg
kg−1, and fish having histamine levels more than those are
proscribed from being traded for consumption of human.20 For
the food sector as well as food safety, detection of histamine is
very crucial. Itching, sneezing, and gastrointestinal issues as well
as potentially fatal conditions like anaphylactic shock are among
the main symptoms of an allergic reaction.21 The World Health
Organization (WHO) listed that during the period from 2000 to
2020 one in 10 people was troubled with food poisoning. As
stated by the WHO, around 420,000 human beings lose their
lives annually due to foodborne illnesses, leading to an annual
global expenditure of almost $100 billion on medication. This
cost is expected to rise significantly due to the population
explosion.22 Food safety has evolved into a serious concern that
needs to be suitably managed, as these are quickly contami-
nated.23,24 Fish is recommended by nutrition experts as it is
preciously little in fat, abundant in protein as well as omega-3
fatty acids, together with vitamins like D and B2, and also more
abundant in minerals including potassium, magnesium, iron,
zinc, and iodine. Furthermore, the consumption of fish
distributes varied goodness to the human body.25 Decarbox-
ylation in fish muscles results in BAs generally; histamine is
widely studied. A higher extent of histamine existing in the
bloodstream can lead to histamine poisoning, a food toxicity
with symptoms ranging from mild to life-threatening.26

Histamine analysis in foods is performed via various techniques,
namely, thin-layer chromatography, capillary electrophoresis,18

gas chromatography,27,28 fluorometry,29,30 and high-perform-
ance liquid chromatography (HPLC).31,32 However, these
approaches are extremely sophisticated as well as expensive
and require a long analysis time and complex sample preparation
procedures, whereas electrochemical biosensors are interesting
substitutes for all of the above traditional techniques.33,34

Subsequently, electrochemical biosensors are emerging as an
economical,35 accessible, instantaneous action with high
selectivity as well as reliability36 for histamine detection.
Screen-printed electrodes (SPEs) have been utilized to

measure numerous compounds as a modest, disposable,

nonhazardous, and low-cost substitute37−39 over traditional
solid electrodes. Histamine is essential for neuromodulation and
the living immune response.40 We investigated the mechanism
of histamine reaction on SPEs and employed that evidence to
develop improved fast-scan methods for histamine detection.
Differential pulse voltammetry (DPV), being the most delicate
electrochemical sensing41 technique, has obtained much
consideration lately. In this case, histamine is determined
electrochemically using the DPV approach. This was accom-
plished through electrode modification with a composite
material containing WS2/chitosan. The electrode fabrication
method was prepared, and the histamine detection parameters
were optimized. Owing to its distinctive attributes, WS2, a two-
dimensional transition metal dichalcogenide (TMD), is notice-
ably important in electrochemical sensing as it possesses a large
surface area,42 thereby providing multiple interaction sites for
analytes.WS2 is a semiconductor that offers tunable conductivity
through layer count or defect introduction, making it flexible for
sensors. Sulfur vacancies enhance catalytic properties and redox
reactions. Its adjustable band gap enables versatile electronic and
optoelectronic applications. With its chemical stability and
resistance to oxidation,WS2-based sensors provide a long-lasting
performance and rapid response times along with low detection
limits, accomplishing appropriate, continuous, and reliable
sensing in various environmental conditions. WS2 has a layered
structure that is stacked together via weak van der Waals
forces,43 and the sulfur atoms in the structure help to protect the
tungsten atoms from oxidation. This inherent oxidation
resistance is crucial for maintaining material sensing perform-
ance over time, even in the presence of oxygen or other oxidizing
agents. WS2 offers fast electron transfer properties,44 which can
lead to rapid response times for electrochemical sensors, making
them suitable for real-time monitoring.45 WS2 has a direct band
gap after exfoliation in a single layer, which makes it optically
active. This property is crucial for applications in optoelectronics
and photonics.46 Tunable conductivity, achieved by controlling
layers or introducing defects, allows for a sensor design with
varying sensitivities. Its catalytic activity in redox reactions,
including water splitting, enhances its electrochemical capa-
bilities. WS2 nanosheets impart a high surface area38,44 for
enhancing active sites in electrochemical sensors. Engineered
with a high surface area along with rapid electron transfer
properties, WS2-based sensors offer a rapid response time for
real-timemonitoring. Functionalization with different molecules
or nanoparticles enhances selectivity, and WS2-based sensors
demonstrate the potential for low detection limits in trace-level
analysis. Incorporation into various sensor configurations, such
as screen-printed electrodes, further expands its application
versatility.
Advancement in histamine electrochemical detection requires

improvement in sensitivity as well as selectivity to accurately
detect minuscule amounts in biological samples along with other
analytes such as ascorbic acid, glutamic acid, vitamin B12,
glucose, urea, etc. Here, we are demonstrating the histamine
levels in diverse packed food items as well as in fermented food
samples (cheese, tomato sauce, tomato ketchup, and soy sauce)
at room temperature (25 °C). High sensitivity is required for
detecting low histamine levels, whereas for separating histamine
from other interfering substances, excellent selectivity is
required. Furthermore, it was observed that the existence of a
variety of amines as interfering agents was unable to create some
notable interfering influence in the assessment of histamine.
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2. EXPERIMENTAL SECTION
2.1. Materials and Methods. For the WS2 NP synthesis,

the subsequent chemical reagents utilized are Na2WO4·2H2O, L-
cysteine, and HCl. Additionally, K4[Fe(CN)6]·3H2O, K3[Fe-
(CN)6], [Na2HPO4·2H2O] (99%), [NaH2PO4·2H2O] (98−
100.5%), and NaCl (99%) were procured from Merck
Specialties Private Ltd., Mumbai, India, and were applied for
the preparation of phosphate buffer saline (PBS) with a redox
couple. Throughout the experiment, the solution was prepared
in deionized (DI) water.
2.2. Synthesis of WS2 Nanoparticles. Na2WO4·2H2O

(0.25 g) was solvated in 20mL of DI. To bring the pH to 4.0, 0.1
M HCl solution was used. Then, in another beaker, 0.5 g of L-
cysteine was solvated in 50 mL of DI. After mixing both the
solutions thoroughly, they were evenly dispersed for 10 min.
The resulting solution was then placed in an autoclave and
subjected to heating in a muffle furnace at 200 °C for 36 h.
Subsequently, the autoclave was allowed to cool naturally at
room temperature; sequential filtration and washing with
distilled water were performed, until a yellowish solution
containing WS2 was obtained. This solution was then used for
subsequent structural and electrochemical analyses.
2.3. Preparation of Standard Stock Solution.Histamine

was dissolved in Milli-Q water to produce a fresh histamine
solution, which was then kept at 4 °C for further testing. Then,
to create analytes of various concentrations, a 1 mM stock
solution was made and diluted with Milli-Q water.
2.4. Drop-Casting of the WS2 and CS on the SPE to

Form the WS2/CS/SPE-Modified Electrode. First, the SPE
wasmodified by drop-castingWS2 on it. ThisWS2-modified SPE
was further recast with chitosan (CS). Modifying a screen-
printed electrode (SPE) with both WS2 and CS simultaneously
enhances its catalytic properties in contrast to the SPE modified
with WS2 alone. CS enhances stability through film formation,
improves adhesion, and contributes to an increased con-
ductivity. This exhibits biocompatibility,47 making it suitable
for biological applications,48 while potential synergistic effects
enhance WS2 electrocatalytic properties. CS introduction of

functional groups alters chemical interactions, and its unique
properties enhance selectivity in detecting different analytes.
The primary functional groups in CS that contribute to its
increased adhesion properties include amino groups and
hydroxyl groups.49 Hydroxyl groups participate in hydrogen
bonding, which enhances the adhesive properties of CS. The
combination of amino and hydroxyl groups allows CS to interact
with a variety of surfaces through different bonding mechanisms.
The modified electrode is utilized in biological sensing,
selectivity improvement, and overall electrocatalytic perform-
ance, which is represented in Scheme 1.
2.5. Sensing Mechanism of Histamine on WS2/CS/SPE.

When 2D nanosheets of tungsten disulfide (WS2) and CS are
used for histamine sensing, the interactions involved in the
sensing process primarily revolve around the adsorption of
histamine molecules onto the nanocomposite surface50 and
ensuing signal transduction, which is produced during the
interactions that occur at the time of histamine sensing with
WS2/CS. Histamine molecules present around the adjacent
domain adsorb onto the surface of the WS2/CS/SPE electrode,
and the adsorption process is typically driven by various
chemical interactions, including electrostatic interactions. CS is
a biopolymer that is derived from chitin and contains amino
groups (NH2) that form electrostatic interactions with
histamine, which contains both acidic and basic functional
groups. The CS also contains hydroxyl groups (OH) that form
hydrogen bonds with histamine, which can form bonds both
with hydrogen donors as well as acceptor groups.WS2, which
belongs to the family of 2D layered TMDs, and the π electrons in
its layers interact with the π electrons of the histamine molecule,
facilitating π−π stacking interactions. This interaction between
histamine and the WS2/CS/SPE electrode is utilized for
histamine sensing. Changes in the properties of the nano-
composite due to histamine adsorption were monitored, and
these changes are correlated with histamine concentration. The
current variations direct the histamine concentration and are
also quantified for recognition. During electrochemical hista-
mine sensing, variations in the electrical conductivity or

Scheme 1. Outline of the Synthesis of the WS2 Material, Utilized for Modifying SPE Electrodes, Which Are Then Applied in
Histamine Sensing
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electrochemical properties of the WS2/CS/SPE electrode occur
due to histamine binding. A radical is formed due to a one-
electron transfer from histamine’s imidazole ring.51,52

2.6. Histamine Redox Reactionwith aMediator.During
the histamine oxidation process, one electron from a lone pair of
−NH2 (N8) participates in the electrochemical reaction during
DPV sensing and forms a histamine radical cation. The lone pair
of electrons present on N of the imidazole ring (N2 and N5) is
delocalized as well to maintain its resonance energy and is not
involved in an electrochemical process. The electron released
from histamine is accepted via [Fe(CN)6]3− and forms
[Fe(CN)6]4−, which is a redox mediator throughout the
electrochemical study. The overall redox reaction is represented
by combining the redox process of histamine and the redox
couple reactions, as shown in Scheme 2.

2.7. Characterization Techniques. For the study of the
various structural and morphological characteristics, different
characterization techniques were utilized. For example, Fourier
transform infrared (FTIR) spectroscopy was proficiently
performed via FTIR and ATR accessory (Jasco, Tokyo)
apparatus; the spectra of the material were obtained, which
mostly extend from 4000 to 400 cm−1; moreover, the sample was

prepared using KBr pellets. Along with IR spectroscopy, Raman
spectroscopy (WI Tec Alpha Zoo Focus Innovations) was also
used to characterize the structural features of the prepared
material. Consequently, the measurement was recorded by
utilizing a 633 nm laser as an excitation source to reveal the WS2
Raman spectra. The material was characterized by a PAN
Analytical EMPYREAN RAYONS-X diffractometer accompa-
nied by Cu Kα X-ray radiation at a scanning step size of 0.013°
having a wavelength of 0.154056 nm. Also, the 2θ values at
which the spectra were recorded range from 10 to 80°. The
yellowish solution containing WS2 was drop-cast onto a glass
slide, acting as a substrate to achieve a uniform layer, and
consequently dried overnight in a vacuum oven before being
subjected to p-XRD, XPS, and Raman analysis. The glass slide
taken from Blue Star (micro cover glass) [Polar Industrial
Corporation, Mumbai, India] is 18 × 18 mm2, and the thickness
is 0.13−0.16 mm made of a glass material. The X-ray
photoelectron spectroscopy (XPS) estimation was administered
using a PHI 5000 Versa Probe III Photoelectron Spectrometer
that includes an Al Kα monochromatic X-ray source with a
photon energy of 1486.6 eV. The instrument allows for the
adjustment of the Al Kα X-ray spot size, ranging from 10 to 200
μm, and scanning XPS with dimensions up to 1.4 mm. Using a
transmission electron microscope (TEM), a Tecnai G2 20 Twin,
operating at 200 kV, high-resolution TEM (HR-TEM) and
selected-area electron diffraction pattern (SAED) pictures were
captured. The prepared yellowish-colored solution of WS2 was
diluted further by adding DI water, which was then drop-cast on
the TEM grid formed by Cu and carbon having 300 mesh
followed by drying the sample, and finally, its TEM analysis was
performed. Scanning electron microscope (SEM) analysis was
executed for the morphological studies of the synthesized
material utilizing a Carl Zeiss SEM, operated at a voltage of 20
kV. Lanthanum hexaboride (LaB6) is a cathode employed for
the creation of enormously energetic electrons, and these are
utilized to execute surface information on the materials. For
SEM analysis, the solution was drop-cast on the SPE;
subsequently, the sample was dried and its SEM spectra were
recorded. The energy-dispersive X-ray (EDX) spectroscope
affixed with a Tecnai G2 20 Twin microscope was utilized for
compositional analysis and elemental mapping.

3. RESULTS AND DISCUSSION
3.1. X-ray Diffraction Analysis. The samples were drop-

cast onto an 18 × 18 mm2 glass slide (0.13−0.16 mm-thick) for
uniformity and then dried overnight in a vacuum oven before p-
XRD analysis. We have included the XRD spectrum of the glass
slide in the Supporting Information to display that the glass slide
does not show any interference in the p-XRD spectrum of the
WS2 nanosheets. The p-XRD image of the glass slide is shown in
Figure S1. The XRD intricateness of WS2 nanosheets is
illustrated in Figure 1a. The pattern illustrates the crystalline
behavior of synthesized WS2. The crystallite size of WS2
nanosheets is calculated by the Scherrer equation discussed
and utilized for the calculation of average crystallite size (eq 1).53

The WS2 NPs showed peak positions at 2θ values of 15.55,
28.85, 31.7, 45.31, and 47.71°. The correspondingMiller indices
are, respectively, (003), (006), (101), (009), and (107), which
resemble perfectly with JCPDS card no. #84-1399,54 confirming
the rhombohedral crystal structure and rhomb-centered lattice
unit. Because of the hexagonal crystal phases present in WS2, it
shows some small Bragg reflections in the XRD spectra
resembling the planes (100), (102), and (106) corresponding

Scheme 2. Histamine Complete Redox Reaction with the
Mediator during an Electrochemical Study in PBS Solution
Containing Ferri/Ferrocyanide as a Redox Couple
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to 2θ values of 31.86, 36.3, and 53.4°, respectively, matched with
JCPDS card no. [657515]. Some traces of WO3 are identified in
the XRD and XPS spectra. By comparison of the peak intensity
and position with the JCPDS standard value, the phase of the
nanoparticles was verified. The average crystallite size of the
nanoparticles was found to be 94 nm, and the crystallite size was
measured using a very intense Braggs peak at 15.55°, shown in
eq 1

D K / cos= (1)

in which D is the average crystallite size, K is the Scherrer
constant (which is 0.9), λ is the wavelength of X-rays (1.54056
Å), β is the full-width at half maxima in radian, and θ is the
Bragg’s angle in degrees.
3.2. FTIR Analysis. The synthesized WS2 NPs show

characteristic FTIR bands at 3440, 2080, 1640, and 680 cm−1.
The frequency observed at 680 cm−1 was assigned to the W−S
stretching vibration band,55 which is shown in Figure 1b. The

band observed at 3440 cm−1 accounted for the O−H stretching
of the associated water molecule, and the band obtained at 1640
cm−1 was affiliated with the C=C stretching.54

3.3. RamanAnalysis.The preparedWS2 nanosheets exhibit
characteristic peaks at 84.4, 152.8, 212.2, 250, 437.2, and 471
cm−1 in the Raman analysis. The band obtained at 437.2 cm−1 in
the Raman spectra of WS2 represents the out-of-plane
vibrational mode with A1g symmetry,51,56,57 which is shown in
Figure 1c.
3.4. X-ray Photoelectron Spectroscopy (XPS) Analysis.

The XPS survey of the WS2 is shown in Figure 1d, which
presents the survey plot consistent with the WS2 nanosheet,
distinctly showing the peaks related toW and S. The two notable
peaks attributed toW4+ at 33.3 and 35.5 eV are assigned to theW
4f7/2 and W 4f5/2 orbitals, respectively,

55,56 as shown in Figure
1e. The S 2p3/2 and S 2p1/2 orbitals of the bivalent sulfide ion are
represented by the two broad peaks in Figure 1f, which are seen
at 161.26 and 162.28 eV.58 These peak energy locations suggest

Figure 1. (a) XRD plot, (b) FTIR spectrum, and (c) Raman spectrum of prepared WS2. (d) Survey spectrum of the WS2and (e) deconvoluted W 4f
spectrum and (f) deconvoluted S 2p spectrum of the prepared WS2.

Figure 2. (a, b) TEM images of the synthesizedWS2 nanosheet at different magnifications. (c) EDAX spectrum of the synthesizedWS2 nanosheet and
an inset table displaying the weight and atomic percentages of the WS2 nanosheet.
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valences of +4 and −2 that correspond to W and S, which
aligned with the preceding findings showing the formation of the
WS2 phase. Figure S5 exhibits the XPS spectra before and after
the charging effect. Table S8 presents the S 2p XPS spectrum (a
and c) and W 4f XPS spectrum (b and d) and spectrum χ2
constraint values during the fit procedure before the charging
effect.
3.5. Transmission Electron Microscopy (TEM). TEM

images show individual irregular shapes and few-layer sheets
with diameters of up to the nm scale, which is shown in Figure
2a,b. The few-layer sheet-like structure is further validated by the
SEM image of the synthesized WS2 nanosheets. Figure 2c
depicts the atomic and elemental composition of the WS2
nanosheet, which is described using energy-dispersive analysis
of X-rays (EDAX). The X-rays that are created when the
electron beam interacts with the material are detected by EDAX.
The production of the WS2 nanosheet has been confirmed by
the experimentally measured values of the element W and S
atomic compositions, which are determined to be 36.80 and
63.20%, respectively, and their weight compositions are 76.9 and
23.1%, respectively.
3.6. Scanning Electron Microscopy (SEM). The SEM

images of the bare SPE and the SPE drop-cast with the
synthesized WS2 nanosheet were recorded, confirming the
nanosheet-like shape of WS2. These nanosheets of WS2 provide
a large surface area for electrochemical detection of histamine.
The corresponding figures are given in the Supporting
Information (Figure S2).
3.7. Electrochemical Study. All the oxidation−reduction

aspect of theWS2/CS/SPE electrode was evaluated by dipping it
in a solution comprising a 50 mM PBS (consisting of 0.9%
NaCl) solution of pH 6.0 and a redox couple ferri/ferrocyanide
having 5 mM concentration at a scan rate of 50 mV s−1,

fabricated by drop-casting the WS2/CS composite on the SPE.
Since the density of solution changes at higher concentrations,
such as 5−10 mM, disrupting the double layer that possibly
decreases the significance, the concentration of the ferri/
ferrocyanide redox probe has been chosen to be between 0.5 and
5 mM to have a suggestively raised signal-to-background and
signal-to-noise ratio. The potential parameters, ranging from
−0.6 to 0.6 V, were reported for respective electrochemical
studies.
3.7.1. pH Optimization. As explained in the section on

electrochemical analysis, the electrode’s electrochemical proper-
ties were investigated by adjusting the pH values between 5.7
and 8 in PBS using the DPV technique. Figure 3a exhibits the
corresponding voltammetric responses. At pH 5.7 and 6, the
oxidation/anodic peak current rose, peaking at 0.084 mA at pH
7.5. At pH 6.5, 7, and 8, a further decrease in the current was
noted. Changes in the buffer’s pH are accountable for the
increase in current; the current response is greatest at pH 7.5.
Therefore, pH 7.5 was chosen for further electrochemical
research. Since pH impacts the redox potential, species
accessibility, and proton−electron transport, it must be tuned
to enhance electrochemical kinetics and electrode stability. The
WS2/CS nanocomposite in PBS buffer in this investigation has a
pH of 7.5, which represents maximum current adaptability and
optimal charge transfer.59

3.7.2. CV, DPV, and EIS Studies of the Bare and Modified
SPEs. As illustrated in Figure 3b, the bare SPE electrode exhibits
an apparent oxidation current at 0.106 mA. After drop-casting
WS2 on the bare SPE, a delicate increment in the oxidation
current was noted (i.e., 0.140 mA), which was further increased
upon drop-casting the WS2/CS nanocomposite on the SPE
(0.173 mA). The redox performance of the bare SPE, WS2/SPE,
and WS2/CS/SPE toward 5 mM ferri/ferrocyanide in 0.9%

Figure 3. (a) DPV voltammograms of WS2/CS/SPE at different pH (pH optimization plot) with a zoomed inset of pH optimization. (b) Cyclic
voltammograms, (c) DPV voltammograms, and (d) EIS plot of the different electrodes (bare SPE, WS2-modified SPE, andWS2/CS-modified SPE) in
PBS.
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NaCl was assessed via cyclic voltammetry (CV) at a scan rate of
50 mV/s. WS2/CS/SPE has distinct redox peaks with the
highest peak existing at the lowest potential difference. The
surface-active area was resolved via the Randles−Sevcik
equation (eq 2)

nIp 2.69 10 AD Cv5 3/2 1/2 1/2= × (2)

Here, Ip is the peak current (amp), n is the extent of electrons
transported in the electrocatalytic redox reaction, A is the
effective electrode area (cm2), D is the diffusion coefficient of
ferri/ferrocyanide (7.6×10−6 cm2 s−1), and C is the ferri/
ferrocyanide concentration (5×10−6 mol cm−3). The bare
electrode had a surface area of 0.128 cm2. The area of WS2/SPE
was calculated to be 0.168 cm2 and that of WS2/CS/SPE to be
0.208 cm2. Based on these outcomes, we conclude that the
composite-modified electrode has a highly surface-active region
for electrochemical sensing.
The CV study of the electrode was further validated by the

DPV study of the electrode, as displayed in Figure 3c. The bare
SPE electrode illustrates a clearly defined oxidation current at
0.036 mA. An increase in oxidation current, measured at 0.075
mA, was seen after the WS2 was drop-cast on the bare SPE. This
current increases to 0.091mAwith the drop-casting of the CS on
modified WS2/SPE to formWS2/CS/SPE. Histamine oxidation
is facilitated by increased electron transport promoted by WS2/
CS. The EIS approach was employed to examine the
electrochemical properties of the bare SPE, WS2/SPE, and
WS2/CS/SPE. Figure 3d shows the Nyquist plot of the bare
SPE, WS2/SPE, and WS2/CS/SPE, in the presence of 0.9%
NaCl solution consisting of 5 mM ferri/ferrocyanide. The
semicircular diameter indicates the resistance level of the
electrode surface. The EIS plot estimates Rct values of 554.77,

39.967, and 11.789Ω for the bare SPE,WS2/SPE, andWS2/CS/
SPE, respectively.
The subsequent equation is known to acquire the charge

transfer rate constant (Ks) of diverse bare and modified
electrodes (eq 3)3

K n F CRT/ ARs
2 2

ct= (3)

where Ks is the charge transfer rate constant, n is the number of
electrons, R is the universal gas constant (8.314 J K−1 mol−1), T
is the room temperature (27 °C), F is the Faraday constant
(96500 C mol−1), A is the surface area of the electrode (cm2), C
is the ferri/ferrocyanide concentration (5 ×10−6 mol cm−3), and
Rct is the resistance for charge transfer. The charge transfer rate
constants for the bare SPE, WS2/SPE, and WS2/CS/SPE are
7.54 × 10−4, 7.98 × 10−3, and 2.18 ×10−2 cm s−1, respectively.
The WS2/CS/SPE exhibits the lowest resistance (Rct) in
comparison to the bare SPE and WS2/SPE, and a lower Rct
value of 11.789 Ω verifies the faster electron transfer mechanism
on the WS2/CS/SPE electrode. In electron transfer reactions, a
higherKs implies faster electron transfer, while a lowerKs implies
slower transfer. Hence, the reaction with higher Ks is faster and
more efficient in electron transfer. Thus, our modified electrode
has the highest electron transfer rate, which is suitable for
electrochemical sensing applications.
3.7.3. Scan Rate and Kinetics Analysis.The scan rate study is

carried out extending from 10 to 100 mV s−1, which is presented
in Figure 4a (the bare SPE scan rate plot is accessible as Figure
S6). The interfacial kinetics of the WS2/CS/SPE were identified
from the scan rate study owing to the altering scan rate. As
shown in Figure 4b, it has been found that the scan rate
fluctuates linearly with the anodic/oxidation (Ipa) and
cathodic/reduction (Ipc) current peak extents. A linear plot
between Ip vs υ1/2 was obtained, which gives information about

Figure 4. (a) Scan rate plot of theWS2/CS/SPE at different scanning rates with the inset of the calibration plot of theΔE vs square root of scan rate. (b)
Calibration scheme of the current values vs square root of scan rate. (c) DPV curves of WS2/CS/SPE with different concentrations of histamine (1−
100 μM). (d) Calibration scheme of DPV current vs different concentrations of histamine in PBS.
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the electron transfer by surface adsorption, i.e., an adsorption-
controlled process.60 From the reversible limit Epa − Epc (ΔE) =
57 mV, these chemical systems move over a whole zone. The
peak-to-peak separation (ΔE) is a key parameter for evaluating
the electrochemical properties of sensing materials. While peak
separations continue to extend from reversible to irreversible
(57−250 mV), they fall into a quasi-reversible range of 131 to
261mV, which is measured in the inset of Figure 4a (description
are provided in Table S1a,b).61,62

The Lavrion model63 is employed to evaluate the rate
constant for charge transfer (Ks) of the electrochemical reaction
(s−1) shown in eqs 4 and 5

m F K n(RT/ )( / )s= (4)

K mnF /RTs = (5)

Here, “υ” is the scan rate (50mV/s),m is a separation within a
peak (calculating the potential difference (ΔEp = Epc − Epa) at 50
mV/s), and “n”, “F”, “R”, and “T” have their usual meaning. By
employing the aforementioned values of standards, the Ks
assessed for the WS2/CS/SPE electrode is 0.395 s−1. The
surface concentration of the WS2/CS/SPE is conceivably
estimated by implementing the Brown−Anson model,64−67

which is as stated in the sequential equation (eq 6)

n F AIp 4RT/ 2 2= × (6)

Here, “γ” is the surface concentration of the WS2/CS/SPE
electrode (mol cm−2), “A” is the modified electrode’s surface
area (0.208 cm2), and “F”, “R”, “υ”, “n”, and “T” are mentioned
earlier. The surface concentration of the WS2/CS/SPE
electrode was determined to be 1.78 × 10−8 mol cm−2.
The Randels−Sevcik equation60 (eq 7) was used to estimate

the diffusion coefficient (D) of the WS2/CS/SPE electrode

D
nFAC

RT
nF

(
slope

0.4463
)0

2=
(7)

Here, “D” is the coefficient of diffusion (cm2 s−1), “A” is the
modified electrode surface area (0.208 cm2), “n”, “F”, “R”, and
“υ” have their usual meaning, “T” generally is the room
temperature (300 K), and “C0” is the analyte concentration
(concentration of the ferri-/ferrocyanide redox probe, which is 5
× 10−6 mol cm−3). The “D” value was obtained to be 1.03× 10−2

cm2 s−1.
3.7.4. DPV Sensing of Histamine on the WS2/CS/SPE

Electrode. The developed procedure has been shown to work
with histamine. Under ideal conditions, DPV tests were taken at
different concentrations of histamine solutions to estimate the
functionality of the sensor. There is a comparable linear behavior
among the DPV current estimates along with the histamine
concentrations as the histamine concentration increased, which
is displayed in Figure 4c,d with a linear regression coefficient
(R2) 0.98966. Histamine detection within linear ranges of 1−
100 μM was established by this proposed approach. The
electrochemical reaction at low histamine concentrations is
displayed in the region of linear association at histamine
concentrations extending up to 1−100 μM. At lower
concentrations of histamine (20 μM), the signal-to-noise ratio
results in ∼3:1. To assess this, the amplitude of the baseline
noise was approximated with the amplitude of transposition in
the signal from baseline, subsequently adding 20 μM histamine
to the solution.
The limit of detection (LoD) and sensitivity are 0.0844 μM

and 1.44 × 10−4 mA/μM cm2, respectively. The suggested
approach demonstrated improved sensitivity (lower detection
limits). The LoD is evaluated via eq 8

LoD 3SD/slope= (8)

Figure 5. (a) Response time, (b) reusability, and (c) stability analysis of the prepared WS2/CS/SPE electrode. (d) Bar graph of the interference study
of histamine and (e) bar graph of real sample analysis of histamine on the WS2/CS/SPE electrode in 50 mM PBS (consists of 0.9% NaCl) solution of
pH 7.5 comprising 5 mM ferri-/ferrocyanide as a redox couple at a scan rate of 50 mV s−1.
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where SD is the standard deviation of the sensing response and
also takes the slope of the calibration curve.
3.7.5. Response Time Study of Histamine on the WS2/CS/

SPE Electrode. The CV approach is used to estimate the
response time. To determine the response time, we introduce an
analyte to the PBS and begin measuring right away, within 0 and
45 s. The scan rate used in the response time investigation is 50
mV/s. The analyte’s interaction with electroactive species is
illustrated by a bar graph of response time versus current (mA)
shown in Figure 5a [matching CV curve in Figure S3a]. At 15 s,
we found maximum response in terms of current, and after that,
the current is almost stable up to 45 s (particularly available in
Table S2). From here, we affirm that at 15 s, maximal interaction
occurs, and there is a quick response observed during
electrochemical sensing of histamine.
3.7.6. Reusability and Stability of Histamine on the WS2/

CS/SPE Electrode. Reusability and stability of the sensor are
significant for studying the sensing behavior. During reusability
and stability analysis, we took data from CV at a 50 mV/s scan
rate. From the reusability bar graph, which is shown in Figure 5b
[corresponding CV curve in Figure S3b; details for reusability
are available in Table S3], we found that the sensor is reusable up
to 11 scans. The stability study was checked up to 60 days, but
we observed that after 45 days of study, there was a large
decrease in current. The electrode was stable from 25 to 45 days,
which is shown in Figure 5c [corresponding CV curve in Figure
S3c; details for stability are available in Table S4]. Table 1
presents the comparative study of fabricated WS2/CS/SPE
electrode histamine sensor parameters with those reported
previously.
3.7.7. Interference Study of Histamine on the WS2/CS/SPE

Electrode. To check the selectivity of the fabricated WS2/CS/
SPE electrode to facilitate and administer the effects of some
analytes that are also instant in blood including histamine, 50
μM histamine in PBS pH 7.5 with the accretion of distinct
interfering agents was utilized, denoted in the bar graph of
Figure 5d [corresponding CV curve in Figure S4a]. For the
interference study, we employed diverse amines as interfering
analytes like cysteine (20 μM), glycine (20 μM),methionine (20
μM), phenylalanine (20 μM), and tryptophan (20 μM). Still, it
was observed that the existence of these agents did not give rise
to any noteworthy interfering effect throughout the assessment
of histamine. There is 1 to 4% [relative standard deviation (%
RSD)] change detected in the current. Thus, the preparedWS2/
CS/SPE electrode recommends its applicable selectivity
concerning the concurrent verification of histamine in the
existence of various amines. The standards of oxidation peak

current were noted to decrease by 2.94, 3.27, 2.14, 3.16, and
2.67%, with the addition of cysteine, glycine, methionine,
phenylalanine, and tryptophan, respectively [the corresponding
table shown in Table S5]. The WS2/CS/SPE-modified electro-
des are accustomed to selectively govern histamine in the
presence of interferents, improve surface affinity for histamine,
optimize nanocomposite size and shape for proficient
adsorption of histamine, and quite control experimental terms
consistent with pH and temperature.
3.7.8. Real Sample Analysis of Histamine on the WS2/CS/

SPE Electrode. It is important to note that histamine levels vary
widely depending on the processing, storage contexts, and
specific type of food. Histamine widely exists in diverse food
items, particularly those that go through fermentation or aging
processes such as cheese (CH), tomato sauce (TS), tomato
ketchup (TK), soy sauce (SS), etc. Additionally, histamine
intolerance is a condition in which individuals are sensitive to
even low levels of histamine, leading to symptoms such as
headaches, hives, and gastrointestinal issues. People with
histamine intolerance must be cautious about consuming
foods high in histamine. The quantity of histamine in various
food samples indicates the freshness of the food sample. Here,
we demonstrate the histamine concentration in some real
samples and its calibration bar graph shown in Figure 5e [the
corresponding table shown in Table S6 as well as corresponding
CV curves in Figure S4b].

4. CONCLUSIONS
We presented an efficient method for synthesizing WS2
nanosheets. The SPE was fabricated through an effortless
drop-casting technique with WS2 and, after that, with CS. From
the scan rate analysis, we estimated that the Ks, γ, and D of the
WS2/CS/SPE electrode are 0.395 s−1, 1.78 × 10−8 mol cm−2,
and 1.03 × 10−2 cm2 s−1, respectively. The EIS plot estimates Rct
values of 554.77, 39.967, and 11.789 Ω for the bare SPE, WS2/
SPE, and WS2/CS/SPE, respectively. The charge transfer rate
constant calculated from EIS for the bare SPE, WS2/SPE, and
WS2/CS/SPE are 7.54 × 10−4, 7.98 × 10−3, and 2.18 × 10−2 cm
s−1, respectively. Through electrochemical studies, we demon-
strate the diverse biosensing aspects, particularly a response time
of 15 s, sensitivity of 1.44 × 10−4 mA/μM cm2, and LoD of
0.0844 μM. Furthermore, good response stability as well as
reproducibility were described, which attributed to reliable
histamine sensing. This research will pave the path for the
enhancement of histamine sensors through quick, safe, and
economical procedures with higher detection quality in the
future.

Table 1. Comparative Study of Fabricated WS2/CS/SPE Electrode Histamine Sensor Parameters Compared with Those
Reported Previouslya

method modified electrode detection range (μM) LoD (μM) sensitivity reference

CV DAO-CS-AuNPs/PB/MWCNTs/SPCE 2.5−125.0 μM and 125.0−400.0 μM 1.81 μM 68
CV GCE/CeO2-PANI/DAO 450−1050 μM 48.7 μM 724.94 μA/mM cm2 69
DPV Nafion-MWCNTs/GCE 0.5−10 μM, 20−200 μM 0.39 μM 52
DPV SWCNT/CPE 4.5−720 μM 1.26 μM 11
DPV MIP/L-cysteine/AuNPs/GCE 1−107 μM 0.6 μM 5
DPV WS2/CS/SPE 1−100 μM 0.0844 μM 1.44 × 10−4 mA/μM cm2 this work

aWhere DAO-CS-AuNPs/PB/MWCNTs/SPCE stands for diamine oxidase (DAO) chitosan-gold nanoparticles (CS-AuNPs)/Prussian blue (PB)/
multiwalled carbon nanotubes/screen-printed carbon electrode,68 GCE/CeO2-PANI/DAO stands for glassy carbon working electrode/CeO2-
polyaniline/diamine oxidase,69 Nafion-MWCNTs/GCE stands for Nafion-multiwalled carbon nanotubes/glassy carbon electrode,52 CPE means
carbon paste electrode, and MIP/L-cysteine/AuNPs/GCE refers to molecular imprinted polymer/L-cysteine/gold nanoparticles/glassy carbon
electrode.5
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(14) Kalac,̌ P.; Krí̌zěk, M. Formation of biogenic amines in four edible
mushroom species stored under different conditions. Food Chem. 1997,
58 (3), 233−236.
(15) Shalaby, A. R. Significance of biogenic amines to food safety and
human health. Food Res. Int. 1996, 29 (7), 675−690.
(16) Santos, M. H. S. Biogenic amines: their importance in foods. Int.
J. Food Microbiol. 1996, 29 (2−3), 213−231.
(17) Bodmer, S.; Imark, C.; Kneubühl, M. Biogenic amines in foods:
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