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Abstract: New possibilities for the development of biosensors that are ready to be implemented in
the field have emerged thanks to the recent progress of functional nanomaterials and the careful
engineering of nanostructures. Two-dimensional (2D) nanomaterials have exceptional physical,
chemical, highly anisotropic, chemically active, and mechanical capabilities due to their ultra-thin
structures. The diversity of the high surface area, layered topologies, and porosity found in 2D na-
nomaterials makes them amenable to being engineered with surface characteristics that make it pos-
sible for targeted identification. By integrating the distinctive features of several varieties of
nanostructures and employing them as scaffolds for bimolecular assemblies, biosensing platforms
with improved reliability, selectivity, and sensitivity for the identification of a plethora of analytes
can be developed. In this review, we compile a number of approaches to using 2D nanomaterials
for biomolecule detection. Subsequently, we summarize the advantages and disadvantages of using
2D nanomaterials in biosensing. Finally, both the opportunities and the challenges that exist within
this potentially fruitful subject are discussed. This review will assist readers in understanding the
synthesis of 2D nanomaterials, their alteration by enzymes and composite materials, and the imple-
mentation of 2D material-based biosensors for efficient bioanalysis and disease diagnosis.
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1. Introduction

In response to a growing demand for the detection of biomolecules with sizes on the
micrometer scale, including nucleic acids, proteins, and others [1], biosensors have
quickly developed into powerful diagnostic and therapeutic tools [2—4]. Biological biosen-
sors can also be used to find microbes such as bacteria, viruses, and pathogens. Utilizing
biosensors, it is possible to find organisms such as viruses, pathogens, and bacteria [5].
Numerous biological substances, including DNA [6,7], RNA [8], dopamine [9,10], uric
acid [11], viruses [12], glucose [13], and others, can be detected by biosensors. As a result,
biosensors are used in a wide range of applications, such as healthcare, pharmacy, and
biomedicine [14-17]. These biosensors fall into a number of categories, including electro-
chemical biosensors [18], bioluminescent biosensors [19], optical biosensors [20,21], and
mass-based biosensors [22]. By utilizing their distinct chemical and physical properties to
enhance analytical performance, numerous nanomaterials have been developed for use
in biosensor construction. When analytes are extracted from living systems, it is typical
for their concentration to be quite low. This is particularly valid in the case of biomarkers
linked to specific diseases. Due to this, an enormous amount of time and effort has been
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put into developing and designing ultrasensitive bioassays over the past few decades. A
key method for improving the detection signal in biosensors is the use of the proper tools,
which can be achieved by building intricate instruments and performing intricate detec-
tion procedures. Biosensors’ capacity to detect biological molecules has been demon-
strated to be directly influenced by the composition, shape, architecture, and physico-
chemical characteristics of the exploited nanostructures [23]. The use of nanostructures
with particular characteristics, such as high conductivity, high surface area, and a high
level of biological compatibility, can be advantageous for biosensors. The identification of
novel advanced nanomaterials is crucial for developing biosensors with good accuracy,
high sensitivity, and a relatively low detection limit [24]. Finding new, useful nanostruc-
tures is one approach to achieving this objective.

Due to the astounding physicochemical properties that 2D layered nanomaterials
display, interest in this field has exploded recently [25,26]. Studying the characteristics
that set 2D nanomaterials apart from their bulk counterparts is most fascinating. Various
2D nanomaterials (Figure 1) have been widely used for manufacturing numerous biosen-
sors due to their distinctive structure and properties, which include high sensitivity, bio-
compatibility, chemical stability, mechanical stability, easy functionalization, and quick
response time [27]. Due to their potential to offer an astonishingly high density of active
surface sites over a sizable area, 2D nanomaterials are advantageous for biological sensing
applications [28]. The 2D material family also stands out because it has the potential to
display a variety of electrical properties, such as insulating, conducting, and semiconduct-
ing, as well as being metallic and semi-metallic [29]. The ability to quench or emit fluores-
cence, plasmonic activity, and a variety of other optical phenomena are just a few of the
optoelectronic properties they exhibit [30]. Two-dimensional nanomaterials can be de-
signed to respond specifically to a limited range of analytes by functionalizing or incor-
porating defects into their edges [31]. Two-dimensional nanomaterials have the potential
to develop into nanostructures for the upcoming generation of diagnostics and biosensors
because of their unusual properties, layer-dependent band structure, and heterostruc-
tures.

Figure 1. Schematic representations of the key 2D nanomaterials used in biosensor applications.
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The current review article aims to give readers an overview of recent advancements
in 2D nanomaterials that can be used in biosensing applications. This review will start by
giving a brief overview of the various synthesis techniques, including top-down and bot-
tom-up approaches, that can be used to produce 2D nanomaterials. After that, we focus
on the numerous types of biosensors that are used as nanomaterials in biosensing appli-
cations and outline them with examples and illustrations. The development of numerous
2D nanomaterial-based biosensors will then be the main focus of our review. We conclude
by talking about some exceptional 2D nanomaterials that can be used in biosensing. The
presentation concludes with a glance into the near-future in an effort to inspire more fas-
cinating studies in the not-too-distant future. After briefly outlining the outlook and con-
clusion, we list the present advantages and disadvantages of next-generation biosensors.

2. Preparation of 2D Nanomaterials

In the fabrication of 2D nanomaterials, a variety of synthesis methods have been re-
ported. Exfoliation of a bulk nanomaterial can result in the formation of single or multi-
layer nanosheets, with the exfoliated layers adhering to one another due to weak Van der
Waals interactions [32]. These weak connections disintegrate, leading to the formation of
2D nanomaterials. It is possible to use both top-down and bottom-up strategies, with the
latter suggesting that a compound is built from fundamental building blocks [33]. Bottom-
up approaches include methods such as wet chemical synthesis [34,35], microwave-as-
sisted chemistry [36-39], and ultrasound probe synthesis [40,41], among others. Under the
top-down category of exfoliation techniques, mechanical exfoliation [42], direct liquid ex-
foliation [43], ultrasonic exfoliation, and chemical oxidation exfoliation [44] are all in-
cluded. The fabrication of 2D nanomaterials for biosensing applications is covered in the
section that follows, along with a few examples of fabrication that are relevant.

2.1. Top-Down Approach
2.1.1. Mechanical Exfoliation

The layers are peeled away from the bulk material using mechanical energy. Due to
Van der Waals forces, the interaction between the layers in these layered nanomaterials is
weak despite the strong chemical bonds that exist in the planes between the layers. As
part of the mechanical exfoliation procedure, adhesive Scotch tape is used to peel the layer
away from the bulk crystal [42]. Among other benefits, it produces a simple design, a large
lateral size, and a high-quality material yield [45]. For use in electrochemiluminescent bi-
osensing, a monolayer was created from bulk 2D graphitic carbon nitride. In biosensing
applications, carbon nitride (CN) has been widely used. The responsiveness limits and its
applicability were nevertheless constrained. A modification of the interfacial was then
found to resolve this issue. The idea was then put forth to use mechanical exfoliation to
produce carbon nitride nanosheets with improved bulk material functionality. This mech-
anism enables the efficient conjugation of a variety of biomolecules via various chemical
interactions. In this instance, exfoliated carbon nitride nanosheets were used to immobi-
lize DNA probes, improving the electrochemiluminescence sensing performance. There-
fore, the physical adsorption mechanism was less effective than the method of interfacial
modification through mechanical exfoliation for improving sensing performance. The low
yield and lack of significant output are two additional drawbacks [46] that restrict the use
of mechanical exfoliation methods in the manufacturing industry.

2.1.2. Ultrasonic Exfoliation

Ultrasonic exfoliation is one of the most effective methods for peeling off a thin layer
from a larger piece of material. In comparison to mechanical exfoliation, requires less ef-
fort and a more relaxed approach. An effective surfactant is required for the ultrasoni-
cation process. However, the quality of the end result depends on how long you sonicate
for and what kind of solvents you use. Graphene exfoliation in water has been attempted
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in a variety of ways recently [47]. The bulk material was used to create a single layer of
graphene. Graphene is typically extracted by “liquid exfoliation”, or the direct sonication
of bulk crystals in a solvent or with surfactants [48,49]. Graphite can be exfoliated to create
bi-layer graphene oxide (GO) [50] in a manner analogous to that used to transform it into
single-layer GO via ultrasonic treatment. GO was created by subjecting graphite to ultra-
sonic waves at 40 °C and 150 W for 30 min. The use of a strong oxidizing agent was re-
quired in order to obtain a monolayer product via ultrasonic exfoliation. To get GO out of
graphite, it was heated to 30 °C with a strong oxidizing agent for 25 min. In a different
study, graphite was ultrasonically treated at 50 °C for 15 min to create reduced graphene
oxide (rGO), which also did not employ an oxidizing agent. The solution’s processability,
low cost, and simplicity make ultrasonic exfoliation preferable to mechanical exfoliation
for large-scale production. There are a few problems with this method, however: a low
single-layer yield, shallow layers, and an unpredictable layer morphology [51-53].

2.1.3. Ion-Change Exfoliation

This method can be used to exfoliate layered 2D nanomaterials that have strong ionic
connections between their layers. For strong ionic solids, the layer separation step is the
most difficult part of this process [54]. One possible medium for carrying out the reaction
is hydrochloric acid (HCI), for instance. Exfoliation of cobalt oxide occurs as a result of the
penetration of tetrabutylammonium (NBus)* into the layers of the cobalt oxide [55,56]. This
method demonstrates solution processability, impressive monolayer yields, as well as fast
production speeds. On the other hand, when exposed to the oxygen and moisture that are
present in the air, this method turns into an extremely delicate one. In addition to this, the
monolayers with larger flaws are subsequently produced after the initial ones [57-61].

2.2. Bottom-Up Approach

For the production of high-quality nanosheets with large lateral dimensions, these
exfoliation techniques are by far the most effective option. The previously mentioned syn-
thesis technologies have a limited amount of applicability because of the poor scale of
manufacturing that they utilize [62]. As a result, they are not applicable to production on
a massive scale at industrial levels. The atomic level is the starting point for bottom-up
approaches, which use self-assembly to construct a robust nanostructure framework.
Here, we will take a glance at a small subset of the bottom-up techniques that go into the
production of 2D nanomaterials.

2.2.1. Chemical Vapor Deposition (CVD) Method

When it comes to mass-produced 2D materials, the CVD method is state-of-the-art.
At elevated temperatures, a volatile precursor is introduced to the substrate. Due to its
complicated setup, high pressure, and extremely high temperature, it is not feasible for
widespread use. It is possible to create 2D material by starting the reaction and letting the
precursors settle onto a wafer. Few-layered 2D nanomaterials with high performance and
quality can be produced using CVD [63]. In order to mass-produce copper substrates on
which graphene has been deposited, a team of researchers led by Xuesong Li and col-
leagues developed a method [64]. The CVD method of depositing graphene nanosheets
results in a uniformly thick coating. The CVD method is used to produce graphene on
copper foil at a temperature of 1000 °C. Graphene with consistent layers is produced when
copper is added to the mixture. The volatile precursors play a crucial function by acceler-
ating the breakdown of the volatile substrate at high temperatures and vacuum states,
resulting in 2D crystals [65,66]. The prepared layer was high-quality, extremely deep and
wide, and easily modifiable. High-temperature and low-pressure systems are the main
obstacles that make the technique arrangement complicated and energy-consuming [67-
69].
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2.2.2. Wet Chemical Method

Wet chemical synthesis employs an aqueous solution in the presence of surfactants
to directly produce the desired product. Its high yield, huge manufacturing potential, and
solution processibility are all advantages; however, creating a single-layer nanosheet that
is uniform throughout its whole surface can be difficult using this approach. This tech-
nique is widely employed in the production of flat materials. Some other methods that fit
into this category are hydrothermal synthesis, solvothermal synthesis, and template syn-
thesis [70-77].

2.2.3. Hydrothermal Method

Hydrothermal or solvothermal synthesis governs the production of 2D nanomateri-
als. It promotes chemical reactions within a specific temperature range and a longer reac-
tion time. It has been widely adopted because of the simplicity of the method and the high
quality of the byproduct. For instance, hydrothermal synthesis of tungsten trioxide (WOs3)
was reported without the addition of surfactant [78]. The reaction was carried out in an
acidic medium to speed up the process. The precursor, 3 mmol of sodium tungstate, was
first dissolved in 20 mL of distilled water and mixed carefully. After waiting for 40 min,
10 mL of diluted HC] was added, and the mixture was agitated. Then, the mixture was
kept in the autoclave for 24 hr at 200 °C. Large-scale 2D nanocubes of WOs were produced
after completion of the reaction. Several types of analyzing techniques were used to con-
firm the morphological and optical properties: X-Ray diffraction analysis (XRD), photolu-
minescence (PL), scanning electron microscopy (SEM), UV- and visible spectroscopy. The
resulting 2D WOs nanocubes exhibited favorable shape and optical characteristics. Both
reaction time and temperature played crucial roles in determining the final morphology
of the product. Hydrothermal hybridization is a common method of large-scale produc-
tion [79-82].

2.2.4. Microwave-Assisted Method

Compared to other techniques such as hydrothermal and sonication, this process has
a simple procedure and a fast reaction time. Moreover, the microwave approach is scala-
ble, efficient, and inexpensive [83-85]. A reduction in response time, high product purity,
and regulated particle size and morphology are all possible outcomes [86]. Moreover, in
recent times, the microwave technique has been used to develop Ni-based hydroxide,
Ni(OH)2 [87]. Similarly, microwave-assisted synthesis of Ni(OH): nanoplatelet/electro-
spun carbon nanofiber (ECF) was conducted for the sensing of glucose substrate [88]. Ef-
fective microwave-assisted synthesis was used for the in situ development of crystalline
Ni(OH):2 nanoplatelets to generate Ni(OH)2/ECF hybrids. Ni(OH)2 nanoplatelets with
thicknesses between 60 and 150 nm were evenly dispersed across the ECF surface, pre-
venting the nanoparticles from clumping together. Optimal results were achieved after 20
min of microwave irradiation at 90 °C. In order to detect Hg?* ions via fluorescence bio-
sensing, a simple and efficient microwave method was used to synthesize chromium ox-
ide nanoparticles (Cr20s NPs) [89]. In the reaction, a couple of metal ions (Mn?, Cr¥, Zn%,
Cu?, and Ni**) and sodium citrate as oxidizing agents were heated using the microwave.
Microwave heating then triggered the reaction of Cr?* and sodium citrate to form the col-
loids; owing to the Tyndall effect, only Cr3* was efficiently produced after heating, and a
blue-green precipitate was obtained after centrifugation. In line with this discussion, mi-
crowave irradiation techniques are essential in the fabrication of colloidal nanoparticles.
The absence of the above events in the mixed solution heated just conventionally demon-
strates that microwave heating is essential for the development of colloids.

3. Types of Biosensors

A biosensor is an analytical tool that makes use of biologically distinct detecting
elements and transducers [90-92]. Recent examples of sensing elements include enzymes
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[93,94], tissues [95,96], antibodies [97,98], and microorganisms [99,100]. Based on the un-
derlying transducer technology, four distinct families of biosensors have emerged. The
most common types of biosensors include those that rely on electricity (electrochemical)
[101,102], light (optical) [103,104], pressure (piezoelectric) [105,106], or heat (calorimetric)
[107,108] potentiometric molecules. Conductometric [109,110], potentiometric [111,112],
and amperometric biosensors [113,114] are all categorized under electrochemical biosen-
sors. Different forms of biosensors such as interferometric biosensors [115,116], fluores-
cent biosensors [117,118], and luminescent biosensors [119,120] are included in optical bi-
osensors. In another case, acoustic [121,122] and ultrasonic biosensors [121] are discussed
in the piezoelectric section. Figure 2 provides a comprehensive breakdown of the various
biosensor classifications.

mam AMperometric

== PoOtentiometric

mmm Conductometric

Electrochemical

Figure 2. A schematic illustrating classification of biosensors.

3.1. Electrochemical Biosensors

The electrochemical transducer is a crucial component of many biosensors, making
electrochemical sensors among the most popular types. Both a three-electrode and a two-
electrode setup are frequently used. The working, reference, and counter electrodes make
up the three-electrode systems. It has the ability to distinguish between living and non-
living things. The total sensing process is significantly influenced by the working elec-
trode’s surface. For instance, the reference and counter electrodes of the three-electrode
configuration are, respectively, made of Ag/AgCl and platinum (Pt). The chemical signal
is then progressively converted into an electrical signal. However, the experiment’s solu-
tion may have an impact on the sensor device’s performance and overall results [123,124].

3.1.1. Amperometric Biosensors

This is one type of electrochemical sensor that has found widespread use. In order to
deduce the mechanism used by a redox reaction, it is necessary to establish the linear re-
lationship between the measured current and the analyte concentration gained from the
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reaction. In this case, the analyte concentration will have a linear relationship with the
intensity of the current show. Electrons are constantly moving from one molecule to an-
other as they do so. Additionally, it helps electrons travel more quickly between locations.
Amperometric biosensors work by oxidizing or reducing the target analyte at the elec-
trode’s surface to generate a current whose magnitude is proportional to the analyte’s
concentration. The current is then measured using a device called a potentiostat, which
applies a voltage to the electrode and records the response. It is crucial for a mediator to
have rapid reactivity with the targeted molecule, stability, and reversible heterogeneous
kinetics. It has been significantly used in glucose monitors, which are used by diabetic
patients for keeping track [125,126].

3.1.2. Potentiometric Biosensors

In order to measure the shifts in ionic concentration, potentiometric biosensors with
electrodes that selectively react to specific ions have been applied. Ion activity and selec-
tivity that occur during the reaction might be gleaned from this value [127]. In the absence
of current flow, it monitors the potential between the working electrode and the reference
electrode [128]. Field-effect transistors (FETs) form the basis of many potentiometric de-
vices. It is commonly used to detect changes in pH, ion concentrations, and the rate of
enzyme-catalyzed biocatalytic reactions [129].

3.1.3. Conductometric Biosensors

It relies, as the name suggests, on measuring the electrical resistance between a pair
of electrodes. Enzymes and electrical conductivity sensors share the same source. Changes
in ionic strength and conductivity occur in a solution between electrodes when an enzyme
reacts with it. Chemical processes that cause a change in a solution’s concentration can be
studied with conductometric devices [130,131].

3.2. Optical Biosensors

Enzymes or fluorescent dyes conjugated at one end of an optical fiber make up an
optical biosensor. The reagent at the end of the optical cable undergoes an interaction with
the light. The reflected light is then collected, and the results are analyzed. The amount of
analyte can be deduced from the brightness of the reflected light. Here, we will break
down the optical sensors into their respective subtypes [132].

3.2.1. Luminescent Biosensors

Luminescent molecules are responsible for the absorption and emission of light.
When photons collide with molecules in their ground state, the molecules undergo ab-
sorption of light and are excited to a higher energy level. The emitted electrons are then
transported to a lower energy level by emitting light energy. Several unique, bright bio-
sensors have been recently reported by different researchers. The energy level of the sys-
tem determines how the molecules are stimulated. In the process of chemiluminescence,
for example, light is emitted as a byproduct of chemical reactions. Bioluminescence is
caused by living things and the chemical processes that they go through [133].

3.2.2. Fluorescent Biosensors

A fluorescent biosensor is highly sensitive and selective as compared to other bio-
sensing devices. Additionally, the short response time of the fluorescent biosensor is an-
other advantage that is usually preferable in clinical diagnostics. Briefly, the sensor device
absorbs photons at lower wavelengths and emit in longer wavelengths, with the phenom-
enal time estimated to be 109 to 108 s. Intermolecular charge transfer (ICT) and Fluores-
cence Resonance Energy Transfer (FRET) are the two widely known components of fluo-
rescent biosensors. The FRET biosensor uses the ratio of two fluorescence intensities to
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calculate results where it is not affected by environmental variables such as sensor con-
centration or changes in the excitation source [134,135].

3.3. Piezoelectric Biosensors

Antigens in the picogram range can be detected using a piezoelectric immunosensor
both in liquid and solid phases. The frequency of the signal shifts when the antigen inter-
acts with the antibody receptor. Hence, the frequency shift is detected by the piezoelectric
biosensor. Notably, a piezoelectric biosensor device is extremely sensitive to a change in
the mass of the substrate. Moreover, sensing devices have been utilized in different appli-
cation areas such as the detection of cancer, DNA hybridization, DNA strands, and viral
detection [136].

4. Two-Dimensional Materials for Biosensing

In 2004, scientists discovered the 2D substance graphene [137]. Since its discovery,
graphene has been the subject of extensive study and put to use in many different areas,
including but not limited to electronics, photonics, materials science, sensing, and even
biomedical applications. This is because graphene has exceptional chemical and physical
characteristics. It has a high optical and electrochemical efficiency, a low rate of charge
recombination, quick carrier transport, a high mechanical strength, and a large surface
area [138]. Researchers have been motivated by the intriguing features of 2D nanomateri-
als to explore new 2D nanomaterials and predict their imminent emergence. As a result,
hexagonal boron nitride (hBN) [139], boron-carbon-nitride (BCN) [140], transition metal
dichalcogenides [141] (TMDCs: MoSz, MoSez, WSz, WSe, etc.), transition metal oxides
[142-146] (TMOs: LaVOs, LaMnOs), and others (LiZMnPs, MnPs), as well as layered com-
plex oxides, have been successfully investigated. The unique characteristics of 2D nano-
materials make them promising for use in biosensing. High surface-to-volume ratio, sen-
sitivity, tunable structure, and bandgap are what make 2D nanomaterials so popular in
the sensing sector, especially in biosensing [147]. These 2D nanomaterials can be function-
alized with various biomolecules, such as antibodies, DNA, and enzymes, to specifically
detect target analytes. The large surface area of 2D nanomaterials enables the immobiliza-
tion of a high density of biomolecules, leading to high sensitivity in biosensing. Moreover,
the unique electronic properties of 2D nanomaterials enable label-free detection, where
the analyte can be detected directly by changes in the electronic properties of the 2D ma-
terial upon binding. Overall, 2D nanomaterials show great promise for biosensing appli-
cations, and ongoing research is exploring the potential of these nanomaterials in various
biosensing platforms. There are some more related studies show in Figure 3 [148-150].
Figure 3a shows the schematic representation of the preparation steps involved in
PCN/GO. Figure 3b presents the representative cyclic voltammetry (CV) curves of GCE,
PCN/GCE, GO/GCE and PCN/GO/GCE composites [148]. Figure 3c demonstrates the syn-
thesis process of the MXene/PANI and electrochemical immunosensor. Figure 3d shows
the CV-measured curves of composite for detection of carcinoembryonic antigen [149].
Figure 3e presents the mechanism for detection of L-cysteine. Figure 3f indicates the Cyclic
voltammetry behavior of S-g-C3N4/GCE.
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Figure 3. (a) Schematic representation of preparation steps involved in PCN/GO. (b) Representative
cyclic voltammetry curves of GCE, PCN/GCE, GO/GCE and PCN/GO/GCE composites [148], copy-
right 2020, Springer Nature. (c) Synthesis of MXene/PANI and electrochemical immunosensor. (d)
CV-measured curves of composite for detection of carcinoembryonic antigen [149], copyright 2022,
MDPIL. (e) Mechanism for detection of L-cysteine. (f) Cyclic voltammetry behavior of S-g-C3N4/GCE.
(a) absence of Cu?'; (b) presence of 100 pm L-cysteine; (c) presence of 50 um Cu?’; (d) presence of 1
pum L-cysteine and 50 um Cu?'; (e) presence of 100 um L-cysteine and 50 um Cu?*[150], copyright
2019, Royal Society of Chemistry.

4.1. Graphitic Carbon Nitride (g-C3N4)

g-CsN4 is a 2D substance with unusual physical and chemical properties that have
sparked extensive scientific attention. A bandgap of 2.7 eV, metal-free visible light photo-
catalyst, simple synthesis route, and strong thermal and chemical stability are all desirable
characteristics [151]. g-CsN4 nanosheets, which are 2D nanomaterials, are widely em-
ployed in photoelectrochemical biosensing [152,153]. The g-C3sNs nanosheets were ob-
tained using a straightforward thermal breakdown process. It is the most straightforward
method for mass producing g-CsNa4. Both the amount of nitrogen in the final product and
its other characteristics are sensitive to the nature of its precursor. Cyanamide, dicyandi-
amide, ammonium thiocyanate, urea, and melamine are all suitable as precursors. Since
the obtained g-CsNs nanosheets have a planar structure and sp?-linked carbon and nitro-
gen, it is extremely stable. The nanosheets were employed as an electrode in a photoelec-
trochemical biosensor. The advantages of this biosensing method include its inexpensive
price, excellent sensitivity and selectivity, low-term stability, and quick response time. The
performance of a photoelectrochemical biosensor is enhanced by the use of a g-CsNu
nanosheet because of its superior photon-harvesting capabilities. With this technique,
three electrodes are used. A photosensitive substance is added to the working electrode,
with a nanosheet of g-CsNu being used as the photosensitive material in this application.
Platinum (Pt) and a standard electron are used to construct the counter electrode. The N
and C structures in graphene carbon nitride coordinate with metal ions [154].

As a result of this property, g-CsNu is a promising sensing material. For the detection
of alkaline phosphatase, g-CsNs nanosheets have been used in previous research. Because
of its complex structure, pyrophosphate inhibits the g-CsNa fluorosensor for Cu?* coordi-
nation to g-CsN4. Hence, a label-free sensor using pyrophosphate as a substrate was de-
veloped. When Cu? and pyrophosphate are not coordinating with g-CsNs, the fluores-
cence will quench as a result of photoinduced electron transfer [155]. Cu?* forms a chelate
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with pyrophosphate in the presence of pyrophosphate, preventing it from binding with
the g-CsN4 nanosheet. The addition of alkaline phosphatase catalyzes the conversion of
pyrophosphate to phosphate, which then forms a weak contact with Cu?". Cu?* will bond
to g-CsN4 in this case. Fluorescence is quenched, demonstrating the presence of active g-
CsNa. In order to increase the sensitivity and selectivity of the devised method for detect-
ing alkaline phosphatase, the use of g-CsNs with its enhanced luminous intensity, and
photo- and chemical stability was used. However, the rapid recombination of charge car-
riers in g-CsN4 limits its performance. Hybridization of g-CsNs with other nanomaterials
is proposed as a solution to this significant restriction. As a result, photoelectrochemical
biosensors use g-CsNs hybridized with TiOz2[156]. These nanohybrid components were
used for glucose detection. Two-dimensional g-CsNs-TiO2 was successfully synthesized.
A huge amount of biomolecules can be accumulated on the 2D TiO2 nanosheet that was
produced. The hybrid was made apparent by using g-CsNa4. The bandgap is reduced as a
result of this property. The glucose biosensor demonstrates both great selectivity and sen-
sitivity, and it may be triggered by light in the visible spectrum. Hydrothermal synthesis
was used to create the g-CsNs-TiO2 nanosheet. Using heat, this technique is the most
straightforward and productive at scale The sample is heated to 200 °C for 12 h. Isopropyl
alcohol and diethylenetriamine are the starting materials. For the PEC biosensor, the pro-
duced nanohybrid is deposited in the ITO electrode. This shows that g-CsNs-TiO2 signifi-
cantly enhances PEC biosensing compared to bare g-C3Ns and TiO2. As a means of detect-
ing glutathione, research into fluorescence sensors using g-CsNi-MnO: nanocomposite
was conducted. Glutathione was measured in both liquid and cellular environments. The
g-C3Ns nanosheet had a high surface area, and quantum yield, and emitted a bright fluo-
rescent light. The nanocomposites were produced using a simple one-step redox synthesis
process. FRET causes fluorescence quenching when MnO: is deposited on g-CsNa4[157].
Glutathione works by converting MnO:2 back into Mn?*, which in turn gets rid of FRET
and brings g-CsNu fluorescence back to normal. In this way, the fluorescence feature of g-
CsNais used to identify thione. The study presented here demonstrates the successful ap-
plication of a straightforward method with little upfront costs, high biocompatibility, fast
detection, and low cytotoxicity in living cells. A sulfur-doped graphitic carbon nitride
nanosheet (S-g-CsN4) has been reported to improve electrochemiluminescence perfor-
mance in the detection of L-cysteine [150]. Trithiocyanuric acid was employed as a pre-
cursor in an in situ sample preparation procedure. The chemiluminescence (ECL) intensity
of 5-g-CsNus is five times that of pure g-CsNa. S-g-CsN4 forms compounds with Cu?*, which
quenches its ECL intensity. The addition of L-cysteine improves the performance of the g-
CsNs-based sensor in terms of performance, friendliness of manufacture, ease of imple-
mentation, and speed of response due to the increased coordination between Cu?* and L-
cysteine. To create an electrochemiluminescence biosensor, cyclodextrin was added to g-
CsNs for the detection of organophosphate insecticides. The biosensor responds quickly
and is highly sensitive. In addition to its application in fluorescent biosensing, g-CsNu is
also employed in electrochemiluminescent immunosensors. For instance, gold nanoparti-
cles can add new functions to the g-CsN4 nanosheet to fabricate the immunosensor for the
detection of carcinoembryonic antigens [158]. Its high stability and the role of gold nano-
particles can enhance the trapping as well as storing of electrons, which can improve sens-
ing. It exhibits a linear range from 0.02 to 80 ng mL-!, and a detection limit of 6.8 pg mL-.
There are some more related studies are also present in Figure 4 [155,159,160]. Figure 4a
shows the schematic representation of WS2 and MoS2 biosensor approach. Figure 4b
shows the quenching of flu-orescence intensity of FAM-POG and FAM-PRG in the pres-
ence (red) and absence (black) of W52 [159]. Fig.4 (c) indicates the mechanism of the
Fluorosen-sor-based g-C3N4 for the detection of Cu2+. Fig.4(d) describes the various con-
centrations of Cu2+ under irradiation in the presence of sunlight, and UV light [155].
Fig.4(e) presents the schematic illustration of the PEC immunosensor synthesis steps.
Fig.4(f) demonstrates the immunosensor stability of 550 s under irradiation on/off condi-
tion for selectivity of the PEC immunosensor [160].
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Figure 4. (a) Schematic representation of WSz and MoS: biosensor approach. (b) Quenching of fluo-
rescence intensity of FAM-POG and FAM-PRG in the presence (red) and absence (black) of WSa: (A)
FAM-POG, (B) FAM-PRG [159], copyright 2017, Springer Nature. (c) Mechanism of Fluorosensor-
based g-CsNs for the detection of Cu?* (d) Various concentrations of Cu?" under irradiation in the
presence of (A) sunlight, and (B) UV light [155], copyright 2013, American Chemical Society. (e)
Schematic illustration of PEC immunosensor synthesis steps. (f) Inmunosensor stability of 550 s
under irradiation on/off condition for the selectivity of PEC immunosensor [160], copyright 2016,
Springer Nature.

4.2. Graphene

As a 2D nanomaterial, graphene shows promise as a sensing medium. It has a high
surface area, is thermally, optically, and electrically conductive, and is mechanically
strong [161]. Graphene’s ability to have a specific shape synthesized from scratch makes
it a promising material for use in sensing applications, such as the detection of glucose
and cholesterol. Just slight shifts in these might create major medical issues. Plati-
num/rGO/poly(3-aminobenzoic acid) was used in an amperometric biosensor developed
by Ounnunkad et al. for the detection of glucose and cholesterol [126]. The biosensor that
was created is sensitive, selective, and responsive enough to be used in clinical diagnos-
tics. Bisphenol is a chemical used in the manufacturing of plastics and other industrial
products. Bisphenol is harmful to animals and humans in increasing amounts. Bisphenol
levels in the environment must be measured. As a result, the electrochemical biosensor
has found widespread application due to its low cost, ease of use, and high sensitivity. Its
performance can be improved by combining graphene with other nanomaterials to pro-
duce composites. If you compare graphene composites to pure graphene, you will see that
the latter is vastly superior for biosensing. Electrodes are manufactured using Au-Cu
nanoclusters and graphene nanoribbons [162]. Graphene nanosheet-coated AuPd nano-
particles are also used [163]. Research into finding a cure for cancer remains the biggest
obstacle. The importance of cancer detection at an early stage cannot be overstated. Using
cancer indicators allows for excellent sensitivity with minimal effort. Graphene has been
functionalized with other nanoparticles for use as a cancer biomarker, according to a large
body of recent research. For instance, Kong et al. reported [164] the creation of an im-
munosensor for the detection of carcinoembryonic antigens utilizing gold nanoparticle-
thionine-rGO. An anti-carcinoembryonic immobilizer was applied after the material was
put on a glassy carbon (GC) electrode. Among the tests performed on it include SEM, UV-
visible spectroscopy, electrochemical impedance spectroscopy (EIS), and cyclic voltam-
metry (CV). It has been shown that carcinoembryonic antigen-antibody complex for-
mation reduces peak current in a concentration-dependent manner. An LOD of 4 pg/mL
indicates a concentration range of around 10-500 pg/mL. Similar results were achieved
using a tri-antibody dual-channel immunosensor to detect carcinoembryonic antigen and
nuclear matrix protein 22 (NMP22) [165] produced from graphene that has been doped
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with sulfur. Both nuclear matrix protein 22 and carcinoembryonic antigen have a detec-
tion limit of 25 fg/mL, but the latter requires 30 fg/mL. This biosensor, based on a tri-anti-
body dual-channel method, has a low detection limit and great stability, similar to the
detection of carcinoembryonic antigens were by 2D TiO2 nanosheet and carboxylated g-
CsN4. Many biosensors were detected using epitaxial graphene [166]. Graphene with an
edge plane flaw that improves detection was created by anodizing epitaxial graphene. It
demonstrates oxygen-related flaws that are thought to make for excellent biosensing plat-
forms for the detection of nucleic acid, uric acid, dopamine, and ascorbic acid. Electro-
chemical impedance spectroscopy was employed for the detection of DNA, wherein var-
ying quantities of graphene sheets are employed [167]. In this study, they looked at how
various graphene sheets affected DNA detection. It has been reported that few-layered
graphene performs exceptionally well in detection. There are some more related works
that are described in Figure 5 [162,168,169]. Figure 5a shows the preparation of (i) bare
GNR, Au-Cu@BSA, and Au-Cu@BSA-GNRs (ii) Au-Cu@BSA-GNRs nanocomposite on
GCE. Figure 5b presents the CV analysis of bare and composite with scan rate of 100 mV/s
[162]. Figure 5c demonstrates the sensing of catechol (bottom left) and dopamine (bottom
right) using WS2 with tyrosinase. Figure 5d shows the CV results of GCE/WS2-COOH
electrode for (a) first cycle (b) second cycle [168]. Figure 5e reveals the mechanism in-
volved for detection of DNA using WS2. Fig.5(f) presents the CV behavior of WS2 and
composites with various ratios of (a) 3:1 (b), 2:1 (c), 1.5:1 (d), 0.5:1 (e), 1:1 [169].
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Figure 5. (a) Preparation of (i) bare GNR, Au-Cu@BSA, and Au-Cu@BSA-GNRs (ii) Au-Cu@BSA-
GNRs nanocomposite on GCE. (b) CV analysis of bare and composite with scan rate of 100 mV/s
[162], copyright 2019, Elsevier. (c) Sensing of catechol (bottom left) and dopamine (bottom right)
using WS2 with tyrosinase. (d) CV of GCE/WS:-COOH electrode (a) first cycle (b) second cycle [168],
copyright 2020, Royal Society of Chemistry (e) Mechanism involved for detection of DNA using
WSz (f) CV behavior of WSz and composites with ratio of (a) 3:1 (b), 2:1 (c), 1.5:1 (d), 0.5:1 (e), 1:1
[169], copyright 2016, Journal of Materials Chemistry B.

4.3. Boron Nitride (BN)

DNA is detected via electrochemical impedance spectroscopy with the help of varia-
ble amounts of graphene sheets. Several types of graphene sheet were investigated to see
how they affected DNA detection in this investigation. Reportedly, few-layer graphene
excels at detection. Humans and ecosystems alike are particularly vulnerable to mercury’s
devastating effects [170]. The detection of mercury is critical because it allows for its usage
to be restricted or curbed. SAM of 3-aminopropyltriethoxy silane (ATPES) was utilized to
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modify cubic boron nitride for the immobilization of dansyl chloride. The dansyl chloride
bound to the amine-terminated surface produced a bright fluorescence in the sensor (Mer-
cury concentration-dependent dimming of fluorescence). The fluorescence was restored
after the produced sample was submerged in 3 M HCl in an ethanol solution for 15 min.
Low-temperature combustion synthesis, carbothermal reduction, and nitridation were
used to create the h-BN [171]. A vast surface area is displayed by the flake-like structure
of the h-BN that is manufactured. In addition, it has active surface groups and a high
defect density. CV and differential pulse voltammetry were applied to this flake-shaped
hBN-modified GC electrode. These samples are quite good at detecting ascorbic acid, do-
pamine, and uric acid. The biosensor has a sensitivity of 3.77 M for ascorbic acid, 0.02 M
for dopamine, and 0.15 M for uric acid. Moreover, it results in stable and reproducible
output with high immunity to interference. For this reason, flake hBN is a promising ma-
terial for use in biosensors. Polyimide and polyimide boron nitride were used for the cre-
ation of dopamine [172]. Polycondensation reaction employing benzophenone tetracar-
boxylic dianhydride and diamino di-cyclohexyl methane as precursors produced pure
polyimide and polyimide boron nitride. The BN percentage in polyimide presented here
ranged from 1% to 3% to 5%. Dopamine detection in the presence of electroactive and non-
electroactive species was studied by modifying this prepared sample in a GC electrode.
Specifically, research demonstrated that nitride played a pivotal function in enhancing
dopamine sensing. The PI-5%BN nanocomposite, with its significantly higher BN content,
performs exceptionally well as an electrochemical biosensor. That is because boron nitride
enhances the material’s porosity, selectivity, and thermal stability. It reveals modest limits
of detection for (4 x 10 pA uM). A 2D h-BN nanosheet was also used for dopamine
detection in previous work [172]. Many materials, including GC, boron-doped diamond
(BDD), and screen-printed graphitic electrodes, were used to modify the h-BN nanosheet
through drop-casting (SPEs). It has been found that the h-BN nanosheet treated with SPEs
had a better electrochemical response and a lower electrochemical oxidation potential
than the bare SPEs. When modified by SPEs, h-BN shows promise as a material for elec-
trochemical biosensors. This cutting-edge Feno resonance biosensor was built with a hy-
brid nanostructure of plasmonic silver films on silicon (h-BN) [173]. The efficient detection
of several biomolecules is facilitated by this biosensor. This is because the h-BN nanosheet
can improve absorption efficiency by trapping aromatic biological molecules using di-
pole—dipole adsorption force. When compared to a standard surface plasmon polariton
biosensor, the Feno resonance biosensor is 100 times more sensitive to the detection of
biomolecules. Detection at extremely low levels is demonstrated well. The electrical insu-
lating properties of h-BN are due to its bandgap of 5-6 eV. Zhu's team [174] developed a
fluorescent and electrochemical biosensor based on boron nitride-gold nanocluster nano-
composites for the detection of interleukin. Infections and tissue damage trigger the re-
lease of interleukin-6. Production of interleukin-6, however, needs to be kept under check.
Pathological effects on chronic inflammation and autoimmunity are to be expected as a
result of overproduction. The gold nanocluster is immobilized by using poly-(diallyldime-
thylammonium chloride) (PDDA). The resulting composite has outstanding electrochem-
ical and fluorescent capabilities, in addition to strong stability. The signal response is like-
wise very clear. Because of its high surface area, the PDDA-BN-Au nanocluster composite
that resulted was biocompatible and included a high concentration of gold nanoclusters
(GNCs). To create PDDA-BN-GNC-Ab2 bioconjugates, it was employed for immobilizing
antibody conjugates (Ab2).

4.4. Black Phosphorus (BP)

Black phosphorus (BP) has a distinct structure with corrugated planes of phosphorus
(P) atoms which are connected by strong intralayer P-P bonding and weak interlayer Van
der Waals forces [175]. It possesses high carrier mobility, high transport anisotropy, bio
combativity, and layer-dependent bandgap. Due to these several advantages, the BP is
widely used for biosensor applications. A 2D BP nanosheet was used as a fluorescent-
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based biosensor for the detection of miRNA [176]. The BP nanosheets were prepared using
the liquid exfoliation method. This biosensor indicated a detection limit of 9.37 nM and a
lower response time, and can detect DNA, proteins, and inorganic ions. The BP nanosheet
was used as fluorescent quenching material. Similarly, BP nanosheets were used to study
the electrochemiluminescence behavior of the luminol-H20:z system [177]. BPN shows a
quenching effect on luminol in which luminol considers an energy donor and BPN is an
energy acceptor. Protamine was introduced to recover the electrochemiluminescence sig-
nal. Protamine can bind to the surface by electrostatic interactions so it can block the en-
ergy transfer between BPN and luminol. Thus, the signal is restored. This proposed elec-
trochemiluminescence can detect trypsin in serum samples. The surface area of the bio-
sensor is a significant factor. It helps to accumulate a large number of biomolecules and
improve performance. In ref. [178] an ultrasensitive plasmonic biosensor was reported
using vertically stacked halloysite nanotubes, MoSz, and BP atomic layers upon the gold
film. This hybrid showed enhanced efficiency and long-term stability. The halloysite
nanotube improved surface area and enhanced the surface plasmonic resonance. A
BP/MoS: heterostructure can accumulate more electrons. As a result, a fast carrier charge
occurs. Moreover, the ultrasensitive plasmonic biosensor also exhibits adjustable detec-
tion sensitivity due to the in-plane anisotropy of BP film. This biosensor provided a label-
free detection of small biomolecules. The BP nanoparticles were used as fluorescent bio-
sensing for the detection of DNA [179,180]. BP nanoparticles were synthesized from red
phosphorus using high-pressure phase transformation. The obtained sample was investi-
gated with the help of XRD, high-resolution transmission electron microscopy (HR-TEM),
X-ray photoelectron spectroscopy (XPS), etc. This study suggests that BP nanoparticles
can also be used for the detection of nucleic acid. L. Zhou et al. developed a novel fiber-
optic biosensor for human neuron-specific enolase (NSE) cancer biomarkers [181]. Neu-
ron-specific enolase is a highly specific biomarker that is found in patients with various
tumors such as neuroendocrine tumors, lung cancer, medullary thyroid cancer, carcinoid
tumors, endocrine tumors of the pancreas, and melanoma. The detection of neuron-spe-
cific enolase (NSE) is crucial because it provides information about the tumor burden,
number of metastatic sites, and response to the treatment. The BP nanosheets were bio-
functionalized with poly-L-lysine to improve the light-matter interaction. This prepared
sample was integrated with tilted fiber grating. The preparation of BP nanosheets was
conducted with ultrasonication. Further BP nanosheets were deposited on fiber grating
using the in situ layer-by-layer method. This obtained biosensor showed an enhanced sen-
sitivity towards NSE. It also provided 100-fold greater sensitivity compared to GO and
gold nanoparticle-based biosensors. By utilizing the excellent properties of BP, a field-
effect transistor biosensor was developed which is used for the detection of human immu-
noglobulin G [182]. To protect BP getting oxidized in an aqueous solution, a dielectric
layer was introduced using Al20s. This dielectric layer helps for better stability and sensi-
tivity. The surface of BP was functionalized using gold nanoparticles which were conju-
gated with antibody probes. The suitable antibody binds with the antigen which leads to
the change in electrical resistance of BP, which is measured. The produced BP-functional-
ized device can detect human immunoglobulin with a lower detection limit of 10 ng/mL
and a response time in the order of seconds.

Another work reported that exfoliated BP nanosheets were encapsulated using arti-
ficial polypeptide polymer which can form micelles [183]. This allows for improved bio-
compatibility. Transition electron microscopy shows that the BP nanosheet accumulated
in the helical cavity of the copolymer, indicating the hydrophobic nature of nanosheets.
Photoluminescence spectroscopy results suggest the polymer micelle was quenched when
the BP nanosheet was introduced into the polymer helix. This quenching proves that there
is an electron transfer between the BP nanosheet and polymer helix. The encapsulation of
the BP nanosheet protects it from oxidation and prevents it from losing its electronic prop-
erties. This fabricated 2D hybrid is used for sensing applications. It can also be used for
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imaging infected tissues and for drug delivery purposes. H. Jiang et al. developed a bio-
sensor for the detection of nucleic acids and proteins [184]. In this work, the modified 2D
BP had calcium-cation-doped poly-dopamine (PDA) as the electrode. These 2D BP/PDAs
can enter into living cells unaided by transfection agents, resist enzymatic hydrolysis, and
show high biocompatibility. Without any aid of chemical conjugation, the poly-dopamine
provides binding sites to DNA nucleobases and quenches the fluorescence. This biosensor
is highly selective and sensitive to proteins, DNA, and mRNA in complex biological sam-
ples.

4.5. Molybdenum Disulfide (MoS:)

The 2D molybdenum disulfide is a typical member of a large class of transition metal
dichalcogenides. MoS: received great attention in diverse fields due to its size-dependent
bandgap. The Mo and S atoms have strong ionic bonding and the different layers of MoS2
experience weak Van der Waals interactions. The bulk MoS: possesses a direct bandgap of
1.8 eV [185]. It shows high electron mobility and an exposed active site. For instance, a
fluorescent biosensor was developed using MoS: nanoflakes for the detection of ferrous
ions (Fe?*) [186]. Fe* is seen in all living organisms and is used worldwide in agriculture
and industry. The fast detection of ferrous ions is crucial, especially in water samples. The
MoS2 nanoflakes were synthesized by the hydrothermal method which can catalyze H20:
-oxidizing O-phenylenediamine (OPD) substrates to produce a highly fluorescent sub-
stance, 2,3-diaminophenazine. The developed MoS:/OPD/H:0O:2biosensing provides better
sensitivity and selectivity to Fe?* with a detection limit of 3.5 nM. The rod-like MoS:
nanostructure was reported to immobilize enzyme molecules to fabricate electrochemical
glucose sensors [187]. The shape and size of the nanomaterials are significant for biosens-
ing applications. A nanorod-like MoS: nanostructure was synthesized using a simple one-
step synthesis route and used to immobilize the enzyme molecules. The rod-like morphol-
ogy provides a large surface area that leads to enhancements in the detection of glucose.
These enzyme molecules loaded in MoS2 maintained their native structure and bioactivity.
A fabricated electrochemical glucose biosensor indicated a low detection limit of 0.005
mM and high sensitivity of 25.06 + 0.5 mA M~ cm. This biosensor demonstrated excellent
reproductivity, sensitivity, and stability for glucose. From this an optic biosensor for
miRNA21 biomarkers of breast cancer was developed by taking advantage of the photo-
luminescence of MoS: flakes [188].

Breast cancer is a major concern in women worldwide. The most used biomarker for
breast cancer is miRNA21. Since MoS: exhibits a direct bandgap in the visible region and
good stability it is a suitable candidate for photoluminescence biosensing. The epitaxial
growth of MoS: on sapphire was observed. The formed MoS:2 nanoflake surface was mod-
ified using a thiolated DNA probe (ss-DNA-SH). Furthermore, the surface was hybridized
with complementary and non-complementary miRNA21 sequences. The biomarker
recognition was conducted through photoluminescence measurement. Modification with
the thiolated DNA probe showed an enhancement in photoluminescence from MoS:.
However, after the recognition assays, the photoluminescence was quenched. Moreover,
the developed optic biosensor based on MoS: nanoflakes improved sensitivity and selec-
tivity.

Detection of metal ions found in the environment as well as biological systems has
attracted research. Mao et al. used a single layer 2D MoS: as the fluorescence quencher to
detect Ag* ion [189]. The detection limit in this assay was 1 nM. Zhang developed a fluo-
rescent biosensor for the detection of uranyl ions (UO2%*) in the aqueous environment. This
sensor was developed based on DNA and MoSz. The detection limit in this assay was 2.14
nM [190]. There are some more related studies that are demonstrated in Figure 6
[139,171,191]. Figure 6a shows the mechanism of the nitrite sensor-based h-BN. Figure 6b
presents the CV analysis of BN whiskers for nitrite sensor with (a) poor crystallized; (b)
highly crystalline; and (c) pure Ti electrodes [139]. Figure 6¢ describes the preparation



Nanomaterials 2023, 13, 1520 16 of 31

process involved for the MXene/NiCo LDH. Figure 6d proposes the mechanism for glu-
cose catalyzing using MXene/NiCo LDH nanocomposite [191] Figure 6e presents the CV
analysis of 1000 mM ascorbic acid, 100 mM dopamine, and 400 mM uric acid. Figure 6f
shows the DPV curves of BN with different pH between 4 to 9 on GCE [171].
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Figure 6. (a) Mechanism of nitrite sensor-based h-BN. (b) CV analysis of BN whiskers for nitrite
sensor with (a) poor crystallized; (b) highly crystalline; and (c) pure Ti electrodes [139], copyright
2016, Royal Society of Chemistry. (c) Preparation process involved for MXene/NiCo LDH. (d) Pro-
posed mechanism for glucose catalyzing using MXene/NiCo LDH nanocomposite [191], copyright
2019, Elsevier. (e) CV analysis of 1000 mM ascorbic acid, 100 mM dopamine, and 400 mM uric acid.
(f) DPV curves of BN with different pH between 4 to 9 on GCE [171], copyright 2018, Elsevier.

4.6. Tungsten Disulfide (WS:2)

The WSz is composed of a W metal layer sandwiched between two sulfur layers and
stacked together by a weak Van der Waals interaction which helps in enhancing planar
electric transportation properties [192]. However, WSz suffers from poor electronic con-
ductivity. To overcome this problem WS: is incorporated with good electronic conductiv-
ity material to improve its performance. A 2D tungsten disulfide and acetylene black com-
posite were utilized for the electrochemical DNA biosensor [169]. This nanocomposite was
synthesized using the hydrothermal method. The sensor was fabricated on gold nanopar-
ticles and a GC electrode was modified by composite. Furthermore, the probe was at-
tached to the modified electrode through the Au-S bond. Afterward, auxiliary DNA was
immobilized on the modified electrode. It was then modified with bio-H1-H2 to improve
the selectivity of the sensor. The prepared sample indicated a large surface area that can
capture more biomolecules, especially DNA. It also reduced the distance for electron
transfer and ion diffusion between captured DNA and material. This DNA biosensor con-
veyed a good linear relationship between the current value and logarithm of target DNA
which ranged from 0.001 pM to 100 pM and had a detection limit as low as 0.12 fM. An-
other work reported an electrochemical biosensor developed by utilizing WSz nanosheets
and Poly(indole-6-carboxylic acid) (PIn6COOH) for the detection of the PIK3CA gene in
lung cancer [193]. PINn6COOH is a conducting polymer that possesses several properties
such as excellent redox activity and excellent stability. This obtained nanocomposite was
further modified with immobilization of the probe ssDNA which is achieved by non-co-
valent p-p stacking. However, the introduction of ssDNA on nanocomposite lead to a de-
creased current response or signal-off state. When the probe ssDNA was functionalized
with target DNA it resulted in the increment of the redox current or signal on the state. It
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provided a self-signal electrochemical sensing platform, and showed an estimated detec-
tion limit of 2.3 x 10-® mol L' and a dynamic range of 1.0 x 107 mol L to 1.0 x 10-* mol
L in the detection of a PIK3CA gene related to lung cancer. An amplified photoelectro-
chemical DNA biosensor was fabricated by making a heterojunction with CdS quantum
dots (QDs) and WSz nanosheets, which were further hybridized using chain reaction-me-
diated enzymatic hydrolysis [194]. Plenty of works have been reported on DNA biosen-
sors by utilizing nanocomposites or hybrids of WSz nanomaterial [195,196].

A novel electrochemical aptamer was reported for the detection of 17b-estradiol us-
ing a layered tungsten disulfide nanosheet and gold nanoparticles [197]. An electrochem-
ical aptamer is a biosensor that can generate an electrochemical signal in response to a
specific target [198-200]. A carboxylic-acid-functionalized WSz nanosheet was used for the
immobilization of the tyrosinase enzyme for the detection of catechol and dopamine [168].
This obtained nanotube deposited on GC electrodes showed a satisfactory performance
towards the detection of catechol. It indicated a linear range of 0.6-70 umol L, a sensitiv-
ity of 10.7 £ 0.2 mA L mol™" and good mass transport. In the case of dopamine detection,
it conveyed improved signal capture at a lower concentration. This is due to the electro-
static interaction between the amine function of dopamine and carboxylic acid groups
with linear ranges of 0.5-10 umol L' and 1040 pumol L' and respective sensitivities of 6.2
+0.7 mA L mol™ and 3.4 + 0.4 mA L mol™'. An ultrasensitive biosensor was developed for
the detection of dopamine by utilizing tungsten disulfide QDs functionalized with GO
sheets [201]. The WSz QD shows high luminescence with photoluminescence quantum
yield. However, in the presence of graphene oxide, the photoluminescence intensity of
WS:2 QDs was partially quenched. This is due to the Van der Waals interaction and excited
charge transfer from WS2 QDs to GO. In the presence of dopamine, these prepared
GO/WS: QDs nanohybrids were quenched drastically. Thus, selective detection of dopa-
mine was achieved. The morphology of nanostructures has a great impact on the perfor-
mance of the biosensor. For example, a WSz nanosheet-based fluorescent biosensor was
fabricated [202]and was used for the detection of DNA. The 2D WSz nanosheet showed a
high quenching ability toward DNA. Peptide nucleic acid is like DNA consisting of nor-
mal DNA bases and a peptide-like backbone [203]. PN A has many advantages over DNA.
In PNA, the binding affinity and sequence specificity to nucleic acid targets is greater than
in DNA [204,205]. Due to its wide advantages, PNA is widely used for biosensing plat-
forms instead of DNA. In this work, a WSz nanosheet was utilized for fluorescent DNA
assay by using a more specific PNA probe instead of a DNA probe. Utilizing the WS2
nanosheet properties with PNA-DNA hybridization they achieved a simple, fast, stable,
and sensitive DN A-detected biosensor through the WSz nanosheets quenching efficiency
toward DNA.

4.7. MXene

Gogotsi and co-workers created the MXenes in 2011 [206]. It is a new type of 2D na-
nomaterial that has the potential to boost sensing efficiency. It has many advantages, such
as being hydrophilic, electrically conductive, biocompatible, and simple to modify. It is
highly stable, has high electrical conductivity, a big surface area, and is easily tunable
[207-212]. Graphene-like 2D MXene-TisC2 was used to create a nitrite biosensor. Hemo-
globin was immobilized on this substance to create a biosensor that does not require a
mediator [213]. The acquired material was analyzed in a number of ways to determine its
morphology and structure. The data demonstrate the high stability and biocompatibility
of MXene-TisCz. A large surface area and strong conductivity make it simple to allow di-
rect electron transmission of hemoglobin. As a result, the constructed biosensor had high
nitrite-detection activity over a linear concentration range of 0.5-11,800 uM. Moreover, it
had a low detection limit of 0.12 uM. In order to detect cancer biomarkers, researchers
produced ultrathin TisC2-MXene nanosheets and bio-functionalized them using amino
silane [214]. In a linear detection range of 0.0001-2000 ngmL-, it demonstrated a sensitiv-
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ity of 37.9 pAng'mLcm2. In order to develop an electrochemical biosensor for the detec-
tion of H20:, Kai et al. [215] treated the MXene surface with horseradish peroxidase (HRP).
An MXene/chitosan/GCE electrode was used to immobilize the HRP. It is clear that this
produced electrode exhibited strong activity toward the elimination of H20:. The linear
range it demonstrated was from 5 to 1650 umol L-'. MXenes were also used in im-
munosensors, which was described in another study. Immunosensors utilize a variety of
antibody and antigen-based immunochemical reactions. Bioanalysis, low cost, small rea-
gent and sample volume, high specificity, and sensitivity are only a few of its many ben-
efits [216]. These high qualities have led to its employment in a wide range of fields, in-
cluding clinical medicine [217,218], evaluation of environmental pollutants [219-221], and
many more. A carcinoembryonic antigen immunosensor was developed by Kumar et al.
[149]; this antigen is a key cancer biomarker detected in individuals with liver, breast,
lung, colorectal, ovarian, and pancreatic cancers. TisC2-MXene functionalized with amino
was employed to chemically immobilize COOH terminated-CEA during sensor fabrica-
tion. The MXene nanoflakes presented here were created using a layer-delamination syn-
thesis strategy. The biosensor also demonstrated a sensitivity of 37.9 pA ng™' mL cm2 and
a linear detection range of 0.0001 to 2000 ng mL-".

4.8. Janus Nanoparticles (JNPs)

JNPs are a fascinating new class of nanomaterials that show tremendous potential
due to their novel traits and versatile applicability. Innovative types of 2DMs called Janus
2DMs have one of the two surfaces functionalized differently or oriented toward a differ-
ent local environment [222]. The structure of JNPs is amphiphilic. Because of their aniso-
tropic structure, which includes optical, electrical, and magnetic properties, among other
things, JPs may have advantages such as adaptability and versatility. Due to their high
conductivity and photo/electrothermal or moist sensitivity, carbon-based Janus films can
be used as a foundation for the creation of mechanical sensing and actuation technologies
[223]. Janus structures are notable for their capacity to engage with their surroundings in
a selective manner. Two parts of the structure have different traits, which causes selective
interaction to happen. Sometimes a Janus structure can have both a hydrophobic and a
hydrophilic side. The structure can then be placed to interact with water in the way that
is preferred. A report stated that a composite material made of single-walled carbon nano-
tubes and gold-mesoporous silica Janus nanoparticles (JNPs) can be used to create bio-
sensors [224]. The use of CNT in this application is advantageous because of its excep-
tional electrocatalytic, conductive, and matrix-forming 3D transducer properties [225].
The next step was to create an electrochemical biosensor for D-glucose using biofunction-
alized JNPs as the active components. Here, glucose oxidase and HRP were immobilized
to create a glucose biosensor. By exposing a D-glucose biosensor to different sugars and
acids, including D-galactose, D-sucrose, L-arabinose, D-fructose, and ascorbic acid, its se-
lectivity was examined. This biosensor turned out to have a high degree of sensitivity.
Using the composite nanomaterials, a highly sensitive, operationally stable, and detection-
limit-lowering biosensor was created. Dopamine and ascorbic acid, two biomolecules
with crucial physiological roles in humans, are retained in the body at extremely low con-
centrations [226]. Therefore, ultra-quick diagnosis is essential for modern medical efficacy.
The importance of selective electrochemical detection of dopamine and ascorbic acid is
highlighted by its application to problems associated with neurological disorders, such as
Parkinson’s disease and Alzheimer’s disease. In a report [226], the use of Janus porous
nanomembranes for the electrochemical sensing of dopamine and ascorbic acid is de-
scribed. Here, metal oxide microtubes were made via sonication and atomic layer deposi-
tion. Janus pores in nanomembranes can be assisted by atomic layer deposition tech-
niques. On a polyurethane crucible, TiOz, ZnO, and Al20s nanomembranes were culti-
vated. Using ultrasonication, the planar configuration can be transformed into a micro-
tubular one. These sensors” wide detection range and low detection threshold make them
perfect for monitoring dopamine and ascorbic acid levels. These sensors’” wide detection
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range and low detection threshold make them perfect for monitoring dopamine and
ascorbic acid levels. Even after 12 days, the sensor’s performance did not degrade, a tes-
tament to the structure’s uniqueness and the porosity’s contribution of additional active
sites for sensing across a broad detection range of 0.4-80 mM. For the detection of carci-
noembryonic antigens, G. Paniagua et al. developed an amperometric aptasensor using
Janus-type nanoparticles with Au and silica faces on opposite ends as an integrated elec-
trochemical biorecognition-signaling system [227]. In this study, both thiolated aptamers
and HRP were used to functionalize surfaces in this study. The authors show that the
linear detection range of the sensor is between 0.1 pg/mL and 100 ng/mL, with a detection
limit of 0.043 pg/mL. The sensor also demonstrated high selectivity, with only a small
amount of background noise from competing molecules in the test solution. It has been
reported before [228] that ascorbic acid can be detected using Janus carbon nanocomposite
and guest-host molecular chemistry. Repetitive attachment of melamine to highly orga-
nized pyrolytic graphite with rGO results in a Janus 2D carbon-based nanocomposite.
When it comes to detecting ascorbic acid at concentrations as low as 47 pM, the synthe-
sized Janus carbon nanocomposite demonstrated exceptional sensitivity, stability, dura-
bility, and repeatability. Perfect molecular coupling between the host and guest molecules
at the lattice resulted in enhanced charge mobility, heterogeneous electron transfer, en-
ergy density, and stability, all of which contribute to enhanced sensing. There are some
more results that are described in Figure 7 [224,226,227]. Figure 7a shows the process in-
volved for synthesis of GO/JNP/CNT on GCE. Figure 7b indicates the FESEM photographs
of GO/JNP/CNT [224], Figure 7c shows the process for synthesis of microtube. Figure 7d
studies a selective response assessment of a microtube toward (a) 5 uM dopamine, (b) 20
UM ascorbic acid, (c) sensor reproducibility, and (d) an aging analysis with 5 uM of ascor-
bic acid for 1 month [226]. Figure 7e displays the biosensing approach by using the Janus
nanoparticles. Figure 7f shows the steps for synthesis of aptamer and HRP Janus nano-
particles [227].
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Figure 7. (a) Process involved for synthesis of GO/JNP/CNT on GCE. (b) FESEM photographs of
GO/JNP/CNT [224], copyright 2015, John Wiley and Sons. (c) Synthesis of microtube. (d) A selective
response assessment of a microtube toward (a) 5 uM dopamine, (b) 20 uM ascorbic acid, (c) sensor
reproducibility, and (d) an aging analysis with 5 uM of ascorbic acid for 1 month [226], copyright
2020, American Chemical Society. (e) Display biosensing using Janus nanoparticles. (f) Synthesis of
aptamer and HRP Janus nanoparticles [227], copyright 2019, Elsevier.

5. Challenges and Counter Makers

By utilizing components derived from the organism being studied through analytical
signals, biosensors are able to detect and quantify the presence of a target chemical or
biomolecule, as well as determine its quantity. In spite of the fact that they offer a number
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of benefits, including high sensitivity and specificity, as well as real-time monitoring, there
are many challenges that prevent their further development and broad application. The
development of biosensors is met with a great deal of resistance, but there are also many
potential solutions. Figure 8 describes the schematic illustration of possible challenges and
future outlooks in the field of biosensor applications. These key points/parameters are
discussed in details in the following sections.

(1) Sensitivity: A high level of sensitivity is essential for biosensors in order for them
to be helpful for detecting trace levels of analytes. Yet, another solution to this issue is to
make use of signal amplification approaches such as signal enhancement, signal amplifi-
cation, and signal transduction. This is just one of several potential solutions. Increasing
the selectivity of biosensors can also be accomplished in a number of other ways, includ-
ing the integration of nanostructures for signal amplification and the use of biological
recognition components that are more narrowly focused.

(2) Specificity: The degree to which biosensors are able to separate the target analyte
from background molecules is a good indicator of their specificity. The employment of
many recognition elements by multi-element biosensors allows for the simultaneous de-
tection of a wide variety of analytes, which can contribute to an increase in the sensor’s
selectivity. In addition to this, highly specialized molecularly imprinted polymers, also
known as MIPs, can be utilized.
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Figure 8. Schematic illustration of possible challenges and future outlooks in the field of biosensor
applications.

(3) Stability: For biosensors to be useful over an extended period of time in applica-
tions in the real world, they need to be stable. Using nanomaterials that can increase the
long-term reliability and stability of biosensors is one alternative that can be utilized.
Other solutions include the utilization of stable enzymes and antibodies as well as the
utilization of nanostructures that can be utilized.

(4) Reproducibility: It is essential for biosensors to have the ability to be replicated
in order for them to be commercially successful and extensively used. The use of stringent
quality controls at each and every stage of the production process of biosensors is one
answer.
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(5) Cost: The price level at which biosensors are offered may prohibit them from be-
ing widely adopted. The production of low-cost biosensors manufactured from readily
available materials can be accomplished in one way by employing contemporary manu-
facturing technologies such as microfabrication and 3D printing.

(6) Miniaturization: It is necessary to miniaturize biosensors before they can be help-
ful in devices that can be held in the hand or that can be worn. Using microelectromechan-
ical systems (MEMS) is one way this can be done. This will allow for the creation of min-
iature biosensors that can be incorporated into small devices. In the grand scheme of
things, taking on these issues will be very necessary for the successful development of
biosensors and the broad acceptance of these devices in a variety of disciplines, such as
medicine, environmental control, and food standards.

6. Conclusions

With their novel characteristics and wide range of potential uses, the growing class
of 2D nanomaterials is attracting attention from researchers across disciplines. Even
though 2D nanomaterials are currently being studied, more research is still needed. We
have reviewed the numerous routes to obtaining 2D nanomaterials through synthesis.
Moreover, many types of biosensors make use of various 2D materials. To address these
obstacles, researchers in the biosensor sector are performing a number of studies with 2D
nanomaterials. Nonetheless, researchers continue to encounter roadblocks. Obtaining 2D
nanomaterials with the desired structures and surface functionalization is difficult be-
cause no reliable synthesis process exists. It is important to highlight that sensing perfor-
mances can be enhanced through the selection of precursors and the application of appro-
priate surface modifications. Long-term stability is a second formidable obstacle. Their
structural instability, when they aggregate or collapse, is a critical concern in biosensing
applications. The 2D nanomaterial class has vast untapped potential. Appropriate surface
functionalization in 2D nanomaterials can circumvent most of the obstacles. Hybridiza-
tion can only be accomplished by using a superior alternative material. Increased activity
in the biosensing platform can be achieved by constructing a homo- or heterojunction.
Due to the synergistic impact present in many nanomaterials, hybrid nanomaterials also
exhibit certain novel features. There is still extensive research being conducted on the
characteristics of 2D nanomaterials and their potential uses in the biosensing sector.
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Abbreviations

Two-Dimensional (2D), graphene oxide (GO), reduced graphene oxide (rGO), gra-
phitic carbon nitride (g-CsN4), deoxyribonucleic acid (DNA), ribonucleic acid (RNA), Ja-
nus nanoparticles (JNPs), quantum dots (QDs), hydrochloric acid (HCl), tetrabutylammo-
nium (NBus)*, Janus structures (JPs), Janus two-dimensional materials (2DMs), chemical
vapor deposition (CVD), chromium oxide nanoparticles (Cr20s NPs), electro spun carbon
nanofiber (ECF), X-Ray diffraction analysis (XRD), photoluminescence (PL), electrochem-
ical impedance spectroscopy (EIS), cyclic voltammetry (CV), scanning electron micros-
copy (SEM), ultraviolet-visible spectroscopy (UV-Vis), chemiluminescence (ECL), inter-
molecular charge transfer (ICT), boron-carbon-nitride (BCN), fluorescence resonance en-
ergy transfer (FRET), glassy carbon (GC), boron-doped diamond (BDD), poly-(dial-
lyldimethylammonium chloride) (PDDA), gold nanoclusters (GNCs), black phosphorus
(BP), uranyl ion (UOz*), horseradish peroxidase (HRP), hexagonal boron nitride (hBN),
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transition metal dichalcogenides (TMDCs), high-resolution transmission electron micros-
copy (HR-TEM), poly-dopamine (PDA), X-ray photoelectron spectroscopy (XPS), neuron-
specific enolase (NSE), transition metal oxides (TMOs).

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Bhalla, N.; Jolly, P, Formisano, N.; Estrela, P. Introduction to biosensors. Essays Biochem. 2016, 60, 1-85.
https://doi.org/10.1042/ebc20150001.

Mehrotra, P. Biosensors and their applications-A review. ]. Oral Biol. Craniofacial Res. 2016, 6, 153-159.
https://doi.org/10.1016/j.jobcr.2015.12.002.

O'Brien, C,; Varty, K,; Ignaszak, A. The electrochemical detection of bioterrorism agents: A review of the detection, diagnostics,
and implementation of sensors in biosafety programs for Class A bioweapons. Microsyst. Nanoeng. 2021, 7, 16.
https://doi.org/10.1038/s41378-021-00242-5.

Wibrianto, A.; Getachew, G.; Dirersa, W.B.; Rasal, A.S.; Huang, C.-C.; Kan, T.-C.; Chang, J.; Chang, J.-Y. A multifunctional
nanocatalyst based on ultra-fluorescent carbon quantum dots for cascade enzymatic activity and stimuli-responsive
chemotherapy of cancer. Carbon 2023, 208, 191-207. https://doi.org/10.1016/j.carbon.2023.03.052.

Haleem, A.; Javaid, M.; Singh, R.P.; Suman, R.; Rab, S. Biosensors applications in medical field: A brief review. Sens. Int. 2021,
2,100100. https://doi.org/10.1016/j.sintl.2021.100100.

Wei, F.; Lillehoj, P.B.; Ho, C.-M. DNA Diagnostics: Nanotechnology-Enhanced Electrochemical Detection of Nucleic Acids.
Pediatr. Res. 2010, 67, 458-468. https://doi.org/10.1203/PDR.0b013e3181d361c3.

Zhang, H.; Li, X.; He, F.; Zhao, M.; Ling, L. Turn-off colorimetric sensor for sequence-specific recognition of single-stranded
DNA based upon Y-shaped DNA structure. Sci. Rep. 2018, 8, 12021. https://doi.org/10.1038/s41598-018-30529-z.

Tian, M.; Xu, S.; Zhang, J.; Wang, X.; Li, Z.; Liu, H.; Song, R.; Yu, Z.; Wang, ]. RNA Detection Based on Graphene Field-Effect
Transistor Biosensor. Adv. Condens. Matter Phys. 2018, 2018, 8146765. https://doi.org/10.1155/2018/8146765.

Kujawska, M.; Bhardwaj, S.K.; Mishra, Y.K.; Kaushik, A. Using Graphene-Based Biosensors to Detect Dopamine for Efficient
Parkinson’s Disease Diagnostics. Biosensors 2021, 11, 433. https://doi.org/10.3390/bios11110433.

Getachew, G.; Korupalli, C.; Rasal, A.S.; Chang, J.-Y. ROS generation/scavenging modulation of carbon dots as phototherapeutic
candidates and peroxidase mimetics to integrate with polydopamine nanoparticles/GOx towards cooperative cancer therapy.
Compos. Part B Eng. 2021, 226, 109364. https://doi.org/10.1016/j.compositesb.2021.109364.

Yan, Q.; Zhi, N.; Yang, L.; Xu, G.; Feng, Q.; Zhang, Q.; Sun, S. A highly sensitive uric acid electrochemical biosensor based on a
nano-cube cuprous oxide/ferrocene/uricase modified glassy carbon electrode. Sci. Rep. 2020, 10, 10607.
https://doi.org/10.1038/s41598-020-67394-8.

Ribeiro, B.V.; Cordeiro, T.A.R,; Oliveira e Freitas, G.R.; Ferreira, L.F.; Franco, D.L. Biosensors for the detection of respiratory
viruses: A review. Talanta Open 2020, 2, 100007. https://doi.org/10.1016/j.talo.2020.100007.

Wang, T.-T.; Huang, X.-F.; Huang, H.; Luo, P.; Qing, L.-S. Nanomaterial-based optical- and electrochemical-biosensors for urine
glucose detection: A comprehensive review. Adv. Sens. Energy Mater. 2022, 1, 100016. https://doi.org/10.1016/j.asems.2022.100016.
Lei, Z-L., Guo, B. 2D Material-Based Optical Biosensor: Status and Prospect. Adv. Sci. 2022, 9, 2102924.
https://doi.org/10.1002/advs.202102924.

Getachew, G.; Wibrianto, A.; Rasal, A.S.; Batu Dirersa, W.; Chang, J.-Y. Metal halide perovskite nanocrystals for biomedical
engineering: Recent advances, challenges, and future perspectives. Coord. Chem. Rev. 2023, 482, 215073.
https://doi.org/10.1016/j.ccr.2023.215073.

Getachew, G.; Huang, W.-W_; Chou, T.-H.; Rasal, A.S.; Chang, ].-Y. Brightly luminescent (NH4)xCs1-xPbBr3 quantum dots for
in vitro imaging and efficient photothermal ablation therapy. J. Colloid Interface Sci. 2022, 605, 500-512.
https://doi.org/10.1016/j.jcis.2021.07.116.

Getachew, G.; Hsiao, C.-H.; Wibrianto, A ; Rasal, A.S.; Batu Dirersa, W.; Huang, C.-C.; Vijayakameswara Rao, N.; Chen, J.-H.;
Chang, ].-Y. High performance carbon dots based prodrug Platform: Image-Guided photodynamic and chemotherapy with On-
Demand drug release upon laser irradiation. J. Colloid Interface Sci. 2023, 633, 396—-410. https://doi.org/10.1016/j.jcis.2022.11.112.
Wang, M.; Yang, Y.; Min, J.; Song, Y.; Ty, J.; Mukasa, D.; Ye, C.; Xu, C.; Heflin, N.; McCune, ].S.; et al. A wearable electrochemical
biosensor for the monitoring of metabolites and nutrients. Nat. Biomed. Eng. 2022, 6, 1225-1235. https://doi.org/10.1038/s41551-
022-00916-z.

La Rosa, S.L.; Solheim, M.; Diep, D.B.; Nes, LF.; Brede, D.A. Bioluminescence based biosensors for quantitative detection of
enterococcal peptide-pheromone activity reveal inter-strain telesensing in vivo during polymicrobial systemic infection. Sci.
Rep. 2015, 5, 8339. https://doi.org/10.1038/srep08339.

Hakimian, F.; Ghourchian, H.; Hashemi, A.s.; Arastoo, M.R.; Behnam Rad, M. Ultrasensitive optical biosensor for detection of
miRNA-155 using positively charged Au nanoparticles. Sci. Rep. 2018, 8, 2943. https://doi.org/10.1038/s41598-018-20229-z.
Khani, S.; Hayati, M. Optical biosensors using plasmonic and photonic crystal band-gap structures for the detection of basal
cell cancer. Sci. Rep. 2022, 12, 5246. https://doi.org/10.1038/s41598-022-09213-w.

Scarpa, E.; Mastronardi, V.M.; Guido, F.; Algieri, L.; Qualtieri, A.; Fiammengo, R.; Rizzi, F.; De Vittorio, M. Wearable
piezoelectric mass sensor based on pH sensitive hydrogels for sweat pH monitoring. Sci. Rep. 2020, 10, 10854.
https://doi.org/10.1038/s41598-020-67706-y.



Nanomaterials 2023, 13, 1520 23 of 31

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Chadha, U.; Bhardwaj, P.; Agarwal, R.; Rawat, P.; Agarwal, R.; Gupta, I.; Panjwani, M.; Singh, S.; Ahuja, C.; Selvaraj, S.K.; et al.
Recent progress and growth in biosensors technology: A critical review. J. Ind. Eng. Chem. 2022, 109, 21-51.
https://doi.org/10.1016/j.jiec.2022.02.010.

Naresh, V.; Lee, N. A Review on Biosensors and Recent Development of Nanostructured Materials-Enabled Biosensors. Sensors
2021, 21, 1109. https://doi.org/10.3390/s21041109.

Raje, P.G.; Gurav, S.R.; Waikar, M.R.; Rasal, A.S.; Chang, ].-Y.; Sonkawade, R.G. The review of different dimensionalities based
pristine metal organic frameworks for supercapacitor application. ] Energy Storage 2022, 56, 105700.
https://doi.org/10.1016/j.est.2022.105700.

Sawant, S.A.; Patil, A.V.; Waikar, M.R.; Rasal, A.S.; Dhas, S.D.; Moholkar, A.V.; Vhatkar, R.S.; Sonkawade, R.G. Advances in
chemical and biomass-derived graphene/graphene-like nanomaterials for supercapacitors. |. Energy Storage 2022, 51, 104445.
https://doi.org/10.1016/j.est.2022.104445.

Murali, A.; Lokhande, G.; Deo, K.A.; Brokesh, A.; Gaharwar, A.K. Emerging 2D nanomaterials for biomedical applications.
Mater. Today 2021, 50, 276-302. https://doi.org/10.1016/j.mattod.2021.04.020.

Dirersa, W.B.; Getachew, G. Hsiao, C.H.; Wibrianto, A.; Rasal, A.S.; Huang, C.C; Chang, J.Y. Surface-engineered
CuFeS:/Camptothecin  nanoassembly with enhanced chemodynamic therapy via GSH depletion for synergistic
photo/chemotherapy of cancer. Mater. Today Chem. 2022, 26, 101158. https://doi.org/10.1016/j.mtchem.2022.101158.

Kashale, A.A.; Rasal, A.S.; Kamble, G.P.; Ingole, V.H.; Dwivedi, P.K.; Rajoba, S.J.; Jadhav, L.D.; Ling, Y.-C.; Chang, J.-Y.; Ghule,
A.V. Biosynthesized Co-doped TiO: nanoparticles based anode for lithium-ion battery application and investigating the
influence of dopant concentrations on its performance. Compos. Part B Eng. 2019, 167, 44-50.
https://doi.org/10.1016/j.compositesb.2018.12.001.

Getachew, G.; Korupalli, C.; Rasal, A.S.; Dirersa, W.B.; Fahmi, M.Z.; Chang, J.-Y. Highly Luminescent, Stable, and Red-Emitting
CsMgxPb1-xI3 Quantum Dots for Dual-Modal Imaging-Guided Photodynamic Therapy and Photocatalytic Activity. ACS Appl.
Mater. Interfaces 2022, 14, 278-296. https://doi.org/10.1021/acsami.1c19644.

Qi, Z,; Li, L.; Xu, Z.P. Engineering lattice defects in 2D nanomaterials for enhancing biomedical performances. Particuology 2022,
64, 121-133. https://doi.org/10.1016/j.partic.2021.06.005.

Ma, R;; Sasaki, T. Two-dimensional oxide and hydroxide nanosheets: Controllable high-quality exfoliation, molecular assembly,
and exploration of functionality. Acc. Chem. Res. 2015, 48, 136-143. https://doi.org/10.1021/ar500311w.

Rasal, A.S; Yadav, S.; Yadav, A.; Kashale, A.A.; Manjunatha, S.T.; Altaee, A.; Chang, ].-Y. Carbon Quantum Dots for Energy
Applications: A Review. ACS Appl. Nano Mater. 2021, 4, 6515-6541. https://doi.org/10.1021/acsanm.1c01372.

Xiang, L.; Zhao, X. Wet-Chemical Preparation of TiO,-Based Composites with Different Morphologies and Photocatalytic
Properties. Nanomaterials 2017, 7, 310. https://doi.org/10.3390/nano7100310.

Altavilla, C.; Sarno, M.; Ciambelli, P. A Novel Wet Chemistry Approach for the Synthesis of Hybrid 2D Free-Floating Single or
Multilayer Nanosheets of MS2@oleylamine (M=Mo, W). Chem. Mater. 2011, 23, 3879-3885. https://doi.org/10.1021/cm200837g.
Wang, J.; Wu, W.; Kondo, H.; Fan, T.; Zhou, H. Recent progress in microwave-assisted preparations of 2D materials and catalysis
applications. Nanotechnology 2022, 33, 342002. https://doi.org/10.1088/1361-6528/ac6c97.

Xie, X.; Zhou, Y.; Huang, K. Advances in Microwave-Assisted Production of Reduced Graphene Oxide. Front. Chem. 2019, 7,
355. https://doi.org/10.3389/fchem.2019.00355.

Rasal, A.S.; Korupalli, C.; Getachew, G.; Chou, T.-H.; Lee, T.-Y.; Ghule, A.V.; Chang, ].-Y. Towards green, efficient and stable
quantum-dot-sensitized solar cells through nature-inspired biopolymer modified electrolyte. Electrochim. Acta 2021, 391, 138972.
https://doi.org/10.1016/j.electacta.2021.138972.

Rasal, A.S.; Wu, M.-H.; Ghule, A.V.; Gatechew, G.; Kashale, A.A.; Peter Chen, I.W.; Chang, ].-Y. Advancing the stability and
efficiency of quantum dot-sensitized solar cells through a novel, green, and water-based thixotropic biopolymer/ordered
nanopores  silica  designed  quasi-solid-state  gel  electrolytes. =~ Chem.  Eng. ] 2022, 446, 137293.
https://doi.org/10.1016/j.cej.2022.137293.

Shi, S.; Zhong, R.; Li, L.; Wan, C.; Wu, C. Ultrasound-assisted synthesis of graphene@MXene hybrid: A novel and promising
material for electrochemical sensing. Ultrason. Sonochemistry 2022, 90, 106208. https://doi.org/10.1016/j.ultsonch.2022.106208.
Bagheri, S.; Pazoki, F.; Heydari, A. Ultrasonic Synthesis and Characterization of 2D and 3D Metal-Organic Frameworks and
Their  Application in  the  Oxidative  Amidation  Reaction. =~ ACS  Omega 2020, 5,  21412-21419.
https://doi.org/10.1021/acsomega.0c01773.

Yi, M.; Shen, Z.-G. A review on mechanical exfoliation for the scalable production of graphene. J. Mater. Chem. 2015, 3, 11700
11715.

Yuan, Y.-J.; Shen, Z.; Wu, S.; Su, Y.; Pei, L.; Ji, Z,; Ding, M.; Bai, W.; Chen, Y.; Yu, Z.-T,; et al. Liquid exfoliation of g-C3N4
nanosheets to construct 2D-2D MoS2/g-C3N4 photocatalyst for enhanced photocatalytic H2 production activity. Appl. Catal. B
Environ. 2019, 246, 120-128. https://doi.org/10.1016/j.apcatb.2019.01.043.

Xu, J.; Zhang, L,; Shi, R.; Zhu, Y. Chemical exfoliation of graphitic carbon nitride for efficient heterogeneous photocatalysis. J.
Mater. Chem. A 2013, 1, 14766-14772. https://doi.org/10.1039/C3TA13188B.

Ji,J.; Wen, J.; Shen, Y.; Lv, Y.; Chen, Y.; Liu, S.; Ma, H.; Zhang, Y. Simultaneous Noncovalent Modification and Exfoliation of 2D
Carbon Nitride for Enhanced Electrochemiluminescent Biosensing. J. Am. Chem. Soc. 2017, 139, 11698-11701.
https://doi.org/10.1021/jacs.7b06708.



Nanomaterials 2023, 13, 1520 24 of 31

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Li, H; Lu, G,; Wang, Y.; Yin, Z.; Cong, C.; He, Q.; Wang, L.; Ding, F.; Yu, T.; Zhang, H. Mechanical Exfoliation and
Characterization of Single- and Few-Layer Nanosheets of WSe2, TaS2, and TaSe2. Small 2013, 9, 1974-1981.
https://doi.org/10.1002/smll.201202919.

Tyurnina, A.; Tzanakis, I.; Morton, J.; Mi, ].; Porfyrakis, K.; Maciejewska, B.; Grobert, N.; Eskin, D. Ultrasonic exfoliation of
graphene in water: A key parameter study. Carbon 2020, 168, 737-747.

Nicolosi, V.; Chhowalla, M.; Kanatzidis, M.G.; Strano, M.S.; Coleman, J.N. Liquid Exfoliation of Layered Materials. Science 2013,
340, 1226419. https://doi.org/10.1126/science.1226419.

Hernandez, Y.; Nicolosi, V.; Lotya, M.; Blighe, F.M.; Sun, Z.; De, S.; McGovern, 1.T.; Holland, B.; Byrne, M.; Gun'Ko, Y.K,; et al.
High-yield production of graphene by liquid-phase exfoliation of graphite. Nat. Nanotechnol. 2008, 3, 563-568.
https://doi.org/10.1038/nnano.2008.215.

Yang, H.; Li, H.; Zhai, J.; Sun, L.; Yu, H. Simple Synthesis of Graphene Oxide Using Ultrasonic Cleaner from Expanded Graphite.
Ind. Eng. Chem. Res. 2014, 53, 17878-17883.

Zhu, Y,; Xue, T.; Sheng, Y.; Xu, J.; Zhu, X.; Li, W,; Lu, X,; Rao, L.; Wen, Y. Ionic liquid-assisted ultrasonic exfoliation of
phosphorene nanocomposite with single walled carbon nanohorn as nanozyme sensor for derivative voltammetric smart
analysis of 5-hydroxytryptamine. Microchem. ]. 2021, 170, 106697. https://doi.org/10.1016/j.microc.2021.106697.

Wang, F.; Liu, M.; Niu, X; Xia, L.; Qu, F. Dextran-assisted ultrasonic exfoliation of two-dimensional metal-organic frameworks
to evaluate acetylcholinesterase activity and inhibitor screening. Anal. Chim. Acta 2023, 1243, 340815.
https://doi.org/10.1016/j.aca.2023.340815.

Zhu, X,; Ding, R.; Wang, Z.; Wang, Y.; Guo, X.; Song, Z.; Wang, Z.; Dong, M. Recent advances in synthesis and biosensors of
two-dimensional MoS(2). Nanotechnology 2019, 30, 502004. https://doi.org/10.1088/1361-6528/ab42fe.

Alam, S.; Asaduzzaman Chowdhury, M.; Shahid, A.; Alam, R.; Rahim, A. Synthesis of emerging two-dimensional (2D)
materials—Advances, challenges and prospects. FlatChem 2021, 30, 100305. https://doi.org/10.1016/j.flatc.2021.100305.

Pachuta, K.; Pentzer, E.; Sehirlioglu, A. Evaluating the chemical exfoliation of lithium cobalt oxide using UV-Vis spectroscopy.
Nanoscale Adv. 2020, 2, 5362-5374. https://doi.org/10.1039/DONA00755B.

Uppuluri, R,; Sen Gupta, A.; Rosas, A.S.; Mallouk, T.E. Soft chemistry of ion-exchangeable layered metal oxides. Chem. Soc. Rev.
2018, 47, 2401-2430. https://doi.org/10.1039/C7CS00290D.

Cho, G.; Park, Y.; Hong, Y.-K.; Ha, D.-H. Ion exchange: An advanced synthetic method for complex nanoparticles. Nano Converg.
2019, 6, 17. https://doi.org/10.1186/s40580-019-0187-0.

Zeng, Z.; Yin, Z.; Huang, X,; Li, H.; He, Q.; Lu, G.; Boey, F.; Zhang, H. Single-Layer Semiconducting Nanosheets: High-Yield
Preparation and Device Fabrication. Angew. Chem. Int. Ed. 2011, 50, 11093-11097. https://doi.org/10.1002/anie.201106004.

Zeng, Z.;Sun, T.; Zhu, J.; Huang, X.; Yin, Z; Lu, G.; Fan, Z; Yan, Q.; Hng, H.H.; Zhang, H. An effective method for the fabrication
of few-layer-thick inorganic nanosheets. Angew. Chem. (Int. Ed. Engl.) 2012, 51, 9052-9056. https://doi.org/10.1002/anie.201204208.
Zheng, J.; Zhang, H.; Dong, S.; Liu, Y.; Nai, C.T.; Shin, H.S.; Jeong, H.Y.; Liu, B.; Loh, K.P. High yield exfoliation of two-
dimensional chalcogenides using sodium naphthalenide. Nat. Commun. 2014, 5, 2995. https://doi.org/10.1038/ncomms3995.
Hu, C.X,; Shin, Y.; Read, O.; Casiraghi, C. Dispersant-assisted liquid-phase exfoliation of 2D materials beyond graphene.
Nanoscale 2021, 13, 460-484. https://doi.org/10.1039/d0nr05514;j.

Li, F.; Sun, S.-K,; Chen, Y.; Naka, T.; Hashishin, T.; Maruyama, J.; Abe, H. Bottom-up synthesis of 2D layered high-entropy
transition metal hydroxides. Nanoscale Adv. 2022, 4, 2468-2478. https://doi.org/10.1039/D1NA00871D.

Sun, L.; Yuan, G.; Gao, L.; Yang, ]J.; Chhowalla, M.; Gharahcheshmeh, M.H.; Gleason, K.K.; Choi, Y.S.; Hong, B.H.; Liu, Z.
Chemical vapour deposition. Nat. Rev. Methods Prim. 2021, 1, 5. https://doi.org/10.1038/s43586-020-00005-y.

Li, X,; Cai, W.; An, J.; Kim, S.; Nah, J.; Yang, D.; Piner, R.; Velamakanni, A ; Jung, I; Tutuc, E.; et al. Large-area synthesis of high-
quality and uniform graphene films on copper foils. Science 2009, 324, 1312-1314. https://doi.org/10.1126/science.1171245.

Lee, Y.-H.; Zhang, X.-Q.; Zhang, W.; Chang, M.-T,; Lin, C.-T.; Chang, K.-D.; Yu, Y.-C.; Wang, ].T.-W.; Chang, C.-S; Li, L.-].; et al.
Synthesis of Large-Area MoS: Atomic Layers with Chemical Vapor Deposition. Adv. Mater. 2012, 24, 2320-2325.
https://doi.org/10.1002/adma.201104798.

Ji, Q.; Zhang, Y.; Zhang, Y.; Liu, Z. Chemical vapour deposition of group-VIB metal dichalcogenide monolayers: Engineered
substrates from amorphous to single crystalline. Chem. Soc. Rev. 2015, 44, 2587-2602. https://doi.org/10.1039/C4CS00258].

Song, L.; Ci, L.; Lu, H.; Sorokin, P.B.; Jin, C.; Nj, J.; Kvashnin, A.G.; Kvashnin, D.G.; Lou, J.; Yakobson, B.L; et al. Large scale
growth and characterization of atomic hexagonal boron nitride layers. Nano Left. 2010, 10, 3209-3215.
https://doi.org/10.1021/n11022139.

Shi, Y.; Li, H.; Li, L.-J. Recent advances in controlled synthesis of two-dimensional transition metal dichalcogenides via vapour
deposition techniques. Chem. Soc. Rev. 2015, 44, 2744-2756. https://doi.org/10.1039/C4CS00256C.

Hoang, A.T,; Qu, K,; Chen, X.; Ahn, J.-H. Large-area synthesis of transition metal dichalcogenides via CVD and solution-based
approaches and their device applications. Nanoscale 2021, 13, 615-633. https://doi.org/10.1039/DONR08071C.

Rasch, F.; Schiitt, F.; Saure, L.M.; Kaps, S.; Strobel, ].; Polonskyi, O.; Nia, A.S.; Lohe, M.R.; Mishra, Y.K.; Faupel, F.; et al. Wet-
Chemical Assembly of 2D Nanomaterials into Lightweight, Microtube-Shaped, and Macroscopic 3D Networks. ACS Appl. Mater.
Interfaces 2019, 11, 44652-44663. https://doi.org/10.1021/acsami.9b16565.

Tan, C.; Zhang, H. Wet-chemical synthesis and applications of non-layer structured two-dimensional nanomaterials. Nat.
Commun. 2015, 6, 7873. https://doi.org/10.1038/ncomms8873.



Nanomaterials 2023, 13, 1520 25 of 31

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Parvez, K; Yang, S.; Feng, X,; Miillen, K. Exfoliation of graphene via wet chemical routes. Synth. Met. 2015, 210, 123-132.
https://doi.org/10.1016/j.synthmet.2015.07.014.

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

Tang, W.; Fan, W.; Zhang, W.; Yang, Z.; Li, L.; Wang, Z.; Chiang, Y.L.; Liu, Y.; Deng, L.; He, L.; et al. Wet/Sono-Chemical Synthesis
of Enzymatic Two-Dimensional MnO(2) Nanosheets for Synergistic Catalysis-Enhanced Phototheranostics. Adv. Mater.
(Deerfield Beach Fla.) 2019, 31, e1900401. https://doi.org/10.1002/adma.201900401.

Wang, L.; Xiong, Q.; Xiao, F.; Duan, H. 2D nanomaterials based electrochemical biosensors for cancer diagnosis. Biosens.
Bioelectron. 2017, 89, 136-151. https://doi.org/10.1016/j.bios.2016.06.011.

Xu, Y,; Sprick, R.S.; Brownbill, N.J.; Blanc, F.; Li, Q.; Ward, ].W.; Ren, S.; Cooper, A.l. Bottom-up wet-chemical synthesis of a
two-dimensional porous carbon material with high supercapacitance using a cascade coupling/cyclization route. . Mater. Chem.
A 2021, 9, 3303-3308. https://doi.org/10.1039/D0TA11649A.

Khawar, R.; Riaz, I; Jalil, R. Intercalation in 2D MoS2 nanolayers by wet chemical synthesis for tuning optoelectronic properties.
Appl. Nanosci. 2022, 12, 17-27. https://doi.org/10.1007/s13204-021-02161-3.

Muralikrishna, S.; Manjunath, K.; Samrat, D.; Reddy, V.M.; Ramakrishnappa, T.; Nagaraju, D.H. Hydrothermal synthesis of 2D
MoS: nanosheets for electrocatalytic hydrogen evolution reaction. RSC Adv. 2015, 5, 89389-89396.

Kalantar-zadeh, K.; Ou, J.Z. Biosensors Based on Two-Dimensional MoS.. ACS Sens. 2016, 1, 5-16.
https://doi.org/10.1021/acssensors.5b00142.

Lekha, P.C.; Satheeshkumar, E.; Chandra, T.S. 2D MoS: for sweat based biosensor application. AIP Conf. Proc. 2020, 2265, 030721.
https://doi.org/10.1063/5.0017028.

Krishna, M.S.; Singh, S.; Batool, M.; Fahmy, H.M.; Seku, K.; Shalan, A.E.; Lanceros-Mendez, S.; Zafar, M.N. A review on 2D-
ZnO nanostructure based Dbiosensors: From  materials to devices. Mater. Adv. 2023, 4, 320-354.
https://doi.org/10.1039/D2MA00878E.

Jeevanandham, G.; Vediappan, K.; Alothman, Z.A.; Altalhi, T.; Sundramoorthy, A.K. Fabrication of 2D-MoSe: incorporated NiO
Nanorods modified electrode for selective detection of glucose in serum samples. Sci. Rep. 2021, 11, 13266.
https://doi.org/10.1038/s41598-021-92620-2.

Rasal, A.S.; Chang, T.-W.; Korupalli, C.; Chang, ].-Y. Composition engineered ternary copper chalcogenide alloyed counter
electrodes for high-performance and stable quantum dot-sensitized solar cells. Compos. Part B Eng. 2022, 232, 109610.
https://doi.org/10.1016/j.compositesb.2021.109610.

Rasal, A.S.; Lee, T.-Y.; Kao, P.-Y.; Gatechew, G.; Wibrianto, A.; Dirersa, W.B.; Ghule, A.V.; Chang, ].-Y. Composition, Morphology,
and Interface Engineering of 3D Cauliflower-Like Porous Carbon-Wrapped Metal Chalcogenides as Advanced Electrocatalysts
for Quantum Dot-Sensitized Solar Cells. Small 2022, 18, 2202133. https://doi.org/10.1002/smll.202202133.

Rasal, A.S.; Yadav, S.; Kashale, A.A.; Altaee, A.; Chang, J.-Y. Stability of quantum dot-sensitized solar cells: A review and
prospects. Nano Energy 2022, 94, 106854. https://doi.org/10.1016/j.nanoen.2021.106854.

Deepa, C.; Rajeshkumar, L.; Ramesh, M. Preparation, synthesis, properties and characterization of graphene-based 2D nano-
materials for biosensors and bioelectronics. . Mater. Res. Technol. 2022, 19, 2657-2694. https://doi.org/10.1016/j.jmrt.2022.06.023.
Dehdari Vais, R.; Yadegari, H.; Heli, H. Synthesis of Flower-like Nickel Hydroxide Nanosheets and Application in
Electrochemical  Determination  of  Famotidine.  Iran. ]. Pharm. Res. IJPR 2020, 19, 120-137.
https://doi.org/10.22037/ijpr.2019.14257.12245.

Chen, L.; Liu, L.; Guo, Q.; Wang, Z; Liu, G.; Chen, S.; Hou, H. Preparation of Ni(OH)2 nanoplatelet/electrospun carbon
nanofiber hybrids for highly sensitive nonenzymatic glucose sensors. RSC Adv. 2017, 7, 19345-19352.
https://doi.org/10.1039/C7RA02064C.

Liu, Q.Y.; Bu, Z.Q,; Yao, Q.F.; Ding, X,; Xia, L.Q.; Huang, W.T. Microwave-Assisted Synthesis of Chromium Oxide Nanoparticles
for Fluorescence Biosensing of Mercury Ions and Molecular Logic Computing. ACS Appl. Nano Mater. 2021, 4, 7086-7096.
https://doi.org/10.1021/acsanm.1c01102.

Hernandez-Vargas, G.; Sosa-Hernandez, ].E.; Saldarriaga-Hernandez, S.; Villalba-Rodriguez, A.M.; Parra-Saldivar, R.; Igbal,
H.M.N. Electrochemical Biosensors: A Solution to Pollution Detection with Reference to Environmental Contaminants.
Biosensors 2018, 8, 29. https://doi.org/10.3390/bios8020029.

Gerard, M.; Chaubey, A.; Malhotra, B.D. Application of conducting polymers to biosensors. Biosens. Bioelectron. 2002, 17, 345
359. https://doi.org/10.1016/s0956-5663(01)00312-8.

Morales, M. A.; Halpern, .M. Guide to Selecting a Biorecognition Element for Biosensors. Bioconjugate Chem. 2018, 29, 3231-3239.
https://doi.org/10.1021/acs.bioconjchem.8b00592.

Rocchitta, G.; Spanu, A.; Babudieri, S.; Latte, G.; Madeddu, G.; Galleri, G.; Nuvoli, S.; Bagella, P.; Demartis, M.I; Fiore, V.; et al.
Enzyme Biosensors for Biomedical Applications: Strategies for Safeguarding Analytical Performances in Biological Fluids.
Sensors 2016, 16, 780. https://doi.org/10.3390/s16060780.

Mustafa, F.; Andreescu, S. Paper-Based Enzyme Biosensor for One-Step Detection of Hypoxanthine in Fresh and Degraded Fish.
ACS Sens. 2020, 5, 4092-4100. https://doi.org/10.1021/acssensors.0c02350.

Acha, V.; Andrews, T.; Huang, Q.; Sardar, D.K.; Hornsby, P.J. Tissue-Based Biosensors. In Recognition Receptors in Biosensors;
Zourob, M., Ed.; Springer New York: New York, NY, USA, 2010; pp. 365-381. https://doi.org/10.1007/978-1-4419-0919-0_9.



Nanomaterials 2023, 13, 1520 26 of 31

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Hasan, A.; Nurunnabi, M.; Morshed, M.; Paul, A.; Polini, A.; Kuila, T.; Al Hariri, M.; Lee, Y.K,; Jaffa, A.A. Recent advances in
application of biosensors in tissue engineering. BioMed. Res. Int. 2014, 2014, 307519. https://doi.org/10.1155/2014/307519.
Rudenko, N.; Fursova, K.; Shepelyakovskaya, A.; Karatovskaya, A.; Brovko, F. Antibodies as Biosensors” Key Components:
State-of-the-Art in Russia 2020-2021. Sensors 2021, 21, 7614.

Conroy, P.J.; Hearty, S.; Leonard, P.; O'’Kennedy, R.]. Antibody production, design and use for biosensor-based applications.
Semin. Cell Dev. Biol. 2009, 20, 10-26. https://doi.org/10.1016/j.semcdb.2009.01.010.

Su, L., Jia, W.; Hou, C.; Lei, Y. Microbial biosensors: A review. Biosens. Bioelectron. 2011, 26, 1788-1799.
https://doi.org/10.1016/j.bios.2010.09.005.

Srivastava, P.; Prasad, D.; Nigam, V.K. Chapter 19-Insight into microbial biosensors: Design, types and applications. In
Bioprospecting of Microbial Diversity; Verma, P., Shah, M.P., Eds.; Elsevier: Amsterdam, The Netherlands, 2022; pp. 425-440.
https://doi.org/10.1016/B978-0-323-90958-7.00003-0.

Cho, I.-H.; Kim, D.H.; Park, S. Electrochemical biosensors: Perspective on functional nanomaterials for on-site analysis. Biomater.
Res. 2020, 24, 6. https://doi.org/10.1186/s40824-019-0181-y.

Grieshaber, D.; MacKenzie, R.; V6rds, J.; Reimhult, E. Electrochemical Biosensors-Sensor Principles and Architectures. Sensors
2008, 8, 1400-1458. https://doi.org/10.3390/s80314000.

Chen, C.; Wang, ]. Optical biosensors: An exhaustive and comprehensive review. Analyst 2020, 145, 1605-1628.
https://doi.org/10.1039/C9AN01998G.

Chen, Y.-T.; Lee, Y.-C.; Lai, Y.-H,; Lim, J.-C.; Huang, N.-T.; Lin, C.-T.; Huang, J.-]. Review of Integrated Optical Biosensors for
Point-of-Care Applications. Biosensors 2020, 10, 209.

Pohanka, M. Overview of Piezoelectric Biosensors, Immunosensors and DNA Sensors and Their Applications. Materials 2018,
11, 448. https://doi.org/10.3390/ma11030448.

Narita, F.; Wang, Z.; Kurita, H.; Li, Z.; Shi, Y.; Jia, Y.; Soutis, C. A Review of Piezoelectric and Magnetostrictive Biosensor
Materials for Detection of COVID-19 and Other Viruses. Adv. Mater. 2021, 33, 2005448. https://doi.org/10.1002/adma.202005448.
Vermeir, S.; Nicolai, B.M.; Verboven, P.; Van Gerwen, P.; Baeten, B.; Hoflack, L.; Vulsteke, V.; Lammertyn, J. Microplate
Differential Calorimetric Biosensor for Ascorbic Acid Analysis in Food and Pharmaceuticals. Anal. Chem. 2007, 79, 6119-6127.
https://doi.org/10.1021/ac070325z.

Park, S.-C.; Cho, E.-].; Moon, S.-Y.; Yoon, S.-I; Kim, Y.-J.; Kim, D.-H.; Suh, J.-S. A calorimetric biosensor and its application for
detecting a cancer cell with optical imaging. In World Congress on Medical Physics and Biomedical Engineering 2006; Springer:
Berlin/Heidelberg, Germany, 2007; pp. 637—-640.

Jaffrezic-Renault, N.; Dzyadevych, S.V. Conductometric Microbiosensors for Environmental Monitoring. Sensors 2008, 8, 2569—
2588.

Berketa, K.; Saiapina, O.; Fayura, L.; Sibirny, A.; Dzyadevych, S.; Soldatkin, O. Novel highly sensitive conductometric biosensor
based on arginine deiminase from Mycoplasma hominis for determination of arginine. Sens. Actuators B Chem. 2022, 367, 132023.
https://doi.org/10.1016/j.snb.2022.132023.

Yunus, S.; Jonas, A.M.; Lakard, B. Potentiometric Biosensors. In Encyclopedia of Biophysics; Roberts, G.C.K., Ed.; Springer:
Berlin/Heidelberg, Germany, 2013; pp. 1941-1946. https://doi.org/10.1007/978-3-642-16712-6_714.

Walker, N.L.; Roshkolaeva, A.B.; Chapoval, A.IL; Dick, J.E. Recent Advances in Potentiometric Biosensing. Curr. Opin.
Electrochem. 2021, 28, 100735. https://doi.org/10.1016/j.coelec.2021.100735.

Sadeghi, S.J. Amperometric Biosensors. In Encyclopedia of Biophysics; Roberts, G.C.K., Ed.; Springer: Berlin/Heidelberg, Germany,
2013; pp. 61-67. https://doi.org/10.1007/978-3-642-16712-6_713.

Belluzo, M.S.; Ribone, MLE.; Lagier, C.M. Assembling Amperometric Biosensors for Clinical Diagnostics. Sensors 2008, 8, 1366—
1399. https://doi.org/10.3390/s8031366.

Campbell, D.P. Interferometric Biosensors. In Principles of Bacterial Detection: Biosensors, Recognition Receptors and Microsystems,
Zourob, M., Elwary, S., Turner, A., Eds.; Springer New York: New York, NY, USA, 2008; pp. 169-211. https://doi.org/10.1007/978-
0-387-75113-9_9.

Wang, B.-T.; Wang, Q. An interferometric optical fiber biosensor with high sensitivity for IgG/anti-IgG immunosensing. Opt.
Commun. 2018, 426, 388-394. https://doi.org/10.1016/j.0ptcom.2018.05.058.

Qu, H;; Fan, C,; Chen, M,; Zhang, X,; Yan, Q.; Wang, Y.; Zhang, S.; Gong, Z.; Shi, L.; Li, X; et al. Recent advances of fluorescent
biosensors based on cyclic signal amplification technology in biomedical detection. ]. Nanobiotechnology 2021, 19, 403.
https://doi.org/10.1186/s12951-021-01149-z.

Nasu, Y.; Murphy-Royal, C.; Wen, Y.; Haidey, ].N.; Molina, R.S.; Aggarwal, A.; Zhang, S.; Kamijo, Y.; Paquet, M.-E.; Podgorski,
K; et al. A genetically encoded fluorescent biosensor for extracellular Il-lactate. Nat. Commun. 2021, 12, 7058.
https://doi.org/10.1038/s41467-021-27332-2.

Ravalin, M.; Roh, H.; Suryawanshi, R.; Kumar, G.R,; Pak, J.E.; Ott, M.; Ting, A.Y. A Single-Component Luminescent Biosensor
for the SARS-CoV-2 Spike Protein. J. Am. Chem. Soc. 2022, 144, 13663-13672. https://doi.org/10.1021/jacs.2c04192.

Elledge, S.K.; Zhou, X.X,; Byrnes, J.R.; Martinko, A.].; Lui, I; Pance, K; Lim, S.A.; Glasgow, J.E.; Glasgow, A.A.; Turcios, K,; et
al. Engineering luminescent biosensors for point-of-care SARS-CoV-2 antibody detection. Nat. Biotechnol. 2021, 39, 928-935.
https://doi.org/10.1038/s41587-021-00878-8.



Nanomaterials 2023, 13, 1520 27 of 31

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.
133.

134.

135.

136.

137.
138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

Lakshmanan, A.; Jin, Z.; Nety, S.P.; Sawyer, D.P.; Lee-Gosselin, A.; Malounda, D.; Swift, M.B.; Maresca, D.; Shapiro, M.G.
Acoustic biosensors for ultrasound imaging of enzyme activity. Nat. Chem. Biol. 2020, 16, 988-996.
https://doi.org/10.1038/s41589-020-0591-0.

Huang, Y.; Das, P.K.; Bhethanabotla, V.R. Surface acoustic waves in biosensing applications. Sens. Actuators Rep. 2021, 3, 100041.
https://doi.org/10.1016/j.snr.2021.100041.

Rathee, K.; Dhull, V.; Dhull, R.; Singh, S. Biosensors based on electrochemical lactate detection: A comprehensive review.
Biochem. Biophys. Rep. 2016, 5, 35-54. https://doi.org/10.1016/j.bbrep.2015.11.010.

Monosik, R.; Stredansky, M.; Sturdik, E. Biosensors-Classification, characterization and new trends. Acta Chim. Slovaca 2012, 5,
109-120, doi:d0i:10.2478/v10188-012-0017-z.

Rakhi, R.B.; Nayak, P.; Xia, C.; Alshareef, H.N. Novel amperometric glucose biosensor based on MXene nanocomposite. Sci.
Rep. 2016, 6, 36422. https://doi.org/10.1038/srep36422.

Phetsang, S.; Jakmunee, J.; Mungkornasawakul, P.; Laocharoensuk, R.; Ounnunkad, K. Sensitive amperometric biosensors for
detection of glucose and cholesterol using a platinum/reduced graphene oxide/poly(3-aminobenzoic acid) film-modified screen-
printed carbon electrode. Bioelectrochemistry 2019, 127, 125-135.

Bakker, E.; Pretsch, E. Erratum to Potentiometric sensors for trace-level analysis. Trends Anal. Chem. 2005, 24, 459.

Ding, ], Qin, W. Recent advances in potentiometric biosensors. TrAC Trends Anal. Chem. 2020, 124, 115803.
https://doi.org/10.1016/j.trac.2019.115803.

Ribeiro, S.C.; Fernandes, R.; Moreira, F.T.C.; Sales, M.G.F. Potentiometric Biosensor Based on Artificial Antibodies for an
Alzheimer Biomarker Detection. Appl. Sci. 2022, 12, 3625.

Dzyadevych, S.; Jaffrezic-Renault, N. 6-Conductometric biosensors. In Biological Identification; Schaudies, R.P., Ed.; Woodhead
Publishing: Sawston, UK, 2014; pp. 153-193. https://doi.org/10.1533/9780857099167.2.153.

Mikkelsen, S.R.; Rechnitz, G.A. Conductometric tranducers for enzyme-based biosensors. Anal. Chem. 1989, 61, 1737-1742.
https://doi.org/10.1021/ac00190a029.

Borisov, S.M.; Wolfbeis, O.S. Optical Biosensors. Chem. Rev. 2008, 108, 423-461. https://doi.org/10.1021/cr068105t.

Blum, L.J.; Coulet, P.R. Luminescent Biosensors. In Biosensors and Their Applications; Yang, V.C., Ngo, T.T., Eds.; Springer US:
Boston, MA, USA, 2000; pp. 213-223. https://doi.org/10.1007/978-1-4615-4181-3_12.

Vongsouthi, V.; Whitfield, ].H.; Unichenko, P.; Mitchell, J.A.; Breithausen, B.; Khersonsky, O.; Kremers, L.; Janovjak, H.; Monai,
H.; Hirase, H.; et al. A Rationally and Computationally Designed Fluorescent Biosensor for d-Serine. ACS Sens. 2021, 6, 4193—
4205. https://doi.org/10.1021/acssensors.1c01803.

Nawrot, W.; Drzozga, K.; Baluta, S.; Cabaj, ].; Malecha, K. A Fluorescent Biosensors for Detection Vital Body Fluids” Agents.
Sensors 2018, 18, 2357. https://doi.org/10.3390/s18082357.

O’Sullivan, C.K.; Guilbault, G.G. Piezoelectric Immunosensors: Theory and Applications. In Biosensors and Their Applications;
Yang, V.C., Ngo, T.T., Eds.; Springer US: Boston, MA, USA, 2000; pp. 159-173. https://doi.org/10.1007/978-1-4615-4181-3_9.
Zhang, H. Ultrathin Two-Dimensional Nanomaterials. ACS Nano 2015, 9, 9451-9469. https://doi.org/10.1021/acsnano.5b05040.
Xu, M.; Liang, T.; Shi, M., Chen, H. Graphene-Like Two-Dimensional Materials. Chem. Rev. 2013, 113, 3766-3798.
https://doi.org/10.1021/cr300263a.

Luo, W.; Yang, T.; Su, L.; Chou, K.-C.; Hou, X. Preparation of hexagonal BN whiskers synthesized at low temperature and their
application in fabricating an electrochemical nitrite sensor. RSC Adv. 2016, 6, 27767-27774. https://doi.org/10.1039/C5RA27234C.
Hu, J; Zhang, Y, Chai, Y., Yuan, R. Boron Carbon Nitride Nanosheets-Ru Nanocomposite Self-Enhancement
Electrochemiluminescence Emitter with a Three-Dimensional DNA Network Structure as a Signal Amplifier for Ultrasensitive
Detection of TK1 mRNA. Anal. Chem. 2022, 94, 11345-11351. https://doi.org/10.1021/acs.analchem.2c02110.

Wang, Y.-H.; Huang, K.-J.; Wu, X. Recent advances in transition-metal dichalcogenides based electrochemical biosensors: A
review. Biosens. Bioelectron. 2017, 97, 305-316. https://doi.org/10.1016/j.bios.2017.06.011.

Jia, Y, Yi, X,; Li, Z,; Zhang, L.; Yu, B.; Zhang, J.; Wang, X.; Jia, X. Recent advance in biosensing applications based on two-
dimensional transition metal oxide nanomaterials. Talanta 2020, 219, 121308. https://doi.org/10.1016/j.talanta.2020.121308.
Korupalli, C.; Kuo, C.-C.; Getachew, G.; Dirersa, W.B.; Wibrianto, A.; Rasal, A.S.; Chang, J.-Y. Multifunctional manganese oxide-
based nanocomposite theranostic agent with glucose/light-responsive singlet oxygen generation and dual-modal imaging for
cancer treatment. J. Colloid Interface Sci. 2023, 643, 373-384. https://doi.org/10.1016/j.jcis.2023.04.049.

Kashale, A.A.; Rasal, A.S.; Hsu, F.-C.; Chen, C.; Kulkarni, S.N.; Chang, C.H.; Chang, J.-Y.; Lai, Y.; Chen, LW.P. Thermally
constructed stable Zn-doped NiCoOx-z alloy structures on stainless steel mesh for efficient hydrogen production via overall
hydrazine splitting in alkaline electrolyte. . Colloid Interface Sci. 2023, 640, 737-749. https://doi.org/10.1016/j.jcis.2023.02.142.
Chavan, R.A.; Kamble, G.P.; Dhavale, S.B.; Rasal, A.S.; Kolekar, S.S.; Chang, J.-Y.; Ghule, A.V. NiO@MXene Nanocomposite as
an Anode with Enhanced Energy Density for Asymmetric Supercapacitors. Energy Fuels 2023, 37, 4658-4670.
https://doi.org/10.1021/acs.energyfuels.2c04206.

Kamble, G.P.; Rasal, A.S.; Chang, J.-Y., Kolekar, S.S.; Tayade, S.N.; Ghule, A.V. Structure-engineering of core—shell
ZnCo204@NiO composites for high-performance asymmetric supercapacitors. Nanoscale Adv. 2022, 4, 814-823.
https://doi.org/10.1039/D1NAQ00851].

Rohaizad, N.; Mayorga-Martinez, C.C.; Fojt(i, M.; Latiff, N.M.; Pumera, M. Two-dimensional materials in biomedical, biosensing
and sensing applications. Chem. Soc. Rev. 2021, 50, 619-657. https://doi.org/10.1039/D0CS00150C.



Nanomaterials 2023, 13, 1520 28 of 31

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

Zhang, L.; Liu, C.; Wang, Q.; Wang, X.; Wang, S. Electrochemical sensor based on an electrode modified with porous graphitic
carbon nitride nanosheets (C3N4) embedded in graphene oxide for simultaneous determination of ascorbic acid, dopamine and
uric acid. Microchim. Acta 2020, 187, 149. https://doi.org/10.1007/s00604-019-4081-6.

Wang, Q.; Xin, H.; Wang, Z. Label-Free Immunosensor Based on Polyaniline-Loaded MXene and Gold-Decorated &beta;-
Cyclodextrin for Efficient Detection of Carcinoembryonic Antigen. Biosensors 2022, 12, 657.

Zhu, R; Zhang, Y.; Fang, X,; Cui, X.; Wang, J.; Yue, C.; Fang, W.; Zhao, H.; Li, Z. In situ sulfur-doped graphitic carbon nitride
nanosheets with enhanced electrogenerated chemiluminescence used for sensitive and selective sensing of 1-cysteine. |. Mater.
Chem. B 2019, 7, 2320-2329. https://doi.org/10.1039/C9TB00301K.

Rasal, A.S.; Dehvari, K.,; Getachew, G.; Korupalli, C.; Ghule, A.V,; Chang, J.-Y. Efficient quantum dot-sensitized solar cells
through sulfur-rich carbon nitride modified electrolytes. Nanoscale 2021, 13, 5730-5743. https://doi.org/10.1039/DONR07963D.
Lee, E.Z; Jun, Y.-S;; Hong, W.H.; Thomas, A.; Jin, M.M. Cubic Mesoporous Graphitic Carbon(IV) Nitride: An All-in-One
Chemosensor for Selective Optical Sensing of Metal Ions. Angew. Chem. Int. Ed. 2010, 49, 9706-9710.
https://doi.org/10.1002/anie.201004975.

Wang, H.; Xu, Y,; Xu, D.;; Chen, L; Qiu, X;; Zhu, Y. Graphitic Carbon Nitride for Photoelectrochemical Detection of
Environmental Pollutants. ACS EST Eng. 2022, 2, 140-157. https://doi.org/10.1021/acsestengg.1c00337.

Xiang, M.H.; Liu, JW,; Li, N.; Tang, H.; Yu, R.Q,; Jiang, ].H. A fluorescent graphitic carbon nitride nanosheet biosensor for highly
sensitive, label-free detection of alkaline phosphatase. Nanoscale 2016, 8, 4727-4732. https://doi.org/10.1039/c5nr08278a.

Tian, J.; Liu, Q.; Asiri, A.M.; Al-Youbi, A.O.; Sun, X. Ultrathin graphitic carbon nitride nanosheet: A highly efficient fluorosensor
for rapid, ultrasensitive detection of Cu(**). Anal Chem 2013, 85, 5595-5599. https://doi.org/10.1021/ac400924;.

Liu, P.; Huo, X,; Tang, Y.; Xu, J; Liu, X.; Wong, D.K.Y. A TiO(2) nanosheet-g-C(3)N(4) composite photoelectrochemical enzyme
biosensor excitable by visible irradiation. Anal. Chim. Acta 2017, 984, 86-95. https://doi.org/10.1016/j.aca.2017.06.043.

Zhang, X.L.; Zheng, C.; Guo, S.S.; Li, J.; Yang, H.H.; Chen, G. Turn-on fluorescence sensor for intracellular imaging of glutathione
using g-CsN4 nanosheet-MnO, sandwich nanocomposite. Anal. Chem. 2014, 86, 3426-3434. https://doi.org/10.1021/ac500336f.
Chen, L.; Zeng, X,; Si, P.; Chen, Y.; Chi, Y.; Kim, D.-H.; Chen, G. Gold Nanoparticle-Graphite-Like C3N4 Nanosheet Nanohybrids
Used for Electrochemiluminescent Immunosensor. Anal. Chem. 2014, 86, 4188-4195. https://doi.org/10.1021/ac403635f.

Sun, X,; Fan, J; Fu, C.; Yao, L.; Zhao, S.; Wang, J.; Xiao, J. WS2 and MoS2 biosensing platforms using peptides as probe
biomolecules. Sci. Rep. 2017, 7, 10290. https://doi.org/10.1038/s41598-017-10221-4.

Wang, H.; Wang, Y.; Zhang, Y.; Wang, Q.; Ren, X;; Wu, D.; Wei, Q. Photoelectrochemical Immunosensor for Detection of
Carcinoembryonic Antigen Based on 2D TiO2 Nanosheets and Carboxylated Graphitic Carbon Nitride. Sci. Rep. 2016, 6, 27385.
https://doi.org/10.1038/srep27385.

Suvarnaphaet, P.; Pechprasarn, S. Graphene-Based Materials for Biosensors: A Review. Sensors 2017, 17, 2161.
https://doi.org/10.3390/s17102161.

Mahmoudi, E.; Hajian, A.; Rezaei, M.; Afkhami, A.; Amine, A.; Bagheri, H. A novel platform based on graphene
nanoribbons/protein capped Au-Cu bimetallic nanoclusters: Application to the sensitive electrochemical determination of
bisphenol A. Microchem. ]. 2019, 145, 242-251.

Yang, J.; Deng, S.; Lei, J.; Ju, H.; Gunasekaran, S. Electrochemical synthesis of reduced graphene sheet-AuPd alloy nanoparticle
composites for enzymatic biosensing. Biosens. Bioelectron. 2011, 29, 159-166. https://doi.org/10.1016/j.bios.2011.08.011.

Kong, F.Y.; Xu, M.T.; Xu, J.].; Chen, H.Y. A novel lable-free electrochemical immunosensor for carcinoembryonic antigen based
on gold nanoparticles-thionine-reduced graphene oxide nanocomposite film modified glassy carbon electrode. Talanta 2011, 85,
2620-2625. https://doi.org/10.1016/j.talanta.2011.08.028.

Ren, X.;; Ma, H.; Zhang, T.; Zhang, Y.; Yan, T.; Du, B.; Wei, Q. Sulfur-Doped Graphene-Based Imnmunological Biosensing Platform
for Multianalysis of Cancer Biomarkers. ACS Appl. Mater. Interfaces 2017, 9, 37637-37644. https://doi.org/10.1021/acsami.7b13416.
Lim, C.X.; Hoh, H.Y.; Ang, P.K,; Loh, K.P. Direct Voltammetric Detection of DNA and pH Sensing on Epitaxial Graphene: An
Insight into the Role of Oxygenated Defects. Anal. Chem. 2010, 82, 7387-7393. https://doi.org/10.1021/ac101519v.

Bonanni, A.; Pumera, M. Graphene Platform for Hairpin-DNA-Based Impedimetric Genosensing. ACS Nano 2011, 5, 2356-2361.
https://doi.org/10.1021/nn200091p.

Palomar, Q.; Gondran, C.; Lellouche, J.P.; Cosnier, S.; Holzinger, M. Functionalized tungsten disulfide nanotubes for dopamine
and catechol detection in a tyrosinase-based amperometric biosensor design. J. Mater. Chem. B 2020, 8, 3566-3573.
https://doi.org/10.1039/c9tb01926;.

Shuai, H.-L.; Huang, K.-J.; Chen, Y.-X. A layered tungsten disulfide/acetylene black composite based DNA biosensing platform
coupled with hybridization chain reaction for signal amplification. J. Mater. Chem. B 2016, 4, 1186-1196.
https://doi.org/10.1039/C5TB02214B.

Liu, W.M.; Zhao, W.W.; Zhang, H.Y.; Wang, P.F.; Chong, Y.M.; Ye, Q.; Zou, Y.S.; Zhang, W.].; Zapien, ].A.; Bello, I; et al. A cubic
boron nitride film-based fluorescent sensor for detecting Hg?*. Appl. Phys. Lett. 2009, 94, 183105. https://doi.org/10.1063/1.3122929.
Li, Q.Y.; Huo, C.; Yi, K;; Zhou, L,; Su, L.; Hou, X.-m. Preparation of flake hexagonal BN and its application in electrochemical
detection of ascorbic acid, dopamine and uric acid. Sens. Actuators B-Chem. 2018, 260, 346-356.

Khan, AF.; Brownson, D.A.; Randviir, E.P.; Smith, G.C.; Banks, C.E. 2D Hexagonal Boron Nitride (2D-hBN) Explored for the
Electrochemical Sensing of Dopamine. Anal Chem 2016, 88, 9729-9737. https://doi.org/10.1021/acs.analchem.6b02638.

Li, Y; Yuan, Y.; Peng, X.; Song, J.; Liu, J.; Qu, J. An ultrasensitive Fano resonance biosensor using two dimensional hexagonal
boron nitride nanosheets: Theoretical analysis. RSC Adv. 2019, 9, 29805-29812. https://doi.org/10.1039/CI9RA05125B.



Nanomaterials 2023, 13, 1520 29 of 31

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

Yang, G.-H.; Shi, J.-].; Wang, S.; Xiong, W.-W,; Jiang, L.-P.; Burda, C.; Zhu, ].-]. Fabrication of a boron nitride-gold nanocluster
composite and its versatile application for immunoassays. Chem. Commun. 2013, 49, 10757-10759.
https://doi.org/10.1039/C3CC45759A.

Tao, W.; Zhu, X,; Yu, X;; Zeng, X.; Xiao, Q.; Zhang, X.; Ji, X.; Wang, X.; Shi, ].; Zhang, H.; et al. Black Phosphorus Nanosheets as
a Robust Delivery Platform for Cancer Theranostics. Adv. Mater. 2017, 29, 1603276. https://doi.org/10.1002/adma.201603276.
Zhou, J.; Li, Z; Ying, M,; Liu, M.; Wang, X.; Wang, X.; Cao, L.; Zhang, H.; Xu, G. Black phosphorus nanosheets for rapid
microRNA detection. Nanoscale 2018, 10, 5060-5064. https://doi.org/10.1039/C7NR08900G.

Ding, H,; Tang, Z.; Zhang, L.; Dong, Y. Electrogenerated chemiluminescence of black phosphorus nanosheets and its application
in the detection of H202. Analyst 2019, 144, 1326-1333. https://doi.org/10.1039/C8 AN01838C.

Jia, G.Y; Huang, Z.X. Zhang, Y.L, Hao, Z.Q. Tian, Y.L. Ultrasensitive plasmonic biosensors based on halloysite
nanotubes/MoS2/black  phosphorus  hybrid  architectures. J.  Mater. Chem. C 2019, 7, 3843-3851.
https://doi.org/10.1039/C9TC00271E.

Song, K; Lin, J.; Zhuang, Y.; Han, Z.; Chen, J. Construction of Photoelectrochemical DNA Biosensors Based on TiO(2)@Carbon
Dots@Black Phosphorous Quantum Dots. Micromachines 2021, 12, 1523. https://doi.org/10.3390/mi12121523.

An, D.; Zhang, X,; Bi, Z.; Shan, W.; Zhang, H.; Xia, S.; Qiu, M. Low-Dimensional Black Phosphorus in Sensor Applications:
Advances and Challenges. Adv. Funct. Mater. 2021, 31, 2106484. https://doi.org/10.1002/adfm.202106484.

Zhou, L.; Liu, C; Sun, Z.; Mao, H.; Zhang, L.; Yu, X,; Zhao, J.; Chen, X. Black phosphorus based fiber optic biosensor for
ultrasensitive cancer diagnosis. Biosens. Bioelectron. 2019, 137, 140-147. https://doi.org/10.1016/j.bios.2019.04.044.

Chen, Y.; Ren, R.; Pu, H.,; Chang, J.; Mao, S.; Chen, J. Field-effect transistor biosensors with two-dimensional black phosphorus
nanosheets. Biosens. Bioelectron. 2017, 89, 505-510. https://doi.org/10.1016/j.bios.2016.03.059.

Kumar, A. Simultaneous Passivation and Encapsulation of Black Phosphorus Nanosheets (Phosphorene) by Optically Active
Polypeptide Micelles for Biosensors. ACS Appl. Nano Mater. 2019, 2, 2397-2404. https://doi.org/10.1021/acsanm.9b00265.

Jiang, H.; Xia, Q.; Liu, D.; Ling, K. Calcium-cation-doped polydopamine-modified 2D black phosphorus nanosheets as a robust
platform  for sensitive and specific = biomolecule sensing. Anal.  Chim. Acta 2020, 1121, 1-10.
https://doi.org/10.1016/j.aca.2020.04.072.

Wang, H; Li, C; Fang, P.; Zhang, Z.; Zhang, ].Z. Synthesis, properties, and optoelectronic applications of two-dimensional
MoS(2) and MoS(2)-based heterostructures. Chem. Soc. Rev. 2018, 47, 6101-6127. https://doi.org/10.1039/c8cs00314a.

Hu, J.; Zhuang, Q.; Wang, Y.; Ni, Y. Label-free fluorescent catalytic biosensor for highly sensitive and selective detection of the
ferrous ion in water samples using a layered molybdenum disulfide nanozyme coupled with an advanced chemometric model.
Analyst 2016, 141, 1822-1829. https://doi.org/10.1039/C5AN02457 A.

Hu, Z; Xu, R; Yu, S; Li, J; Yang, Z. Facile synthesis of a nanorod-like MoS2 nanostructure for sensitive electrochemical
biosensing application. Analyst 2020, 145, 7864-7869. https://doi.org/10.1039/DOANO01553A.

Catalan-Gomez, S.; Briones, M.; Cortijo-Campos, S.; Garcia-Mendiola, T.; de Andrés, A.; Garg, S.; Kung, P.; Lorenzo, E.; Pau,
J.L.; Redondo-Cubero, A. Breast cancer biomarker detection through the photoluminescence of epitaxial monolayer MoS(2)
flakes. Sci. Rep. 2020, 10, 16039. https://doi.org/10.1038/s41598-020-73029-9.

Mao, K.; Wu, Z.; Chen, Y.; Zhou, X.; Shen, A.; Hu, J. A novel biosensor based on single-layer MoS2 nanosheets for detection of
Ag(+). Talanta 2015, 132, 658-663. https://doi.org/10.1016/j.talanta.2014.10.026.

Zhang, H.; Ruan, Y,; Lin, L.; Lin, M,; Zeng, X.; Xi, Z.; Fu, F. A turn-off fluorescent biosensor for the rapid and sensitive detection
of uranyl ion based on molybdenum disulfide nanosheets and specific DNAzyme. Spectrochim. Acta. Part A Mol. Biomol. Spectrosc.
2015, 146, 1-6. https://doi.org/10.1016/j.saa.2015.02.113.

Li, M; Fang, L.; Zhou, H,; Wu, F; Lu, Y,; Luo, H.; Zhang, Y.; Hu, B. Three-dimensional porous MXene/NiCo-LDH composite
for  high  performance  non-enzymatic  glucose  sensor.  Appl. Surf. Sci. 2019, 495, 143554.
https://doi.org/10.1016/j.apsusc.2019.143554.

Niknam, S.; Dehdast, S.A.; Pourdakan, O.; Shabani, M.; Koohi, M.K. Tungsten Disulfide Nanomaterials (WS2 NM) Application
in Biosensors and Nanomedicine: A review. Nanomed. Res. J. 2022, 7, 214-226. https://doi.org/10.22034/nmrj.2022.03.001.

Yang, J.; Gao, L.; Peng, C.; Zhang, W. Construction of self-signal DNA electrochemical biosensor employing WS2 nanosheets
combined with PIn6COOH. RSC Adv. 2019, 9, 9613-9619. https://doi.org/10.1039/C8RA10266].

Ju, Y,; Hu, X,; Zang, Y.; Cao, R.; Xue, H. Amplified photoelectrochemical DNA biosensor based on a CdS quantum dot/WS2
nanosheet heterojunction and hybridization chain reaction-mediated enzymatic hydrolysis. Anal. Methods 2019, 11, 2163-2169.
https://doi.org/10.1039/C9AY00166B.

Li, F,; Cui, X.;; Zheng, Y.; Wang, Q.; Zhou, Y.; Yin, H. Photoelectrochemical biosensor for DNA formylation based on WS2
nanosheets@polydopamine and MoS2 nanosheets. Biosens. Bioelectron. X 2022, 10, 100104.
https://doi.org/10.1016/j.biosx.2021.100104.

Huang, KJ.; Liu, Y.J.; Wang, H.B.; Wang, Y.Y.; Liu, Y.M. Sub-femtomolar DNA detection based on layered molybdenum
disulfide/multi-walled carbon nanotube composites, Au nanoparticle and enzyme multiple signal amplification. Biosens.
Bioelectron. 2014, 55, 195-202. https://doi.org/10.1016/j.bios.2013.11.061.

Huang, K.-J.; Liu, Y.-J.; Zhang, J.-Z.; Liu, Y.-M. A novel aptamer sensor based on layered tungsten disulfide nanosheets and Au
nanoparticles amplification for 17p3-estradiol detection. Anal. Methods 2014, 6, 8011-8017. https://doi.org/10.1039/C4AY01478B.



Nanomaterials 2023, 13, 1520 30 of 31

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

Grabowska, I.; Sharma, N.; Vasilescu, A.; Iancu, M.; Badea, G.; Boukherroub, R.; Ogale, S.; Szunerits, S. Electrochemical
Aptamer-Based Biosensors for the Detection of Cardiac Biomarkers. ACS Omega 2018, 3, 12010-12018.
https://doi.org/10.1021/acsomega.8b01558.

Niu, X.; Huang, L.; Zhao, J.; Yin, M.; Luo, D.; Yang, Y. An ultrasensitive aptamer biosensor for the detection of codeine based
on a Au nanoparticle/polyamidoamine dendrimer-modified screen-printed carbon electrode. Anal. Methods 2016, 8, 1091-1095.
https://doi.org/10.1039/C5AY01747E.

Chen, Y.; Xiang, J.; Liu, B.; Chen, Z.; Zuo, X. Gold nanoparticle-engineered electrochemical aptamer biosensor for ultrasensitive
detection of thrombin. Anal. Methods 2020, 12, 3729-3733. https://doi.org/10.1039/D0AY01163K.

Das, R.; Bora, A.; Giri, P.K. Quantitative understanding of the ultra-sensitive and selective detection of dopamine using a
graphene oxide/WS2 quantum dot hybrid. ]. Mater. Chem. C 2020, 8, 7935-7946. https://doi.org/10.1039/D0TC01074].

Wang, S.; Zhang, Y.; Ning, Y.; Zhang, G.-]. A WS2 nanosheet-based platform for fluorescent DNA detection via PNA-DNA
hybridization. Analyst 2015, 140, 434—439. https://doi.org/10.1039/C4AN01738B.

Wang, R.; Qin, Y,; Liu, X,; Li, Y,; Lin, Z.; Nie, R.; Shi, Y.; Huang, H. Electrochemical Biosensor Based on Well-Dispersed Boron
Nitride Colloidal Nanoparticles and DNA Aptamers for Ultrasensitive Detection of Carbendazim. ACS Omega 2021, 6, 27405
27411. https://doi.org/10.1021/acsomega.1c04326.

Pellestor, F.; Paulasova, P. The peptide nucleic acids (PNAs), powerful tools for molecular genetics and cytogenetics. Eur. J.
Hum. Genet. 2004, 12, 694-700. https://doi.org/10.1038/sj.ejhg.5201226.

Wang, J. DNA biosensors based on peptide nucleic acid (PNA) recognition layers. A review. Biosens. Bioelectron. 1998, 13, 757—
762. https://doi.org/10.1016/50956-5663(98)00039-6.

Hantanasirisakul, K.; Gogotsi, Y. Electronic and Optical Properties of 2D Transition Metal Carbides and Nitrides (MXenes). Adv.
Mater. 2018, 30, 1804779. https://doi.org/10.1002/adma.201804779.

Sinha, A.; Dhanjai; Zhao, H.; Huang, Y.; Lu, X,; Chen, |.; Jain, R. MXene: An emerging material for sensing and biosensing. TrAC
Trends Anal. Chem. 2018, 105, 424-435. https://doi.org/10.1016/j.trac.2018.05.021.

Khazaei, M.; Ranjbar, A.; Arai, M.; Sasaki, T.; Yunoki, S. Electronic properties and applications of MXenes: A theoretical review.
J. Mater. Chem. C 2017, 5, 2488-2503. https://doi.org/10.1039/C7TC00140A.

Gogotsi, Y.; Huang, Q. MXenes: Two-Dimensional Building Blocks for Future Materials and Devices. ACS Nano 2021, 15, 5775—
5780. https://doi.org/10.1021/acsnano.1c03161.

Yoon, J.; Shin, M,; Lim, J.; Lee, J.Y.; Choi, ]. W. Recent Advances in MXene Nanocomposite-Based Biosensors. Biosensors 2020, 10,
185. https://doi.org/10.3390/bios10110185.

Babar, Z.UD.; Della Ventura, B.; Velotta, R.; Iannotti, V. Advances and emerging challenges in MXenes and their
nanocomposites for biosensing applications. RSC Adv. 2022, 12, 19590-19610. https://doi.org/10.1039/D2RA02985E.

Korupalli, C.; You, K.-L.; Getachew, G.; Rasal, A.S.; Dirersa, W.B.; Zakki Fahmi, M.; Chang, J.-Y. Engineering the Surface of
Ti3C2 MXene Nanosheets for High Stability and Multimodal Anticancer Therapy. Pharmaceutics 2022, 14, 304.

Liu, H.; Duan, C,; Yang, C.; Shen, W.; Wang, F.; Zhu, Z. A novel nitrite biosensor based on the direct electrochemistry of
hemoglobin immobilized on MXene-Ti3C2. Sens. Actuators B Chem. 2015, 218, 60-66. https://doi.org/10.1016/j.snb.2015.04.090.
Kumar, S.; Lei, Y.; Alshareef, N.H.; Quevedo-Lopez, M.A.; Salama, K.N. Biofunctionalized two-dimensional Ti(3)C(2) MXenes
for ultrasensitive detection of cancer biomarker. Biosens. Bioelectron. 2018, 121, 243-249. https://doi.org/10.1016/j.bios.2018.08.076.
Bao-Kai, M.; Mian, L.; Ling-Zhi, C.; Xin-chu, W.; Cai, S.; Qing, H. Enzyme-MXene Nanosheets: Fabrication and Application in
Electrochemical Detection of H202. ]. Inorg. Mater. 2019, 35.

Fang, L.; Liao, X,; Jia, B.; Shi, L.; Kang, L.; Zhou, L.; Kong, W. Recent progress in immunosensors for pesticides. Biosens.
Bioelectron. 2020, 164, 112255. https://doi.org/10.1016/j.bios.2020.112255.

Maleki, A.; Ghomi, M.; Nikfarjam, N.; Akbari, M.; Sharifi, E.; Shahbazi, M.-A.; Kermanian, M.; Seyedhamzeh, M.; Nazarzadeh
Zare, E.; Mehrali, M.; et al. Biomedical Applications of MXene-Integrated Composites: Regenerative Medicine, Infection
Therapy, Cancer Treatment, and Biosensing. Adv. Funct. Mater. 2022, 32, 2203430. https://doi.org/10.1002/adfm.202203430.
Iravani, S.; Varma, R.S. MXenes and MXene-based materials for tissue engineering and regenerative medicine: Recent advances.
Mater. Adv. 2021, 2, 2906-2917. https://doi.org/10.1039/D1MA00189B.

Tunesi, M.M.; Soomro, R.A.; Han, X.; Zhu, Q.; Wei, Y.; Xu, B. Application of MXenes in environmental remediation technologies.
Nano Converg. 2021, 8, 5. https://doi.org/10.1186/s40580-021-00255-w.

Zhan, X.; Si, C; Zhou, J; Sun, Z. MXene and MXene-based composites: Synthesis, properties and environment-related
applications. Nanoscale Horiz. 2020, 5, 235-258. https://doi.org/10.1039/CONH00571D.

Bhat, A.; Anwer, S.; Bhat, K.S.; Mohideen, M.I.LH.; Liao, K.; Qurashi, A. Prospects challenges and stability of 2D MXenes for
clean energy conversion and storage applications. Npj 2D Mater. Appl. 2021, 5, 61. https://doi.org/10.1038/s41699-021-00239-8.
Casagrande, C.; Fabre, P.; Raphaél, E.; Veyssié, M. “Janus Beads”: Realization and Behaviour at Water/Oil Interfaces. Europhys.
Lett. 1989, 9, 251. https://doi.org/10.1209/0295-5075/9/3/011.

Zhou, W.; Xiao, P.; Chen, T. Carbon-Based Janus Films toward Flexible Sensors, Soft Actuators, and Beyond. Acc. Mater. Res.
2023. https://doi.org/10.1021/accountsmr.2c00213.

Boujakhrout, A.; Sanchez, E.; Diez, P.; Sanchez, A.; Martinez-Ruiz, P.; Parrado, C.; Pingarrén, J.M.; Villalonga, R. Single-Walled
Carbon Nanotubes/Au-Mesoporous Silica Janus Nanoparticles as Building Blocks for the Preparation of a Bienzyme Biosensor.
ChemElectroChem 2015, 2, 1735-1741. https://doi.org/10.1002/celc.201500244.



Nanomaterials 2023, 13, 1520 31 of 31

225.

226.

227.

228.

Yang, W.; Ratinac, K.R,; Ringer, S.P.; Thordarson, P.; Gooding, ]J.].; Braet, F. Carbon Nanomaterials in Biosensors: Should You
Use Nanotubes or Graphene? Angew. Chem. Int. Ed. 2010, 49, 2114-2138. https://doi.org/10.1002/anie.200903463.

Ma, F.; Yang, B.; Zhao, Z.; Zhao, Y.; Pan, R.; Wang, D.; Kong, Y.; Chen, Y.; Huang, G.; Kong, J.; et al. Sonication-Triggered Rolling
of Janus Porous Nanomembranes for Electrochemical Sensing of Dopamine and Ascorbic Acid. ACS Appl. Nano Mater. 2020, 3,
10032-10039. https://doi.org/10.1021/acsanm.0c02019.

Paniagua, G.; Villalonga, A.; Eguilaz, M.; Vegas, B.; Parrado, C.; Rivas, G.; Diez, P.; Villalonga, R. Amperometric aptasensor for
carcinoembryonic antigen based on the use of bifunctionalized Janus nanoparticles as biorecognition-signaling element. Anal.
Chim. Acta 2019, 1061, 84-91. https://doi.org/10.1016/j.aca.2019.02.015.

Suriyaprakash, J.; Shan, L.; Gupta, N.; Wang, H.; Wu, L. Janus 2D-carbon nanocomposite-based ascorbic acid sensing device:
Experimental and theoretical approaches. Compos. Part B Eng. 2022, 245, 110233.
https://doi.org/10.1016/j.compositesb.2022.110233.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(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.



