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Abstract: The growing demand for low-cost biosensors has stimulated the study of new
technologies and materials like molybdenum disulfide (MoSy). Due to its electroconductive
nature and high surface-to-volume ratio, it allows for the ultra-sensitive detection of
biomarkers. The crystal structure of MoS, provides it with a unique micrometer thickness,
making it appropriate for biosensing in healthcare, environmental monitoring, and food
safety. As compared to traditional materials, MoS, can work without labels (through
field-effect transduction or plasmonic shifts) while maintaining biocompatibility and low-
cost fabrication, which fill significant voids in the early diagnosis of diseases. This paper
provides an overview of the recent advancements in MoS,-based biosensors, which are
primarily focused on the field-effect transistors and surface plasmon resonance techniques
and fabrication methods for MoS;-based biosensors like mechanical exfoliation, liquid-
phase exfoliation, physical vapor deposition, chemical vapor deposition, and chemical
exfoliation, applications in various industries, and their characterization techniques to
evaluate the quality and functionality of MoS; nanosheets in biosensors. While certain
challenges remain like improving conductivity and scalability, MoS;-based biosensors serve
as a powerful tool for the precise and reliable detection of biomarkers in environmental,
food, and healthcare industries.

Keywords: MoS,; mechanical exfoliation; chemical exfoliation; liquid-phase exfoliation;
physical vapor deposition; chemical vapor deposition; biosensor

1. Introduction

The advancement of biosensing technologies has been considered a substantial growth
in various industries like healthcare, environment, and the food industry, and for the
early-stage detection and prevention of diseases. The increase in age-related problems
like Down syndrome, diabetes, and preeclampsia in mothers, which are highly related
to higher health risks for abnormalities, leads to the necessity of several diagnostic tests
for early detection [1]. Early and effective detection of pathogens and infectious agents
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that cause diseases is essential to ensure human health safety [2]. For instance, the second
most common reason for men’s death is cancer; more than 1.3 million men go through
prostate-specific antigen (PSA) blood serum testing, a new prostate cancer diagnosis which
is held every year. Though PSA testing has very low specificity and high false result rates,
it is important to identify new biomarkers that can help to detect prostate cancer in the
early stage accurately. Some of the recent developments made in the transition metal
dichalcogenide (TMDC), particularly MoS,, led to the measurement of biomarkers with
high sensitivity and specificity at a low cost of detection, employing both transistor-based
and surface plasmon resonance (SPR)-based biosensor approaches, which will be distinctly
outlined in this introduction [3]. Various techniques using two-dimensional biosensors for
detecting the bacteria are mentioned in the below study. One of the most powerful and
widely used techniques for biosensing and molecular interaction studies is surface plasmon
resonance (SPR), which relies on the interaction between the light and metal surface under
certain conditions [4]. It is used for the instantaneous identification of various biomarkers
without requiring labels. MoS; is a TMDC that has had a significant role in recent years
because of its unique properties, making it ideal for biosensing applications. MoS; belongs
to the class of 2D materials in which weak Van der Waals forces bind different individuals
exhibiting optoelectrical properties [5]. It consists of a layered architecture, which is
composed of a molybdenum atom embedded between two sulfur atoms. MoS; is known to
have a high surface area, which leads to strong interaction with the biomolecules and serves
as an important factor in enhancing the sensitivity of biosensors [6]. The unique features of
MoS, make it suitable for field-effect transistor-based biosensor applications and SPR-based
biosensing, enhancing its versatility. The MoS; architecture in these devices leads to the
reduction in scattering effects and helps in improving the signal consistency, which is a
major challenge faced in traditional methods. The unique features of MoS, make it suitable
for both field-effect transistor-based biosensor applications, reducing scattering effects
and improving signal consistency, and SPR-based biosensing, which has led to significant
growth compared to traditional methods [7]. MoS; has high sensitivity and helps in the
label-free detection of various diseases [8]. Particularly, MoS; is used as a channel material
to detect low concentrations of biological analytes. The biocompatibility of MoS; having
a high surface area allows efficient functionalization and enhancement of biomolecules
with the target substances. Technological advancements made in the Mo$S, field showed
promising results in detecting disease biomarkers [9]. The exceptional properties of MoS,
to detect biomolecules make it suitable for medical, environmental, and food industry
applications. However, the MoS;-based biosensors face some problems like restacking and
electrical conductivity, which can also be prevented with the help of dopants like conducting
polymers [10]. With an increase in research studies about MoS,-based biosensor studies,
their potential in diverse fields including healthcare, environmental monitoring, and food
safety tends to increase and provide a powerful platform for precise detection methods [11].
MoS;-based biosensors are fabricated using various techniques like mechanical exfoliation,
LPE, CVD, chemical exfoliation, and PVD and are characterized using different methods
like Raman spectroscopy, optical spectroscopy, transmission electron microscope (TEM),
scanning electron microscopy (SEM), and atomic force microscopy (AFM), which are
discussed below [12]. This study focuses on the recent advancements in high-performance
biosensing tools and provides a comprehensive overview of the fabrication techniques,
applications, and characterization techniques of two-dimensional MoS;-based materials
with various substrates.
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2. Materials and Methods
2.1. Mechanical Exfoliation

Mechanical exfoliation, which is often termed the Scotch tape method, is a technique
used to produce thin layers of the materials from their bulk crystals [13]. It is one of the
most powerful and efficient ways to produce the cleanest, highly crystalline, and atomically
thin high-quality nanosheets of layered MoS; [14]. The main purpose of this method is to
weaken the Van der Waals forces between the nanomaterial layers to peel the layers apart
with minimal effort [15].

In this process, high-quality bulk MoS; crystals are selected and Scotch tape is used
to peel thin layers from the bulk crystals as shown in Figure 1a. Now, the bulk MoS; is
stuck between two pieces of Scotch tape for a few seconds and then peeled off carefully to
avoid torn or uneven layers. The Scotch tape consisting of MoS; flakes is further folded and
peeled off multiple times, and the process is repeated using fresh pieces of tape to obtain
the thinnest layer possible as shown in Figure 1b. The next step involves transferring the
exfoliated MoS; layers from the Scotch tape to the substrate by simply pressing the Scotch
tape containing MoS, flakes onto the substrate and peeling it off carefully, leaving the
MoS; layers adhered to the substrate surface [16]. Next, the substrate undergoes a cleaning
process as there are chances of some residues from the Scotch tape when the flakes of MoS;
were transferred on the surface of a substrate; and for cleaning, mild solvents like acetone
are used, followed by rinsing with deionized water [17]. After cleaning, the substrate is
dried using gentle heating. Further, the exfoliated layer formed is examined according to
the required thickness, uniformity, and quality of layers [18].

A method to estimate the effectiveness of peeling off two-dimensional nanosheets
from the substrate without causing any fractures was proposed by Gao et al., which aimed
to upgrade the peeling procedure for peak performance and better supply [19]. Their
theoretical models were validated by comparing them using the coarse-grained molecular
dynamics (CGMDs) simulation results. The results concluded that peeling angle and
adhesive strength are the two most important terms for controlling the process of peeling.
Huang et al. suggested a technique for assisting the exfoliation of monolayered MoS,
from their bulk crystals, and it was mainly effective where exfoliation is difficult using
conventional methods [20]. Another method was developed by Hossain et al., who aimed
to develop label-free identification of cancer using mechanical exfoliation methods [21].
Bulk crystals of WSe;, which is a layered material, are taken, which also makes it possible
to separate these layers mechanically, which are later transferred to silicon or silicon
dioxide substrates. Various techniques were used to ensure the nature and thickness of
the exfoliated WSe; layers. Another efficient method was provided by Sozen et al. for
developing thin nanosheets of MoS,, using a unique rollup approach that creates excellent
flake density [22]. This nanosheet fabrication method presents a favorable approach for the
budget-friendly fabrication of ultrathin nanosheets while maintaining good optoelectronic
properties. Krawczyk et al. proposed the Scotch tape method to mechanically exfoliate
a thin layer of MoS, flakes from bulk MoS; crystals and further transfer the flakes on
a polished and undoped Si substrate [23]. In this study, relative Elastic-peak electron
Spectroscopy (EPES) measurements were used for evaluating inelastic-mean free path
(IMFEP) values in MoS, with different surface stoichiometries, whereas two other sources of
calculations including the Oswald et al. model and TPP-2M formula were also used for
the comparison, and it was observed that the calculations made using EPES were in good
agreement compared to the other two approaches. The SEM results showed that single
crystalline MoS; flakes exhibit high crystal quality and uniform thickness (see Appendix A,
Table Al for the summary of the studies of mechanical exfoliation).
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Figure 1. (a) Bulk crystals are stuck between two pieces of Scotch tape; (b) Scotch tape is peeled off
carefully, leaving flakes behind on both pieces of tape; (c) Another fresh piece of Scotch tape is taken;
(d) The Scotch tape obtained at the end with thinnest layer of flakes is stuck to the substrate and
(e) flakes are stuck to the surface of substrate.

The mechanical exfoliation process does not involve any kind of chemicals or chemical
reactions and is thus categorized as a non-destructive method. It is the simplest and most
affordable approach that is capable of reducing the thickness of bulk materials into thin
nanosheets. It provides the flexibility to transfer the exfoliated flakes onto a predefined
substrate [24]. Mo0S;-based biosensors can also be used as a good transducing material
because of their large surface area and surface-to-volume ratio [25]. It is the fastest method
used for obtaining 2D materials. However, it produces flakes having random thickness and
sizes, making it unsuitable for large-scale production [26]. Also, the peeling process leads
to a lot of wastage of the 2D material, which gets stuck on the tape instead of being used.

2.2. Liquid-Phase Exfoliation (LPE)

LPE is a technique used by dispersing bulk crystals in a liquid medium for producing
2D materials from the bulk lattice as shown in Figure 2. This method is particularly used
due to its ability to produce 2D and monolayer nanosheets in bulk in a low-cost and scalable
manner [27].
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Figure 2. Bubbles created using ultrasonic waves are used to generate high shear forces for separating
the layers from bulk material.

The first step is to select a solvent that can effectively participate in the exfoliation
process. The solvents that can be used involve N-methyl-2pyrrolidine (NMP), isopropanol,
and water with surfactants [28]. The most common solvent used is NMP but it has a slow
volatility rate, allowing more time for the exfoliation process to occur [29]. The second step
involved in this process is ultrasonication, in which bulk MoS; is dispersed in the chosen
solvent and ultrasonic waves are used to create cavitation bubbles which generate high
shear forces that separate the layers of the materials [30]. Further, centrifugation takes place,
in which unexfoliated materials and large particles are centrifugated, and the final step
involves the characterization of 2D materials using various techniques like TEM, which
will be discussed in the next section of this paper.

Research by Dong et al. concentrated on developing a novel approach for oil-water
separation using atomically thin MoS; nanosheets with the help of liquid exfoliation [31]. It
was noted that the special properties of MoS;-coated fabric, like exhibiting both underwater
and underoil superoleophobicity, make it highly effective for industrial and environmental
applications. Yin et al. aimed to develop an effective antibacterial agent by synthesizing
thin sheets of MoS; with the help of lysozyme-assisted LPE [32]. It was found that the
method used for functionalizing the nanosheets of MoS, resulted in good physiological
stability. A similar study for the production and patterning of high-quality 2D materials
was conducted by Witomska et al., highlighting the ability to tune the properties of two-
dimensional materials by manipulating their structure at the atomic level [33]. Li et al.
aimed to design a fine-tuned, antibody-free approach to investigate miR-499 with the help
of MoS, nanosheets combined with the CRISPR system [34] (see Appendix A, Table A2 for
the summary of the studies of Liquid-Phase Exfoliation).

LPE is capable of producing large quantities of 2D materials, which makes it suitable
for industrial applications [35]. It involves simple steps like sonication and centrifugation,
which can be implemented on a large scale [36]. LPE is cost-effective as compared to
chemical vapor deposition and micromechanical exfoliation; it does not require expensive
equipment or high-energy inputs [37]. It was found that a common LPE technique, i.e.,
long-term ultrasonic exfoliation, can introduce defects and make it difficult to control the
layer number and radial size of the exfoliated nanosheets [27]. The efficiency of exfolia-
tion highly depends on the sonication parameters such as time, power, and the type of
sonication equipment used. Despite the scalability, the yield of monolayer nanosheets
can be relatively low, and significant portions of the material may remain unexfoliated,
requiring further processing [38]. The main drawback of LPE, specifically when using NMP
as a solvent, is the presence of residues and aggregation at the interface of the exfoliated
MoS; flakes. This can affect the quality and properties of the MoS; films produced. In
order to solve this issue, various methods, such as the combination of NMP with weaker
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solvents like water or ethanol, can be used that may minimize residues while keeping dis-
persion stable, or stepwise centrifugations can be utilized to facilitate isolation of exfoliated
monolayers while separating unexfoliated bulk material. Alternatively, replacing NMP
with environment-friendly solvents like cyrene offers a more suitable approach without
compromising exfoliation efficiency [39].

2.3. Chemical Vapor Deposition (CVD)

CVD is a versatile technique that produces high-quality solid materials, such as thin
films of MoS,, by facilitating the chemical reaction of volatile precursors on a substrate
surface, as illustrated in Figure 3. This method leverages controlled decomposition and
deposition processes to achieve uniform and high-purity films. In this process, one or
more volatile precursors, such as sulfur and molybdenum trioxide (MoO3), undergo a
decomposition reaction or chemical reaction within a reaction chamber, depositing the
desired solid material, MoS,, onto a substrate. This is driven by thermal energy, plasma, or
other energy sources under controlled temperature and pressure conditions [40].

Substrate out)

»
Q
.y

Reaction
Chamber

Figure 3. Reaction takes place between precursors sulfur and MoOs.

3
*

The first step in this process is to clean and prepare the substrate to ensure a
contamination-free surface, which is essential to preserve the characteristics of the de-
posited film. The next step is to introduce volatile precursors like gases, vapors, or liquids
which can be vaporized easily into the reaction chamber. The precursors (sulfur and MoO3)
are transported to the substrate through the reaction chamber, carried by a carrier gas like
argon, hydrogen, or nitrogen. Upon reaching the substrate, the precursors get decomposed
using thermal energy, plasma, or other energy sources to form the desired solid material.

Ambient Pressure CVD (AP-CVD) was employed by Tummala et al. to synthesize thin
nanosheets of molybdenum disulfide, utilizing sulfur and molybdenum trioxide (MoOj3)
as precursor materials under atmospheric pressure conditions, which simplifies the setup
compared to low-pressure CVD while maintaining high-quality film growth [41]. The
temperature and position of precursors are precisely controlled using a two-zone furnace
setup, where distinct temperature gradients (e.g., 650 °C for MoO3 and 200-300 °C for
sulfur) ensure optimal reaction kinetics and uniform deposition of MoS; nanosheets. Their
findings recorded the importance and versatility of the AP-CVD method for producing
high-quality thin MoS; nanosheets. Another method for the growth of thin nanosheets
using CVD has been discussed by Tsigkourakos et al., in which two pieces of substrates are
taken and cleaned [42]. One piece of the substrate undergoes spin-coating with Na;MoO,
solution, and the other one is kept above the first substrate. This prepared substrate is placed
inside a quartz tube which is heated at 150 °C for 1 h along with sulfur in an alumina boat.
This process leads to the development of MoS; flakes on both substrates simultaneously.
Another study to develop MoS; directly on a silicon substrate was conducted by Ardahe
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et al. using the CVD method, which involved two main steps [43]. The first step included
cleaning the substrate and placing it on the furnace along with MoOs at a temperature
of 850 °C. The second step involved introducing sulfur vapor at around 200-300 °C to
react with MoQOg, facilitating the sulfidation process that forms MoS; layers directly on
the substrate, with reaction efficiency enhanced by precise temperature control. It was
recorded that at 750 °C, the films showed rectangular domains, whereas at 850 °C, the
films exhibited triangular and star-shaped grains. Pondick et al. conducted a systematic
investigation of CVD growth of MoS,, focusing on the effect of sulfur concentration, which
was found to critically influence the crystallinity, layer uniformity, and defect density
of the resulting films [44]. It was found that controlling sulfur vapor concentration is
crucial to achieving high-quality MoS, through the CVD process. In an investigation by
Li et al., the researchers employed CVD to grow thin films of edge-enriched 2D MoS,
with a nanoplatelet network structure. The researchers were successful in tailoring the
CVD parameters to create a high-porosity network of MoS,, where large platelets of MoS,
had small layered MoS; sheets perpendicular to them, which significantly increased the
number of edge sites within a given geometric area [45]. It was also identified that this
also leads to the rise of impedance and reduced current density. Their findings highlighted
the potential of their edge-enriched MoS, films for catalytic applications, particularly in
hydrogen production through water splitting (see Appendix A, Table A3 for the summary
of the studies of Chemical Vapor Deposition).

The CVD method is widely adopted in the semiconductor industry for producing
high-purity, high-performance materials, and its ability to synthesize large-area, uniform
MoS, films makes it particularly valuable for advanced biosensing applications. The MoS,
layers grown through the CVD process tend to have a higher growth rate [46]. The main
advantage of this technique is the growth of several MoS; nanosheets on the exfoliated
montmorillonite (MMT) [47]. The most significant advantage of this method is that the
same grown substrate can be used a couple of times in order to transfer the MoS; layers
efficiently to a specific mentioned area on the substrate [48,49]. However, it also comes
with some disadvantages, i.e., controlling the layer number of MoS; because according to
the existing reports, the maximum monolayer area of MoS; is 100 pm [50]. It also lacks in
periodic growth of material, restricting the growth of MoS; films on a large area [51].

2.4. Chemical Exfoliation

Chemical exfoliation is a technique used to convert bulk material into thin-layered
nanosheets [16]. In this process, the CVD method is used, in which MoS; and sulfur are
taken as precursors and MoS; nanostructures are grown directly on the substrate through
the CVD process, which results in MoS, with a high density of exposed edge sites, which
is important for catalytic activity [52], as shown in Figure 4. The next step is intercalation
with lithium, where the synthesized MoS, nanostructures are soaked in a solution of
n-butyllithium for a few hours [53]. The lithium ions present in the solution intercalate
between the MoS; layers, causing them to expand and weaken the Van der Waals forces
that hold the layers together [54]. Further, the lithium-intercalated MoS; is then exposed
to water, which causes a chemical reaction where lithium reacts with HyO to produce
H, gas [55]. The hydrogen gas generated is used to exfoliate MoS, into nanosheets by
separating the layers.
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Figure 4. Chemical exfoliation with the help of the CVD method.

Park et al. developed a near-infrared photodetector device with the help of chemically
exfoliated multilayered MoS, films, where some amount of MoS; was dissolved in 1.6 M of
butyllithium solution for about 48 h in a nitrogen-filled flask [56]. Further, ultrasonication
was performed for about 1 h, followed by centrifugation to remove all the excess unexfoli-
ated materials. The vacuum filtration method was used to create MoS, films on a silicon
substrate. An investigation by Vattikuti et al. focused on the synthetization of MoS,-based
nanosheets used for photocatalytic applications. In this study, MoS, nanosheets were
synthesized with the help of a one-pot hydrothermal method by exfoliating them in a
dimethylformamide solution [57]. The method presented by this study produced MoS,
nanosheets with enhanced photocatalytic performance, providing a promising material for
environmental applications such as pollutant degradation. The performance of a flexible
photodetector was investigated by Wei et al. based on a molybdenum disulfide and trioxide
mixture, where powder of MoS; was chemically exfoliated with the help of n-butyllithium.
The researchers were successful in manufacturing the flexible photodetector using a mix-
ture of MoS, and MoS3, resulting in a device with high quantum efficiency [58]. Zhu et al.
aimed to develop an effective method for the large-scale exfoliation of MoS, nanosheets.
The researchers introduced a novel organolithium reagent, pyrene lithium, which has a
redox potential well-matched between the intercalation (1.13 V) and decomposition (0.55 V)
potentials of bulk MoS,. This matching allowed precise Li* intercalation without causing
structural damage. The exfoliated nanosheets exhibit excellent quality and electrochemical
properties, making the method highly promising for large-scale production and practical
applications [30]. Sahoo et al. developed an environmentally friendly method to synthesize
few-layer MoS; nanosheets using acetone as a solvent, capitalizing on its unique properties
as a greener alternative to NMP. Thin nanosheets were prepared from bulk MoS, at various
initial concentrations (0.08 mg/mL, 0.12 mg/mL, 0.3 mg/mL, and 0.4 mg/mL) using an
ultrasonic bath. Although the study emphasizes the scalability of chemical exfoliation,
achieving a notably higher exfoliation rate of 3.816%/h compared to conventional LPE
methods, it does not clearly specify which concentration serves as the benchmark for com-
parison against traditional MoS, preparations. Furthermore, while the process is presented
as superior, no quantitative data are provided to support the performance comparison
with nanosheets exfoliated using sulfur dioxide or other conventional solvents [59]. By
adjusting the conditions of the chemical exfoliation process, such as the intercalation time
and concentration of reactants, it is possible to regulate the dimensions and thickness
of the exfoliated MoS, flakes [60]. Exfoliated MoS, nanosheets show significantly better
performance in comparison with the bulk MoS, [61]. While the yield is higher, the process
still requires considerable time to achieve significant exfoliation. Achieving consistent
results with chemical exfoliation is also challenging due to the sensitivity of the process to
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various parameters, such as temperature, concentration, and reaction time, which requires
careful optimization and control (see Appendix A, Table A4 for the summary of the studies
of Chemical Exfoliation).

Chemical exfoliation and CVD are two different ways of synthesizing 2D materials
such as MoS,. CVD utilizes gas-phase precursors reacting upon a substrate at high tem-
peratures (~700-1000 °C) to deposit high-quality, layer-by-layer films uniformly, making it
suitable for scalable, device-ready applications. Chemical exfoliation, in contrast, utilizes
liquid-phase reactions at low temperatures to fragment large crystals into nanosheets and
produces dispersed flakes for solution-based processing at higher defect densities. CVD
provides better crystallinity and thickness control, yet chemical exfoliation is faster, less
expensive, and suitable for the mass production of nanocomposites.

2.5. Physical Vapor Deposition (PVD)

PVD is another method for depositing thin films of a substance on a given sub-
strate [62]. Based on the extraction of particles, PVD is further classified into two types of
processes; for evaporation-based PVD, the material that is to be coated onto the substrate is
heated until vapors are formed, whereas in sputtering-based PVD, atoms are extracted from
the target material by forming ions from the plasma as shown in Figure 5 [63]. It occurs
under vacuum conditions, ensuring high-purity and high-performance deposition of thin
films. The initial phase in this process is cleaning the substrate to avoid contamination.
Further, the vaporized atoms condense on the substrate surface, forming a thin film. In
sputtering-based PVD, a high-voltage electric field, typically ranging from 200 to 1000 V, is
applied to generate a plasma. The positively charged ions from the plasma bombard the
target material, causing atoms to be ejected and deposited onto the substrate.

Vacuum
Chamber

Gas “—Substrate

Inlet
Particles

“— Plasma

1 Vacuum

I\ —_—
Evaporation
Seurce I\ System

tabedidid ihadab

Vacuum

Chamber
Gas 'e— “—~ Substrate
Inlet p— Power
Particles Supply
+—Plasma
—

+ Vacuum

| 7 —
Evaporation | / System

Seuree NI/ Target

Figure 5. (Top) Evaporation-based physical vapor deposition; (Bottom) Sputtering-based physical
vapor deposition.
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Majid et al. used PVD to synthesize copper-doped and undoped thin films of tin
sulfide [64]. Their findings showed that doping the thin films of SnS with copper leads to
the alteration of certain properties. In research conducted by Dong et al., the PVD process
is used to enhance the wear and oxidation resistance of MoS; films by introducing the
nanoparticles of Cr3Oy. The study enhances the tribological properties like lower friction
and better wear resistance, hence making them more suitable for applications requiring
lubrication in variable environments [65]. Uniyal et al. fabricated a biosensor which is
based on the bimetallic layers of Ag and MoS; [66]. The biosensor was fabricated on the
BK7 prism base, and a layer of Ag was deposited on the BK7 base using the PVD method,
followed by the formation of other layers using the CVD method. The authors revealed that
the proposed biosensor tends to have much better sensitivity than the other conventional
structures. Roy et al. employed a method to detect uric acid in human blood using MoS,
along with some nanocomposites of cobalt on a copper substrate with the help of the PVD
approach [67]. It was recorded that the fabricated device has improved sensitivity, a long
shelf life of about six months, and high specificity, which makes it suitable for real-time
clinical applications. Ono et al. employed the PVD method to elucidate the process of film
formation (see Appendix A, Table A5 for the summary of the studies of Physical Vapor
Deposition). The study showed that the challenges faced in traditional methods like CVD
and exfoliation were overcome by the PVD method [68].

The PVD technique is widely used in industrial applications like drilling, milling, and
welding tools. This method has a controllable coating composition with an environment-
friendly nature. The coatings of PVD are used as a barrier between the metal and the
environment to avoid corrosion and protect the substrate’s surface [69]. The PVD setup
based on a vacuum chamber is relatively cheap and includes no expensive electronic units,
whereas the commercial PVD setups are very expensive and not available for small labs and
student education centers [70]. This approach ensures faster coatings while maintaining
the quality of the material [71]. This technique involves high temperatures for deposition
to take place, which can restrict the use of substrates sensitive to high temperatures. PVD
is also line-of-sight, leading to non-homogeneous coating for complex geometries or three-
dimensional shapes without multiple rotations. Furthermore, PVD’s material choice is
also restricted, some alloys or non-metallic compounds being hard to sputter or evaporate.
Inadequate adhesion in some substrates in the absence of extensive surface pretreatment
can further restrict its use.

3. Applications of Mo0S,-Based Biosensors
3.1. Cancer Detection Studies

Early detection of cancer minimizes the death rate to a great extent. MoS;-based
sensors are highly effective in detecting and treating cancer due to their unique properties,
like high surface area, as shown in Table 1 [72]. These properties of biosensors help
them in adsorbing the molecules of drugs, leading to an improvement in the specificity.
Optical biosensors dominate over the other biomedical instruments like enzyme-linked
immunosorbent assays (ELISAs), PCR, and electrochemical sensors in detecting such
diseases with high accuracy because of properties like its high sensitivity and speed
of light. The speed of light property is crucial because it enables instantaneous signal
transmission, allowing immediate tracking of biomarker interactions without delays. On
the contrary, other instruments, such as ELISA, take hours to produce outputs, and PCR
requires cumbersome sample preparation. Light-matter interactions (e.g., plasmonics and
photoluminescence shifts) in optical biosensors quantify trace changes in biomarkers at
high resolution and can be effectively used to diagnose cancer in its preliminary stage.
These sensors are the composition of SnSe allotropes and the heterostructure of MoS,. One
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such study based on optical biosensors was conducted by Hossain et al., who investigated
a five-layered SPR biosensor using MoS,, which is capable of identifying various cancerous
cells, such as breast cancer and blood cancer [73]. SPR biosensors are based on the principle
of attenuated total reflection (ATR). The sensor has five layers coupling with a prism at the
end, which is reliable for wave vector matching (WVM), a crucial step for SPR condition
to occur. This MoS;-based biosensor is typically based on the Kretschmann configuration,
which is an optical setup where light passes through a prism to excite surface plasmons at a
thin metal film interface. It relies on total internal reflection to generate an evanescent wave
that couples with the metal’s electrons at a resonant angle and can easily detect the changes
with high sensitivity. Mukundan et al. developed an MoS,-based biosensor to locate lung
cancer cell types, leading to a significant reduction in long waiting times for cancer detection
in hospitals [74]. N-type MoS, were grown by the CVD process and a thin film of p-type
CuO was grown. The crystal-based structure of the MoS; flakes grown was examined
using the TEM technique. The MoS;-grown flakes underwent preliminary processing,
shifting the sample onto a CuyO thin coating to form the overall p-n junction. Glutathione
(GSH) emerged as a crucial biomarker for detecting cancer and various other diseases. A
study conducted by Rawat et al. developed an MoS;-based electrochemical sensor that
focused on the highly selective detection of GSH, which was fabricated with the help of
standard semiconductor processing techniques. The Glutathione-S-Transferase (GST) was
anchored on the surface of MoS; and GSH was determined by the electrochemical activity
of GSH and CDNB in the presence of GST. The study claimed that the MoS,-based sensor
exhibits excellent stability and repeatability, making it suitable for cancer diagnosis and
quantification [75]. Sri et al. fabricated an MoS;,-based nanosensor to detect Tumor Necrosis
Factor (TNF) in cancer patients using the electrophoretic deposition method. The biosensor
was fabricated by using the electrophoretic deposition technique on a glass substrate coated
with Indium Tin oxide. TNF serves as a critical factor in apoptosis and cancer and it was
the first biosensor fabricated to detect TNF in cancer patients [76]. The study also proved
that MoS, is a favorable material for the manufacturing of this biosensor due to its 3D
structure and high surface area.

Table 1. Studies of cancer-based applications.

S. No

Author Name

Publication Year Findings/Results

[73]

Investigated a five-layered surface plasmon resonance (SPR) biosensor
using MoS,, which is capable of detecting different types of cancerous
cells, such as breast cancer and blood cancer. The sensor has five layers
coupling with a prism at the end which is responsible for wave vector
matching, a crucial step for SPR condition to occur. The thickness of
the Ag layer present in the sensor determines the performance of the
designed biosensor. This MoS;-based biosensor is typically based on
Kretschmann configuration and can easily detect the changes in the
concentration of biomolecules with high sensitivity, thus enabling the
early-stage detection of cancer.

2022

[74]

An MoS;-based biosensor was developed to detect lung cancer cell
types in hydroplegia, leading to a significant reduction in long waiting
times for cancer detection in hospitals. In this study, n-type MoS; were

grown through a CVD process and a thin film of p-type Cu,O was

2022 grown using electrochemical deposition. The crystal structure of the
MoS, flakes grown is analyzed using the TEM technique. The
MoS,-grown flakes undergo preliminary processing where the sample
is transferred onto a Cu,O thin film to complete the p-n
heterogeneous structure.
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Table 1. Cont.

S.No Author Name Publication Year

Findings/Results

MoS;-based electrochemical sensor was fabricated, which focused on
the highly selective detection of GSH and the quantification of GSH
concentration for investigating the perspective of biopsy-free cancer

detection. The fabrication of the sensor was completed using standard

semiconductor processing techniques. The Glutathione-S-Transferase
(GST) was immobilized on the surface of MoS, and GSH was
determined by the electrochemical activity of GSH and CDNB in the
presence of GST. The study claimed that the MoS;-based sensor
exhibits excellent stability and repeatability, making it suitable for
cancer diagnosis and quantification.

An MoS,-based nanosensor was fabricated to detect Tumor Necrosis
Factor (TNF) in cancer patients using the electrophoretic deposition
method. TNF played an important role in apoptosis and cancer and

this was the first biosensor fabricated to detect TNF in cancer patients.

The study also proved that MoS; is a promising material for the
fabrication of this biosensor because of its 3D structure and high
surface area.

MoS;-based fluorescence sensor was developed for the early-stage
detection of tumors in women'’s breasts. The fabricated biosensor
tends to have high sensitivity, efficiency, fast analysis, and low cost,
making it suitable for miR-21 detection in breast cancer patients. In
this study, MoS, contacts a fluorescent dye-labeled DNA probe for
fabricating a fluorescence sensor and is further followed by a
DNA-miRNA hybridization process. The miR-21 is detected by
monitoring the change in fluorescence signal before and after the
process of DNA-miRNA hybridization.

Another study for the detection of cancer cells using an MoS,
biosensor based on Chalcogenide MoS, Au-Ag nanocomposites was
provided, which has higher sensitivity and satisfactory repeatability
and stability. MoS, was successfully synthesized and proved to be a

potential application value to improve electrochemical detection
performance. The peaks of Au and Ag confirmed the successful
electrodeposition of two metals on the MoS,-modified electrode. The
components of MoS;-Au-Ag were studied and analyzed using energy
dispersive spectroscopy (EDS). The results of the study claimed that
the modified glass carbon electrode has high sensitivity and the
structure and morphology of the fabricated sensor were investigated
by TEM.

3. [75] 2020
4. [76] 2022
5. [77] 2018
6. [78] 2020
7. [79] 2023

A biosensor was fabricated using MoS; for detecting and analyzing
the level of cancer in lung cancer cells, where a high-temperature
furnace tube system was used for the formation of MoS, thin films on
solar silicon substrates with the help of CVD technique. It is the
quickest method to provide the most accurate analytical information,
where a thin layer of MoS, is grown on a light-absorbing layered
substrate of silicon with the help of CVD method. Their results
showed that the fabricated device was improved by 38% in
comparison with the already existing devices when a layer of MoS;
was added to the photoelectrochemical signal; and the larger the
number of cancer cells measured, the greater the photocurrent.
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[80]

A photoelectrochemical biosensing chip based on MoS; was
developed to achieve better sensitivity through a straight

interdigitated zigzag electrode. There are two primary procedures for

the experiment to occur; generating the electron-hole pairs by the
2024 photoelectric effect is the initial step and the second step involves the

occurrence of an electrochemical reaction between the electron-hole

pairs and samples produced by the photoelectric effect. Research was

also conducted to examine the correlation between the number of

modified cells and the photocurrent.

[81]

MoS; was employed as a tunable electrochemical biosensor for the

detection of cancer biomarkers. It was observed that the cancer
biomarkers discovered till now tend to exist in blood, tears, urine, oral
fluids, and other tissues. The feature of MoS; to stimulate the enzymes
2023 for the changing the substrate color is used for the detection of cancer

biomarkers. The study also claimed that the process involved is

low-cost, simple, and has high sensitivity and faster speed as
compared to the other traditional methods used for cancer
biomarker detection.

10.

[82]

Tumour-targeted chemo-photodynamic combination therapy was used
to develop a multifunctional nanoplatform for targeted cancer therapy.
The platform developed in the study consisted of upconversion
2022 nanoparticles combined with MoS; quantum dots. The main aim of
the study was to develop multifunctional nanoplatforms for
improving the precision and efficacy in cancer treatments by
minimizing the side effects.

An MoS;-based fluorescence sensor was formed by Cai et al. to find tumors in women’s
breasts for the initial diagnosis [77]. The miR-21 is one of the most important biomarkers
for the early-stage diagnosis of breast cancer. The fabricated device tends to have high
sensitivity and efficiency, and is less expensive, thus making it favorable for miR-21 location
in breast cancer patients. In this study, MoS, contacts a DNA probe for fabrication, which
is further followed by a DNA-miRNA hybridization process. Another study was provided
by Hu et al. using an MoS; biosensor based on Chalcogenide MoS, Au-Ag nanocompos-
ites having higher sensitivity and satisfactory repeatability and stability [78]. MoS; was
successfully synthesized and proved to be a valuable material to improve the detection
performance. The peaks of silver and gold established the effective electrodeposition of
metals on the MoS,-modified connector. The components of MoS;-Au-Ag were studied
and analyzed using energy dispersive spectroscopy (EDS). The results of the study claimed
that the modified glass carbon electrode has high sensitivity and the framework of the fab-
ricated sensor was investigated by TEM. Peng et al. aimed to develop a highly sensitive but
cost-effective approach for the detection of PD-1—a checkpoint regulator related to cancer
immune evasion. The sensor was fabricated using MoS; nanosheets as the quenching agent
and nanofiber paper was used as a substrate for the immunosensor. The fabricated sensor is
cost-effective, portable, and exhibits excellent quenching efficiency and excellent selectivity
with its practical applicability in clinical applications [79]. Another study was conducted by
Lai et al. using a photoelectrochemical biosensing chip based on MoS,, aiming to achieve
better sensitivity through a straight interdigitated zigzag electrode and growing an MoS,
layer on a silicon-based substrate using the CVD method [80]. The experiment is mainly
divided into two parts: fabrication (including three sub-parts: electrode fabrication, cell
culture, and MoS; growth) and measurement, where a p-type substrate of thickness about



Biosensors 2025, 15, 371

14 of 47

200 pum was used. The N-type substrate was used as a base substrate on which MoS, was
grown. There are two primary procedures for the experiment to occur; generating the
electron—hole pairs by the photoelectric effect is the initial step and the second step involves
the occurrence of an electrochemical reaction between the electron-hole pairs and samples
produced by the photoelectric effect. Research was also conducted to examine the corre-
lation between the number of modified cells and the photocurrent. Qin et al. conducted
a study to identify several biomarkers by employing MoS, as a tunable electrochemical
biosensor. The feature of MoS; to stimulate the enzymes for changing the substrate color is
used to determine cancer biomarkers. The study also claimed that the process involved
is low-cost, simple, and has high sensitivity and faster speed as compared to the other
traditional methods used for cancer biomarker detection [81]. Another study for tumor
therapy was conducted by Cao et al., aiming to develop a multifunctional nanoplatform for
targeted cancer therapy. The platform developed in the study consisted of upconversion
nanoparticles combined with MoS, quantum dots. The motive was to develop multifunc-
tional nanoplatforms for improving the precision and efficacy of cancer treatments by
minimizing the side effects [82]. Enzyme-based nanosensors like ZIF@HAgel-GOx leverage
metabolic pathways for cancer therapy, but MoS; biosensors offer superior capabilities. Un-
like enzyme systems that are limited by stability issues and specific metabolic targets, MoS,
biosensors provide exceptional versatility, enabling ultrasensitive, multimodal detection of
diverse cancer biomarkers through electrical, optical, and plasmonic sensing mechanisms.

The integration of MoS, in biosensing technology constitutes a revolutionary step
in early cancer detection, providing an exclusive combination of chemical, electrical, and
optical properties that make it immensely appealing for use in biomedical applications. One
of the most significant benefits lies in its high surface area-to-volume ratio, which supports
high drug-loading rates with better interaction with biomolecules. This aspect ensures that
even trace levels of cancer biomarkers can be easily captured and sensed, which is pivotal
for early detection. Apart from this, MoS; also boasts exceptional photoluminescence and
plasmonics, which make it an attractive option for optical biosensors that demand high
sensitivity and real-time detection features. Its tunable electronic bandgap also enables
scientists to design it for different configurations of sensors, i.e., electrochemical, fluores-
cence, or photoelectrochemical biosensors. While these attributes make MoS; an exciting
material for use in sensors, it is equally important to examine its limitations. One of its
major drawbacks is that it is generally difficult to produce reproducible and homogeneous
synthesis of MoS; nanosheets, which was achieved by taking up methodologies such as
CVD. The thickness of layers, direction of crystalline structure, or purity differences may
lead to deviations in the performance of sensors. Other than that, although MoS, allows for
good biocompatibility, minimal study of long-term toxicity behaviors and biodegradation
has been carried out, which causes concern for its safe integration with medical practices.
Apart from that, though MoS, is renowned for multifunctional sensory functionality, the
integration of these capabilities in a miniaturized, portable, and affordable system still
remains an outstanding problem in design.

3.2. Medical Industry Studies

MoS; has various applications in the field of the medical industry and employing
MoS,-based sensors in the medical field instead of traditional methods is rapidly increas-
ing due to its distinct properties like biocompatibility, high sensitivity, and selectivity as
shown in Table 2 [83]. A study by Rehman et al. investigated dual modification of h-MoS,
nanosheets with electrodeposited nickel nanoparticles (NiNPs) for simultaneous biosens-
ing of uric acid (UA) and dopamine (DA). They highlighted an easy ultrasonic method of
synthesis of h-MoS; from a bulk of MoS, with subsequent electrodeposition of NiNPs over
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glassy carbon electrode (GCE). The prepared GCE electrochemical sensor showed high
sensitivity and selectivity, attributed to synergistic effects between 2D material and metal
nanoparticles. Cyclic voltammetry (CV), differential pulse voltammetry (DPV), and elec-
trochemical impedance spectroscopy (EIS) characterization confirmed improved sensing
performance. Low detection limits of 7.3 pM and 2.1 pM for UA and DA, respectively, were
achieved by the sensor, with impressive anti-interference capability even in the presence of
interfering substances like glucose and ascorbic acid. Thus, it serves as a promising small-
molecule detection platform for use in clinical diagnosis [84]. Another study conducted by
Campos et al. investigated the MoS, nanomaterials exhibiting excellent absorption in the
near-infrared window, making them suitable for controlled drug release, which enhances
the accumulation of drugs at the tumor site by minimizing the side effects on the healthy
tissues [85]. The preparation of MoS;-based nanosheets was completed using the LPE
method, followed by intercalation with PVP. Further, ultrasonication was performed for
about 6 h, ensuring effective penetration and interaction with cells for retaining necessary
photothermal properties. Nurrohman et al. claimed that MoS,-based biosensors are highly
effective in photothermal therapy where near-infrared light is converted to heat for induc-
ing localized thermal ablation of cancer cells and tissues. These sensors are also capable
of detecting biological molecules and other analytes, making them valuable for medical
industries [86]. Most diseases progress due to changes in biomolecules such as proteins,
DNA, and uric acid, which require timely detection for effective diagnosis and treatment.
This early recognition is possible with the help of MoS;-based biosensors. Meng et al.
discussed the progress that has been made in TMDCs for medical examinations, detection
of enzymes, and other biological molecules. In this method, a special CVD method has
been applied in the synthesization of two-dimensional TMDCs, where the precursors are
passed through a furnace as a gas and react at a very high temperature with the carrier gas
to form a substrate layer [87].

Table 2. Studies of medical industry-based applications.

S.No Author Name Publication Year Findings/Results

The study claimed that two-dimensional MoS, nanosheets can also be
used in drug delivery vehicles because of their planar structure and high
surface-area-to-volume ratio. The author highlighted the importance of

CVD in the deposition of thin films with excellent uniformity, and
conformality. In the study, MoS, nanosheets provided a versatile
platform for drug delivery and the research focused more on the

synthesization and functionalization of thin nanosheets to improve their
drug-loading capacity, stability, and targeting efficiency. Also,
nanosheets are being used for the electrochemical detection of glucose
and dopamine because of their high sensitivity.

1. [84] 2019

The study showed that the MoS; nanomaterials exhibit excellent
absorption in the near-infrared window, making them suitable for
controlled drug release, which enhances the accumulation of drugs at
the tumor site by minimizing the side effects on the healthy tissues.

2. [85] 2024

The study claimed that MoS,-based biosensors are highly effective in
photothermal therapy in which near-infrared light is converted to heat
3. [86] 2020 for inducing localized thermal ablation of cancer cells and tissues. These
sensors are also capable of detecting biological molecules and other
analytes, making them valuable for medical industries.
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In the study, the progress that has been made in TMDCs for medical
examinations is dicussed for the detection of enzymes and other
biological molecules. In this method, a special CVD method is applied
4. [87] 2021 in the synthesization of two-dimensional TMDCs, where the precursors
containing transition metal elements pass through a furnace as gas, and
react at a very high temperature with the carrier gas to form a layer on
the substrate.

The DNA of chikungunya virus was detected using thin-layered MoS;
nanosheets based on disposable biosensors. The proposed biosensor
exhibited a maximum range of 100 uM and a minimum range of 0.1 nM
towards the chinkungunya virus DNA. The fabricated sensor possesses
less response time, high linearity, and economic feasibility, which make
it useful for miniature applications. The selectivity of the biosensor was

5. [88] 2018 investigated by comparing the current response obtained from
PDNA /MoS;NSs and TDNA /MoS;NSs with non-complimentary DNA.
The comparative study showed that the response of PDNA is nearly
equal to that of non-complimentary DNA. Also, the selectivity of the
sensor was determined by keeping the concentration of the
non-complementary nucleotide sample three orders higher than that of
the complementary sample.

A highly sensitive biosensor was developed using MoS; films for the
detection of trisomy 21 syndrome DNA. The CVD technique was used
to grow the MoS; film on the silicon or silicon dioxide substrate. The
researchers claimed that the developed biosensor has a wide range of
applications in the medical field like detecting chromosome 21 in blood

6. [89] 2019 samples of pregnant women, and because of their low cost and high
sensitivity, they are suitable for large-scale applications in the medical
industry. The fabricated sensor could detect DNA even at extremely low
concentrations, with a detection limit under 100 aM, and provides a high
response rate with high sensitivity and high specificity in detecting DNA
sequences, making the sensor effective for Down syndrome detection.

An MoS,-based biosensor was fabricated and optimized for the

detection of Tau protein, which is very crucial for the early-stage
detection of Alzheimer’s disease. The study aimed to provide four

different biofunctionalization methods to enhance the performance of
7. [90] 2024 biosensors. It was recorded that the fabricated sensor exhibited high
sensitivity for the detection of Tau protein. The performance of the
biosensor was dependent on the four different methods of
biofunctionalization, which is also responsible for enhancing the
sensitivity and specificity of the fabricated biosensor.

A label-free electrochemical biosensor was developed to detect
Escherichia coli with high sensitivity and high selectivity. The
hydrothermal technique was used for the synthesization of MoS, by
combining it with PANI using in situ oxidative polymerization and
fabricating the sensor on the glassy carbon electrode. The sensor was
fabricated by combining AuNPs, PANI, and MoS; using the green
8. [91] 2021 hydrothermal method, followed by situ oxidative polymerization for

enhancing the electrical conductivity and surface area, and the chemical
reduction method for improving the sensitivity of the biosensor. The
study claimed that the sensor exhibited high sensitivity and selectivity
with a low detection limit, making it a promising material for early
detection of the pathogen in clinical, food, and
environmental monitoring.
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[92]

The study aimed to develop an MoS;-based microfluid biosensor for the
immune detection of Toxoplasma gondii by fusing single-mode fiber
with the thin-core fiber using arc discharging and flame heating. The

study focused on developing a microfluid biosensor based on MoS; for

the detection of Toxoplasma gondii, a zoonotic parasite. The developed
biosensor showed excellent properties, proving its potential applications
in biomedical fields to detect Toxoplasma gondii, with a detection range
from 1 pg/mL to 10 ng/mL, and a limit of detection as low as 87 fg/mL.

2023

10.

[93]

Garcia et al. provided a study highlighting different nanomaterials and
their potential applications in advance sensing technologies. The study
2023 focused on the development of water purification systems for the
removal of pollutants, detection of food contaminants, and monitoring
of crop health.

The DNA of the chikungunya virus was detected by Singhal et al. using thin-layered
MoS; nanosheets based on disposable biosensors. The researchers claimed that the study is
the first electrochemical detection approach for detecting chikungunya virus DNA. The
proposed biosensor exhibited a maximum range of 100 um and a minimum range of 0.1 nm
towards the chikungunya virus DNA. The sensor was fabricated using screen-print ter-
minals, which are proficient for the probe DNA binding. The fabricated sensor possesses
unique properties like high linearity and economic feasibility which make it useful for
miniature applications. The comparative study showed that the response of PDNA is nearly
equal to that of non-complimentary DNA [88]. Liu et al. proposed a study to develop
a highly sensitive field-effect transistor (FET) using MoS, films for identifying trisomy
21 syndrome DNA. The CVD technique was used to grow the MoS; film on the silicon or sil-
icon dioxide substrate. The researchers claimed that the developed biosensor is applicable
because of its low cost and high sensitivity, and that it is suitable for large-scale applications
in the medical industry. The fabricated sensor could detect DNA even at extremely low con-
centrations, with detection limits under 100 aM, and provides a high response rate with high
sensitivity and high specificity in detecting DNA sequences, making the sensor effective
for Down syndrome detection. This approach offers an early, accurate, and cost-effective
alternative to the traditional methods used [89]. Wen et al. fabricated and optimized an
MoS,-based FET biosensor for the detection of Tau protein, which is very crucial for the
preliminary detection of Alzheimer’s disease. The detection of Tau protein in blood is
challenging with traditional methods and thus requires a novel, sensitive detection method.
This study aims to provide four different biofunctionalization methods to enhance the
performance of biosensors: No linking molecule (direct adsorption of antibodies on MoS;
surfaces), PASE-stacking (PASE is used as a linking molecule bound to the surface of MoS;),
APTES-GA covalent bonding (covalent bonds are formed between the surfaces of MoS),
and Oxygen Plasma Pretreatment (MoS; is pretreated with oxygen plasma). The nanofilms
of MoS, produced by the mechanical exfoliation technique were deposited on the silicon
substrate. The performance of the biosensor was dependent on the four different methods
of biofunctionalization [90]. A label-free electrochemical biosensor was established by Raj
et al., aiming to identify escherichia coli. The hydrothermal technique was used for the
synthesization of MoS; by combining it with PANI using in situ oxidative polymerization
and fabricating the sensor on the glassy carbon electrode [91]. The sensor was fabricated by
combining AuNPs, PANI, and MoS, using the green hydrothermal method, followed by
situ oxidative polymerization for enhancing the electrical conductivity and surface area,
and the chemical reduction method to improve the sensitivity. The fabricated sensor was
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practically tested by analyzing the urine samples for clinical use and serving public health
and food safety. The study claimed that the sensor exhibited unique properties with low
detection limits, making it a promising material for early detection of the pathogen in
clinical, food, and environmental monitoring. Chen et al. aimed to develop an MoS;-based
microfluid biosensor for the immune detection of Toxoplasma gondii, a zoonotic parasite.
The developed biosensor showed excellent properties, proving its potential applications
in biomedical fields to detect toxoplasma gondii, and having a good detection range [92].
The researchers claimed that the novel approach to integrate TCMF with MoS, enhanced
the biosensing performance of the sensor and the sensor’s specificity was also confirmed
against other viruses. Garcia et al. provided a study highlighting different nanomaterials
and their potential applications in advanced sensing technologies. The study focused on
the development of water purification systems for the removal of pollutants, detection of
food contaminants, and monitoring of crop health [93]. However, while silicon nanowire
(SINW) field-effect transistors are widely used for label-free detection of biomarkers, MoS;-
based biosensors demonstrate superior performance in medical diagnostics. Unlike SiNWs,
which suffer from surface oxidation and limited sensitivity in physiological fluids, MoS;’s
atomic thickness and high surface-to-volume ratio enable the detection of biomarkers even
in complex biofluids.

MoS; has become an effective and multifunctional material for medical diagnostics
and therapeutics due to its inherent physicochemical properties, particularly because it
is biocompatible and atomically layered, with an extremely large surface area. It is an
optimum material to interact with biomolecules such as DNA, proteins, enzymes, and
small-sized metabolites. One of the greatest properties of MoS, sensors is that they are
extremely sensitive and selective, which allows for ultra-low disease biomarker detection.
This is particularly important for early detection, especially in complex diseases like cancer
and Alzheimer’s disease, or genetic diseases like trisomy 21. FET and electrochemical
sensors based on MoS; have exhibited steady performance in biomarker detection at sub-
attomolar levels, a sensitivity that conventional techniques hardly attain. The tunability of
MoS; also facilitates functionalization with selected targets so that MoS, can be a highly
versatile sensor material. Processes like CVD and exfoliation provide fairly controlled syn-
thesis routes for MoS, with resulting thin films and nanosheets suitable for integration with
devices. Optical properties like significant near-infrared absorption make MoS; suitable for
photothermal cancer therapy and drug delivery with controlled release. Photo-heat conver-
sion capability permits ablation of cancer tissue by concentrating heat without damaging
normal cells, eliminating chemotherapy- or radiation-induced side effects. These advanta-
geous properties are compounded by affordability and bendable substrate compatibility,
all good qualities that are appropriate for point-of-care and wearability diagnostics. These
advantageous properties, however, have some drawbacks. One such drawback is synthesis
and functionalization. While high-quality MoS, can be supplied by CVD, the process is not
optimized for economy or for scaling up to large production.

3.3. Food Industry Studies

The development and advancements of MoS;-based biosensors have led to various
emerging applications in food and bioscience as shown in Table 3. Li et al. provided
a study on the importance of biosensors based on two-dimensional materials for food
safety. It was noticed that nitrite content was rapidly increasing in crops because of an
increase in inorganic fertilizers sprayed in the fields. However, the nitrite content tends to
enter the human body along with the food products, which converts the hemoglobin into
methemoglobin and hence disrupts the oxygen delivery system in the human body, making
it crucial to detect and control the nitrite content effectively. Therefore, two-dimensional-
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based biosensors play a vital role in food safety and biomolecular detection [94]. Another
study for the detection of synthetic colors in food samples was conducted by Jahani et al.,
aiming to reduce the side effects of artificial colors in humans. The main goal of this
study was to synthesize MoS;-based biosensors for modifying the electrodes to identify
sunset yellow FCF synthetic food dye in food samples, and this MoS,-based biosensor was
successfully implemented to detect FCF in real-life samples [95]. Nehru et al. proposed
an MoS,-based sensor grown on g-C3sNy nanotubes to determine vanillin (VNN) in food
samples using the hydrothermal method. Vanillin is an artificial flavoring agent used in
perfumes, food products, and beverages, and is beneficial when used in limited quantities.
However, the overdose of VN is hazardous and needs to be detected using a cost-effective g-
C3Ny4-grown nanotubes approach. The proposed method used for the detection of vanillin
in food samples proves to be a very cost-effective and more attractive strategy for food
additive detection [96]. Lin et al. demonstrated an approach for detecting terbutaline
sulfate in food samples that were characterized later using techniques like TEM and SEM.
The researchers used fresh samples of pork for testing and claimed that the fabricated
sensor had excellent electrolytic properties [97]. Another MoS,-based user-friendly sensor
was developed by Sharma et al. to detect Xanthine (Xn) in fish meat. Keeping fish meat
fresh and free from bacteria like Vibrio and Salmonella is a major concern as fish meat has a
large market in various industries like pharmaceuticals for multiple medications or fish oil
supplements [98]. Xn is one such bacteria found in rotten fish and the level of Xn increases
with an increase in the storage time of fish meat, making it necessary to keep track of Xn in
fish meat for diagnosing and monitoring diseases.

Table 3. Studies of food industry-based studies.

S. No

Author Name

Publication Year Findings/Results

[94]

A study was provided on the importance of biosensors based on
two-dimensional materials for food safety. It was noticed that nitrite
content was rapidly increasing in crops because of an increase in
inorganic fertilizers sprayed in the fields. However, the nitrite content
tends to enter the human body along with the food products, which
converts the hemoglobin into methemoglobin and hence disrupts the
oxygen delivery system in the human body, making it crucial to detect
and control the nitrite content effectively. Therefore,
two-dimensional-based biosensors play a vital role in food safety and
biomolecular detection.

2022

[95]

A study for the detection of synthetic colors in food samples aimed to
reduce the side effects of artificial colors in humans. The main goal of
this study was to synthesize MoS;-based biosensors for modifying the
2022 electrodes to detect sunset yellow FCF synthetic food dye in food
samples and this MoS,-based biosensor was successfully applied to
detect FCF in real-life samples. However, it was observed that the
stability of the biosensor, i.e., the modified electrode, was excellent.

[96]

MoS;-based sensor was grown on g — C3Ny4 nanotubes to determine
vanillin in food samples using the hydrothermal method. Vanillin is an
artificial flavoring agent used in perfumes, food products, and
beverages, and is beneficial when used in limited quantities. However,
2023 the overdose of VN is hazardous and needs to be detected using a
cost-effective g — C3Ny-grown nanotubes approach. The proposed
method used for the detection of vanillin in food samples proves to be
a very cost-effective and more attractive strategy for food
additive detection.
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Table 3. Cont.

S. No

Author Name

Publication Year

Findings/Results

[97]

2019

A simple hydrothermal method was proposed for the preparation of
MoS;-based nanocomposite for detecting terbutaline sulfate in food
samples that were characterized later using techniques like TEM and
SEM. The researchers used fresh samples of pork for testing and
claimed that the fabricated sensor had excellent electrolytic properties.

[98]

2023

MoS;-based user-friendly sensor was developed to detect Xanthine in
fish meat. Keeping fish meat fresh and free from bacteria like Vibrio
and Salmonella is a major concern as fish meat has a large market in
various industries like pharmaceuticals for multiple medications or

fish oil supplements. Xanthine is one such bacteria found in rotten fish
and the level of Xn increases with an increase in the storage time of

fish meat, making it necessary to keep track of Xn in fish meat for
diagnosing and monitoring diseases.

[99]

2017

Carbon nanotubes coated with MoS, were used for detecting
chloramphenicol in food samples like honey, milk, and powdered milk.
Chloramphenicol is a veterinary drug used in the treatment of
infectious diseases in animals but an overdose of this drug can lead to
serious chronic diseases such as aplastic anemia and bone marrow
depression, which makes it important to monitor the level of CAP
drugs in food items. There are various techniques used for the
monitoring of CAP levels in food items but electrochemical methods
are low-cost, simple, and portable as compared to other traditional
analytical approaches.

[100]

2020

Carbon nanotubes based on two-dimensional MoS, were used to
detect Thiabendazole (TBZ) residues in food samples. The sensor is
fabricated using multiwall carbon nanotubes aligned with layered
MoS; nanosheets, enhancing the electrocatalytic properties of
multiwall carbon nanotubes with MoS,. The fabricated sensor exhibits
excellent properties for the detection of TBZ in food samples with high
accuracy and safe testing.

[101]

2022

MoS,-based electrochemiluminescence (ECL) biosensors were used for
ensuring food safety by detecting contaminants like pesticides and
food pathogens in various food samples. There are different types of
ECL biosensors available for the food sensing applications and all are
well known for their high sensitivity, selectivity, and efficiency,
especially for examining miniature devices. This approach for sensing
the food samples is cost-effective and biocompatible.

[102]

2022

The study focused on developing biosensor technology mainly in the
food and healthcare industry. The study used novel nanomaterials
which improve the sensitivity, selectivity, and stability of
the biosensors.

10.

[103]

2021

A photoelectrochemical immunosensor based on MoS;
nanocomposites was developed, aiming to detect
N6-methyladenosine, an essential RNA modification. The biosensor
was fabricated by assembling MoS, heterojunction, gold nanoparticles,
and an m6A antibody. The main aim of the study was to improve the
sensitivity and selectivity of the biosensor, hence making it suitable for
various environmental and biological applications.
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Govindasamy et al. proposed an approach where carbon nanotubes are coated with
MoS,; for detecting CAP in food samples like milk [99]. There are various techniques used
for the monitoring of CAP levels in food items but electrochemical methods are low-cost,
simple, and portable as compared to other traditional analytical approaches. Another study
using carbon nanotubes based on two-dimensional MoS; was conducted by Cheng et al.
to detect Thiabendazole (TBZ) residues in food samples [100]. The sensor was fabricated
using multiwall carbon nanotubes aligned with layered MoS, nanosheets. Zhou et al.
demonstrated the use of Mo0S;-based electrochemiluminescence (ECL) biosensors for en-
suring food safety by detecting contaminants in various samples. There are different types
of ECL biosensors available for food sensing applications and all are well known for their
high sensitivity, selectivity, and efficiency, especially for examining miniature devices. This
approach for sensing the food samples is cost-effective and biocompatible [101]. Bankole
et al. focused on developing biosensor technology mainly in the food and healthcare indus-
try. The study used novel nanomaterials which also improve the sensitivity, selectivity, and
stability of the biosensors [102]. A photoelectrochemical immunosensor based on MoS,
nanocomposites was developed by Ai et al., aiming to detect N6-methyladenosine, an
essential RNA modification. The biosensor was fabricated by assembling an MoS, hetero-
junction, gold nanoparticles, and an m6A antibody. The main aim of this study was to
improve the sensitivity and selectivity of the biosensor, hence making it suitable for various
environmental and biological applications [103]. While ELISAs remain the gold standard
for detecting food contaminants like allergens and pathogens, MoS,-based biosensors offer
significant advancements for food safety monitoring. Unlike ELISA systems that require
lengthy incubation times (typically 2—4 h), complex antibody handling, and specialized
lab equipment, MoS, biosensors enable rapid on-site detection through their exceptional
electrical and optical properties.

MoS;-based biosensors have opened up new doors for food safety assurance, product-
quality surveillance, and biomolecular identification in food and bioscience industries. With
exceptional surface area, catalysis, and tunable bandgap properties, MoS; is particularly
suitable for electrochemical and optical sensing. One of its main merits is that it can iden-
tify toxic additives, synthetic food colors, drug residues, and indicators of spoilage with
sensitive detection and high selectivity. For example, Li et al. highlighted the imperative
to track nitrite content in food due to its toxic conversion to methemoglobin in humans.
MoS,-based sensors provide a fast, efficient solution to this end, providing better response
times with minimal operating complexity compared to traditional approaches. Further,
scientists like Jahani et al. and Nehru et al. have illustrated MoS,’s capability to identify
food coloring such as sunset yellow FCF and flavoring chemicals such as vanillin with
affordable probing using inexpensive sensing substrates. These sensors provide significant
substitutes for costly spectrophotometric or chromatographic practices that are not only
time-consuming but also require complex instrumentation. Further integration of MoS,
with hybrid nanocomposites from material such as carbon nanotubes, g-C3Ny4, and Au
nanoparticles helped improve not only sensor stability but also electrical conductivity,
and transduction of the signal. These improvements are visible in works such as those of
Govindasamy et al. and Cheng et al., in which MoS;-based nanocomposites identified CAP,
thiabendazole in milk products, and other foods. Yet another strong point of MoS; in food
surveillance is that it can be applied to a range of detection modes such as electrochemical,
photoelectrochemical, electrochemiluminescence (ECL), etc. Illustrating this with an exam-
ple from Zhou et al., ECL-based MoS, sensors possess high sensitivity and reproducibility,
which are critical in detecting contaminants in trace quantities. Further, with work by Ai
et al. on an MoS; photoelectrochemical immunosensor for detecting modifications in RNA,
we realize that there could be extended use of this material in conducting biomediagnosis
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and epigenetics-related studies. In comparison to labor-intensive sample preparation, nu-
merous wash steps, and long incubation times involved in enzyme-linked immunosorbent
assays (ELISAs), MoS, biosensors enable label-free, real-time detection with minimal sam-
ple preparation. This makes MoS, a point-of-care and field-deployable food safety system
game-changer. In seafood industries, for instance, Sharma et al. demonstrated the ability of
MoS; biosensors to identify spoilage indicators such as Xn in fish meat, which is important
for preserving food freshness and avoiding contamination due to bacteria. Such sensors
are particularly well-suited for on-site testing due to miniaturization and disposability in
supply chains, supermarkets, and restaurants.

3.4. Wearable Health Devices

When it comes to electronic wearable devices, MoS; proves to be a fit material because
of its atomically thin structure and flexibility, which make it suitable for health monitoring
and motion detection technologies as shown in Table 4. Mondal et al. aimed to develop a
highly sensitive MoS;-based wearable sensor based on honeycomb-like MoS; nanotubes
to detect human skin moisture. The fabricated sensor proved to be a promising device
for rapid and highly efficient response, and hence use for various healthcare and fitness
monitoring applications [104]. Another study on the development of advanced wearable
devices was conducted by Shi et al., aiming to develop multifunctional devices for diagnos-
ing oral diseases like dental or healthcare applications. The gas sensor was fabricated by
performing the sonication for 21 h for the mixture of the bulk-layered MoS; with ethanol
and deionized water, which was later filtered and dried in a vacuum oven. The powder of
MoS; was mixed with sulfuric acid followed by sonication to remove large flakes. Both
the mixtures were mixed up using electrostatic adsorption for 1.5 h and the prepared
sensor was integrated into the PET substrate. The sensor tends to exhibit exceptional
linearity and effective monitoring even during facial and oral movements like swallowing
and chewing [105]. A similar thermoelectric wearable device was fabricated by Guo et al.
based on a gold-decorated MoS, nanosheet. The main aim of the study was to develop a
device that is capable of transforming the heat from the human body to wearable electronic
devices. The device was fabricated by chemically exfoliating MoS, and forming a layer of
gold nanoparticles. MoS, was exfoliated using a lithium intercalation process followed
by the growth of gold particles. This prepared structure was assembled into thin films
and formed into a wristband for testing. The device tends to exhibit strong mechanical
stability by maintaining 97% thermoelectric performance, offering a reliable power source
for electronic wearable devices [106]. Rana et al. explored the piezoresistive properties
of MoS; thin films for the development of a highly sensitive wearable strain sensor to
monitor real-time body movements like gestures. The hydrothermal method was used to
synthesize MoS; and create thin films using liquid-phase exfoliation. It was developed on
the flexible polyethylene terephthalate (PET) substrate and tested by changing the current
during bending and straightening cycles, which were consistent and showed a balance
between sensitivity and durability [107]. Xu et al. developed a large programmable film
of MoS; using direct laser writing for monitoring health-related signals. The sensor was
fabricated by synthesizing MoS, films on silicon or silicon dioxide wafers and shifting them
onto a PET substrate with Au-interdigitated electrodes by creating customizable patterns in
a programmable manner. The fabricated sensor exhibited excellent piezoresistive behavior,
high performance, and excellent stability and was able to monitor various health-related
problems. The study demonstrated the use of direct laser writing to produce high-quality
MoS,; films, making way for advancements in healthcare technologies [108].
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Table 4. Studies of wearable health device applications.

S.No Author Name Publication Year Findings/Results

A highly sensitive MoS;-based wearable sensor based on
honeycomb-like MoS, nanotubes was developed to detect human skin
moisture. The sensor was fabricated using MoS, nanotubes based on

anodic aluminum oxide (AAO)-assisted MoS; honeycomb structure
1. [104] 2020 (AMHS) with the help of a vacuum filtration (VM) process for the
detection of human skin humidity under different physical conditions
and regional sweat rates. The fabricated sensor proved to be a
promising device for rapid and highly efficient response, and hence
use for various healthcare and fitness monitoring applications.

A study on the development of advanced wearable devices was
conducted to develop multifunctional devices for diagnosing oral
diseases like dental or healthcare applications. The gas sensor was

2 [105] 2023 fabricated by performing the sonication for 21 h for the mixture of the
’ bulk-layered MoS, with ethanol and deionized water, which was later
filtered and dried in a vacuum oven. The sensor tends to exhibit
exceptional linearity and effective monitoring even during facial and
oral movements like swallowing and chewing.

A similar thermoelectric wearable device was fabricated based on
gold-decorated MoS, nanosheet. The main aim of the study was to
develop a device which is capable of transforming the heat from

human body to wearable electronic devices. The device was fabricated
by chemically exfoliating thin nanosheets of MoS; and forming a layer

3 [106] 2018 of gold nanoparticles to enhance its thermoelectric properties. MoS;

’ was exfoliated using a lithium intercalation process followed by the
growth of gold particles. This prepared structure was assembled into
thin films and formed into a wristband for testing. The device tends to
exhibit strong mechanical stability by maintaining 97% thermoelectric

performance, offering a reliable power source for electronic
wearable devices.

Hydrothermal method was used to synthesize MoS, and create thin
films using liquid-phase exfoliation. The sensor was fabricated on the
4 [107] 2020 flexible polyethylene terephthalate (PET) substrate and tested by
' changing the current during bending and straightening cycles, which
were consistent and showed a balance between sensitivity
and durability.

A large programmable film of MoS; was developed using direct laser
writing for monitoring health-related signals. The sensor was
fabricated by synthesizing MoS, films on silicon or silicon dioxide
wafers and shifting it onto a PET substrate with Au interdigitated
electrodes by creating customizable patterns in a programmable

5. [108] 2021 manner. The fabricated sensor exhibited excellent piezoresistive
behavior, high performance, and excellent stability. The sensor was
able to monitor various health-related problems like respiratory rate,
vocal cord vibrations, and radial artery pressure. The study
demonstrated the use of direct laser writing to produce high-quality
MoS; films, making way for advancements in healthcare technologies.
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Table 4. Cont.

S.No Author Name Publication Year Findings/Results

Wearable sensors were introduced for telehealth by using MoS,-based
nanomaterials for health monitoring and detecting physiological
markers like temperature, respiration rate, etc. The paper mainly

focused on the development of more efficient, rapid-response sensors

that are capable of tracking health data. The key challenge in the study
was to produce 2D materials on a large scale, maintaining the stability,

comfort, and privacy of the data collected by the wearable electronic
6 sensors. Five major types of wearable sensors were highlighted in the

. [109] 2023 , . ) .

study, including pressure, strain, temperature, electrochemical, and

optoelectronic. They were found to be effective for tracking different

health-related parameters effortlessly and wirelessly. The fabricated

sensors are sensitive enough for detecting various physiological
changes, which makes them suitable for personalized healthcare, and
it was also concluded that personalized healthcare could be
revolutionized by combining wearable devices with advanced
AI/ML tools.

Wearable devices were fabricated using two-dimensional materials to
detect human physiological signals. The use of MoS, ensures the
conforming of the wearable device with the skin’s surface, allowing
non-invasive monitoring of important signs without any discomfort.
Chemical signals are detected from blood fluids like sweat and saliva
7. [110] 2020 with the help of MoS, in wearable devices. The sensor is basically

combined with a suitable substrate and other two-dimensional
materials for improving the functionality and hence enhancing the
performance, making it suitable for health monitoring systems.
Moreover, MoS; is known to play a vital role in wearable electronic
systems because of its unique properties.

A highly sensitive and flexible strain-pressure sensor was fabricated
with a cracked paddy-like MoS, nanostructure. The researchers
observed that the sensor’s performance was improved by increasing
8 the MoS, content and adjusting the concentration of MoS; nanoflakes.
. [111] 2018 ; o .
The fabricated sensor was successfully tested for monitoring real-time
detection of human motions like blinking of an eye, and neck
movement. Overall, the study demonstrated the effectiveness of using
MoS; for high-performance wearable devices.

A high-performance pressure sensor was developed using an
integration of polydimethylsiloxane (PDMS) and 1T-phase MoS, to
monitor human physiological signals like finger movements, speech
recognition, and pulse measuring. The sensor was fabricated using a
9 [112] 2020 mixture of PDMS and curing agents in 5:1 to 30:1 ratio along with
' NaCl salt. The mixture was later poured and cured into a mold for 4 h
at 80 °C. The combination of high electrical conductivity of 1T-MoS,
and microstructure of a leaf vein tends to enhance the selectivity of the
sensor and pressure response by varying the contact resistance
between MoS,andPDMS.

A self-powered MoS,-based nanogenerator was developed to
accelerate the healing of wounds in diabetes. The device tends to
10. [113] 2024 exhibit excellent electrical conductivity and efficient photothermal
conversion, hence accelerating the process of wound healing in
diabetic patients.
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Vaghasiya et al. introduced wearable sensors for telehealth by using MoS;-based
nanomaterials for health monitoring and detecting physiological markers like temperature,
respiration rate, etc. The paper mainly focused on the development of more efficient,
rapid-response sensors that are capable of tracking health data [109]. The key challenge in
the study was to produce 2D materials on a large scale, maintaining the stability, comfort,
and privacy of the data collected by the wearable electronic sensors. Five major types of
wearable sensors were highlighted in this study, including pressure, strain, temperature,
electrochemical, and optoelectronic. They were found to be effective for tracking different
health-related parameters effortlessly and wirelessly. The fabricated sensors were sensi-
tive enough for detecting various physiological changes, which made them suitable for
personalized healthcare, and it was also concluded that personalized healthcare could be
revolutionized by combining wearable devices with advanced AI/ML tools. Another study
on the fabrication of wearable devices was conducted by Pang et al. using two-dimensional
materials to detect human physiological signals. The use of MoS, ensures the conforming of
the wearable device with the skin’s surface, allowing non-invasive monitoring of important
signs without any discomfort [110]. Chemical signals are detected from blood fluids like
sweat and saliva with the help of MoS, in wearable devices. The sensor is combined with
a suitable substrate and other two-dimensional materials for improving the functionality
and hence enhancing the performance, making it suitable for health monitoring systems.
Moreover, it plays an essential role in wearable electronic systems because of its unique
properties. Kim et al. developed a highly sensitive and flexible strain-pressure sensor
with a cracked paddy-like MoS; nanostructure. The researchers observed that the sensor’s
performance was improved by increasing the MoS; content and adjusting the concentration
of MoS; nanoflakes. It was successfully tested for monitoring real-time detection of human
motions like blinking of an eye, and neck movement. Overall, the study demonstrated
the effectiveness of using MoS; for high-performance wearable devices [111]. Another
study for the development of a high-performance pressure sensor using an integration
of polydimethylsiloxane (PDMS) and 1T-phase MoS; was conducted by Yang et al. to
monitor human physiological signals like finger movements, speech recognition, and pulse
measuring. The sensor was fabricated using a mixture of PDMS and curing agents in a
5:1 to 30:1 ratio along with NaCl salt [112]. The mixture was later poured and cured into a
mold for 4 h at 80 °C. The combination of high electrical conductivity of 1T-MoS; and the
microstructure of a leaf vein tends to enhance the selectivity of the sensor and pressure re-
sponse by varying the contact resistance between MoS, and PDMS. Yu et al. demonstrated
a self-powered MoS,-based nanogenerator to accelerate the healing of wounds in diabetes.
The device tends to exhibit excellent electrical conductivity and efficient photothermal
conversion, hence accelerating the process of wound healing in diabetic patients [113].
Also, while graphene has been widely explored for wearable health monitoring due to
its excellent conductivity and flexibility, MoS,-based biosensors offer distinct advantages
for next-generation devices. Unlike graphene, which lacks an inherent bandgap and often
requires complex doping to achieve optimal sensing performance, MoS,’s natural semi-
conducting properties enable highly sensitive and selective detection of biomarkers at
ultra-low concentration, critical for early disease diagnosis.

MoS, wearable sensors offer extraordinary potential in next-generation healthcare
and human monitoring device development. MoS;’s atomically thin nature, mechanical
flexibility, tunable bandgap, and semiconducting nature make it an attractive replacement
for traditional silicon and even graphene for wearable use. MoS,’s layered structure allows
it to be in intimate contact with human skin, forming highly conformal, non-invasive
sensing platforms for real-time physiological readings. Mondal et al., for example, de-
scribed the application of honeycomb-structured MoS; nanotubes for detecting human skin
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dampness, which demonstrates the material’s fast response and efficacy in fitness/disease
diagnostics. Shi et al. also fabricated a gas sensor on a PET substrate from exfoliated MoS,
with similar detection of oral movements such as chewing and swallowing, which are
pivotal in oral disease detection and dental care. These reports demonstrate MoS;’s high
sensitivity, mechanical flexibility, and ability to incorporate wearable systems in everyday
life without any annoyance or interference. MoS,’s applicability to different sensing mech-
anisms including piezoresistive, thermoelectric, optical, and electrochemical mechanisms
tremendously enhances its scope of application in wearable health monitors. In addition,
wearable sensors made from MoS; nanomaterials have been applied to telemedicine and
remote health monitors. Five categories of sensors were classified by Vaghasiya et al.,
namely pressure, strain, temperature, electrochemical, and optoelectronic, where MoS,’s
high sensitivity allowed for detecting infinitesimal physiological changes. This not only
allows for health tracking in real time but also for personalization and the addition of Al to
health systems. MoS,’s compatibility with biofluids like sweat and saliva, demonstrated by
Pang et al., supports their use in biomarker monitoring with non-invasive methods. The
compatibility of substrates that mimic skin with the sensor supports wearability over long
periods of time along with comfort levels for users. Kim et al. extended this with cracked
paddy-like MoS, nanostructures for motion sensing in real time, e.g., eye blink rates and
neck movement—functionality imperative for human-computer interaction and assistive
technology. Further, research by Yang et al. with MoS,-PDMS composites exhibited an
improved sensitivity to pressures due to leaf vein-like microstructures, pointing to the use
of MoS; with suitable polymers in tactile sensing.

3.5. Other Applications

MoS, is widely integrated in the environmental industry for the identification of
contaminants like inorganic compounds and poisonous gases in the environment, as shown
in Table 5 and Figure 6 [114]. Guo et al. developed a sensor using MoS, base along with
boronic acid for the sensitive and selective detection of mercury ions in environmental
water. The proposed method exhibited excellent optical properties, high quantum yield,
strong fluorescence, and highly selective analysis of Hg ions in the contaminated water
with a much faster response. This paper also presents an overview of a gas-phase reaction
involving methane and a metal catalyst used in CVD. When methane gas splits into
carbon (C) and hydrogen gas (H;) under specific conditions, solid carbon is deposited on
a substrate as part of the fabrication process. Particularly in the production of thin films,
semiconductors, and nanomaterials, this method is essential to materials science [115].
Sahatiya et al. proposed a novel approach for wireless monitoring of the environment
using a cellulose paper-based MoS; sensor with the help of the hydrothermal method.
The fabrication of the sensor involves three steps. The initial step is the growth of MoS,
on the cellulose paper, which was further dipped in a seed solution followed by drying
of the paper substrate at 80 °C. The second step includes the growth of Cu,S by using
MoS; on cellulose paper as a substrate. The last step is to cut the obtained Cu,;S5-MoS,
cellulose paper into desired pieces followed by a final finishing using silver paste. The
fabricated sensor is utilized once and then disposed of and is not further used for other
sensing applications. The sensor is capable of measuring the temperature, humidity, human
breath, and ethanol adulteration [116]. Su et al. discussed the recent developments of
two-dimensional nanomaterials for developing electrochemical sensors to detect pollutants
like bacteria, pesticides, and insecticides [117]. The recent advancements and electronic
properties of MoS, such as direct bandgap are discussed in the study. The potential of
developing fast, low-cost, and sensitive sensing devices for addressing the need for efficient
monitoring tools to control the increase in environmental pollution has been discussed
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in this study. Singh et al. developed an MoS;-based nanocomposite biosensor for the
selective detection of NHj3. It was noticed that there is a high need for devices that are
capable of operating under extreme conditions and the selective detection of NH3 becomes
difficult because the latter is a mixture of various gases and humidity. Thus, there is a need
to develop such MoS; composite-based NHj sensors to operate under such humidified
environmental conditions [118]. The research mainly focused on addressing the problems
related to the development of sensors, the successful synthesis of MoS,, and the electrical
and gas sensing properties of the devices made from MoS,.
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Figure 6. Applications of MoS;-based sensors in various fields.

Table 5. Studies on environment-based applications.

S. No

Author Name

Publication Year Findings/Results

[115]

A fluorescent sensor was developed using MoS; along with
boronic acid for the sensitive and selective detection of mercury
ions in environmental water. The proposed method exhibited
excellent optical properties, high quantum yield, strong
fluorescence, and highly selective analysis of mercury ions in the
contaminated water with a much faster response.

2020

[116]

A novel approach was proposed for wireless monitoring of the
environment using a cellulose paper-based MoS; sensor with the
help of the hydrothermal method. The fabricated sensor is utilized
2018 once and then disposed off and is not further used for other sensing
applications, which increases the accuracy of the sensing data. The
sensor is capable of measuring the temperature, humidity, human
breath, and ethanol adulteration.

[117]

The recent advancements and electronic properties of MoS; such as
direct bandgap are discussed in the study. The potential of
2018 developing fast, low-cost, and sensitive sensing devices for
addressing the need for efficient monitoring tools to control the
increase in environmental pollution is discussed in the study.
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Table 5. Cont.

S.No  Author Name  Publication Year Findings/Results

An MoS;-based nanocomposite biosensor for the selective
detection of NH3 was developed. It was noticed that there is a high
need for devices that are capable of operating under extreme
conditions and the selective detection of NHj3 becomes difficult
because the latter is a mixture of various gases and humidity. Thus,

4, [118] 2021 there is a need to develop such MoS, composite-based NH3
sensors to operate under such humidified environmental
conditions. The research mainly focuses on addressing the
problems related to the development of sensors, the successful
synthesis of MoS;, and the electrical and gas sensing properties of
the devices made from MoS,.

The water quality was analyzed using a TMDC biosensor which
mainly focused on detecting ions and non-ionic molecules, hence
offering real-time monitoring, which is very useful for
environmental analysis. However, the performance depends on the
5. [119] 2020 intrinsic properties. Their study highlighted the unique physical
and chemical properties of TMDC which make it suitable for the
fabrication of FET biosensors. It was also observed that 2D TMDCs
are costly, have poor uniformity, and face major challenges with
large-scale production in TMDC device fabrication.

Colorimetric determination of mercury ions with high sensitivity
and high selectivity in environmental water was introduced with
the help of MoS,-based composites. The MoS, nanosheets were
synthesized and the resulting MoS; nanocomposites were
characterized using techniques like SEM and TEM to confirm the
chemical composition. The research aimed to synthesize with
uniform AuNPs on the MoS; nanosheets and investigate the
peroxidase-like properties for the quantitative analysis of mercury
ions with high sensitivity and selectivity. Researchers found that
this method for colorimetric detection proves to be an effective and
practical method for detecting the trace amounts of mercury ions in
environmental water samples.

6. [120] 2019

A precise and selective approach was presented for electrochemical
sensors based on MoS; nanocomposites for paraoxon detection in
tap water samples, which is a toxic organophosphorus pesticide,
using the hydrothermal method. The sensor used molecular
7. [121] 2022 imprinting technology, leading to a highly sensitive and selective
approach with a detection limit of 2.0 x 10~'2 M. It was also
recorded that the MoS,-based nanocomposites can be further
utilized to determine the environmental pollutants, which also
improves the voltammetric to determine the complex samples.

An MoS,-based electrochemical biosensor was used to detect
bisphenol A in environmental water. The sensor was fabricated
using Au nanoparticles, MoS; nanoflowers, and ionic graphene for
the formation of a nanocomposite. The cost-effective sensor was
able to hold potential for a wide range of applications in pollutant
detection because of its excellent performance characteristics.

8. [122] 2021
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[123]

A biosensor was developed using CuO@PDA-MoS; nanospheres

combined with an ssDNA probe for the detection of mercury ions

and chloramphenicol (CAP) in water. For the detection process, the

mercury ions played an essential role in cleaving the PS-RNA

linkage in ssDNA, which releases the fluorophore, whereas the

2022 CAP interacts with the left over ssDNA to form a complex which is
released from CuO@PDA-Mo0S,. The fabricated sensors tend to

have high sensitivity with a detection limit of 86 pM for mercury

ions and 45 pM for CAP, high selectivity when used for real water
samples, and a wide linear detection range, making them fit for

environmental samples.

10.

[124]

Sphere-like MoS; nanosheets were used to accurately monitor the

toxic pollutants like nitrobenzene in the samples of environmental

water. The sensor was fabricated using the hydrothermal method
by imposing MoS, nanosheets on reduced graphene oxide and

further characterizing using techniques like TEM, XPS (X-ray

2022 photoelectron spectroscopy), and FTIR (Fourier-transform infrared
spectroscopy). The sensor tends to have high sensitivity with a
detection limit as low as 0.0072 uM, and high selectivity for NB

detection. It was also tested in real water samples from tap water

that showed effective detection of NB with satisfactory
recovery rates.

Chen et al. focused on developing two-dimensional TMDCs-based biosensors for en-
vironmental applications. The water quality was analyzed using a TMDC biosensor which
mainly focused on detecting ions and non-ionic molecules and hence offering real-time
monitoring, which is very useful for environmental analysis. However, the performance
depends on the intrinsic properties. Their study highlighted the unique physical and
chemical properties of TMDC [119]. It was also observed that 2D TMDCs are costly, have
poor uniformity, and face major challenges with large-scale production in TMDC device
fabrication. Another study for colorimetric determination of Hg ions with high sensitivity
and high selectivity in environmental water was introduced by Ma et al. with the help
of MoS;-based composites. The MoS; nanosheets were synthesized and the resulting
MoS, nanocomposites were characterized using techniques like SEM and TEM to confirm
the chemical composition. Researchers found that this method for colorimetric detection
proves to be an effective and practical method for detecting the trace amounts of mercury
ions in environmental water samples [120]. Bolukbasi et al. presented a precise and selec-
tive approach for electrochemical sensors based on MoS; nanocomposites for paraoxon
detection in tap water samples, which is a toxic organophosphorus pesticide, using the
hydrothermal method. The sensor used molecular imprinting technology, leading to a
highly sensitive and selective approach with a detection limit of 2.0 x 10712 M. It was also
recorded that the MoS;-based nanocomposites can be further utilized to determine the
environmental pollutants, which also improves the voltammetric to determine the complex
samples [121]. Another study was conducted by Wang et al., enhancing an MoS;-based
electrochemical biosensor to detect bisphenol A in environmental water. The sensor was
fabricated using Au nanoparticles, MoS, nanoflowers, and ionic graphene for the formation
of a nanocomposite. The fabricated sensor was later characterized using techniques like
TEM, SEM, and X-ray diffraction, which also confirmed that the sensor tends to have a large
surface area and good dispersion. The cost-effective sensor was able to hold potential for a
wide range of applications in pollutant detection because of its excellent performance char-
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acteristics [122]. Amalraj et al. developed a biosensor using CuO@PDA-MoS, nanospheres
combined with an ssDNA probe for the detection of mercury ions and chloramphenicol
(CAP) in water. For the detection process, the mercury ions played an essential role in
cleaving the PS-RNA linkage in ssDNA, which releases the fluorophore, whereas the CAP
interacts with the leftover ssDNA to form a complex which is released from CuO@PDA-
MoS;. The fabricated sensors tend to high selectivity when used for real water samples, and
a wide linear detection range, making it fit for environmental samples [123]. Sphere-like
MoS; nanosheets were used by Nehru et al., accurately monitoring the toxic pollutants
like nitrobenzene in the samples of environmental water. The sensor was fabricated using
the hydrothermal method by imposing MoS; nanosheets on reduced graphene oxide and
further characterizing using techniques like TEM, XPS (X-ray photoelectron spectroscopy),
and FTIR (Fourier-transform infrared spectroscopy) [124]. It was also tested in real water
samples from tap water that showed effective detection of NB with satisfactory recovery
rates. Also, MoS; biosensors demonstrate superior performance compared to conventional
carbon nanotube (CNT)-based sensors for environmental monitoring applications. While
CNT sensors have been extensively used for detecting pollutants like heavy metals and
toxic gases, MoS; offers enhanced selectivity through its tunable electronic properties and
surface chemistry, enabling more accurate discrimination between similar contaminants.
The atomically thin structure of MoS, provides exceptional sensitivity, capable of detecting
trace-level pollutants at concentrations below what CNT-based systems can reliably mea-
sure. Furthermore, MoS, exhibits better environmental stability, particularly in aqueous
conditions where CNTs are prone to oxidative degradation, making MoS, particularly
advantageous for long-term water quality monitoring applications.

The integration of MoS; in environmental sensors is a significant leap forward in cre-
ating efficient, sensitive, miniaturized sensing platforms to identify contaminants. MoS,’s
large surface area to volume, adjustable bandgap, and efficient adsorption properties make
it particularly suitable to react well with a range of environmental contaminants such as
heavy metals (for instance, mercury), toxic gases such as ammonia, and organic contami-
nants such as bisphenol A and paraxo-n. Hydrothermal, CVD, and aqueous-based LPE
methods for synthesizing MoS; nanomaterials have been found to be efficient to produce
sensors that are capable of detecting trace amounts of contaminants in complex environ-
mental matrices such as drinking water and environmental wastewater. Colorimetric and
electrochemical biosensors based on MoS, nanocomposite matrices have been found to
demonstrate high sensitivity and specificity for detecting contaminants like Hg?* ions and
nitrobenzene, contributing immensely to environmental health, environmental security,
and regulation. Further, the better aqueous system environmental stability of MoS; over
a material like carbon nanotubes (CNTs), with their avidity for water that predisposes
them to oxidative breakdown, presents an unheralded advantage. The ability of MoS,
biosensors to detect, in real time, label-free and selective conditions under humid or hostile
environmental conditions makes them extremely promising candidates for water purifica-
tion, air pollution management, and agricultural farm management. Further, MoS;’s ability
to be functionalized on paper-based, lossy substrates or microfluidic substrates adds an
additional layer of economical and ecological relevance, which renders them compatible
with field-based deployment. Nonetheless, their integration in environmental sensing is
not without limitations. The reproducibility and upscalability of fabrication pose a major
limitation. While hydrothermal and LPE fabrication methods are economical and low-tech,
these methods tend to induce layer thickness, surface defects, and morphological inconsis-
tencies that are detrimental to uniformity of performance. Conversely, technical-intensive
methods like CVD, while efficient to produce high-quality, uniform-quality films, are still
costly and technically demanding to use in large-scale environmental sensing systems.
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Another significant concern is MoS,-based sensors’ selectivity in complex environmental
matrices. Under optimal laboratory conditions, their good sensitivity may be undermined
by interference from structurally similar impurities in real-world environments or changes
in environmental sample pH and ionic strength. Further, non-uniformity in synthesis,
functionalization, and characterization protocols across studies renders comparison of per-
formance levels complex and discourages commercial use. Long-term stability, especially
under continuous use with exposure to changing contaminants, is also a concern. MoS;, be-
ing somewhat more stable than most other nanomaterials, still tends to oxidize or degrade
over long timescales, especially under exposure to UV radiation or oxidizing molecules.
Another shortcoming is its requirement for a complicated functionalization process that
allows high selectivity. Such process steps, such as the addition of molecular imprinting
or use of targeted binding probes, have a tendency to increase fabrication complexity and
costs. Some MoS, composites also contain environmentally unwanted chemicals or rare
elements, raising questions about sustainability and ecotoxicity.

4. Characterization

To fully exploit the capabilities of MoS; in biosensor applications, it is crucial to metic-
ulously analyze its structural, morphological, optical, and electrical properties. Characteri-
zation approaches offer essential insights into the quality, thickness, phase composition,
crystallinity, surface morphology, and chemical states of MoS; nanosheets and thin films.
These parameters substantially affect the efficacy and dependability of MoS,-based biosen-
sors. This section provides an overview of the principal techniques utilized to evaluate
MoS,, including Raman spectroscopy, AFM, TEM, SEM, and optical spectroscopy. Each
method independently enhances the comprehension of the physical and chemical proper-
ties of MoS;, hence informing the optimization of production techniques and functional
integration into biosensing platforms. A crucial phase in the development of efficient
MoS,-based biosensors is the functionalization of the MoS, surface or the immobilization of
biomolecular recognition components, like antibodies, DNA, or aptamers. These changes
facilitate selective binding to target analytes, hence improving sensor specificity and sen-
sitivity. Prevalent functionalization techniques encompass covalent bonding, physical
adsorption, and linker molecule approaches. Nonetheless, obstacles persist in attaining
consistent, repeatable, and bioactive immobilization, particularly under fluctuating en-
vironmental circumstances. Additional research aimed at enhancing functionalization
chemistries and immobilization techniques is essential to fully exploit MoS,’s capabilities
in practical biosensing applications.

4.1. Raman Spectroscopy

Raman spectroscopy is an experimental phenomenon established by Raman and
Krishnan in 1928, when they discussed the inelastic scattering of light [125,126]. The
main characteristic of this technique was the presence of various radiations with varying
frequencies. It is based on the principle of Raman Scattering, which is the exchange of
energy between a fraction of scattered photons with that of target molecules [127]. The
frequency shifts are identified by analyzing the scattered light. For irradiating the samples,
it employs a radiation which is scattered from the molecule.

Lin et al. conducted research to study the thermal expansion coefficient of MoS;
nanosheets using temperature-dependent Raman spectroscopy, focusing on the examina-
tion of both suspended and supported MoS, within a range of 77 to 557 Kelvin tempera-
ture [128]. The study mainly focused on how Raman’s modes shifted with temperature.
Another study for the exploration of the dynamic interactions between the mechanical
vibrations of MoS, and Raman phonon modes was conducted by Yang et al., allowing
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direct probing of strain in the resonators of MoS,. The research also highlighted the in-
fluence of various factors like thermal effects and doping on the shifts observed during
Raman spectroscopy, making it a dominant factor in the nonlinear regime [129]. Sam et al.
proposed a method that focuses on investigating the stack configurations and interlayer
interactions in MoS; which affect the optoelectronic features of the material, with the help
of the low-frequency Raman spectroscopy approach [130]. The study mainly focused on
identifying different stacking configurations across the sample and detecting the defects
and twists in the layer to update the low-frequency Raman spectra. Ghopry et al. devel-
oped a novel approach utilizing the heterostructures of intermixed WS, and MoS; using
this spectroscopy for improving the sensitivity. The substrate was fabricated using the
intermix of WS, and MoS,, which is responsible for improving the sensitivity, rather than
using the traditional methods [131]. This approach for the fabrication of surface-enhanced
Raman spectroscopy (SERS) substrates using two-dimensional materials is quite cheap
and scalable, offering various biosensing and environmental applications. Another study
for developing a two-dimensional heterostructure of MoS, along with gold particles was
conducted by Alamri et al., employing a transfer-free CVD method for the growth of
two-dimensional material on silicon wafers. The research demonstrated significant ad-
vancement in SERS technology, hence showing high sensitivity in comparison with that of
graphene systems [132].

Raman spectroscopy does not need any sample preparation procedures and it is
capable of analyzing the materials in their original state with any damage. It is capable
of monitoring real-time dynamic changes that occur in the samples [133]. This process
enables the detection of tiny amounts of molecules, which is required to study the low-
concentration samples [134]. It is responsible for rapid data acquisition and hence reducing
the time required for analysis [135]. However, Raman spectroscopy has poor sensitivity
compared to the other techniques for detecting single molecules. For effective detection, it
requires a large number of molecules [136].

4.2. Optical Spectroscopy

Optical spectroscopy refers to a process where light is used to magnify and visualize
tiny objects that are not even visible to the naked eye [137]. In this process, a light source
provides illumination that passes through the sample or gets reflected back. Then, the
image of the sample is magnified through the lens, which stays still using a stage for fine
movement during imaging.

A study by Wu et al. [138] demonstrated the use of an MoS,-based biosensor decorated
with gold nanoparticles for the optical detection of explosives, utilizing plasmonic signal
changes to achieve high sensitivity and selectivity. Kopaczek et al. proposed an approach to
study the direct and indirect optical transitions in bulk and extremely thin MoS; nanosheets.
It was observed that while reducing the thickness of MoS, from bulk to atomically thin,
no spectral shifts were exhibited by the direct optical transitions whereas blue shifts were
observed with indirect transitions [139]. Another study for characterizing the optical prop-
erties of monolayer and few-layered two-dimensional materials was conducted by Niu
et al., aiming to investigate the dependency of thickness on the optical transitions and
excitonic features of these materials. The optical spectra of different 2D materials were
compared and variations were observed in the excitonic peak positions because of the
variations in their electronic structures, making it suitable for various applications like
designing and optoelectronic industries [140]. Posadas et al. presented a study for the
real-time monitoring of CVD growth of MoS; on sapphire substrates with the help of
optical spectroscopy. Certain factors like growth rate and material coverage were measured
concerning the changes observed in the optical transmittance spectrum [141]. Zhao et al.
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focused on studying the electrical characterization techniques for the confirmation and
verification of the quality of material and its thickness before taking any electrical mea-
surements. In the study, optical microscopy was combined with Raman spectroscopy to
guarantee the uniformity of the MoS, layer throughout the entire substrate [142].

Optical spectroscopy allows the analysis of various biological samples without any
damage or alteration. It enables real-time monitoring, leading to the overall understanding
of the biological structures [143]. This method is capable of operating in environments
where other techniques are unsuitable because of the vacuum requirements and has com-
patibility with solvents, reactants, and other chemicals [144]. The use of optical microscopy
enables the examination of various properties of materials like doping levels beyond the
visible spectrum. It allows the ability to process and analyze the images with high accu-
racy [145,146]. However, optical microscopy does not go well with the samples that spread
the light in various directions, which makes the images blur due to weak and unwanted
light signals [147].

4.3. Scanning Electron Microscopy (SEM)

SEM is a technique that uses a beam of light which is focused to scan the surface of a
sample [148]. During this technique, a beam of electrons is scanned over the surface of a
specimen. The information about the specimen surface lies in the signals generated by the
interactions between the electron beam and the atoms at the surface [149]. This method is
widely used for biological and material science applications.

A study conducted by Yang et al. concentrated on the advancement and demonstration
of a clean, quick, and efficient polymer-free transfer method for shifting the layers of MoS,
onto the TEM grids for liquid cell electron microscopy (LCEM) [150]. In the study, the
SEM technique was used to capture the images where MoS; layers were transferred onto
TEM grids, and was also used to compare the polymer-free transfer method with that of
traditional methods, revealing the advantages of the polymer-free method in reducing the
damage and confirming high transfer yield. Xuan et al. presented a study to examine the
impact of reaction temperature and reaction time on the morphology and crystallization of
MoS; which is synthesized using a hydrothermal method [151]. It was noticed that at low
temperatures, MoS; tends to appear as aggregated particles whereas at high temperatures,
it tends to appear as nanosheets with more distinctive layers. Another study to examine the
effect of nickel on MoS, growth was conducted by Kondekar et al., seeking the morphology
and the size of the grain of the MoS; films [152]. The surface morphology of the MoS,
films was observed using the SEM images, which were also used to assess the grain size of
MoS,. Tyagi et al. aimed to analyze the morphology, structure, and thickness of the layer of
MoS; films using SEM. SEM images provided a detailed view of films, ensuring the vertical
alignment of the MoS; layers, large area, and uniform growth of the film [153]. Another
similar study was conducted by Hossain et al., aiming to investigate three important factors,
namely the thickness, uniformity, and morphology of MoS,. All three essential factors were
analyzed using SEM images [154].

The primary benefit of SEM is its capability to use SEM detectors [155]. It provides
high-resolution images which makes it effective in examining the detailed morphology
of different structures [156]. However, SEM cannot analyze the chemical composition of
various samples unless it is coupled with other techniques, and also the sample prepared
through SEM cannot be used further for analysis purposes [157].

4.4. Transmission Electron Microscopy (TEM)

TEM provides images with high resolution to understand the internal structure of the
small samples. It is a process in which high-energy electrons are generated, accelerated,
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and focused into a thin beam with the help of electromagnetic lenses [158]. The beam is
passed through an extremely thin specimen where it has to interact with the sample. After
passing through the sample, the collected electrons form an image on a screen which can
be magnified or analyzed at the atomic resolution. Based on the angle and type of collected
electrons, various modes like bright-field, dark-field, and diffraction are allowed using
TEM [159].

Zhang et al. focused on investigating the behavior of MoS, under ultrafast photoex-
citation with the help of TEM. The researchers combined traditional electron microscopy
with ultrafast laser pulses, which allowed them to observe the initiation and propagation
of strain waves directly [160]. The data provided by TEM also monitor the defects such as
step edges, influencing the dynamics of the material. Convergent beam electron diffraction
(CBED) and TEM were used by Hovden et al. to ascertain the thickness and stacking order
of 2D materials [161]. To comprehend the structural characteristics of the 2D materials, the
study gave accurate measurements of the layer thickness. Wen et al. suggested a technique
for accurately analyzing monolayer materials such as MoS, to explore both light and heavy
atoms [162]. This cutting-edge imaging technology results in the creation of an effective
TEM tool for the next research and applications. Another study conducted by Zhang et al.
aimed to develop a system to reveal the dislocations that might occur at the MoS; interface.
Two types of dislocations were observed: Pure Misfit (orientation is parallel to the interface)
and Angled Dislocations (dislocation at 60 degrees with the interface) [163]. Wang et al.
focused on the development of a top-down method for enhancing the catalytic activity
of MoS; for H; evolution reactions. TEM was used in the study to visualize the etching
process and form active edge sites for the real-time monitoring of the steam etching of
MoS, [164].

TEM has both spatial and high temporal resolution and it also provides the direct visu-
alization of any kind of changes seen in either structural or morphologic distributions [165].
It has the advantage of high resolution, which makes it suitable for in-depth investiga-
tion of samples like in Earth science [166]. TEM was crucial for confirming the structural
and epitaxial relationships between different materials [167]. This type of microscopy is
also used for detecting defects such as dislocations and vacancies, which may affect the
properties of two-dimensional materials. However, it is difficult to completely ignore the
electron-induced damage that occurred during TEM measurements [168].

4.5. Atomic Force Microscopy (AFM)

AFM was first introduced in 1986 and has a wide range of applications in biology,
chemistry, nanoscience, and the healthcare industry [169]. The surface of a sample is
scanned with the help of a sharp probe attached to a flexible cantilever using AFM. During
this technique, the end which scans the sample is kept near to the sample, and the forces
between them cause the cantilever to deflect, which is later measured by a laser light onto a
photodetector [170]. It senses various forces like mechanical, adhesion, and electrostatic in
different modes like contact, non-contact, and tapping. These forces provide information
about mechanical properties like stiffness, adhesion, and elasticity by recording the force—
distance curves.

Acikgoz et al. conducted a study where AFM was used to measure the frictional forces
on monolayer and bulk MoS;. 3D images of MoS, were taken using AFM to distinguish
the single-layered regions from the bulk regions. It allowed the researchers to explore the
variations that occurred in frictional forces with the sliding speed [171]. Giannazzo et al.
proposed a study where AFM was used in two forms (TAFM—Tapping mode Atomic Force
Microscopy and CAFM—Conductive mode Atomic Force Microscopy) for characterizing
single-layered MoS, grown using CVD. TAFM was used to measure the thickness for
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analyzing the domain structure and boundaries whereas CAFM was used to quantify the
local electrical conductivity of MoS, domains [172]. Wu et al. employed AFM for the
mechanical and tribological analysis of two-dimensional materials. The primary goal of
AFM is to assess mechanical properties like strength and elasticity, whereas the other mode
of AFM is used to quantify these properties by determining the normal forces between the
sample’s surface and probe tip [173]. Another study was conducted by Lipatov et al. which
focused on characterizing the electromechanical properties of the 2D MoS; materials. In
AFM, the MoS, surface is scanned by applying a small voltage to the tip which generates an
electromechanical deformation with the surface. The study showed that by using various
modes of AFM, the ferroelectric properties of the MoS, surface can be explored [174].
Liu et al. used AFM to study the interlayer friction and superlubricity between the two-
dimensional materials. The interlayer friction was directly measured by wrapping the
2D flakes on AFM tips, which allowed the researchers to examine the friction between
these materials [175]. The frictional properties or the formation of atomic resolution were
explored using these AFM tips at the nanoscale level.

AFM is known to achieve high spatial resolution, which makes it suitable for studying
different atomic friction patterns and providing detailed information about the force maps.
This approach is capable of measuring the nanoscale frictional forces that occur between
the AFM tips and the substrate [176]. This technique is also compatible with atomic
manipulation, making it feasible for inducing chemical reactions with the end tip of the
microscope [177]. However, AFM requires the adsorption of nanoparticles onto the support
surfaces like mica and silicon wafers.

5. Future Perspectives and Conclusions

The future application as a multifunctional 2D material is promising for an extremely
diverse range of industrial and scientific applications such as MoS, and graphene [178,179].
With continuous exploration of its unique structural, electronic, optical, and mechani-
cal properties, MoS; is all set to be a keystone for future technological developments in
medicine, environmental sensing, energy harvesting, bendable electronics, and so on. One
of the most intriguing aspects of MoS;, is that it is an intrinsic semiconducting material,
which represents a significant advantage over graphene for electronic- and sensing-related
applications that require an intrinsic bandgap. Its high surface area to volume, mechanical
flexibility, and biocompatibility make it an exceptional material for designing sensitive,
miniaturized, and energy-efficient sensors for real-time sensing and diagnosis. In biosens-
ing, MoS, is poised to revolutionize disease detection and environmental monitoring
owing to its exceptional electrochemical and optical sensitivity. Future directions will be
to hybridize MoS, with other nanomaterials such as noble metals, polymers, and carbon
nanotubes in order to enhance selectivity, amplify the signal, and make it long-lasting.
Future applications in emerging research will be integrating MoS, with lab-on-a-chip instru-
ments and point-of-care kits, which will become inevitable for early disease identification,
epidemic containment, and personalized medicine. Combing MoS,-based sensors with
microfluidics and smartphone integration also promises to lead to fully automated, portable
diagnoses with real-time tracking capabilities, even in resource-limited environments and
telemedicine systems. While chemical vapor deposition (CVD), hydrothermal growth, and
liquid-phase exfoliation have promisingly started to show potential, wafer-scale, defect-
free, layer-controlled MoS, growth remains a major hurdle. Investigation of scalable, clean
synthesis methods with well-controlled shape and phase purity will be important. Further,
1T, 2H, and mixed-phase MoS, synthesis exploration, together with heterostructure design,
could lead to new functionalities that are application-specific. The long-term biocom-
patibility and environmental friendliness of MoS,-based nanomaterials will need to be
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exhaustively tested to enable safe and benign deployment, particularly in medicine and
consumer products. In conclusion, the exploration of MoS, material as biosensors led to
significant advancement in various fields like medicine, environmental monitoring, and
the food industry. Its excellent electronic properties like high surface-to-volume ratio, high
surface area, tunable bandgap, and strong biocompatibility to detect various biomolecules
make it an ideal material for biosensing applications with high sensitivity and accuracy.
The layered structure of the material allows effective interaction, making it effective to
detect various biomarkers. Despite these promising attributes, it faces several technical
challenges including the optimization of the fabrication process to improve the performance
and enhance the reproducibility. Challenges such as large-scale production, enhancing
specificity towards the target analytes, and achieving low-cost production and long-term
stability persist for future research. Future developments should focus on the advancement
of MoS,-based biosensors for improving the accuracy and expanding the functionality.
Overcoming these challenges will lead to the development of a robust, cost-effective, and
scalable system for biosensing applications.
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Appendix A

Table Al. Studies of mechanical exfoliation.

Author . Publication ..
Name Paper Title Year Findings/Results
A criterion to measure the feasibility of peeling off 2D sheets from
the substrate without causing any fractures was proposed, which
Mechanical exfoiation boteryield. The theoreal models wer validated by comporin
[19] of two-dimensional 2018 yieid. y paring

materials

them using the coarse-grained molecular dynamics (CGMDs)
simulation results. The results concluded that peeling angle and
adhesive strength are the two most important factors for
controlling the peeling process.
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Table Al. Cont.

ANuatizr Paper Title Pub\l{;c::mn Findings/Results
Universal mechanical A method was developed for assisting the exfoliation of
[20] exfoliation of large-area 2020 monolayered MoS; from their bulk crystals, and it was mainly
2D crystals effective where exfoliation is difficult using
conventional methods.
Ultrasensitive WSe, A method to develop label-free detection of cancer in
field-effect point-of-care applications using mechanical exfoliation methods.
transistor-based Bulk crystals of WSe;,, which is a layered material, are taken,
[21] biosensor for label-free 2021 which also makes it possible to separate these layers mechanically,
detection of cancer in which are later transferred to silicon or silicon dioxide substrates.
point-of-care Techniques such as Atomic Force Microscopy (AFM) were used to
applications ensure the quality and thickness of the exfoliated WSe; layers.
. An efficient method for developing thin nanosheets of MoS,,
Mi;g;};:f %?(%(Ti);iton using a roll-to-roll setup approach that creates excellent flake
[22] for Low-Cost 2023 density, was developed. This nanosheet production method
Production of van der presents a promising solution for the cost-effective production of
Waals Nanosheets ultrathin sheets while maintaining good electronic and
optoelectronic performance.
Scotch tape method was proposed to mechanically exfoliate a thin
layer of MoS, flakes from bulk MoS; crystals and further transfer
Surface characterization the flakes on a polished and undoped Si substrate. In the study,
[23] of MoS; atomic layers 2020 relative EPES measurements were used for evaluating IMFP
mechanically exfoliated values in MoS, with different surface stoichiometries. The
on a si substrate scanning electron microscopy (SEM) results showed that single
crystalline MoS; flakes exhibit high crystal quality and
uniform thickness.
Table A2. Studies of liquid-phase exfoliation.
ANT::: Paper Title Pub;c;tmn Findings/Results
The study aimed to develop a novel approach for
oil-water separation using atomically thin MoS;
Underwater superoleophobic and nanosheets with the help of mechanical exfoliation.
[31] underoil superhydrophobic surface 2019 It was noted that the special properties of the
made by liquid-exfoliated MoS, for MoS;-coated fabric, like exhibiting both underwater
on-demand oil-water separation and underoil superoleophobicity, make it highly
effective for industrial and
environmental applications.
Liquid-Phase Exfoliation and An effective antibacterial agent was developed by
Functionalization of MoS synthesizing thin sheets of MoS; with the help of
[32] Nanosheets for Effec tivez 2020 lysozyme-assisted LPE. It was found that the
Antibacterial Application method used for functionalizing the nanosheets of
MoS; resulted in good physiological stability.
Production and Patterning of Liquid
Phase-Exfoliated 2D Sheets for A study for the production and patterning of
[33] Applications in Optoelectronics 2019 high-quality 2D materials highlighted the ability to

Production and Patterning of Liquid
Phase-Exfoliated 2D Sheets
for Applications

tune the properties of two-dimensional materials by
manipulating their structure at the atomic level.
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Table A2. Cont.

Author Publication

Name Paper Title Year Findings/Results
A MoS; nanosheet-based A highly sensitive, antibody-free method was
[34] CRISPR/Cas12a biosensor for 2024 developed for the detection of miR-499 with the
efficient miRNA quantification for help of MoS; nanosheets combined with the
acute myocardial infarction CRISPR system.
Table A3. Studies of chemical vapor deposition method.
ﬁ;ﬁ:r Paper Title Pub\l{lec:rtlon Findings/Results
Ambi Ambient Pressure Chemical Vapor Deposition (AP-CVD) was used
mbient Pressure . . e .
Chemical Vapor to synthesize thin nanosheet§ of.molybdenum dlsu1f1dg by using
p
Deposition of Flat sulfur and molyb(.:lgnum trioxide as precursor materlals.. The
[41] P . 2022 temperature and position of precursors are controlled by utilizing a
and Vertically two- P tup. Their findi ded the i ¢ d
Aligned wo-zone furnace setup. Their findings recorded the importance an
MoS, N heet versatility of the AP-CVD method for producing high-quality thin
0S; Nanosheets
MoS; nanosheets.
Another method for the growth of thin nanosheets using CVD has
been where two pieces of substrates are taken and cleaned. One
Capping technique piece of the substrate undergoes spin-coating with Na,MoO,
for chemical vapor solution and the other substrate is placed on the top of the first
[42] deposition of large 2021 substrate to create a sandwich structure. This prepared substrate is
and uniform MoS; placed inside a quartz tube which is heated at 150 °C for 1 h along
flakes with sulfur in an alumina boat. This process leads to the formation of
MoS,; flakes on both substrates simultaneously, resulting in a
uniform and high-quality monolayer of MoS, flakes on the substrate.
Thin nanosheets are grown using CVD where two pieces of
substrates are taken and cleaned. One piece of the substrate
Effect of Growth undergoes spin-coating with Na;MoO; solution and the other
Temperature on substrate is placed on the top of the first substrate to create a
[43]  Physical Properties of 2020 sandwich structure. This prepared substrate is placed inside a quartz
MoS, Thin Films tube which is heated at 150 °C for 1 h along with sulfur in an
Synthesized by CVD alumina boat. This process leads to the formation of MoS; flakes on
both substrates simultaneously, resulting in a uniform and
high-quality monolayer of MoS; flakes on the substrate.
A systematic investigation of the CVD growth of MoS; is presented,
Stepwise which mainly focuses on the effect of sulfur concentration. It was
Sulfurization from found that controlling sulfur vapor concentration is crucial to
[44] MoOj; to MoS; via 2018 achieving high-quality MoS, through the CVD process, hence
Chemical providing a deep understanding of the growth mechanism and
Vapor Deposition potential for optimizing the synthesis of MoS; and other transition
metal dichalcogenides.
The researchers employed CVD to grow thin films of edge-enriched
2D MoS; with a nanoplatelet network structure and were successful
Edge-Enriched 2D in tailoring the CVD parameters to create a high-porosity network of
MoS; Thin Films MoS,, where large platelets of MoS, had small layered MoS, sheets
[45] Grown by Chemical 2017 perpendicular to them, which significantly increased the number of
Vapor Deposition for edge sites within a given geometric area. It was also identified that
Enhanced Catalytic increasing the thickness of the film leads to an increase in impedance
Performance and reduced current density. Their findings highlighted the potential

of their edge-enriched MoS; films for catalytic applications,
particularly in hydrogen production through water splitting.
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Table A4. Studies of chemical exfoliation method.

Author

Publication

Name Paper Title Year Findings/Results
A device was developed with the help of chemically exfoliated
Near-infrared multilayered MoS; films, where some amount of MoS, was
carintrared dissolved in 16.5 M of butyllithium solution for about 47-48 h in
hotodetector achieved
56 p . . 2018 a nitrogen-filled flask. Further, ultrasonication was performed
by chemically-exfoliated & p
m}llﬂtilayere d}II\/IOS flakes for about 1 h, followed by centrifugation to remove all the
2} . : X .
excess unexfoliated materials. Vacuum filtration method was
used to create MoS; films on silicon substrate.
A study aimed to focus on the synthesization of MoS;-based
Synthesis, nanosheets used for photocatalytic applications. In the study,
characterization and MoS; nanosheets were synthesized with the help of one-plot
[57] photocatalytic 2018 hydrothermal method by exfoliating them in
performance of dimethylformamide solution. The method presented by the
chemically study produced MoS, nanosheets with enhanced photocatalytic
exfoliated MoS; performance, providing a promising material for environmental
applications such as pollutant degradation.
The performance of a flexible photodetector was investigated
Robust Photodetectable based on molybdenum dlsu-lflde and tr.10x1de mixture, where
. powder of MoS, was chemically exfoliated with the help of
Paper from Chemically i .
[58] . 2019 n-butyllithium. The researchers were successful in
Exfoliated Mo0S,-MoO3 ¢ ine the flexible photod . - ¢
Multilavers manufacturing the tlexible photodetector using a mixture o
y MoS; and MoSs, resulting in a device with a high
quantum efficiency.
An environmentally friendly method was developed to
AT synthesize few-layer MoS; nanosheets using acetone as a
Cost effeF tive liquid solvent because of its low boiling point, low toxicity, and
phase exfoliation of MoS, . . . .
heets and surface tension energy instead of using NMP. The thin
[59] pho tcr)lcir’zglsyt(i?s :ciil;l/ity for 2020 nanosheets were prepared in various initial concentrations of
wastewater treatment 4 bulk I\/E)SZ .(()};Oim}gf/lmL% 0.12 lm g/mlf,gS}Iln %/mL};.and h
forced by visible light 0.4 mg/mL) with the help of an ultrasonic bath. To achieve the
en stable few-layered MoS; nanosheets, sonication time, duration
of centrifugation, and amount of solvent were varied.
Table A5. Studies of physical vapor deposition method.
Alx\luat;(;r Paper Title Pub\l{lec:rtlon Findings/Results
Optical and morphological PVD was used to synthesize copper-doped and undoped
properties of environmentally o . . N
. . . o thin films of tin sulfide. Their findings showed that
[64] benign Cu-Tin sulfide thin films 2019 . . .
. doping the thin films of SnS with copper leads to the
grown by physical vapor . . .
. . alteration of the optical and structural properties.
deposition technique
The PVD process takes place inside a vacuum chamber to
Sputter deposition of 2D MoS, create thin fllrsns-ofb MOIS;Q c(); glff(.er}t:r;:c. s?lbstrates. In this
thin films—A critical review process, MoS; is bombarded with high-energy argon
[65] 2022 ions, which causes the molecules to detach and deposit

from a surface and

. onto a substrate to form a thin film. This approach leads
structural perspective

to a scalable and controlled fabrication of high-quality
MoS, thin nanosheets.
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Table A5. Cont.

Author Publication

Name Paper Title Year Findings/Results
A surface plasmon resonance biosensor was fabricated,
which was built on the bimetallic layers of Ag and MoS;
Surface plasmon resonance using the ATR method. The biosensor was fabricated on
biosensor sensitivity the BK7 prism base, and a layer of Ag was deposited on
[66] improvement employing of 2D 2023 the BK7 base using the PVD method, followed by the
materials and BaTiO3 with formation of other layers using the CVD method. The
bimetallic layers of silver authors revealed that the proposed biosensor tends to
have much better sensitivity than the other
conventional structures.
Efficient Point-of-Care Detection A method was employed to detect uric acid in human
of Uric Acid in the Human blood using MoS, along with some nanocomposites of
Blood Sample with an Enhanced cobalt on a copper substrate with the help of PVD
[67] Electrocatalytic Response Using 2022 approach. It was recorded that the fabricated device has
Nanocomposites of Cobalt and improved sensitivity, a long shelf life of about six months,
Mixed-Valent and high specificity, which make it suitable for real-time
Molybdenum Sulfide clinical applications.

Chemical Vapor Deposition

Synthesis Of Graphene And The physical vapor deposition method was employed to

fabricate graphene-based field-effect transistors. PVD

[68] D'Transmon' Metal 2023 was used for the deposition of metal contacts on
ichalcogenides And hene during the fabrication process of GFETs
Their Applications graphene & p '

References

1. Chiu, N.-F; Tai, M.-].; Nurrohman, D.T.; Lin, T.-L.; Wang, Y.-H.; Chen, C.-Y. Immunoassay-Amplified Responses Using a
Functionalized MoS,-Based SPR Biosensor to Detect PAPP-A2 in Maternal Serum Samples to Screen for Fetal Down’s Syndrome.
Int. ]. Nanomed. 2021, 16, 2715-2733. [CrossRef]

2. Martinez-Perifidn, E.; Garcia-Mendiola, T.; Enebral-Romero, E.; del Cafio, R.; Vera-Hidalgo, M.; Sulleiro, M.V.; Navio, C.; Pariente,
F,; Pérez, EM.; Lorenzo, E. A MoS; platform and thionine-carbon nanodots for sensitive and selective detection of pathogens.
Biosens. Bioelectron. 2021, 189, 113375. [CrossRef]

3.  Aftab, S.; Abbas, A.; Igbal, M.Z.; Hussain, S.; Kabir, F.; Akman, E.; Xu, F.; Hegazy, H. Recent advances in nanomaterials based
biosensors. TrAC Trends Anal. Chem. 2023, 167, 117223. [CrossRef]

4. Cai, H.; Wang, M.; Wu, Z,; Liu, J.; Wang, X. Performance Enhancement of SPR Biosensor Using Graphene-MoS, Hybrid Structure.
Nanomaterials 2022, 12, 2219. [CrossRef]

5. Mia, AK,; Meyyappan, M.; Giri, PK. Two-Dimensional Transition Metal Dichalcogenide Based Biosensors: From Fundamentals
to Healthcare Applications. Biosensors 2023, 13, 169. [CrossRef]

6. Xu, Z,;Lu,],; Zheng, X.; Chen, B.; Luo, Y.; Tahir, M.N.; Huang, B.; Xia, X.; Pan, X. A critical review on the applications and
potential risks of emerging MoS, nanomaterials. J. Hazard. Mater. 2020, 399, 123057. [CrossRef]

7. Masurkar, N.; Thangavel, N.K,; Yurgelevic, S.; Varma, S.; Auner, G.W.; Arava, L M.R. Reliable and highly sensitive biosensor from
suspended MoS; atomic layer on nano-gap electrodes. Biosens. Bioelectron. 2021, 172, 112724. [CrossRef]

8. Zhang, Y,; Feng, D.; Xu, Y; Yin, Z.; Dou, W.; Habiba, U.E.; Pan, C.; Zhang, Z.; Mou, H.; Deng, H.; et al. DNA-based func-
tionalization of two-dimensional MoS, FET biosensor for ultrasensitive detection of PSA. Appl. Surf. Sci. 2021, 548, 149169.
[CrossRef]

9. Wang, C.; Song, Y.; Huang, H. Evolution Application of Two-Dimensional MoS,-Based Field-Effect Transistors. Nanomaterials
2022, 12, 3233. [CrossRef]

10. Soni, A.; Pandey, C.M.; Pandey, M.K,; Sumana, G. Highly efficient Polyaniline-MoS; hybrid nanostructures based biosensor for
cancer biomarker detection. Anal. Chim. Acta 2019, 1055, 26-35. [CrossRef]

11.  Vahed, H.; Nadri, C. Sensitivity enhancement of SPR optical biosensor based on Graphene-MoS, structure with nanocomposite
layer. Opt. Mater. 2019, 88, 161-166. [CrossRef]

12.  Lai, C.-L.; Karmakar, R.; Tsao, Y.-M.; Lu, S.-C.; Mukundan, A.; Liu, P-H.; Wang, H.-C. Fabrication of MoS; nanoparticle dispersions

using ultrasonic methods: Synthesis techniques and optical characterization. Opt. Mater. Express 2024, 14, 2003. [CrossRef]


https://doi.org/10.2147/IJN.S296406
https://doi.org/10.1016/j.bios.2021.113375
https://doi.org/10.1016/j.trac.2023.117223
https://doi.org/10.3390/nano12132219
https://doi.org/10.3390/bios13020169
https://doi.org/10.1016/j.jhazmat.2020.123057
https://doi.org/10.1016/j.bios.2020.112724
https://doi.org/10.1016/j.apsusc.2021.149169
https://doi.org/10.3390/nano12183233
https://doi.org/10.1016/j.aca.2018.12.033
https://doi.org/10.1016/j.optmat.2018.11.034
https://doi.org/10.1364/OME.528709

Biosensors 2025, 15, 371 41 of 47

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Arshad, M.M.; Gopinath, S.C.; Norhaimi, W.M.W.,; Fathil, M.EM. Current and future envision on developing biosensors aided by
2D molybdenum disulfide (MoS,) productions. Biosens. Bioelectron. 2019, 132, 248-264. [CrossRef]

Yu, H.; Zhu, H.; Dargusch, M.; Huang, Y. A reliable and highly efficient exfoliation method for water-dispersible MoS, nanosheet.
J. Colloid Interface Sci. 2018, 514, 642—-647. [CrossRef] [PubMed]

Ma, H,; Shen, Z.; Ben, S. Understanding the exfoliation and dispersion of MoS; nanosheets in pure water. . Colloid Interface Sci.
2018, 517, 204-212. [CrossRef] [PubMed]

Ambrosi, A.; Pumera, M. Electrochemical Exfoliation of MoS, Crystal for Hydrogen Electrogeneration. Chern.—Eur. ]. 2018, 24,
18551-18555. [CrossRef]

Li, W,; Zhang, Y.; Long, X.; Cao, J.; Xin, X,; Guan, X.; Peng, J.; Zheng, X. Gas Sensors Based on Mechanically Exfoliated MoS,
Nanosheets for Room-Temperature NO, Detection. Sensors 2019, 19, 2123. [CrossRef]

Ermolaev, G.A.; El-Sayed, M.A.; Yakubovsky, D.I.; Voronin, K.V.; Romanov, R.I.; Tatmyshevskiy, M.K.; Doroshina, N.V.; Nemtsov,
A.B.; Voronov, A.A.; Novikov, S.M.; et al. Optical Constants and Structural Properties of Epitaxial MoS, Monolayers. Nanomaterials
2021, 11, 1411. [CrossRef]

Gao, E.; Lin, S.-Z.; Qin, Z.; Buehler, M.].; Feng, X.-Q.; Xu, Z. Mechanical exfoliation of two-dimensional materials. J. Mech. Phys.
Solids 2018, 115, 248-262. [CrossRef]

Huang, Y.; Pan, Y.-H.; Yang, R.; Bao, L.-H.; Meng, L.; Luo, H.-L.; Cai, Y.-Q.; Liu, G.-D.; Zhao, W.-].; Zhou, Z.; et al. Universal
mechanical exfoliation of large-area 2D crystals. Nat. Commun. 2020, 11, 2453. [CrossRef]

Hossain, M.M.; Shabbir, B.; Wu, Y.; Yu, W.; Krishnamurthi, V.; Uddin, H.; Mahmood, N.; Walia, S.; Bao, Q.; Alan, T.; et al.
Ultrasensitive WSe; field-effect transistor-based biosensor for label-free detection of cancer in point-of-care applications. 2D
Mater. 2021, 8, 045005. [CrossRef]

Sozen, Y.; Riquelme, ].].; Xie, Y.; Munuera, C.; Castellanos-Gomez, A. High-Throughput Mechanical Exfoliation for Low-Cost
Production of van der Waals Nanosheets. Small Methods 2023, 7, €2300326. [CrossRef] [PubMed]

Krawczyk, M.; Pisarek, M.; Szoszkiewicz, R.; Jablonski, A. Surface Characterization of MoS, Atomic Layers Mechanically
Exfoliated on a Si Substrate. Materials 2020, 13, 3595. [CrossRef]

Li, Y,; Kuang, G.; Jiao, Z.; Yao, L.; Duan, R. Recent progress on the mechanical exfoliation of 2D transition metal dichalcogenides.
Mater. Res. Express 2022, 9, 122001. [CrossRef]

Samy, O.; Zeng, S.; Birowosuto, M.D.; El Moutaouakil, A. A Review on MoS; Properties, Synthesis, Sensing Applications and
Challenges. Crystals 2021, 11, 355. [CrossRef]

Khan, R.; Radoi, A.; Rashid, S.; Hayat, A.; Vasilescu, A.; Andreescu, S. Two-Dimensional Nanostructures for Electrochemical
Biosensor. Sensors 2021, 21, 3369. [CrossRef]

Alzakia, F1.; Tan, S.C. Liquid-Exfoliated 2D Materials for Optoelectronic Applications. Adv. Sci. 2021, 8, 2003864. [CrossRef]
Jawaid, A.; Nepal, D.; Park, K,; Jespersen, M.; Qualley, A.; Mirau, P.; Drummy, L.F,; Vaia, R.A. Mechanism for Liquid Phase
Exfoliation of MoS,. Chem. Mater. 2016, 28, 337-348. [CrossRef]

Hasan, T.; Scardaci, V.; Tan, P.; Rozhin, A.G.; Milne, W.L; Ferrari, A.C. Stabilization and “Debundling” of Single-Wall Carbon
Nanotube Dispersions in N-Methyl-2-pyrrolidone (NMP) by Polyvinylpyrrolidone (PVP). J. Phys. Chem. C 2007, 111, 12594-12602.
[CrossRef]

Rodriguez-Montelongo; Adriana, S.; de Jestis Barraza-Garcia, F.; Orea-Calderén, B.I; Lépez-Urias, F.; Mufioz-Sandoval, E.
Engineered MoS, nanostructures via ultrasonic liquid-phase exfoliation: Morphological diversity for enhanced electrochemical
applications. Mater. Res. Express 2025, 12, 055001. [CrossRef]

Dong, Y.; Huang, C.; Yang, X.-Y. Underwater superoleophobic and underoil superhydrophobic surface made by liquid-exfoliated
MoS, for on-demand oil-water separation. Chem. Eng. J. 2019, 361, 322-328. [CrossRef]

Ma, D,; Xie, C.; Wang, T.; Mei, L.; Zhang, X.; Guo, Z.; Yin, W. Liquid-Phase Exfoliation and Functionalization of MoS, Nanosheets
for Effective Antibacterial Application. ChemBioChem 2020, 21, 2373-2380. [CrossRef] [PubMed]

Witomska, S.; Leydecker, T.; Ciesielski, A.; Samori, P. Production and Patterning of Liquid Phase-Exfoliated 2D Sheets for
Applications in Optoelectronics Production and Patterning of Liquid Phase-Exfoliated 2D Sheets for applications in optoelectronics.
Adv. Funct. Mater. 2019, 29, 1901126. [CrossRef]

Li, P; Ye, Y,; Li, Y,; Xie, Z.; Ye, L.; Huang, ]. A MoS; nanosheet-based CRISPR/Cas12a biosensor for efficient miRNA quantification
for acute myocardial infarction. Biosens. Bioelectron. 2024, 251, 116129. [CrossRef]

Islam, A.; Serles, P.; Kumral, B.; Demingos, P.G.; Qureshi, T.; Meiyazhagan, A.; Puthirath, A.B.; Bin Abdullah, M.S.; Faysal, S.R.;
Ajayan, PM.; et al. Exfoliation mechanisms of 2D materials and their applications. Appl. Phys. Rev. 2022, 9, 041301. [CrossRef]
Zeng, X.; Hirwa, H.; Metel, S.; Nicolosi, V.; Wagner, V. Solution processed thin film transistor from liquid phase exfoliated MoS,
flakes. Solid-State Electron. 2018, 141, 58—64. [CrossRef]

Li, L.; Zhou, M,; Jin, L.; Liu, L.; Mo, Y.; Li, X.; Mo, Z.; Liu, Z.; You, S.; Zhu, H. Research Progress of the Liquid-Phase Exfoliation
and Stable Dispersion Mechanism and Method of Graphene. Front. Mater. 2019, 6, 325. [CrossRef]


https://doi.org/10.1016/j.bios.2019.03.005
https://doi.org/10.1016/j.jcis.2018.01.006
https://www.ncbi.nlm.nih.gov/pubmed/29310093
https://doi.org/10.1016/j.jcis.2017.11.013
https://www.ncbi.nlm.nih.gov/pubmed/29427886
https://doi.org/10.1002/chem.201804821
https://doi.org/10.3390/s19092123
https://doi.org/10.3390/nano11061411
https://doi.org/10.1016/j.jmps.2018.03.014
https://doi.org/10.1038/s41467-020-16266-w
https://doi.org/10.1088/2053-1583/ac1253
https://doi.org/10.1002/smtd.202300326
https://www.ncbi.nlm.nih.gov/pubmed/37322554
https://doi.org/10.3390/ma13163595
https://doi.org/10.1088/2053-1591/aca6c6
https://doi.org/10.3390/cryst11040355
https://doi.org/10.3390/s21103369
https://doi.org/10.1002/advs.202003864
https://doi.org/10.1021/acs.chemmater.5b04224
https://doi.org/10.1021/jp0723012
https://doi.org/10.1088/2053-1591/add0f9
https://doi.org/10.1016/j.cej.2018.12.019
https://doi.org/10.1002/cbic.202000195
https://www.ncbi.nlm.nih.gov/pubmed/32227558
https://doi.org/10.1002/adfm.201901126
https://doi.org/10.1016/j.bios.2024.116129
https://doi.org/10.1063/5.0090717
https://doi.org/10.1016/j.sse.2017.12.005
https://doi.org/10.3389/fmats.2019.00325

Biosensors 2025, 15, 371 42 of 47

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Ott, S.; Wolff, N.; Rashvand, F; Rao, V.J.; Zaumseil, J.; Backes, C. Impact of the MoS, Starting Material on the Dispersion Quality
and Quantity after Liquid Phase Exfoliation. Chem. Mater. 2019, 31, 8424-8431. [CrossRef]

Lee, S.K.; Chu, D.; Song, D.Y.; Pak, S.W.; Kim, E.K. Electrical and photovoltaic properties of residue-free MoS; thin films by liquid
exfoliation method. Nanotechnology 2017, 28, 195703. [CrossRef]

Withanage, S.S.; Kalita, H.; Chung, H.-S.; Roy, T,; Jung, Y.; Khondaker, S.I. Uniform Vapor-Pressure-Based Chemical Vapor
Deposition Growth of MoS; Using MoO3 Thin Film as a Precursor for Coevaporation. ACS Omega 2018, 3, 18943-18949. [CrossRef]
Tummala, PP; Martella, C.; Molle, A.; Lamperti, A. Ambient Pressure Chemical Vapor Deposition of Flat and Vertically Aligned
MoS, Nanosheets. Nanomaterials 2022, 12, 973. [CrossRef] [PubMed]

Tsigkourakos, M.; Kainourgiaki, M.; Skotadis, E.; Giannakopoulos, K.P; Tsoukalas, D.; Raptis, Y.S. Capping technique for chemical
vapor deposition of large and uniform MoS, flakes. Thin Solid Films 2021, 733, 138808. [CrossRef]

Ardahe, M.; Hantehzadeh, M.R.; Ghoranneviss, M. Effect of Growth Temperature on Physical Properties of MoS, Thin Films
Synthesized by CVD. J. Electron. Mater. 2020, 49, 1002-1008. [CrossRef]

Pondick, J.V.; Woods, ].M.; Xing, J.; Zhou, Y.; Cha, ].J. Stepwise Sulfurization from MoOs to MoS, via Chemical Vapor Deposition.
ACS Appl. Nano Mater. 2018, 1, 5655-5661. [CrossRef]

Li, S.; Wang, S.; Salamone, M.M.; Robertson, A.W.; Nayak, S.; Kim, H.; Tsang, S.C.E.; Pasta, M.; Warner, ].H. Edge-Enriched
2D MoS; Thin Films Grown by Chemical Vapor Deposition for Enhanced Catalytic Performance. ACS Catal. 2017, 7, 877-886.
[CrossRef]

Cheng, Z.; Xia, M,; Liu, S.; Hu, R.; Liang, G.; Zhang, S. Role of rough substrate on the growth of large single-crystal MoS; by
chemical vapor deposition. Appl. Surf. Sci. 2019, 476, 1008-1015. [CrossRef]

Zhang, J.; Liu, T.; Fu, L.; Ye, G. Synthesis of nanosized ultrathin MoS; on montmorillonite nanosheets by CVD method. Chem.
Phys. Lett. 2021, 781, 138808. [CrossRef]

Mohapatra, PK.; Ranganathan, K.; Ismach, A. Selective Area Growth and Transfer of High Optical Quality MoS, Layers. Adv.
Mater. Interfaces 2020, 7, 2001549. [CrossRef]

Wang, S.; Wang, X.; Warner, ].H. All Chemical Vapor Deposition Growth of MoS;:h-BN Vertical van der Waals Heterostructures.
ACS Nano 2015, 9, 5246-5254. [CrossRef]

Han, T,; Liu, H.; Wang, S.; Chen, S.; Li, W.; Yang, X. Probing the Growth Improvement of Large-Size High Quality Monolayer
MoS; by APCVD. Nanomaterials 2019, 9, 433. [CrossRef]

Gupta, D.; Chauhan, V.; Kumar, R. Sputter deposition of 2D MoS, thin films -A critical review from a surface and structural
perspective. Inorg. Chem. Commun. 2022, 144, 109848. [CrossRef]

Lukowski, M.A.; Daniel, A.S.; Meng, F.; Forticaux, A.; Li, L.; Jin, S. Enhanced Hydrogen Evolution Catalysis from Chemically
Exfoliated Metallic MoS, Nanosheets. |. Am. Chem. Soc. 2013, 135, 10274-10277. [CrossRef] [PubMed]

Wang, Z.; Mi, B. Environmental Applications of 2D Molybdenum Disulfide (MoS;) Nanosheets. Environ. Sci. Technol. 2017, 51,
8229-8244. [CrossRef]

Wang, G.; Zhang, ]J.; Yang, S.; Wang, F; Zhuang, X.; Miillen, K.; Feng, X. Vertically Aligned MoS, Nanosheets Patterned on
Electrochemically Exfoliated Graphene for High-Performance Lithium and Sodium Storage. Adv. Energy Mater. 2018, 8, 1702254.
[CrossRef]

Garcia-Dali, S.; Paredes, J.I.; Munuera, ].M.; Villar-Rodil, S.; Adawy, A.; Martinez-Alonso, A.; Tascén, ].M. Aqueous Cathodic
Exfoliation Strategy toward Solution-Processable and Phase-Preserved MoS; Nanosheets for Energy Storage and Catalytic
Applications. ACS Appl. Mater. Interfaces 2019, 11, 36991-37003. [CrossRef]

Park, M.].; Park, K.; Ko, H. Near-infrared photodetector achieved by chemically-exfoliated multilayered MoS, flakes. Appl. Surf.
Sci. 2018, 448, 64-70. [CrossRef]

Vattikuti, S.V.P,; Shim, J. Synthesis, characterization and photocatalytic performance of chemically exfoliated MoS;. In IOP
Conference Series: Materials Science and Engineering; Institute of Physics Publishing: Bristol, UK, 2018; p. 012025.

Zhu, X.; Su, Z.; Wu, C,; Cong, H.; Ai, X.; Yang, H.; Qian, J. Exfoliation of MoS, Nanosheets Enabled by a Redox-Potential-Matched
Chemical Lithiation Reaction. Nano Lett. 2022, 22, 2956-2963. [CrossRef] [PubMed]

Mohiuddin; Wang, Y.; Zavabeti, A.; Syed, N.; Datta, R.S.; Ahmed, H.; Daeneke, T; Russo, S.P.; Rezk, A.R.; Yeo, L.Y,; et al. Liquid
Phase Acoustic Wave Exfoliation of Layered MoS,: Critical Impact of Electric Field in Efficiency. Chem. Mater. 2018, 30, 5593-5601.
[CrossRef]

Busch, R.T.; Sun, L.; Austin, D.; Jiang, J.; Miesle, P.; Susner, M.A.; Conner, B.S.; Jawaid, A.; Becks, S.T.; Mahalingam, K; et al.
Exfoliation procedure-dependent optical properties of solution deposited MoS; films. Npj 2D Mater. Appl. 2023, 7, 12. [CrossRef]
Santhosha, A.L.; Nayak, PK.; Pollok, K.; Langenhorst, E.; Adelhelm, P. Exfoliated MoS; as Electrode for All-Solid-State Recharge-
able Lithium-Ion Batteries. J. Phys. Chem. C 2019, 123, 12126-12134. [CrossRef]

Eberhardt, M.G.; Hodge, A.M.; Branicio, P.S. Atomistic modeling of physical vapor deposition on complex topology substrates.
Comput. Mater. Sci. 2022, 203, 111111. [CrossRef]


https://doi.org/10.1021/acs.chemmater.9b02336
https://doi.org/10.1088/1361-6528/aa6740
https://doi.org/10.1021/acsomega.8b02978
https://doi.org/10.3390/nano12060973
https://www.ncbi.nlm.nih.gov/pubmed/35335786
https://doi.org/10.1016/j.tsf.2021.138808
https://doi.org/10.1007/s11664-019-07796-1
https://doi.org/10.1021/acsanm.8b01266
https://doi.org/10.1021/acscatal.6b02663
https://doi.org/10.1016/j.apsusc.2019.01.211
https://doi.org/10.1016/j.cplett.2021.138972
https://doi.org/10.1002/admi.202001549
https://doi.org/10.1021/acsnano.5b00655
https://doi.org/10.3390/nano9030433
https://doi.org/10.1016/j.inoche.2022.109848
https://doi.org/10.1021/ja404523s
https://www.ncbi.nlm.nih.gov/pubmed/23790049
https://doi.org/10.1021/acs.est.7b01466
https://doi.org/10.1002/aenm.201702254
https://doi.org/10.1021/acsami.9b13484
https://doi.org/10.1016/j.apsusc.2018.04.085
https://doi.org/10.1021/acs.nanolett.2c00148
https://www.ncbi.nlm.nih.gov/pubmed/35285225
https://doi.org/10.1021/acs.chemmater.8b01506
https://doi.org/10.1038/s41699-023-00376-2
https://doi.org/10.1021/acs.jpcc.9b01816
https://doi.org/10.1016/j.commatsci.2021.111111

Biosensors 2025, 15, 371 43 of 47

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Deng, Y.; Chen, W.; Li, B.; Wang, C.; Kuang, T.; Li, Y. Physical vapor deposition technology for coated cutting tools: A review.
Ceram. Int. 2020, 46, 18373-18390. [CrossRef]

Majid, S.; Ahmad, K.S. Optical and morphological properties of environmentally benign Cu-Tin sulphide thin films grown by
physical vapor deposition technique. Mater. Res. Express 2019, 6, 036406. [CrossRef]

Dong, C.; Cui, Q.; Gao, X,; Jiang, D.; Fu, Y.; Wang, D.; Weng, L.; Hu, M.; Sun, J. Tribological property of MoS;-Cr3O,4 nanocomposite
films prepared by PVD and liquid phase synthesis. Surf. Coat. Technol. 2020, 403, 126382. [CrossRef]

Uniyal, A.; Pal, A.; Srivastava, G.; Rana, M.; Taya, S.A.; Sharma, A.; Altahan, B.R.; Tomar, S.; Singh, Y.; Parajuli, D.; et al. Surface
plasmon resonance biosensor sensitivity improvement employing of 2D materials and BaTiO3 with bimetallic layers of silver. J.
Mater. Sci. Mater. Electron. 2023, 34, 466. [CrossRef]

Roy, D.; Biswas, S.; Halder, S.; Chanda, N.; Mandal, S. Efficient Point-of-Care Detection of Uric Acid in the Human Blood Sample
with an Enhanced Electrocatalytic Response Using Nanocomposites of Cobalt and Mixed-Valent Molybdenum Sulfide. ACS Appl.
Bio Mater. 2022, 5, 4191-4202. [CrossRef]

Ono, R.; Imai, S.; Kusama, Y.; Hamada, T.; Hamada, M.; Muneta, I.; Kakushima, K.; Tsutsui, K.; Kano, E.; Ikarashi, N.; et al.
Elucidation of PVD MoS; film formation process and its structure focusing on sub-monolayer region. Jpn. J. Appl. Phys. 2022, 61,
S5C1023. [CrossRef]

Qadir, M.; Li, Y.; Wen, C. Ion-substituted calcium phosphate coatings by physical vapor deposition magnetron sputtering for
biomedical applications: A review. Acta Biomater. 2019, 89, 14-32. [CrossRef]

Sumarev, A.L.; Trofimova, K.E.; Kitaev, A.M.; Ishchenko, A.V. Laboratory physical vapor deposition coating equipment. In AIP
Conference Proceedings; American Institute of Physics Inc.: College Park, MD, USA, 2022.

Baptista, A.; Silva, EJ.G.; Porteiro, J.; Miguez, J.L.; Pinto, G. Sputtering Physical Vapour Deposition (PVD) Coatings: A Critical
Review on Process Improvement and Market Trend Demands. Coatings 2018, 8, 402. [CrossRef]

Wang, J.; Sui, L.; Huang, J.; Miao, L.; Nie, Y.; Wang, K.; Yang, Z.; Huang, Q.; Gong, X.; Nan, Y.; et al. MoS;-based nanocomposites
for cancer diagnosis and therapy. Bioact. Mater. 2021, 6, 4209-4242. [CrossRef] [PubMed]

Hossain, B.; Paul, A.K.; Islam, A.; Rahman, M.; Sarkar, A.K.; Abdulrazak, L.F. A highly sensitive surface plasmon resonance
biosensor using SnSe allotrope and heterostructure of BlueP /MoS, for cancerous cell detection. Optik 2022, 252, 168506. [CrossRef]
Mukundan, A.; Feng, S.-W.; Weng, Y.-H.; Tsao, Y.-M.; Artemkina, S.B.; Fedorov, V.E,; Lin, Y.-S.; Huang, Y.-C.; Wang, H.-C. Optical
and Material Characteristics of MoS, /Cu,O Sensor for Detection of Lung Cancer Cell Types in Hydroplegia. Int. J. Mol. Sci. 2022,
23, 4745. [CrossRef]

Rawat, B.; Mishra, K K.; Barman, U.; Arora, L.; Pal, D.; Paily, R.P. Two-Dimensional MoS,-Based Electrochemical Biosensor for
Highly Selective Detection of Glutathione. IEEE Sens. J. 2020, 20, 6937-6944. [CrossRef]

Sri, S.; Chauhan, D.; Lakshmi, G.; Thakar, A.; Solanki, PR. MoS, nanoflower based electrochemical biosensor for TNF alpha
detection in cancer patients. Electrochim. Acta 2022, 405, 139736. [CrossRef]

Cai, B.; Guo, S; Li, Y. MoS;-based sensor for the detection of miRNA in serum samples related to breast cancer. Anal. Methods
2018, 10, 230-236. [CrossRef]

Hu, J.; Zhang, C; Li, X,; Du, X. An Electrochemical Sensor Based on Chalcogenide Molybdenum Disulfide-Gold-Silver Nanocom-
posite for Detection of Hydrogen Peroxide Released by Cancer Cells. Sensors 2020, 20, 6817. [CrossRef]

Peng, X.; Wang, Y.; Wen, W.; Chen, M.-M.,; Zhang, X.; Wang, S. Simple MoS,—-Nanofiber Paper-Based Fluorescence Immunosensor
for Point-of-Care Detection of Programmed Cell Death Protein 1. Anal. Chem. 2021, 93, 8791-8798. [CrossRef]

Lai, C.-L.; Karmakar, R.; Mukundan, A.; Chen, W.-C.; Wu, I.-C.; Fedorov, V.E,; Feng, S.-W.; Choomjinda, U.; Huang, S.-F.; Wang,
H.-C. Lung cancer cells detection by a photoelectrochemical MoS; biosensing chip. Biomed. Opt. Express 2024, 15, 753-771.
[CrossRef] [PubMed]

Qin, Z.; Zhang, J.; Li, S. Molybdenum Disulfide as Tunable Electrochemical and Optical Biosensing Platforms for Cancer
Biomarker Detection: A Review. Biosensors 2023, 13, 848. [CrossRef]

Cao, Y,; Wang, K.; Zhu, P; Zou, X.; Ma, G.; Zhang, W.; Wang, D.; Wan, J.; Ma, Y.; Sun, X,; et al. A near-infrared triggered
upconversion/MoS, nanoplatform for tumour-targeted chemo-photodynamic combination therapy. Colloids Surfaces B Biointer-
faces 2022, 213, 112393. [CrossRef]

Sha, R.; Bhattacharyya, T.K. MoS;-based nanosensors in biomedical and environmental monitoring applications. Electrochim. Acta
2020, 349, 136370. [CrossRef]

Rehman, A.U.; Anwar, M.; Khan, A.; Kalhoro, K.A.; Zhang, C.; Zhang, Y.; Shokouhimehr, M.; Liu, Z. Perforated MoS, nanosheets
adorned with Ni nanoparticles: An electrochemical sensor for concurrent detection of dopamine and uric acid. Microchem. ]. 2025,
209, 112821. [CrossRef]

Campos, M.T,; Silva, FA.L.S.; Fernandes, J.R.; Santos, S.G.; Magalhaes, F.D.; Oliveira, M.]J.; Pinto, A.M. New MoS, /Tegafur-
Containing Pharmaceutical Formulations for Selective LED-Based Skin Cancer Photo-Chemotherapy. Pharmaceutics 2024, 16, 360.
[CrossRef]


https://doi.org/10.1016/j.ceramint.2020.04.168
https://doi.org/10.1088/2053-1591/aaf454
https://doi.org/10.1016/j.surfcoat.2020.126382
https://doi.org/10.1007/s10854-023-09821-w
https://doi.org/10.1021/acsabm.2c00403
https://doi.org/10.35848/1347-4065/ac3fc9
https://doi.org/10.1016/j.actbio.2019.03.006
https://doi.org/10.3390/coatings8110402
https://doi.org/10.1016/j.bioactmat.2021.04.021
https://www.ncbi.nlm.nih.gov/pubmed/33997503
https://doi.org/10.1016/j.ijleo.2021.168506
https://doi.org/10.3390/ijms23094745
https://doi.org/10.1109/JSEN.2020.2978275
https://doi.org/10.1016/j.electacta.2021.139736
https://doi.org/10.1039/C7AY02329D
https://doi.org/10.3390/s20236817
https://doi.org/10.1021/acs.analchem.1c00269
https://doi.org/10.1364/BOE.511900
https://www.ncbi.nlm.nih.gov/pubmed/38404333
https://doi.org/10.3390/bios13090848
https://doi.org/10.1016/j.colsurfb.2022.112393
https://doi.org/10.1016/j.electacta.2020.136370
https://doi.org/10.1016/j.microc.2025.112821
https://doi.org/10.3390/pharmaceutics16030360

Biosensors 2025, 15, 371 44 of 47

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Nurrohman, D.T.; Wang, Y.-H.; Chiu, N.-F. Exploring Graphene and MoS, Chips Based Surface Plasmon Resonance Biosensors
for Diagnostic Applications. Front. Chem. 2020, 8, 728. [CrossRef] [PubMed]

Meng, S.; Zhang, Y.; Wang, H.; Wang, L.; Kong, T.; Zhang, H.; Meng, S. Recent advances on TMDCs for medical diagnosis.
Biomaterials 2021, 269, 120471. [CrossRef]

Singhal, C.; Khanuja, M.; Chaudhary, N.; Pundir, C.S.; Narang, J. Detection of chikungunya virus DNA using two-dimensional
MoS, nanosheets based disposable biosensor. Sci. Rep. 2018, 8, 7734. [CrossRef]

Liu, J.; Chen, X.; Wang, Q.; Xiao, M.; Zhong, D.; Sun, W.; Zhang, G.; Zhang, Z. Ultrasensitive Monolayer MoS, Field-Effect
Transistor Based DNA Sensors for Screening of Down Syndrome. Nano Lett. 2019, 19, 1437-1444. [CrossRef]

Wen, X.; Zhao, X.; Shan, X.; Lu, H.; Gao, X.; Zhuang, S. Biofunctionalization-optimized MoS,-based FET biosensors for the
detection of Tau protein. Appl. Surf. Sci. 2024, 670, 160616. [CrossRef]

Raj, P.; Oh, M.H,; Han, K.; Lee, T.Y. Label-Free Electrochemical Biosensor Based on Au@MoS,-PANI for Escherichia coli Detection.
Chemosensors 2021, 9, 49. [CrossRef]

Chen, H.; Luo, B.; Wu, S;; Shi, S.; Dai, Q.; Peng, Z.; Zhao, M. Microfluidic Biosensor Based on Molybdenum Disulfide (MoS;)
Modified Thin-Core Microfiber for Immune Detection of Toxoplasma gondii. Sensors 2023, 23, 5218. [CrossRef]

Godinez-Garcia, EJ.; Guerrero-Rivera, R.; Martinez-Rivera, J.A.; Gamero-Inda, E.; Ortiz-Medina, ]J. Advances in two-dimensional
engineered nanomaterials applications for the agro- and food-industries. J. Sci. Food Agric. 2023, 103, 5201-5212. [CrossRef]
[PubMed]

Li, T.; Shang, D.; Gao, S.; Wang, B.; Kong, H.; Yang, G.; Shu, W.; Xu, P.; Wei, G. Two-Dimensional Material-Based Electrochemical
Sensors/Biosensors for Food Safety and Biomolecular Detection. Biosensors 2022, 12, 314. [CrossRef]

Jahani, PM. Flower-like MoS; screen-printed electrode based sensor for the sensitive detection of sunset yellow FCF in food
samples. J. Electrochem. Sci. Eng. 2022, 12, 1099-1109. [CrossRef]

Nehru, R.; Chen, C.-W.; Dong, C.-D. In-situ growth of MoS, nanosheets on g-C3N4 nanotube: A novel electrochemical sensing
platform for vanillin determination in food samples. Carbon 2023, 208, 410-420. [CrossRef]

Lin, X.; Wang, Y.; Zou, M.; N1, Y. Sensitive and fast analysis of terbutaline sulfate in food using a modified electrode based on a
MoS, / AuNPs nanocomposite. Anal. Methods 2019, 11, 1353-1360. [CrossRef]

Sharma, P.; Thakur, D.; Kumar, D. Novel Enzymatic Biosensor Utilizing a MoS; /MoO3; Nanohybrid for the Electrochemical
Detection of Xanthine in Fish Meat. ACS Omega 2023, 8, 31962-31971. [CrossRef]

Govindasamy, M.; Chen, S.-M.; Mani, V.; Devasenathipathy, R.; Umamaheswari, R.; Santhanaraj, K.J.; Sathiyan, A. Molybdenum
disulfide nanosheets coated multiwalled carbon nanotubes composite for highly sensitive determination of chloramphenicol in
food samples milk, honey and powdered milk. J. Colloid Interface Sci. 2017, 485, 129-136. [CrossRef]

Cheng, F; Liao, X.; Huang, Z.; Xu, L.; Zhou, Y.; Zhang, X. Highly Sensitive Detection of Thiabendazole Residues in Food Samples
Based on Multiwall Carbon Nanotubes Decorated Two-Dimensional Layered Molybdenum Disulfide. Food Anal. Methods 2020,
13, 811-822. [CrossRef]

Zhou, J.; Lv, X.; Jia, J.; Din, Z.-U.; Cai, S.; He, J.; Xie, E,; Cai, J]. Nanomaterials-Based Electrochemiluminescence Biosensors for
Food Analysis: Recent Developments and Future Directions. Biosensors 2022, 12, 1046. [CrossRef]

Bankole, O.E.; Verma, D.K.; Gonzélez, M.L.C.; Ceferino, J.G.; Sandoval-Cortés, J.; Aguilar, C.N. Recent trends and technical
advancements in biosensors and their emerging applications in food and bioscience. Food Biosci. 2022, 47, 101695. [CrossRef]
Ai, L; Wang, Y.;; Zhou, Y,; Yin, H. Photoelectrochemical biosensor for N6-methyladenosine detection based on enhanced
photoactivity of TiO,-X and MoS; nanocomposite. J. Electroanal. Chem. 2021, 895, 115444. [CrossRef]

Mondal, S.; Kim, S.J.; Choi, C.-G. Honeycomb-like MoS, Nanotube Array-Based Wearable Sensors for Noninvasive Detection of
Human Skin Moisture. ACS Appl. Mater. Interfaces 2020, 12, 17029-17038. [CrossRef] [PubMed]

Shi, F; Du, J.; Han, Q.; Zhang, F.; Wang, K; Kan, Z.; Wang, L.; Li, C.; Xu, L. Integrated wearable foam modified with WS,
nanosheets@MoS, quantum dots for oral disease diagnosis and healthcare monitoring. Chem. Eng. . 2023, 477, 146800. [CrossRef]
Guo, Y;; Dun, C,; Xu, J.; Li, P; Huang, W.; Mu, J.; Hou, C.; Hewitt, C.A.; Zhang, Q.; Li, Y.; et al. Wearable Thermoelectric Devices
Based on Au-Decorated Two-Dimensional MoS;. ACS Appl. Mater. Interfaces 2018, 10, 33316-33321. [CrossRef] [PubMed]

Rana, V.; Gangwar, P; Meena, ].S.; Ramesh, A.K.; Bhat, K.N.; Das, S.; Singh, P. A highly sensitive wearable flexible strain sensor
based on polycrystalline MoS, thin film. Nanotechnology 2020, 31, 385501. [CrossRef] [PubMed]

Xu, M.; Gao, J.; Song, ].; Wang, H.; Zheng, L.; Wei, Y.; He, Y.; Wang, X.; Huang, W. Programmable patterned MoS, film by direct
laser writing for health-related signals monitoring. iScience 2021, 24, 103313. [CrossRef]

Vaghasiya, ].V.; Mayorga-Martinez, C.C.; Pumera, M. Wearable sensors for telehealth based on emerging materials and nanoarchi-
tectonics. Npj Flex. Electron. 2023, 7, 26. [CrossRef]

Pang, Y,; Yang, Z.; Yang, Y.; Ren, T. Wearable Electronics Based on 2D Materials for Human Physiological Information Detection.
Small 2019, 16, €1901124. [CrossRef]

Kim, S.J.; Mondal, S.; Min, B.K.; Choi, C.-G. Highly Sensitive and Flexible Strain—Pressure Sensors with Cracked Paddy-Shaped
MoS; /Graphene Foam/Ecoflex Hybrid Nanostructures. ACS Appl. Mater. Interfaces 2018, 10, 36377-36384. [CrossRef]


https://doi.org/10.3389/fchem.2020.00728
https://www.ncbi.nlm.nih.gov/pubmed/33005604
https://doi.org/10.1016/j.biomaterials.2020.120471
https://doi.org/10.1038/s41598-018-25824-8
https://doi.org/10.1021/acs.nanolett.8b03818
https://doi.org/10.1016/j.apsusc.2024.160616
https://doi.org/10.3390/chemosensors9030049
https://doi.org/10.3390/s23115218
https://doi.org/10.1002/jsfa.12556
https://www.ncbi.nlm.nih.gov/pubmed/36922737
https://doi.org/10.3390/bios12050314
https://doi.org/10.5599/jese.1413
https://doi.org/10.1016/j.carbon.2023.03.053
https://doi.org/10.1039/C9AY00110G
https://doi.org/10.1021/acsomega.3c03776
https://doi.org/10.1016/j.jcis.2016.09.029
https://doi.org/10.1007/s12161-019-01698-y
https://doi.org/10.3390/bios12111046
https://doi.org/10.1016/j.fbio.2022.101695
https://doi.org/10.1016/j.jelechem.2021.115444
https://doi.org/10.1021/acsami.9b22915
https://www.ncbi.nlm.nih.gov/pubmed/32175724
https://doi.org/10.1016/j.cej.2023.146800
https://doi.org/10.1021/acsami.8b10720
https://www.ncbi.nlm.nih.gov/pubmed/30192125
https://doi.org/10.1088/1361-6528/ab9970
https://www.ncbi.nlm.nih.gov/pubmed/32498051
https://doi.org/10.1016/j.isci.2021.103313
https://doi.org/10.1038/s41528-023-00261-4
https://doi.org/10.1002/smll.201901124
https://doi.org/10.1021/acsami.8b11233

Biosensors 2025, 15, 371 45 of 47

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.
126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Yang, T.; Xiang, H.; Qin, C.; Liu, Y.; Zhao, X.; Liu, H; Li, H.; Ouzounian, M.; Hong, G.; Chen, H.; et al. Highly Sensitive 1T-MoS,
Pressure Sensor with Wide Linearity Based on Hierarchical Microstructures of Leaf Vein as Spacer. Adv. Electron. Mater. 2019, 6,
1900916. [CrossRef]

Yu, H.; Kong, J.; Mao, M.; Ge, X,; Sun, Y,; Liu, J.; Ye, J.; Wang, Y. Self-powered biodegradable and antibacterial MoS,-based
triboelectric nanogenerators for the acceleration of wound healing in diabetes. Nano Energy 2023, 121, 109225. [CrossRef]

Tyagi, D.; Wang, H.; Huang, W.; Hu, L.; Tang, Y.; Guo, Z.; Ouyang, Z.; Zhang, H. Recent advances in two-dimensional-material-
based sensing technology toward health and environmental monitoring applications. Nanoscale 2020, 12, 3535-3559. [CrossRef]
[PubMed]

Guo, X.; Huang, J.; Wei, Y.; Zeng, Q.; Wang, L. Fast and selective detection of mercury ions in environmental water by paper-based
fluorescent sensor using boronic acid functionalized MoS, quantum dots. J. Hazard. Mater. 2020, 381, 120969. [CrossRef] [PubMed]
Sahatiya, P.; Kadu, A.; Gupta, H.; Gomathi, P.T.; Badhulika, S. Flexible, Disposable Cellulose-Paper-Based MoS, /Cu,S Hybrid
for Wireless Environmental Monitoring and Multifunctional Sensing of Chemical Stimuli. ACS Appl. Mater. Interfaces 2018, 10,
9048-9059. [CrossRef]

Su, S.; Chen, S.; Fan, C. Recent advances in two-dimensional nanomaterials-based electrochemical sensors for environmental
analysis. Green Energy Environ. 2018, 3, 97-106. [CrossRef]

Singh, S.; Deb, J.; Sarkar, U.; Sharma, S. MoS; /MoO3; Nanocomposite for Selective NH3 Detection in a Humid Environment. ACS
Sustain. Chem. Eng. 2021, 9, 7328-7340. [CrossRef]

Chen, X,; Liu, C.; Mao, S. Environmental Analysis with 2D Transition-Metal Dichalcogenide-Based Field-Effect Transistors.
Nano-Micro Lett. 2020, 12, 95. [CrossRef]

Ma, C;Ma, Y,; Sun, Y;; Lu, Y;; Tian, E; Lan, J.; Li, J.; Ye, W.; Zhang, H. Colorimetric determination of Hg2+ in environmental water
based on the Hg2+—stimulated peroxidase mimetic activity of MoS;-Au composites. J. Colloid Interface Sci. 2019, 537, 554-561.
[CrossRef]

Boliikbasi, O.S.; Yola, B.B,; Boyacioglu, H.; Yola, M.L. A novel paraoxon imprinted electrochemical sensor based on
MoS;NPs@MWCNTs and its application to tap water samples. Food Chem. Toxicol. 2022, 163, 112994. [CrossRef]

Wang, Y,; Liang, Y.; Zhang, S.; Wang, T.; Zhuang, X.; Tian, C.; Luan, F; Ni, 5.-Q.; Fu, X. Enhanced electrochemical sensor based on
gold nanoparticles and MoS; nanoflowers decorated ionic liquid-functionalized graphene for sensitive detection of bisphenol A
in environmental water. Microchem. J. 2021, 161, 105769. [CrossRef]

Amalraj, A.; Pavadai, R.; Subramanian, S.; Perumal, P. Fabrication of multi-functional CuO@PDA-MoS, mediated dual-functional
fluorescence Aptamer for the detection of Hg?" ions and chloramphenicol through desulfurization cleavage reaction and
exonuclease I activity. Appl. Surf. Sci. 2022, 602, 154222. [CrossRef]

Nehru, R.; Kumar, B.S.; Chen, C.-W,; Dong, C.-D. Sphere-like MoS, nanosheet arrays/reduced graphene oxide hybrid electrocata-
lyst for accurate electrochemical monitoring of toxic pollutant. J. Environ. Chem. Eng. 2022, 10, 108687. [CrossRef]

Smith, E.; Dent, G. Modern Raman Spectroscopy-A Practical Approach; John Wiley & Sons: Hoboken, NJ, USA, 2019.

Mohammed, A.; Abdullah, A. Scanning electron microscopy (sem): A review. In Proceedings of the 2018 International Conference
on Hydraulics and Pneumatics—HERVEX, Bdile Govora, Romania, 7-9 November 2018.

Zhang, W.; Ma, J.; Sun, D.-W. Raman spectroscopic techniques for detecting structure and quality of frozen foods: Principles and
applications. Crit. Rev. Food Sci. Nutr. 2020, 61, 2623-2639. [CrossRef]

Lin, Z.; Liu, W,; Tian, S.; Zhu, K.; Huang, Y.; Yang, Y. Thermal expansion coefficient of few-layer MoS; studied by temper-ature-
dependent Raman spectroscopy. Sci. Rep. 2021, 11, 7037. [CrossRef]

Yang, R.; Yousuf, SM.E.H,; Lee, J.; Zhang, P.; Liu, Z.; Feng, P.X.-L. Raman Spectroscopic Probe for Nonlinear MoS, Nanoelec-
tromechanical Resonators. Nano Lett. 2022, 22, 5780-5787. [CrossRef] [PubMed]

Sam, R.T.; Umakoshi, T.; Verma, P. Probing stacking configurations in a few layered MoS; by low frequency Raman spectroscopy.
Sci. Rep. 2020, 10, 21227. [CrossRef] [PubMed]

Ghopry, S.A.; Sadeghi, S.M.; Farhat, Y.; Berrie, C.L.; Alamri, M.; Wu, J.Z. Intermixed WS,+MoS; Nanodisks/Graphene van der
Waals Heterostructures for Surface-Enhanced Raman Spectroscopy Sensing. ACS Appl. Nano Mater. 2021, 4, 2941-2951. [CrossRef]
Alamri, M.; Sakidja, R.; Goul, R.; Ghopry, S.; Wu, J.Z. Plasmonic Au Nanoparticles on 2D MoS, /Graphene van der Waals
Heterostructures for High-Sensitivity Surface-Enhanced Raman Spectroscopy. ACS Appl. Nano Mater. 2019, 2, 1412-1420.
[CrossRef]

Kuhar, N; Sil, S.; Verma, T.; Umapathy, S. Challenges in application of Raman spectroscopy to biology and materials. RSC Adv.
2018, 8, 25888-25908. [CrossRef]

Wang, X.; Huang, S.-C.; Hu, S.; Yan, S.; Ren, B. Fundamental understanding and applications of plasmon-enhanced Raman
spectroscopy. Nat. Rev. Phys. 2020, 2, 253-271. [CrossRef]

Riolo, D.; Piazza, A.; Cottini, C.; Serafini, M.; Lutero, E.; Cuoghi, E.; Gasparini, L.; Botturi, D.; Marino, 1.G.; Aliatis, I.; et al. Raman
spectroscopy as a PAT for pharmaceutical blending: Advantages and disadvantages. |. Pharm. Biomed. Anal. 2018, 149, 329-334.
[CrossRef] [PubMed]


https://doi.org/10.1002/aelm.201900916
https://doi.org/10.1016/j.nanoen.2023.109225
https://doi.org/10.1039/C9NR10178K
https://www.ncbi.nlm.nih.gov/pubmed/32003390
https://doi.org/10.1016/j.jhazmat.2019.120969
https://www.ncbi.nlm.nih.gov/pubmed/31404893
https://doi.org/10.1021/acsami.8b00245
https://doi.org/10.1016/j.gee.2017.08.005
https://doi.org/10.1021/acssuschemeng.1c01527
https://doi.org/10.1007/s40820-020-00438-w
https://doi.org/10.1016/j.jcis.2018.11.069
https://doi.org/10.1016/j.fct.2022.112994
https://doi.org/10.1016/j.microc.2020.105769
https://doi.org/10.1016/j.apsusc.2022.154222
https://doi.org/10.1016/j.jece.2022.108687
https://doi.org/10.1080/10408398.2020.1828814
https://doi.org/10.1038/s41598-021-86479-6
https://doi.org/10.1021/acs.nanolett.2c01250
https://www.ncbi.nlm.nih.gov/pubmed/35792575
https://doi.org/10.1038/s41598-020-78238-w
https://www.ncbi.nlm.nih.gov/pubmed/33277575
https://doi.org/10.1021/acsanm.1c00087
https://doi.org/10.1021/acsanm.8b02308
https://doi.org/10.1039/C8RA04491K
https://doi.org/10.1038/s42254-020-0171-y
https://doi.org/10.1016/j.jpba.2017.11.030
https://www.ncbi.nlm.nih.gov/pubmed/29132112

Biosensors 2025, 15, 371 46 of 47

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.
148.

149.
150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

Panneerselvam, R.; Liu, G.-K.; Wang, Y.-H.; Liu, J.-Y,; Ding, S.-Y;; Li, ].-F; Wu, D.-Y,; Tian, Z.-Q. Surface-enhanced Raman
spectroscopy: Bottlenecks and future directions. Chem. Commun. 2017, 54, 10-25. [CrossRef] [PubMed]

de Haan, K,; Rivenson, Y.; Wu, Y.; Ozcan, A. Deep-Learning-Based Image Reconstruction and Enhancement in Optical Microscopy.
Proc. IEEE 2020, 108, 30-50. [CrossRef]

Wu, J,; Lu, Y,; Wu, Z; Li, S;; Zhang, Q.; Chen, Z,; Jiang, J.; Lin, S.; Zhu, L.; Li, C.; et al. Two-dimensional molybdenum disulfide
(MoS,) with gold nanoparticles for biosensing of explosives by optical spectroscopy. Sensors Actuators B: Chem. 2018, 261, 279-287.
[CrossRef]

Kopaczek, J.; Zelewski, S.J.; Polak, M.P.; Gawlik, A.; Chiappe, D.; Schulze, A.; Caymax, M.; Kudrawiec, R. Direct and indirect
optical transitions in bulk and atomically thin MoS, studied by photoreflectance and photoacoustic spectroscopy. J. Appl. Phys.
2019, 125, 135701. [CrossRef]

Niu, Y.; Gonzalez-Abad, S.; Frisenda, R.; Marauhn, P; Driippel, M.; Gant, P.; Schmidt, R.; Taghavi, N.S.; Barcons, D.; Molina-
Mendoza, A.].; et al. Thickness-Dependent Differential Reflectance Spectra of Monolayer and Few-Layer MoS,, MoSe;, WS, and
WSe,. Nanomaterials 2018, 8, 725. [CrossRef] [PubMed]

Loépez-Posadas, C.B.; Wei, Y.; Shen, W.; Kahr, D.; Hohage, M.; Sun, L. Direct observation of the CVD growth of monolayer MoS,
using in situ optical spectroscopy. Beilstein ]. Nanotechnol. 2019, 10, 557-564. [CrossRef]

Zhao, Y.; Tripathi, M.; Cerneviés, K.; Avsar, A.; Ji, H.G.; Marin, ]. EG.; Cheon, C.-Y.; Wang, Z.; Yazyev, O.V,; Kis, A. Electrical
spectroscopy of defect states and their hybridization in monolayer MoS;. Nat. Commun. 2023, 14, 44. [CrossRef]

Li, R.; Wang, X.; Zhou, Y.; Zong, H.; Chen, M.; Sun, M. Advances in nonlinear optical microscopy for biophotonics. |. Nanophotonics
2018, 12, 033007. [CrossRef]

Wang, W. Imaging the chemical activity of single nanoparticles with optical microscopy. Chem. Soc. Rev. 2018, 47, 2485-2508.
[CrossRef]

Sheppard, C.J.R. Scanning optical microscopy. In Advances in Imaging and Electron Physics; Academic Press Inc.: Cambridge, MA,
USA, 2020; Volume 213, pp. 227-235.

Robson, A.-L.; Dastoor, P.C.; Flynn, J.; Palmer, W.; Martin, A.; Smith, D.W.; Woldu, A.; Hua, S. Advantages and Limitations of
Current Imaging Techniques for Characterizing Liposome Morphology. Front. Pharmacol. 2018, 9, 80. [CrossRef] [PubMed]
Girkin, J.; Carvalho, M.T. The light-sheet microscopy revolution. J. Opt. 2018, 20, 053002. [CrossRef]

Ural, N. The significance of scanning electron microscopy (SEM) analysis on the microstructure of improved clay: An overview.
Open Geosci. 2021, 13, 197-218. [CrossRef]

Wightman, R. An Overview of Cryo-Scanning Electron Microscopy Techniques for Plant Imaging. Plants 2022, 11, 1113. [CrossRef]
Yang, J.; Choi, M.K,; Sheng, Y.; Jung, J.; Bustillo, K.C.; Chen, T.; Lee, S.-W.; Ercius, P.; Kim, ].H.; Warner, ].H.; et al. MoS; Liquid
Cell Electron Microscopy Through Clean and Fast Polymer-Free MoS, Transfer. Nano Lett. 2019, 19, 1788-1795. [CrossRef]
Xuan, T.T,; Long, L.N.; Van Khai, T. Effect of reaction temperature and reaction time on the structure and properties of MoS,
synthesized by hydrothermal method. Vietnam. J. Chem. 2020, 58, 92-100. [CrossRef]

Kondekar, N.; Boebinger, M.G.; Tian, M.; Kirmani, M.H.; McDowell, M.T. The Effect of Nickel on MoS, Growth Revealed with in
Situ Transmission Electron Microscopy. ACS Nano 2019, 13, 7117-7126. [CrossRef] [PubMed]

Tyagi, S.; Kumar, A.; Kumar, M.; Singh, B.P. Large area vertical aligned MoS, layers toward the application of thin film transistor.
Mater. Lett. 2019, 250, 64—67. [CrossRef]

Hossain, A.; Merzougui, B.A.; Alharbi, EH.; Tabet, N. Electrochemical deposition of bulk MoS, thin films for photovoltaic
applications. Sol. Energy Mater. Sol. Cells 2018, 186, 165-174. [CrossRef]

Sun, C.; Miiller, E.; Meffert, M.; Gerthsen, D. On the Progress of Scanning Transmission Electron Microscopy (STEM) Imaging in a
Scanning Electron Microscope. Microsc. Microanal. 2018, 24, 99-106. [CrossRef]

Dery, B.; Zaixiang, L. Scanning Electron Microscopy (SEM) as an Effective Tool for Determining the Morphology and Mechanism
of Action of Functional Ingredients. Food Rev. Int. 2021, 39, 2007-2026. [CrossRef]

Dassanayake, R.P.; Falkenberg, S.M.; Stasko, J.A.; Shircliff, A.L.; Lippolis, ].D.; Briggs, R.E. Identification of a reliable fixative
solution to preserve the complex architecture of bacterial biofilms for scanning electron microscopy evaluation. PLoS ONE 2020,
15, €0233973. [CrossRef]

Trépout, S.; Sgarra, M.; Marco, S.; Ramm, G. An introduction to scanning transmission electron microscopy for the study of
protozoans. Mol. Microbiol. 2023, 121, 659-670. [CrossRef] [PubMed]

Ophus, C. Four-Dimensional Scanning Transmission Electron Microscopy (4D-STEM): From Scanning Nanodiffraction to
Ptychography and Beyond. Microsc. Microanal. 2019, 25, 563-582. [CrossRef]

Zhang, Y.; Flannigan, D.]J. Observation of Anisotropic Strain-Wave Dynamics and Few-Layer Dephasing in MoS, with Ultrafast
Electron Microscopy. Nano Lett. 2019, 19, 8216-8224. [CrossRef] [PubMed]

Hovden, R.; Liu, P; Schnitzer, N.; Tsen, A.W.,; Liu, Y.; Lu, W.; Sun, Y.; Kourkoutis, L.F. Thickness and Stacking Sequence
Determination of Exfoliated Dichalcogenides (1T-TaS,, 2H-MoS,) Using Scanning Transmission Electron Microscopy. Microsc.
Microanal. 2018, 24, 387-395. [CrossRef]


https://doi.org/10.1039/C7CC05979E
https://www.ncbi.nlm.nih.gov/pubmed/29139483
https://doi.org/10.1109/JPROC.2019.2949575
https://doi.org/10.1016/j.snb.2018.01.166
https://doi.org/10.1063/1.5080300
https://doi.org/10.3390/nano8090725
https://www.ncbi.nlm.nih.gov/pubmed/30223445
https://doi.org/10.3762/bjnano.10.57
https://doi.org/10.1038/s41467-022-35651-1
https://doi.org/10.1117/1.JNP.12.033007
https://doi.org/10.1039/C7CS00451F
https://doi.org/10.3389/fphar.2018.00080
https://www.ncbi.nlm.nih.gov/pubmed/29467660
https://doi.org/10.1088/2040-8986/aab58a
https://doi.org/10.1515/geo-2020-0145
https://doi.org/10.3390/plants11091113
https://doi.org/10.1021/acs.nanolett.8b04821
https://doi.org/10.1002/vjch.2019000144
https://doi.org/10.1021/acsnano.9b02528
https://www.ncbi.nlm.nih.gov/pubmed/31117371
https://doi.org/10.1016/j.matlet.2019.04.117
https://doi.org/10.1016/j.solmat.2018.06.026
https://doi.org/10.1017/S1431927618000181
https://doi.org/10.1080/87559129.2021.1939368
https://doi.org/10.1371/journal.pone.0233973
https://doi.org/10.1111/mmi.15213
https://www.ncbi.nlm.nih.gov/pubmed/38140856
https://doi.org/10.1017/S1431927619000497
https://doi.org/10.1021/acs.nanolett.9b03596
https://www.ncbi.nlm.nih.gov/pubmed/31658814
https://doi.org/10.1017/S1431927618012436

Biosensors 2025, 15, 371 47 of 47

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

Wen, Y.; Ophus, C.; Allen, C.S; Fang, S.; Chen, J.; Kaxiras, E.; Kirkland, A.I; Warner, ].H. Simultaneous Identification of Low and
High Atomic Number Atoms in Monolayer 2D Materials Using 4D Scanning Transmission Electron Microscopy. Nano Lett. 2019,
19, 6482-6491. [CrossRef]

Zhang, C.; Li, M.-Y,; Tersoff, J.; Han, Y.; Su, Y,; Li, L.-J.; Muller, D.A_; Shih, C.-K. Strain distributions and their influence on
electronic structures of WSe2-MoS, laterally strained heterojunctions. Nat. Nanotechnol. 2018, 13, 152-158. [CrossRef] [PubMed]
Wang, Z.; Li, Q.; Xu, H.; Dahl-Petersen, C.; Yang, Q.; Cheng, D.; Cao, D.; Besenbacher, E; Lauritsen, J.V.; Helveg, S.; et al.
Controllable etching of MoS, basal planes for enhanced hydrogen evolution through the formation of active edge sites. Nano
Energy 2018, 49, 634-643. [CrossRef]

Pu, S.; Gong, C.; Robertson, A.W. Liquid cell transmission electron microscopy and its applications. R. Soc. Open Sci. 2020, 7,
191204. [CrossRef]

Ullah, N.; Qazi, R.A.; Ullah, S.; Khan, S. Application and importance of scanning and transmissionelectron microscopes in science
and technology. Contrib. Sect. Nat. Math. Biotech. Sci. 2022, 43, 27-37. [CrossRef]

Suenaga, K.; Ji, H.G,; Lin, Y.-C.; Vincent, T.; Maruyama, M.; Aji, A.S.; Shiratsuchi, Y.; Ding, D.; Kawahara, K.; Okada, S.; et al.
Surface-Mediated Aligned Growth of Monolayer MoS, and In-Plane Heterostructures with Graphene on Sapphire. ACS Nano
2018, 12, 10032-10044. [CrossRef]

Mendes, R.G.; Pang, J.; Bachmatiuk, A.; Ta, H.Q.; Zhao, L.; Gemming, T.; Fu, L.; Liu, Z.; Riimmeli, M.H. Electron-Driven In Situ
Transmission Electron Microscopy of 2D Transition Metal Dichalcogenides and Their 2D Heterostructures. ACS Nano 2019, 13,
978-995. [CrossRef]

Giessibl, EJ. The qPlus sensor, a powerful core for the atomic force microscope. Rev. Sci. Instrum. 2019, 90, 011101. [CrossRef]
[PubMed]

Miiller, D.J.; Dumitru, A.C.; Giudice, C.L.; Gaub, H.E.; Hinterdorfer, P.; Hummer, G.; De Yoreo, J.J.; Dufréne, Y.F.; Alsteens, D.
Atomic Force Microscopy-Based Force Spectroscopy and Multiparametric Imaging of Biomolecular and Cellular Systems. Cherm.
Rev. 2021, 121, 11701-11725. [CrossRef] [PubMed]

Acikgoz, O.; Baykara, M.Z. Speed dependence of friction on single-layer and bulk MoS, measured by atomic force microscopy.
Appl. Phys. Lett. 2020, 116, 071603. [CrossRef]

Giannazzo, F.; Bosi, M.; Fabbri, F.; Schiliro, E.; Greco, G.; Roccaforte, F. Direct Probing of Grain Boundary Resistance in Chemical
Vapor Deposition-Grown Monolayer MoS; by Conductive Atomic Force Microscopy. Phys. Status solidi (RRL)—-Rapid Res. Lett.
2019, 14, 1900393. [CrossRef]

Wu, S.; Gu, J,; Li, R;; Tang, Y.; Gao, L.; An, C; Deng, Q.; Zhao, L.; Hu, N. Progress on mechanical and tribological characterization
of 2D materials by AFM force spectroscopy. Friction 2024, 12, 2627-2656. [CrossRef]

Lipatov, A.; Chaudhary, P; Guan, Z.; Lu, H.; Li, G.; Crégut, O.; Dorkenoo, K.D.; Proksch, R.; Cherifi-Hertel, S.; Shao, D.-E; et al.
Direct observation of ferroelectricity in two-dimensional MoS,. NPJ 2D Mater. Appl. 2022, 6, 18. [CrossRef]

Liu, Y;; Song, A.; Xu, Z.; Zong, R.; Zhang, J.; Yang, W.; Wang, R.; Hu, Y.; Luo, J.; Ma, T. Interlayer Friction and Superlubricity
in Single-Crystalline Contact Enabled by Two-Dimensional Flake-Wrapped Atomic Force Microscope Tips. ACS Nano 2018, 12,
7638-7646. [CrossRef]

Krieg, M.; Flaschner, G.; Alsteens, D.; Gaub, B.M.; Roos, W.H.; Wuite, G.J.L.; Gaub, H.E.; Gerber, C.; Dufréne, Y.F,; Miiller, D.J.
Atomic force microscopy-based mechanobiology. Nat. Rev. Phys. 2018, 1, 41-57. [CrossRef]

Gross, L.; Schuler, B.; Pavli¢ek, N.; Fatayer, S.; Majzik, Z.; Moll, N.; Pefa, D.; Meyer, G. Atomic Force Microscopy for Molecular
Structure Elucidation. Angew. Chem. Int. Ed. Engl. 2018, 57, 3888-3908. [CrossRef] [PubMed]

Novoselov; Konstantin, S.; Colombo, L.; Gellert, PR.; Schwab, M.G.; Kim, K.A.J.N. A roadmap for gra-phene. Nature 2012, 490,
192-200. [CrossRef] [PubMed]

Marconcini, P.; Macucci, M. Transport Simulation of Graphene Devices with a Generic Potential in the Presence of an Orthogonal
Magnetic Field. Nanomaterials 2022, 12, 1087. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1021/acs.nanolett.9b02717
https://doi.org/10.1038/s41565-017-0022-x
https://www.ncbi.nlm.nih.gov/pubmed/29335568
https://doi.org/10.1016/j.nanoen.2018.04.067
https://doi.org/10.1098/rsos.191204
https://doi.org/10.20903/masa/nmbsci.2022.43.13
https://doi.org/10.1021/acsnano.8b04612
https://doi.org/10.1021/acsnano.8b08079
https://doi.org/10.1063/1.5052264
https://www.ncbi.nlm.nih.gov/pubmed/30709191
https://doi.org/10.1021/acs.chemrev.0c00617
https://www.ncbi.nlm.nih.gov/pubmed/33166471
https://doi.org/10.1063/1.5142712
https://doi.org/10.1002/pssr.201900393
https://doi.org/10.1007/s40544-024-0864-9
https://doi.org/10.1038/s41699-022-00298-5
https://doi.org/10.1021/acsnano.7b09083
https://doi.org/10.1038/s42254-018-0001-7
https://doi.org/10.1002/anie.201703509
https://www.ncbi.nlm.nih.gov/pubmed/29485190
https://doi.org/10.1038/nature11458
https://www.ncbi.nlm.nih.gov/pubmed/23060189
https://doi.org/10.3390/nano12071087

	Introduction 
	Materials and Methods 
	Mechanical Exfoliation 
	Liquid-Phase Exfoliation (LPE) 
	Chemical Vapor Deposition (CVD) 
	Chemical Exfoliation 
	Physical Vapor Deposition (PVD) 

	Applications of MoS2-Based Biosensors 
	Cancer Detection Studies 
	Medical Industry Studies 
	Food Industry Studies 
	Wearable Health Devices 
	Other Applications 

	Characterization 
	Raman Spectroscopy 
	Optical Spectroscopy 
	Scanning Electron Microscopy (SEM) 
	Transmission Electron Microscopy (TEM) 
	Atomic Force Microscopy (AFM) 

	Future Perspectives and Conclusions 
	Appendix A
	References

