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In recent decades, two-dimensional materials have attracted significant attention due to their unique

chemical and physical properties, which are useful for various applications. In addition to optoelectronic

devices and energy harvesting and storage, 2D materials are used in many sensing applications. Two-

dimensional structures have numerous attributes, such as high surface sensitivity, excellent

biocompatibility, and high elasticity, making them effective as sensing devices. In this review, we aim to

provide an update on the recent developments in the field of sensors fabricated using atomically thin 2D

materials. A survey of different types of sensors is presented, including gas, electrochemical, biomedical,

and health sensors, together with recent findings on their real-world applications. Furthermore, human

body temperature monitoring, electrography, sweat detection, respiratory gas, and saliva sensors are also

reviewed to assess current trends toward human chemical signal detection. Given that 2D materials

encompass a vast array of novel materials, we highlight the contemporary trend in the applications of 2D

materials and suggest the exciting future of the 2D family. By thoroughly addressing the fundamental

aspects, recent developments, and associated challenges, our recommendation in terms of future

challenges and prospects will pave the way for readers.
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1 Introduction

Over the past two decades, research on 2D materials has wit-
nessed a remarkable increase aer Geim and Novoselov's
ground-breaking experiments in 2004 and the discovery of
graphene.1 Since then, based on its exceptional physical
characteristics, graphene has become prominent in various
research areas of nanoscience and condensed matter physics/
chemistry, signicantly contributing to a wide range of inter-
disciplinary elds. Accordingly, the large-scale preparation of
graphene-based materials has gained extensive consideration,
leading to cutting-edge research and innovative technologies.
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Concurrently, various enterprises and manufacturers have
contributed to the industrialization of graphene. Furthermore,
due to its physicochemical characteristics and wide spectrum
of applications, interest in graphene has shied beyond
academics to scientic research and industry.2 However, its
susceptible nature to oxidative environments, evidence of
certain toxicity, and ideal conductive characteristics, which
make it unswitchable, are the primary shortcomings of this
wonder material.3 Thus, the initial enthusiasm created by the
“graphene rush” has shied to exploring more stable and
atomically thin materials. Examples of this type of layered
materials are boron nitride,4 recently discovered class of
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materials (e.g., MXenes) composed of transition metal car-
bonitrides, nitrides, and carbides,5 semiconducting transition
metal dichalcogenides (TMDCs),6 and phosphorene.7–9 Table 1
presents some of the principal advancements and recent
discoveries in the eld of 2D materials. Several pioneering
discoveries regarding liquid phase exfoliation are also dis-
cussed, including biomedical and sensing applications. The
wide range of physical and chemical properties of 2Dmaterials
shows signicant possibilities for applied research, given that
their properties are dependent on their dimensionality.10

Further, various optoelectronic characteristics can be realized,
ranging from the extraordinary semi-metal conductivity of
graphene11 to the semiconducting properties of certain
TMDCs.12 These TMDCs provide a tunable bandgap energy
with easy conversion from bulk materials (indirect-form) to
single-layered materials (direct-form).13 These properties
result in distinct photoluminescence (PL) characteristics, thus
permitting diverse applications, e.g., electroluminescent
devices,14 photodetectors,15 luminescent probes,16 and tran-
sistors.17 Furthermore, chemical functionalization can offer
desirable optoelectronic properties in the above-mentioned
2D materials. For example, due to their large surface/volume
ratio, their demand has increased in the eld of sensing and
broadened their application area from the quantitative deter-
mination of heavy metal ions (e.g., Cd2+, Pb2+, As3+, and
Hg2+),18 gases (e.g., NH3),19 and ultrasensitive detection of
essential biomolecules (e.g., DNA and proteins)20 to single
molecule detection21 and beyond.22 Notably, 2D material-
based sensors do not possess intrinsic properties to interact
with target molecules selectively. Thus, it is possible to
manipulate the interaction between 2D nanosheets and
molecules/ions by modifying their inherent properties.
Chemical adsorption (i.e., chemisorption) of interacting
Table 1 Principal advancements and recent discoveries in 2D materials

Hallmarks in discovery, exfoliati

Material Timeline Comments

TMCCs 2022 Discovery and
MBenes 2017 Discovery of

2018 Liquid phase
2021 In silico study

MXenes 2011 Liquid phase
2014 Ti3C2Tx nano
2017 Ti3C2Tx nano

Graphene 2004 Synthesis of s
2008 First report o
2008 Earliest ndi
2009 Liquid-phase

TMDCs 1986 First studies
2011 Liquid-phase
2011 Detection of
2013 Earliest study

Abbreviations: TMCCs = transition metal carbo-chalcogenides (a combin
metal borides, NIR = near-infrared.a TM2X2C layers were intercalated
b Synthesis of 2D-CrB (MBene) by immersing Cr2AlB2 (MAB phase) in HC
50% HF solution at RT for 2 h. d Immersion and exfoliation of graphit
MoS2, WS2, and BN in various organic solvents followed by bath sonicatio

6018 | J. Mater. Chem. A, 2023, 11, 6016–6063
substances via covalent bonds on the basal planes of 2D
materials provides signicant control of their sensing prole.
In contrast, physical adsorption (i.e., physisorption) of inter-
acting molecules on the basal planes of 2D materials via non-
covalent interactions is preferred in sensing.23 These non-
covalent interactions offer high recovery rates and are
considered promising for real-time monitoring and rapid
onsite analysis. Given that physisorption depends on the
nature of the molecules and the interacting surface, it has
certain limitations. This involves the ineffective and unstable
immobilization of molecules, which can potentially cause
false positive and negative results. Primarily, a direct electrical
response is desirable for practical applications, where the
interaction of analytes with 2Dmaterials generates an enticing
optical response, for instance, a variation in PL characteristics
offers a variety of opportunities. Graphene and its oxide (GO)
are known to be effective uorescence quenchers compared to
organic substances. Hence, Förster resonance energy transfer
(FRET) sensors have attracted signicant attention in recent
years, particularly in biomedical applications. Generally, in
biomedical applications, FRET can detect in vitro and in vivo
changes and be used to precisely measure nanometer-scale
distances.24 This has resulted in the development of nano-
biosensors with exceptional selectivity, increased bio-
stability, and improved sensitivity. In this regard, single-
layer MoS2 nanosheets with superior uorescence quenching
efficiency are a suitable sensing platform for small molecule
determination and DNA detection.25 The use of 2Dmaterials in
FRET sensors is not limited to energy acceptors. Alternatively,
suitable functionalization produces photoluminescent akes,
which act as energy donors, and thus quenched by electron-
decient compounds, e.g., for the detection of trini-
trophenol, which is an integral component of intense
flatland

ons, and sensing applications

Ref.

rst report of liquid phase exfoliationa 42
MBenes 43
exfoliationb 44
on destabilization of amyloid-b accumulation 45
exfoliationc 46
sheets towards H2O2 sensing 47
sheets for photothermal conversion 48
ingle-layer graphene 49
n DNA sensing 50
ngs on drug delivery for cancer treatment 51
exfoliationd 52
on a single-layer MoS2 53
exfoliatione 54
NO at room temperature 55
on MoS2 as NIR photothermal agent 56

ation of MXenes and TMDCs at the atomic level), MBenes = transition
electrochemically with lithium and subsequently sonicated in water.
l for 6 h at room temperature. c Ti3AlC2 MAX powder was immersed in
e in an organic solvent such as N-methyl-pyrrolidone. e Immersion of
n and centrifuge.

This journal is © The Royal Society of Chemistry 2023
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explosives.26 Recently, 2D materials have been the focus of
research for the fabrication of extremely selective and sensitive
sensing devices to detect organic vapors, humidity, and
hazardous chemicals. These 2D material-based devices are
widely used in emission control, environmental monitoring,
and diagnosis. In this regard, a broad spectrum of materials
has been developed, ranging from carbon materials to metal
oxides and various polymers. Certainly, 2D materials should
be highlighted owing to their noteworthy features and poten-
tial use.27,28 These materials include layered metal oxides,
black phosphorus, hexagonal boron nitride (h-BN), pnic-
togens, TMDCs, and MXenes. Because of their high adsorption
capacity and broad surface area, these materials exhibit
improved performances for gas sensing. Two congurations of
the above-mentioned 2D materials have been utilized in gas
sensors, i.e., eld-effect transistors (FETs)29 and chemir-
esistors.30 Because of their ease of attachment, point-of-care
sensing, and the ability to construct compact wearable elec-
tronic devices, 2D materials have become superior technology
for assessing human physiological signals.

They play a vital role in disease diagnosis, regular health
assessment, rehabilitation treatment, and preventive medi-
cine.31,32 Currently, in the fabrication of conventional wearable
products mainly containing silicon and organic materials, bio-
logical compatibility is not an issue. Consequently, researchers
are focused on developing multipurpose wearable electronic
devices with pertinent features such as light weight, exibility,
and increased performance. These features can enable the
Fig. 1 Highlights of 2D materials in various sensing devices.

This journal is © The Royal Society of Chemistry 2023
development of devices with superior recognition of different
types of electrography33 including electromyography, electro-
oculography, electroencephalography, and electrocardiography,
which generate mechanical34,35 and bio-signals in human
uid.36 These signals greatly inuence operational indicators
for activities and vital signs. As previously indicated, extensive
studies on 2D material-based sensing are motivated by their
inherent mechanical properties. In addition to continuous
tness tracking and health monitoring of the wearer and their
surroundings, these characteristics can be used to create
wearable and portable sensing devices, which can signicantly
impact our society.37 Wearable chemical sensors can perform
various tasks, including data acquisition, analytical operations,
processing, communication, and safety monitoring. In this
case, it is crucial to assess the trends of smart technologies and
their possible future activities concerning 2D materials.

Several reviews have been published on 2D materials;24,38–41

however, the current review presents an update on the recent
development in the eld of sensor devices comprised of
atomically thin 2D materials. An investigation on different
types of sensors is presented, including gas, electrochemical
sensing, biomedical, and healthcare sensors, with recent
studies on the active application areas of these materials (see
Fig. 1). This study considers different aspects of various
sensing applications, including human chemical signal
monitoring and personalized healthcare; and also outlines the
current challenges and future perspective of these 2D
materials.
J. Mater. Chem. A, 2023, 11, 6016–6063 | 6019
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2 Why 2D materials for sensing?

2D materials have variable thicknesses ranging from a few
nanometers to several centimeters,38,57,58 providing exceptional
physiochemical properties that are useful for chemical detec-
tion through electrical transduction (Fig. 2). Among them,
graphene, an atomically thin 2D carbon nanosheet with
a hexagonal crystalline structure, has dominant physi-
ochemical, electro-optical, and thermal–mechanical proper-
ties and holds great promise for application in chemical and
biological sensors, electronics, photonics, medicine, and
energy conversion and storage.49,59,60 2D materials such as
phosphorene,8 h-BN,61 TMDCs,62 layered metal oxides,63 2D
metal–organic frameworks (MOFs),64 covalent organic frame-
works (COFs),65 and several other 2D compounds66 have been
signicantly employed during the past ten years. Depending
on the type of sensor, transduction mechanism, and inherent
properties, 2D materials can substantially improve the
performance of the sensor. 2D materials exhibit remarkable
characteristics, which provide sensitive sensing compared to
their bulk counterparts (Table 2). 2D materials have some
particular features such as good in-plane stability and
extended surface for molecular interactions, i.e., monolayer
graphene contains a surface area with a theoretical maximum
of 2630 cm2 g−1.67 Furthermore, the quantum connement
arising perpendicular to the 2D plane leads to unique optical
and electrical properties such as large carrier mobility (m) of
104 cm2 V−1 s−1 for graphene68,69 and tunable bandgap, i.e., 1.2
to 1.8 eV, for 2H phase MoS2,70–72 which makes MoS2 a poten-
tial candidate for a multitude of potential applications in
optoelectronics.71,73–75
Fig. 2 Various atomically thin 2D crystals with corresponding carrier mo
possess a variety of chemical structures, for instance, h-BN,102 MOFs,
phosphorus105 and graphene106 are composed of pure elemental sheets.
from insulation in h-BN to metallic conductivity in graphene. The broad s
shift in the field of sensing. Adapted with permission from ref. 38 Copyr

6020 | J. Mater. Chem. A, 2023, 11, 6016–6063
Generally, considering the surface effects of 2D materials,
they offer a vast surface area for enhanced molecular interac-
tions, enabling high sensitivity and extremely low detection
limits, even for ultralow analyte concentrations. Additionally,
the active sites on their surface boost their interaction with the
target species and facilitate the immobilization of additional
recognition elements, such as metallic nanoparticles (NPs) and
receptors. In the case of electrochemical sensing, the presence
of active sites endows these materials with electrocatalytic
characteristics that enhance the current, while lowering the
redox potential in the presence of the analyte. In addition, good
selectivity can be achieved using 2D material-based sensors by
taking advantage of their rich surface chemistry, which can be
enhanced through chemical functionalization or defect
engineering.76–78 Furthermore, considering the factors such as
sensitivity and selectivity can also enhance the performance of
sensors, improving their detection efficiency.79,80 Wang et al.
showed that glassy carbon electrodes coated with graphene
could increase the faradaic current by 20 times, while lowering
the reduction potential of H2O2 by about 0.4 V.77 Another aspect
of graphene-based sensors is that there are several approaches
to increase their specicity and selectivity. In this case, one
practical approach is to decorate the basal plane of graphene
with different organic groups and biomolecules, which act as
receptors for the analyte of interest.81,82

Here, covalent and non-covalent approaches are the two
main categories of surface modication or functionalization
techniques (e.g., chemical) commonly used to enhance the
sensing potential of 2D materials.79,83,84 Covalent methods are
recognized as reliable and allow the attachment of functional
groups to the surface of 2D materials, allowing the modication
bilities, conductivities, and electronic bandgap energy.101 2D materials
103 and MoS2,104 contain a mixed structure of elements, while black
There is a wide range of electronic structures in 2D materials, ranging
pectrum of properties of different 2D materials introduces a paradigm
ight 2019, the American Chemical Society.

This journal is © The Royal Society of Chemistry 2023
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of their crystalline structure and resultant electrical character-
istics.85,86 However, although 2D materials exhibit effective
selectivity, altering their surface can change their electrical
nature, making them poor choices for sensing. Furthermore,
the covalent functionalization of graphene has the concomitant
drawback of reducing its conductivity. In contrast, exible non-
covalent functionalization enables the modication of the
electrical and physical characteristics of 2D materials without
affecting their crystalline structure.

Moreover, the non-covalent features of 2D materials can be
studied based on their van der Waals, electrostatic, and p–p

interactions, which can be used to change the doping concen-
trations in a controllable way.87 Given that conductivity is
a characteristic of graphene and other 2D materials that
improves sensitivity, particularly in electrically transduced
sensors,38 it is now conceivable to scale miniature devices due to
the exceptional charge transport properties of 2D materials,
which are preserved in thin sub-nanometer layers. Further-
more, the large lateral dimensions of 2D materials ensure
excellent electrical contacts in electronic devices.88

In particular, the exceptional sensing ability of 2D materials
in gas sensing can be explained by several of their properties.
The entire surface of these materials is available to adsorb gases
due to their 2D structure, which maximizes their interaction
with the surface. Furthermore, noise reduction is guaranteed by
their excellent crystallinity and good conductivity. Also, the low-
resistance ohmic connections on graphene allow its simple
integration with a range of device topologies. Based on these
notions, Novoselov and colleagues demonstrated a sensitive
graphene sensor capable of identifying a single gas molecule
interacting with its surface.89 The authors showed that gra-
phene is a 2D material that is electrically quiet and suitable for
the fabrication of single-electron detectors. 2D materials are
excellent candidates for sensing applications due to their above-
mentioned physical and chemical characteristics. Presently,
a wide variety of top-down and bottom-up synthetic protocols
has been created and developed to ne-tune the number of
layers, lateral dimensions, composition, and overall quality of
2D materials, enabling their unique qualities to be ne-tuned
for a particular application. Due to their accessibility and
distinct properties, graphene and TMDCs have been extensively
studied for applications in sensing.73,90 However, there are some
limitations associated with these materials, particularly in the
eld of sensing.87

The zero band gap of graphene is a signicant disadvantage
for any optoelectronic application. Similarly, the application
and development of MoS2 is limited by its many shortcomings.
Specically, owing to its high surface energy, the number of
electrochemically active sites is reduced by restacking. Also, due
to its interaction with oxygen and water, monolayer MoS2 is
unstable in the natural environment.91,92 When used for elec-
tro(bio)chemical sensing, the sensitivity of MoS2 is limited by its
poor electrical conductivity and Young's modulus.93,94 Recently,
due to their outstanding characteristics, individual 2D mate-
rials, especially graphene and TMDCs, have received increasing
attention in the eld of chemical sensing. Accordingly,
considering the variety of 2D materials available and their
6022 | J. Mater. Chem. A, 2023, 11, 6016–6063
various qualities, combining them in hybrid structures can be
an effective way to benet from their common features. In this
case, different 2D materials can be stacked to create hetero-
structures using the same van der Waals interactions that hold
the layers of 2D materials together in their bulk crystals. In
contrast to individual structures, materials in proximity to the
heterojunction exhibit a synergistic effect, resulting in new and
improved properties. Furthermore, doping can provide addi-
tional control to change the aforementioned physical charac-
teristics of 2D materials. According to Wang et al., doping
graphene with heteroatoms can modify its electrocatalytic
characteristics, further improving the performance of the
fabricated electrodes. Consequently, the electrodes modied
with graphene and N-doped graphene showed remarkable
sensitivity for the detection of H2O2 and glucose. Additionally,
a new class of 2D materials known as MXenes has attracted
signicant interest from the scientic community and is being
extensively investigated for use in sensing applications.95 The
tunable surface chemistry and versatile physical properties of
MXene introduce new sensing capabilities and successfully
circumvent several limitations.
2.1 2D monoelements

The most obvious alternatives to graphene are the other
elements in group IVA, which have the same number of elec-
trons. However, 2D materials are an emerging eld, and thus
their potential has not been fully realized and the degree of their
potential properties and highly efficient commercial-level
device applications remain untapped.27,96 To date, numerous
theoretical calculations have been performed to evaluate their
basic properties, while experimental investigations are in their
early stage, while practical synthesis methods are being inves-
tigated to introduce denite synthetic routes and possible
limitations. In this case, the neighboring groups to group IVA
(VA and VIA) provide a solution of some of these limitations due
to their sizeable bandgap, which is advantageous for logic
electronics. One closely associated category of 2D crystals is
single-element 2D Xenes, which obtain their etymology from
sp2-hybridized alkene bond and usually consist of a single layer
of atoms arranged in a honeycomb-like structure.97 The elec-
tronic structures of group IVA Xenes, i.e., silicene, germanene,
and stanene (where X = Si, Ge, and Sn, respectively), which are
regarded as counterparts to graphene, are known to uctuate
remarkably. In particular, group IVA Xenes exhibit isoelectronic
properties to graphene. Similarly, up-and-down atomic bulking
around their honeycomb structure results in more considerable
interatomic distances, providing a novel route toward covalent
functionalization.

The buckled structure and inherent strong spin-orbital
coupling identied in the 2D topological insulators provide
a path for an advanced quantum state of matter. In the bulk
form, solid-state materials have an insulating electronic
conguration and small dissipated conducting channels
around all their edges, which are protected from backscattering
by time-reversal symmetry. This the 2D topological insulator
effect can facilitate the realization of materials with exceptional
This journal is © The Royal Society of Chemistry 2023
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conductivity and completely shielded from defects and scat-
tering disturbances. The electronic nature and stability of 2D
Xenes are signicant concerns in realizing realistic Xene-based
devices, particularly in sensing. Specically, free-standing
sheets from group IVA elements contain higher consistency
under normal conditions, which is a complicatedmatter. In this
case, the use of chemical approaches to control the functional
groups present in 2D Xene materials is a viable method for
regulating their properties and enhancing their stability. Hence,
organic moiety-based functionalization in an ambient temper-
ature and pressure environment is necessary. In nanoelemental
nanosheets, every atom in their structure is covalently bonded
with a ligand, which cancels out the p bonding. In this case, the
ligand pairs covalently with the half-lled Pz-orbital to create
a gap.

Also, the semiconducting bandgap conguration and its size
are determined by the ligand and the skeleton elements. A
buckled structure can be chemically altered by replacing its
hydrogen atoms with organic functional groups. Organo-
modied graphene quantum dots, germanane, silicane, and
other theoretically estimated free-standing 2D group-IV “Xene”
materials are very similar. Thus, chemically modied, self-
supporting 2D Xene materials are excellent candidates for
a nanotechnological strategy that incorporates metaphysical
aspects for basic research and application. The fabrication of
various silicene and germanene Bi-layer frameworks has been
demonstrated both theoretically and experimentally. Some
practical conditions, such as external charge distribution and
surface stress, determine the formation of these structures.
Surface-substituted ligands usually achieve structural exibility
in the entire region between different nanoscale materials.
Primarily, carbon atoms form a strong covalent bond between
them owing to their various hybridization states (sp, sp2, and
sp3), which enable the development of structures with varying
arrangements. The various carbon allotropes are well-
developed, and among them, the planar honeycomb lattice is
the most attractive. Although 2D graphene has a perfect carbon
atom arrangement, its gapless structure limits its practical use
in nanodevices. Alternatively, due to their high quantum
connement and edge effects, functionalized graphene and
nano-sized graphene fragments can be used in bandgap appli-
cations. Quantum connement exists in graphene regardless of
its size, which results in intriguing behaviors that do not appear
in typical semiconducting nanocrystals. Usually, an oxygen-rich
environment results in the oxidation of 2D Xenes,98,99 while
ultrahigh vacuum can drastically reduce this phenomenon.99

However, the decomposition mechanism is unclear, and
oxidation may still occur through other atmospheric molecules,
such as water.100

3 Various sensing platforms

Sensing is essential to monitor harmful environmental chem-
icals, detect toxic gases, diagnose diseases, and monitor human
health. Thus, the development of robust and efficient sensing
systems to detect specic analytes (chemical and/or biological)
such as gases, toxic ions, chemicals, and biomolecules, while
This journal is © The Royal Society of Chemistry 2023
maintaining stability, sensitivity, and selectivity for particular
domains is critical in various applications. In this section, we
introduce various 2D materials to create sensor systems,
including electrical, uorescence, electrochemical, and
biomedical sensors. 2D materials, including graphene and
TMDCs enable the development of different sensing platforms
to detect a variety of external species owing to their excellent
conductivity, wide effective surface area, enhanced sensitivity,
and exceptional potential to quench the uorescence signal.
3.1 Gas sensors

3.1.1 Chemiresistors. Chemiresistors are the most exten-
sively studied among classes of gas-sensing devices. In this type
of sensor, gas molecules adsorbed on the surface of the sensing
substrate change the electrical resistance, thus allowing
a sensitive detection.138 Furthermore, chemiresistors have
a variety of benets, including ease of manufacturing, ease of
operation, low cost, eco-friendly nature, and the potential for
further downsizing.139,140 Chemiresistors are composed of
sensing materials produced via a binary metallic (or interdigi-
tated) transducer and an inert substrate. Moreover, they can
detect CO, O2, Cl2, H2, SOx, and NOx with various organic
gases.141,142 Chemiresistors were produced (via spin-coating)
using chemically derived single-layer graphene sheets over
double-sensor substrates composed of distinct materials, con-
sisting of four-point electrodes and micro-hot plates. The four-
point electrodes were engaged on thermally developed SiO2,
whereas the micro-hot plates were designed on Si3N4 using
a small stress approach. The proposed sensors were used to
detect NH3, NO2, and 2,4-dinitrotoluene. Simultaneously, the
micro-hot plate sensors could be used to examine the temper-
ature dependence of the NO2 reaction.143 However, it is impor-
tant to highlight that for 2,4-dinitrotoluene, which is a relatively
volatile component present in trinitrotoluene explosives, the
proposed sensors showed a relatively lower limit of detection
(LOD) of 28 parts per billion (ppb) at room temperature (21 °C).
Cho et al. employed chemical vapor deposition (CVD) to grow
layered MoS2 using molybdenum trioxide (MoO3) and sulfur
powder as the precursors.144 They deposited the material on
a sapphire substrate, forming interdigitated electrodes with
a separation of 100 mm (see Fig. 3a). The transient resistance
responses of the sensor were investigated in two analytes gases,
i.e., NO2 and NH3, at concentrations in the range of 1.2 to
50 ppm. In the NO2 gas mode, the resistance increased at room
temperature and 100 °C (positive sensitivity). In this case, NO2

acted as an electron acceptor, bringing the Fermi level closer to
the valence-band edge and resulting in p-doping. Meanwhile,
NH3 served as an electron donor (i.e., n-doping), shiing the
Fermi level of MoS2 to the conduction-band edge; therefore, it
exhibited negative sensitivity at both temperature regimens (see
Fig. 3b). The surface of the material was saturated at approxi-
mately 20 ppm, regardless of the operating temperature, as
observed in Fig. 3c. Finally, the authors also conrmed by DFT
the charge-transfer mechanism between the gas molecules and
MoS2, together with its most probable position in the mecha-
nism proposed (see Fig. 3d).
J. Mater. Chem. A, 2023, 11, 6016–6063 | 6023
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Fig. 3 (a) 3D schematic of the interdigitated electrode of MoS2 on sapphire. (b) Transient cure for NO2 (left) and NH3 (right) gas response from 1.5
to 50 ppm gas, operating at room temperature and 100 °C. In the NO2 gas mode, the resistance increased (positive sensitivity). (c) Sensitivity
comparison of NO2 and NH3 gases at different gas concentrations and operating temperatures and (d) top views of the most favorable
configurations for NO2 (left) and NH3 (right) on MoS2. Adapted with permission from ref. 144 Copyright 2015, Nature Publishing Group.
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3.1.2. Surface acoustic wave sensors. Surface acoustic wave
(SAW) devices are an innovative class of sensors, which are
mainly used as gas sensors because of their small size, low cost,
exceptional sensitivity, robustness, and capability to detect an
extensive array of gases.145,146 The velocity or attenuation of the
acoustic wave is affected by the uctuation of the physico-
chemical characteristics of the surface of the SAW sensor.147,148

Most SAW gas sensors detect gas molecules through the uc-
tuating conductive properties of sensing materials and by mass
loading.149 The selectivity and response modulation of SAW
Fig. 4 Schematic of the fabrication of SAW devices: (a) GO layer-coated
with GO. SEM micrographs of interdigitated transducers (IDTs): (d) GO la
covered with GO. Adapted with permission from ref. 151 Copyright 2014

6024 | J. Mater. Chem. A, 2023, 11, 6016–6063
sensors are determined by tuning the properties of the sensing
materials and by modifying them with chemically selective
substances.145,150 Various schemes of ZnO-piezoelectric thin
lm-based SAW sensors are shown in Fig. 4, where an improved
performance was obtained via GO by incorporating a sensing
layer on a glass substrate.151 The sensitivity of SAW sensors has
an inverse relation with thickness, resonance (Rf), and enclosed
surface area of GO layers.

3.1.3 Conductometric sensors. Conductometric gas
sensors are another type of gas sensor commonly used to detect
clean surface, (b) GO layer in the center, and (c) completely covered
yer coated clean surface, (e) GO layer in the center, and (f) completely
, Nature Publishing Group.

This journal is © The Royal Society of Chemistry 2023
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specic gases,152–154 particularly under typical atmospheric
conditions, owing to their manufacturing exibility and prac-
ticality. Conductometric gas sensors function based on the
principle of reversible interaction between the surface of the
sensing material and gas molecules.155 This interaction is
inuenced by numerous factors, including the physical nature
of the sensing material, e.g., surface area and surface additives,
and certain external parameters such as temperature and
humidity. Subsequently, variations in the conductivity, capaci-
tance, work function, mass, optical properties, and/or reaction
kinetics can be used to identify the interaction rate.156 The
sensitivity of conductometric semiconducting gas sensors is
critical and can be modied and improved by these surface
interactions. Fig. 5a and b show a planar conductometric gas
sensor composed of a monolayer MoS2 channel on an SiO2/Si
wafer. The proposed device demonstrated high selectivity
towards various gases/vapors due to the interaction between the
MoS2 monolayer and the physisorbed gases acting as either
electron donors or acceptors.29 The sensing kinetics could be
examined by analyzing the variations in the conductance of the
channels during a range of analytes. The conductance varied
considerably between gases, for example, it increased rapidly in
electron donor gases, e.g., triethylamine, but insensitive to
electron acceptors, including dichlorobenzene, dichloro-
methane, nitromethane, nitrotoluene, and water vapor.

3.1.4 Schottky diodes. Schottky devices can be fabricated
using layered semiconductor heterojunctions via the tech-
niques used to fabricate electronic devices. For instance,
a three-terminal active device, graphene variable-barrier “bar-
ristor”157 was fabricated using a layered material, which
Fig. 5 (a) Schematic of a conductometric sensor and (b) optical image o
substrate. Adapted with permission from ref. 29 Copyright 2013, the Am
device fabricated on the same chip. (d) Optical image of graphene/p-Si
substrate with Ti/Au contacts and p-Si with annealed Ti/Au contact. (Note
2014, John Wiley & Son.

This journal is © The Royal Society of Chemistry 2023
exhibited a sharp interface between the atomically thin gra-
phene and substrate (e.g., hydrogenated silicon).158 Modulation
of the Fermi energy and Schottky barrier heights (SBH) of these
heterojunctions could be achieved via gas molecule adsorption
over the surface of the sensor material. The density of adsorbed
gas molecules is the primary factor affecting the SBH, a varia-
tion in which causes reverse currents. Therefore, these features
lead to the easy fabrication of Schottky diode gas sensors with
high selectivity.159 A schematic illustration and an optical
micrograph of a graphene/Si heterojunction-based Schottky
diode sensor are presented in Fig. 5c and d, respectively.158

Given that reverse biasing determines the work function of
SBHs and graphene, it is easy to understand and adjust the
degree of sensitivity of the devices. Therefore, Schottky diodes
have less power and higher sensitivity rates towards NH3 and
NO2 detection than graphene-based chemiresistor sensors
under similar bias voltage and environmental conditions. Table
3 presents a concise summary of different gas sensing systems
based on 2D materials.

3.2 Electrochemical sensors

The evolution of sensor devices has witnessed tremendous
growth, leading to the development of numerous sensors
exhibiting different sensing mechanisms. Among them, elec-
trochemical sensors, which are sensors in which an electrode
acts as a transducer element in the presence of an analyte, are
popular preferences because of their documented inherent
accuracies. Further, considering their high device sensitivity,
instantaneous response, and easy-to-use set-up, these sensor
devices are an attractive choice as analytic platforms.185 The
f MoS2 monolayer-based conductometric sensor translated on SiO2/Si
erican Chemical Society. (c) Schematic of the graphene/Si Schottky

Schottky diode. This illustrates that graphene is transported over SiO2

: scale bar= 200 mm). Adapted with permission from ref. 158 Copyright
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Table 3 2D material-based gas sensing devices

Materials Synthesis route Sensing platform Gases LOD Sensitivity Response time Ref.

MoS2 CVD MoS2 FET NO2 20 ppb (NO2) >40% 5–9 min 160
NH3 1 ppm (NH3)

CVD MoS2 CO 500 ppm (CO) — — 161
CO2 5000 (CO2)

CVD MoS2 NO2 0.1 ppb 3.3/ppb (3300/ppm) — 162
Solvothermal & in situ
polymerization

PANI/MoS2/SnO2 NH3 200 ppb — 10.9 s (100 ppm) 163

Hydrothermal Co-MoS2 NO2 100 ppm — 10 s (100 ppm) 164
Intercalation-assisted
exfoliation

MoS2 TFT NO2 2 ppb — >30 min 165

Micromechanical exfoliation MoS2 NO2 — NO2 – 1372% 30 min 166
NH3 NH3 – 86% (1000 ppm)

Mechanical exfoliation MoS2/GaSe NO2 20 ppb 6.3% (20 ppb) 23 s 167
—

Hydrothermal MoS2@SnO2

nanocomposite
NO2 10 ppm — 2.2 s 168

Drop-casting MoS2/ZnO nanohybrid NO2 0.2 ppb 0.135 ppb 132 s 169
WS2 Drop coated and Au-SnO2-co-decorated

WS2 NS
CO — — 3.687 (50 ppm) 170

Wet-chemical precipitation WS2/PbS NO2 ∼20 ppb — 8.8% 171
Hydrothermal WS2/MWCNTs TMA 76 ppb — — 172
Liquid exfoliation WS2 nanosheets NO2 10 ppm — 45 s (10 ppm) 173

8 ppm 11 s (8 ppm)
Hydrothermal WS2/CuO NH3 5 ppm — 40.5% (5 ppm) 174

g-C3N4 Electron beam evaporation. g-C3N4/GaN NRs NO2 — — 42.24% (5 ppm) 175
Poly condensation g-C3N4 – C/g-C3N4 NO2 50 ppm — 71.36% (50 ppm) 176

MXene In situ growth TiO2/Ti3C2Tx NH3 30 ppm — 5 ppb 177
Ultrasonic spray pyrolysis Ti3C2Tx/ZnO NO2 100 ppm NO2 — — 178
Wet chemical precipitation MXene/Co3O4 HCHO 0.01 ppm — 9.2 (10 ppm) 179
Hydrothermal SnO2/MXene NO2 30 ppb — 146 s 180
Hydrothermal SnO–SnO2/Ti3C2Tx Acetone 100 ppm — 12.1 s 181
LiF + HCl Ti3C2Tx/WO3 NO2 50 ppm — 510% (50 ppm) 182
Hydrothermal Co3O4@PEI/Ti3C2Tx NOx 30 ppb — >2 s 183
DMSO-treated Ti3C2 etched
powder

Ti3C2Tx MXene NH3 500 ppm — 67 s 184

Abbreviations: ppm = parts per million, NRs = nanorings, PEI = polyethylenimine, DMSO = dimethyl sulfoxide, TFT = thin lm transistor, HCHO
= formaldehyde, and TMA = trimethylamine.
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functioning mechanism of these types of sensors relies on
detecting the electrochemical reactions between the electrode
surface and analytes. Generally, they convert chemical concen-
trations into quantitative electric signals, the magnitude of
which equals the chemical concentration levels. Typically, the
measurements using these sensors are based on amperometry,
potentiometry, and conductometric. However, not all analytes
can induce redox reactions, and thus external mediators are
necessary to generate electrochemical signals proportional to
the analyte concentration.186 Consequently, a specic working
electrode design modied with 2D materials can improve the
quantitative measurement of electrochemical signals during
a particular analyte-antigen interaction.187,188

In electrochemical sensing devices, the primary detection
mechanism involves the transfer of electrons from the active
material deposited/coated on the working electrode in a tri-
electrode functional structure immersed in an electrolytic-
containing solution. In the case of gas sensors, the gases
diffuse through a membrane, leading to their oxidation and/or
6026 | J. Mater. Chem. A, 2023, 11, 6016–6063
reduction on the electrode surface. In electrochemical sensors,
three distinct types of signals can be obtained using three
distinct methodologies, including cyclic voltammetry (CV),
amperometry, and differential pulse voltammetry. A large
effective surface area, exceptional electrical conductivity, and
intrinsic redox potential are imperative parameters that deter-
mine the efficiency of electrode materials. Extensive investiga-
tions have been conducted on the use of nanomaterials as active
sensing materials because of their signicant advantages
compared to their bulk counterparts. Their small size and large
surface area make them ideal for mass transfer and their
enhanced signal-to-noise ratio are the major characteristics of
electrochemical sensors exploited thus far.189,190 Also, 2D
materials are widely employed as sensing electrodes in elec-
trochemical sensors because of their inherent electrical
conductivity, outstanding electrochemical characteristics, and
substantial surface-to-volume ratios.191,192 Recently, 2D gra-
phene and its derivatives, such as rGO (reduced graphene oxide)
have emerged as commonly used forms of graphene in
This journal is © The Royal Society of Chemistry 2023
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electrochemical sensors. Realizing the impact of using gra-
phene in electrochemical sensors,193 in this part, we focus on
introducing other 2D materials besides derivates of graphene
for electrochemical sensing. A wide variety of 2D materials
besides graphene has been reported thus far. Among them,
MoS2, WS2, SnS2, FeS2, and Ni3S2 have been recently utilized as
sensing electrodes to determine various analytes.194 Zhang et al.
reported the use of a monolayer MoS2 nanosheet as an elec-
trochemical electrode for glucose detection. MoS2 exhibited
good redox activity and electrochemically reduced MoS2 (r-
MoS2), providing efficient electron transport and better
conductivity in different electrolytes, e.g., [[Ru(NH3)6]

2+/3+ and
Fe[(CN)6]

3−/4−] redox system. The proposed sensor was
employed to detect dopamine (DA) and showed good selectivity
for DA in a mixture of uric acid and ascorbic acid as interfering
agents.195Here, it is important to emphasize that pristine TMDC
nanosheets do not oen exhibit superior sensing properties due
to their poor electrical conductivity. Thus, one of the
approaches to increase their sensitivity is synthesizing hybrid
nanosheets with rare-earth metal NPs (Au, Ag, Pt, and Pd). The
synergistic effects between the surface of TMDCs and NPs can
improve their electrocatalytic behavior and sensitivity
compared with pure TMDC nanosheets.194,196 Similarly, this can
be applied to various 2D materials that lack the required elec-
trical conductivity for sensitive and selective electrochemical
sensing. The quest to develop state-of-the-art electrochemical
sensing materials has also witnessed the application of MXenes
as electrode materials for chemical signal transduction. Metal-
like electrical conductivity, intrinsic surface terminations,
redox-active sites, ample surface termination that allows
copious mass loading, and large surface area enable the rapid
transduction of chemical signals. Zhu et al. fabricated a hemo-
globin (Hb)-immobilized mediator-free Ti3C2-MXene-based
electrochemical sensor,197 which showed excellent capability
towards nitrite detection with an LOD as low as 0.12 mM and
a wide linear range (0.5–1800 mM). Besides 2D inorganic mate-
rials, Zhang et al. described the application of 2D MOF
nanosheet-based electrodes for H2O2 detection.198 Using the
Langmuir–Schafer method, 2D M-TCPP (Fe) nanosheets (M =

Co, Cu, and Zn) were produced in the form of thin lms on
electrodes (Fig. 6a). It is important to mention that the electrode
composed of Co-TCPP(Fe) nanosheet showed the best electro-
catalytic activities among the structures, together with a low
LOD of 0.15 × 106 M (Fig. 6b). Furthermore, the proposed
electrochemical sensor could be used to real-timemonitor H2O2

production by live cells (Fig. 6c). A 2D bimetallic organo-metal-
framework was successfully synthesized with a bio-inspired
design of organic ligands and metallic nodes and used as
sophisticated 2D biomimetic nanomaterials (Fig. 6d).198 More
electrochemical sensors based on novel 2D materials are ex-
pected to be fabricated in the future. In addition, Table 4
presents the application of various 2D materials as efficient
sensing platforms. However, despite the remarkable success of
2D material-based electrochemical sensors, they have certain
limitations. Firstly, given that several 2D materials have been
employed thus far, their poor electrical conductivity oen
results in a low detection limit. The growth of rare earth metal
This journal is © The Royal Society of Chemistry 2023
NPs on the surfaces of 2D materials can enhance electrical
conductivity and redox activity, resulting in improved sensing
performances. Contrarily, the application of noble metal NPs is
not cost-efficient and can increase the fabrication costs. In this
case, modication of the crystalline phases is an alternative
approach to address the poor electrical conductivity associated
with 2D TMDC materials. For example, 1T phase TMDC metal
nanosheets have higher electrical conductivity than 2H phase
nanosheets, and thus a phase transformation can comprehen-
sively overcome this limitation. A further shortcoming of elec-
trochemical sensors that utilize 2D materials as electrode
materials is their limited long-term stability, which needs to be
carefully addressed.
3.3 Wearable sensors

In recent years, wearable electrochemical sensors have gained
a lot of interest due to their ability to real-time human health
monitoring. Several biomarkers in sweat can provide informa-
tion to monitor the physiological health of an individual. Meng
et al. reported the fabrication of an electrochemical sensor for
real-time sweat analysis using a highly integrated sensing
paper.233 The device was fabricated by following a simple
printing procedure, including highly integrating sensing paper
with a hydrophobic protective wax and a conductive electrode
array and incorporating MXene/methylene blue (Ti3C2Tx/MB) as
the active material. For the fabrication of the sensor, an
aqueous dispersion of Ti3C2Tx-MXene was drop-casted on
screen-printed carbon electrodes followed by the immobiliza-
tion of chitosan-contained glucose oxidase (GOx) solution. The
proposed sensor showed good sensitivity and selectivity towards
the simultaneous determination of lactate and glucose with an
LOD of 0.49 mA mM−1 and 4 nA mM−1, respectively. Ti3C2Tx

exhibited excellent adsorption capability due to its large surface
area and methylene blue modication synergistically increased
the electrochemical response of the device.234–236 The proposed
highly integrated sensing paper-based sensor has enormous
potential in wearable bioelectronic products and can be
employed to develop innovative smart technologies. Recently,
Lu et al. reported the fabrication of a exible pressure sensor
(MoS2/CSilk) using vertically aligned MoS2 nanosheets on
carbonized silk (CSilk) fabric.237 Aer a pyrolytic reaction,
carbonized bers with highly conductive sp2 hybrid graphite
structures were produced from the commercially available silk
ber. The MoS2/CSilk hierarchical structure was obtained aer
a two-step solvothermal reaction. In the rst step, for the in situ
production of MoS2 on the bers, urea, MoO3, and thio-
acetamide were added as precursors with a concentration of
0.3 g, 60 mg, and 70 mg, respectively, in a mixture of ethanol (25
mL) and deionized water (15 mL) and stirred vigorously for one
hour. In the second step, the ultra-sonicated carbonized silk
ber was soaked in the above-mentioned mixture and the whole
solution was hydrothermally treated for 24 h at 220 °C. The
preparedMoS2/CSilk ber was repeatedly rinsed with water, and
then ethanol and le overnight to dry at 60 °C.237 The pressure
sensor was made up of two MoS2/CSilk thin lms arranged face
to face and packed using 3 M VHB 9469 (double-sided adhesive
J. Mater. Chem. A, 2023, 11, 6016–6063 | 6027
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Fig. 6 (a) Illustration of 2D MOF nanosheet electrode growth via the assembly route, (b) amperometric (I–T) response of the electrodes
composed of 2D Co-TCPP (Fe) nanosheet and pristine GCEwith different H2O2 concentrations, and (c) I–T response of electrodes composed of
2D Co-TCPP (Fe) nanosheet with 300 UmL−1 catalase and 10 mM fMLP with (asymmetrical red curve) and without (linear black curve) MDA-MB-
231 cells. (Inset corresponds to the micrograph of MDA cells using bright-field microscopy.) (d) Schematic of the bio-inspired design of metallic
nodes and organic ligands. Adapted with permission from ref. 198 Copyright 2016, John Wiley & Sons.
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tape model).237 The contact area between the two MoS2/CSilk
thin lms varied upon the application of pressure, resulting in
variations in the contact resistance. Thus, the loading pressure
could be determined by monitoring the variations in electrical
signals (Fig. 7). This sensor can be combined with wearable
6028 | J. Mater. Chem. A, 2023, 11, 6016–6063
systems or self-powered appliances. Owing to its exceptional
performance, the pressure sensor composed of MoS2/CSilk can
be utilized for real-time physiology monitoring and possibly
clinical diagnostics.
This journal is © The Royal Society of Chemistry 2023
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Further, Shin et al. proposed a sensor based on MoS2 sand-
wiched between two Au-layers (Au/MoS2/Au) on polyethylene
terephthalate (PET) for the detection of HIV-1 surface proteins,
e.g., glycoprotein GP120.238 The surface of HIV consists of non-
covalently bonded envelope glycoproteins GP120 (gp120) and
GP41 (gp41). Thus, the early detection of Gp120 is crucial given
that it binds to the cluster and plays a signicant role in HIV
infection. To realize this type of biosensor, PET substrate was
coated with Au monolayers through sputtering (Au/PET), and
thenMoS2 NPs were spin-coated on the Au-coated PET substrate
(MoS2/Au/PET). In the nal step, the substrate was again coated
with Au via sputtering (Au/MoS2/Au/PET).238 GP120 antibody
was immobilized on the electrode via the cysteamine-modied
Au/MoS2/Au surface. Spectroscopic analysis and SEM, AFM,
and CV measurements were performed to conrm the fabrica-
tion of the sensor. Analyte detection was performed through
square wave voltammetry, and the proposed exible sensor
showed great sensitivity and selectivity with an LOD of 0.1 pg
mL−1.238 Wang et al. reported the fabrication of an electro-
chemical sweat platform based on freestanding graphene paper
(GP) decorated with MoS2 nanocrystal monolayers and submi-
cron Cu-buds for the bifunctional detection of lactate and
glucose.239 The sensing electrode was fabricated via the
sequential growth of 0D-MoS2-nanocrystals on 2D freestanding
GP employing the hydrothermal process, followed by the elec-
trodeposition of 3D Cu submicron-buds. The GP ensured
effective charge transfer towards the working electrode, while
the triple component (Cu-MoS2-GP) structure was coated with
Fig. 7 Architecture, fabrication process, and structural variations of Mo
commercially available silk fabric, (d) SEM images of MoS2/CSilk and (e) d
with permission from ref. 237 Copyright 2020, the American Chemical S

6030 | J. Mater. Chem. A, 2023, 11, 6016–6063
lactate oxidase, which offered a favorable microenvironment for
enzyme immobilization, and also facilitated the charge transfer.
The fabricated electrodes (lactate oxidase-Cu-MoS2-GP) exhibi-
ted bifunctional sensing with high electrocatalytic activity, long
stability, and reproducibility. The proposed electrochemical
sensor showed a broad linear range, with values varying in the
range of 0.01–18.4 mM for lactate and 5–1775 mM for glucose,
with detection limits of 0.1 mM and 500 nM. In contrast, the
sensitivity for lactate and glucose was reported to be 83 mA
cm−2 mM−1 and 3.38 mA cm−2 mM−1, respectively. Certainly,
this sensor device fabricated by integrating 0D-transition metal
sulde, 2D-graphene, and 3D-transition metal can provide
a new pathway to fabricate sensors to monitor glucose and
lactate in sweat.239 Wang et al. also proposed a non-enzymatic
exible MOF electrode-based sensor by effectively integrating
self-assembled and oriented Cu3(btc)2 nanocubes with amino-
functionalized free-standing GP (Cu3(btc)2-NH2-GP).240

Compared to similar enzyme-based sensors for lactate and
glucose monitoring in sweat, the proposed sensors provided
a wide dynamic range (0.05mM to 22.6 mM for lactate and 0.05–
1775.5 mM for glucose) with a considerably low lactate oxidase (5
mM for lactate and 30 nM for glucose). However, it is essential to
note that the proposed sensors exhibited greater sensitivity with
a value of 0.029 mA cm−2 mM−1 for lactate and 5.36 mA cm−2

mM−1 for glucose, respectively.239 This increase in sensitivity can
be attributed to the proximity effect between the closely packed
Cu3(btc)2 nanocubes and functionalized graphene nanosheets,
resulting in conductive pathways. In addition, coupled with the
S2/C Silk. (a and b) Digital photographs of a sunflower faceplate, (c)
emonstration of synthesis strategy and structural alterations. Adapted
ociety.
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ideal microenvironment created by graphene sheets, the small-
size Cu3(btc)2 nanocubes enabled the effective transmission of
ions towards the transducer by reducing the ion-diffusion
length, thus increasing the overall electron transfer kinetics.
For the electrochemical detection of glucose, another similar
technique has been utilized in the case of a GOx-immobilized
polymer electrode (Kapton® polyimide lm) with gold, MoS2,
and gold nanolm (Au/MoS2/Au-nanolm).241 This sensor was
fabricated by coating the pre-treated polymer substrate with Au
via the Au-sputtering technique, followed by the spin coating of
MoS2 NPs (MoS2/Au-nanolm). Subsequently, a layer of Au was
coated again to fabricate Au/MoS2/Au-nanolm polymer elec-
trodes. A chemical linker (6-MHA) was deposited utilizing Au–
thiol binding feature to immobilize GOx on the electrode
surface (GOx/Au/MoS2/Au-nanolm) (Fig. 8). Amperometric (I–
T) measurements were performed for the quantitative deter-
mination of glucose, which showed an LOD of 10 nM with
a linear range of 500 nM to 10 nM. The proposed sensors
showed good selectivity towards glucose sensing in a mixture of
uric acid and ascorbic acid as interfering agents. The synergistic
effects imparted by Au and MoS2 NPs caused enhanced elec-
trocatalytic activity and increased exibility could be derived
from the polymer.
3.4 Electronic and optical sensors

3.4.1 Humidity sensing. Humidity sensors can detect and
track the amount of water vapor in the surrounding air.242 These
sensors are used widely in semiconductors, microelectronics
fabrication, textiles, food inspection, meteorology, agriculture,
environmental monitoring, biomedical research, and the
pharmaceutical industry. The materials used to fabricate
humidity sensors include metal oxides, polymers, hydrogels,
NPs, and carbon nanotubes.242,243 In recent years, researchers
have devoted considerable effort to building humidity sensing
devices based on graphene, TMDCs, and MXenes (see Table 5).
Considering that they exhibit large surface-to-volume ratios, 2D
Fig. 8 Illustration of protocol for the fabrication of an electrochemical b
241 Copyright 2019, Elsevier B.V.

This journal is © The Royal Society of Chemistry 2023
material-based sensors display excellent sensitivity toward
humidity variations. A broad spectrum of sensing techniques,
including electrical (resistance and capacitance), thermal
conductivity, gravimetric response, and optical processes, are
currently accessible for measuring humidity levels. However,
the demand for humidity sensors based on optical techniques is
mainly driven by their many benets, e.g., small size, light
weight, low cost, the ability to identify moisture in real-time in
unsafe situations, and remote monitoring capability.244 Luo
et al. reported the fabrication of a novel all-ber-optic device
based on 2D WS2 material coated on a side-polished ber (WS2
CSPF) and utilized it as a susceptible and quick response
humidity sensor, as shown in Fig. 9.244 The two-step method for
the fabrication of the sensors, as presented in Fig. 9a, involved
the fabrication of side polished ber (SPF) in the rst step, and
subsequent deposition of WS2 on the polished area in the
second step. Fig. 9b shows that the length of the polished area is
15 mm with a residual ber thickness (RFT) of ∼70 mm in the
polished region. For the humidity sensing experiments, the
temperature inside the chamber was adjusted to 25 °C, and the
relative humidity (RH) inside the chamber was adjusted to
complete a cycle (increasing from 35–85% RH and decreasing
from 85–35% RH) with a gradual increment of 5% RH. Fig. 9c
illustrates the relative optical output power of the WS2CSPF
sensor, which represents two prominent features, i.e., the
signicant variation (∼6 dB) and comparatively smooth lad-
dering in the output optical power in the case of WS2CSPF.

Furthermore, Fig. 9c and d demonstrate a comparison of the
humidity response between the bare SPF and WS2SPF humidity
sensors. It is evident that the sensitivity of WS2SPF (0.1213 dB/%
RH for descending and 0.1056 dB/% RH for ascending) was 15-
fold greater than that of the bare SPF (0.0051 dB/% RH for
descending and 0.0070 dB/% RH for ascending). The funda-
mental method for humidity detection based on the WS2CSPF
optical sensor is as follows: whenever the chamber humidity
increases, the concentration of H2O molecules in the air also
rises. Air molecules get physically adsorbed on the WS2 surface,
iosensor for glucose determination. Adapted with permission from ref.
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Table 5 2D materials employed for fabrication of humidity sensing devices

Materials Synthesis route Sensing platform Analyte LOD RH range Sensing response/sensitivity Ref.

MoS2 Ultrasonicated exfoliation MoS2 NS Soil moisture — 11–96% 43 684% 247
Probe assisted sonication MoS2 NS NO2 27 ppb — 88% (∼8 times) 248
Ultrasonicated exfoliation MoS2 QDs@NMP Humidity — 10–95% 2.21 MU/% RH 249
Ultrasonicated exfoliation MoS2 QDs Humidity — 10–95% 2.78 MU/% RH
Hydrothermal SnO2@MoS2 NS NH3 — — 2083%/200 ppm 250
Hydrothermal SVE MoS2 NO2 0.1 ppb — 226% to 200 ppb 251
Commercial MoS2 dispersion MoS2/Naon/QCM Humidity — 11.3–97.3% 138.1 Hz/% RH 252
Hydrothermal Cu2O/MoS2 NS NH3 — — ∼872%/100 ppm 253
Liquid phase exfoliation MoS2 Formic acid 50 ppm — 0.114 pm/ppm 254
Mechanical exfoliation FL MoS2 NO2 5 ppm — 4.4 s/5 ppm 255
Ultra-sonication MoS2 NH3 — — 15.2% 256

PMMA-MoS2 NH3 500 ppm — 54% 256
Liquid phase exfoliation MoS2-PEO Humidity 10% RH 10% RH ∼25% at 10% RH 257

70% RH
Liquid phase exfoliation MoS2/ZnO NO2 5 ppm — 3050%/5 ppm 258

WS2 Probe sonication ZnO NRs/WS2 NS Humidity — 18–85% 101.71 fF/% RH 259
Wet chemical WS2 NS Humidity — 25–75% 44.3%/RH% 260
Wet chemical Au@WS2 NS Humidity — 55–75% 3007.9%/RH% 260
Exfoliation WS2 NS Humidity — 30–70% 50%/RH% 261
Sulfurization WS2 NS NO2 0.5 ppm — NO2 41%/0.5 ppm 262
Precipitation Au-SNO2@WS2 NS CO 50 ppm — 3.687%/50 ppm 170
Hydrothermal WS2-modied SNO2 hybrid Humidity — 11–95% 263

MXene LiF + HCl MXene NS/QCM Humidity 1.2% RH 1–16% RH 12.8 Hz/% RH 264
LbL assembly MXene/PEI-ML Humidity — 10–70% RH — 265
Etching/Mixing rGO/N-Ti3C2Tx/PEI CO2 8 ppm <62% — 266

Abbreviations: NS = nanosheets, NH = nanohybrid, ML =multilayers, FL = few layers, QDs = quantum dots, SVE= sulfur-vacancy-enriched, QCM
= quartz crystal microbalance, NMP = N-methyl-pyrrolidone, PEI = polyethyleneimine, PMMA = polymethyl-methacrylate, PEO = polyethylene
oxide, PE = polyelectrolyte, and LbL = layer-by-layer.

Fig. 9 (a) Illustration of experimental arrangement to fabricate WS2 CSPF sensor for humidity sensing, (b) length of the polished area (15 mm)
with RFT of ∼70 mm in the polished region, (c) trend of relative power as a function of time through WS2CSPF, and (d) comparison between
relative power of WS2CSPF and SPF in comparison with RH. Adapted with permission from ref. 244 Copyright 2016, Optica Publishing Group.
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which leads to a small amount of charge transfer from WS2 to
H2O. Following the orbital mixing theory,245 the conductivity
drops because of the reduction in conducting electrons
following a rise in humidity, resulting in a decrease in light
absorption. In this case, the transmitted optical output power of
an SPF coated withWS2 lm increases, followed by a decrease in
the transmitted loss of the SPF.

The 2D WS2 coating signicantly increased the sensitivity
and stability of the optical SPF humidity sensing device.
Consequently, the application of WS2 increased the stability
and sensitivity of the proposed humidity sensor with a signi-
cant gure of merit. The proposed sensors showed (i) an optical
power output variation of ∼6 dB in 35–85% RH, sensitivity
values of (ii) 0.1056 dB/% RH for ascending humidity, (iii)
0.1213 dB/% RH for descending humidity, (iv) humidity reso-
lution of 0.475% RH and (v) fast response speed of 0.13% RH
per s. Moreover, this sensor showed a linear response with
correlation coefficients of 98.27% (descending) and 99.39%
(ascending) with good repeatability in the range of 35–85% RH.
In contrast, the MoSe2-coated SPF showed better sensitivity
(0.321 dB/% RH) in a broader working RH range of 32% RH to
73% RH. Furthermore, the proposed MoSe2CSPF sensor
demonstrated a fast response time of 1 s and recovery time of
4 s, thus making it suitable for monitoring human breath.246

3.4.2 Heavy metal ion sensing. Heavy metals are a broad
class of metallic chemical elements with an extremely high
density, which are considered toxic and carcinogenic, including
mercury, arsenic, thallium, chromium, cadmium, and lead.
Heavy metals are found in large concentrations in the envi-
ronment and used in industrial processes. They are natural
elements in the Earth's crust and cannot be removed or
degraded. These components may enter our bodies mainly
through the air, water, and/or food. A high concentration of
these heavy metals (e.g., lead) in drinking water can produce
harmful biochemical reactions in humans, causing various
acute and chronic effects. These effects include kidney
dysfunction, increased risk of heart disease and stroke, nervous
system disorders, gastrointestinal tract infection, skin lesions,
joint pain and fatigue, immune system dysfunction, and
reproductive disorders.267,268 Additionally, they may disrupt
cellular processes, such as hemoglobin formation, causing
severe health risks. According to the World Health Organiza-
tion, the allowed limit of lead particles in drinking water is 10
ppb, where concentrations exceeding this level will be detri-
mental to human health. Consequently, the detection of the
presence of heavy metal ions in drinking water is crucial. Liu
et al. reported the fabrication of a tilted ber grating (TFG)
optical sensor (BP-TFG) integrated with 2D black phosphorus
for the detection of Pb ions, which showed an LOD of 0.25
ppb.269

Concerning the stability of black phosphorus, currently
more work is required to scale up the top-down processing of
bulk black phosphorus crystals to produce few-layer black
phosphorus, which is a typical fabrication method. Given that
various 2D materials can be exfoliated by liquid-phase exfolia-
tion,54 Brent et al. developed a technique to produce few-layer
akes by exfoliating bulk phosphorus in N-methyl-2-
This journal is © The Royal Society of Chemistry 2023
pyrrolidone (NMP) as an exfoliating medium under bath ultra-
sonication.270 Subsequently, large-scale exfoliation into sheets
or even quantum dots that can be evenly dispersed in the
solvent is possible. However, this approach is limited by the
intrinsic limitation of phosphorene being stable in ordinary
solvents, including water. Among the phosphorus allotropes,
although bulk black phosphorus is the most stable, it rapidly
reacts with oxygen and moisture when it is exfoliated into
layers, disrupting its crystal structure.271 Thus, the primary
disadvantage of black phosphorus is its instability, which
prevents its use in practical applications. Various methods can
produce layered samples of varying sizes and properties, which
can be utilized for multiple purposes.272,273 In some studies, it
has been suggested that ionic liquids can be used to exfoliate
phosphorene at or slightly above room temperature. In addition
to their exibility and stability, ionic liquids are highly stable to
heat, exhibit ionic solid conductivity, and have high solubility in
water.272 To improve the stability of nanosheets, Abellan et al.
used 7,7,8,8-tetracyano-p-quinodi-methane and perylene bisi-
mide.274 Zhao et al. examined the stability of phosphorene using
titanium sulfonate ligands (TiL4) to generate TiL4BP.275 As
a result of the P-Ti coordination, which occupies the lone-pair
electrons of phosphorus, XPS, Raman spectroscopy, absorp-
tion spectroscopy, and photothermal performance measure-
ments showed that the TiL4@BP nanosheets exhibit good
stability when dispersed in water and exposed to air for an
extended period. In addition to increasing the stability of black
phosphorus, surface passivation approaches also introduce
defects to some extent. Also, by employing the epitaxial vdW
growth approach, Lui et al. improved the stability of nanosheets
by depositing dioctylbenzothienobenzothiophene thin lms.276

In 2018, Wu et al. successfully developed a surface lanthanide
coordinationmethod to improve the stability of nanosheets and
quantum dots and introduced new activities.277 Lastly, we
discuss the various chemical modication methods that can be
used to enhance the stability of low-layer phosphorene,
including molecular modication and ion modication.

The experimental setup designed for the proposed sensor
consisted of a broadband light source with transverse magnetic
polarized resonances directed at the sensor and an optical
signal analyzer to analyze the output signal (Fig. 10a).269 The
solutions containing varying concentrations of Pb2+ (ranging
from 0.1–1.5 × 107 ppb) were used. To perform sensing
measurement, BP-TFG was submerged in the Pb2+-containing
solutions for 120 s, followed by pipetting out the solution, and
subsequent exposure to air for 180 s. An optical signal analyzer
was used to obtain the transmission spectra for Pb2+ concen-
trations. The sensors were carefully cleaned with ethanol to
remove the deposited Pb2+ ions before using the optical sensor
for each successive measurement (at different concentrations).
The shi in transmission spectrum at different Pb2+ concen-
trations is presented in Fig. 10b. As the concentration of Pb2+

ions increased, it is evident that the intensity of the trans-
mission peak decreased and the wavelength was red-shied,
indicating the signicant optical absorption of Pb2+ ions and
variations in the effective refractive index of the cladding.
Fig. 10c depicts the variation in the transmission intensity of
J. Mater. Chem. A, 2023, 11, 6016–6063 | 6033
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Fig. 10 (a) Demonstration of the experimental arrangement for the detection of heavy metals, (b) transmission spectra of BP-TFG, showing
a strong upshift with an increase in the concentration of Pb2+ ions, and (c) display of resonant intensity change versus Pb2+ concentration.
Adapted with permission from ref. 269 Copyright 2018, Elsevier B.V.
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the sensor with different concentrations of Pb2+, which reveals
a nonlinear relation. These ndings demonstrate that the BP-
TFG optical sensor has the potential to detect Pb2+ at ultra-
sensitive levels over an extensive concentration range (0.1 ppb
to 1.5 × 107 ppb; 4-fold better than BP-FET sensors for lead
sensing278) and a low LOD of 0.25 ppb with greater sensitivity
than electrically-based lead sensors (with 4-fold improved
performance compared to carbon nanotube-based heavy metal
ions sensors279).

3.4.3 Various electronic sensors. In chemiresistors or FET
devices, the interactions between the target analytes and
channels change the resistance of the channel material.60 In
classic FET-based devices, a semiconducting channel is present
between the drain and source electrodes, whose conductivity
can be controlled by changing the gate-to-source voltage.
Chemiresistors have a simpler device structure than FETs, with
a channel sandwiched between two electrodes (without a gate
electrode). When the channel material is exposed to foreign
species, their interaction changes the conductance of FETs and/
or chemiresistors, thus making them attractive platforms for
sensing applications.60 In electronic sensors, two primary
sensing mechanisms are used, namely electrostatic gating and
doping. Both processes may contribute to the sensing impact in
real-world applications when combined with additional
complex mechanisms.60 During the detection mechanism, 2D
materials, particularly atomic-thick single-layer effectively
6034 | J. Mater. Chem. A, 2023, 11, 6016–6063
expose their surface to the analytes. This is promising in
multiple perspectives (e.g., sensitivity), which is impossible with
nanomaterials and/or their parent or bulk counterparts. Gra-
phene and its variants have evolved as the most commonly
utilized channel materials among the 2Dmaterials for electrical
sensing. However, considering that Zhang and co-workers
previously reviewed graphene-based electronic sensors,60

herein, we emphasize the utilization of other 2D materials
besides graphene to fabricate devices for various sensing
applications.

In the past few years, several 2D materials, including TMDCs,
black phosphorus, and metal oxides, have been developed and
utilized as channelmaterials to fabricate electrical sensors for the
detection of various analytes. Accordingly, Zhang and colleagues
presented the application of mechanically exfoliated MoS2
nanosheets as a channel material for the fabrication of FET
devices for the detection of nitric oxide (NO).280 The absorption of
NO on the n-type MoS2 surface resulting from p-type doping of
the channel led to a decrease in current. The FET sensors based
onmultilayer MoS2 demonstrated a steady response compared to
the unstable single-layer MoS2-based FET sensors and showed
a detection limit of 0.8 ppm. Besides mechanically exfoliated
MoS2, Zhang and colleagues demonstrated that MoS2 nanosheets
exfoliated via Li intercalation-assisted method (solution-
dispersed exfoliation technique) can be utilized as a channel
for electronic sensors.165 The NO detection chemiresistor based
This journal is © The Royal Society of Chemistry 2023
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on thin lms of exfoliated MoS2 nanosheets showed an LOD of
190 ppt (parts per trillion).

Moreover, exible NO2 gas sensors can also be fabricated by
coating thin lms of MoS2 nanosheets on exible PET
substrates, while rGO thin lms can be utilized as exible
electrodes. Decorating the surface of the MoS2 thin lms with
Pt-NPs increased the sensitivity of the device and resulted in
a lower LOD of 2 ppb toward NO2 detection. Jian Zhen et al.
described a sensor for NO2 detection based on SnS2 akes.281

The excellent selectivity of the proposed sensor towards NO2

arises from the robust affinity, appropriate position of partially
occupied NO2 molecular orbitals, and Fermi-level of SnS2. This
novel method can pave the way for the development of ultra-
sensitive and selective sensors for gas molecules based on 2D
materials. Currently, various gas sensors have been developed
using many 2D materials, including WS2,282,283 MoSe2,284 black
phosphorus,285,286 WO3,287 ZnO,288,289 and NiO.290

Besides gas detection, MoS2-based sensors have also been
developed to detect bio-analytes. Sarkar et al.291 reported the
Fig. 11 (a) Illustration of bandgap effects of graphene FET biosensor, (b)
MoS2 flake on SiO2/Si substrate and (d) optical micrograph for FET biosen
scheme). Adapted with permission from ref. 291 Copyright 2014, the Am

This journal is © The Royal Society of Chemistry 2023
fabrication of MoS2-based biosensors, as presented in Fig. 11a
and b. The device was fabricated on an SiO2/Si substrate (270
nm) with Ti/Au (60 nm/100 nm) as the metal contacts of the
source and drain and the high-k dielectric (30–35 nm) HfO2 as
the gate (Fig. 11d). In this method, the MoS2 akes were ob-
tained via a micromechanical exfoliation scheme (Fig. 11c);
hence, the scalable synthesis of MoS2 can enable the scalable
production of the proposed biosensing devices.

Previous studies indicated that the direct contact of metal
electrodes (source/drain) with electrolyte initiates the adsorp-
tion of biomolecules on electrodes, resulting in variations in
work function of the metal and the contact resistance. In the
study described above, a dielectric layer was used to passivate
the source and drain contacts, overcoming the challenges faced
in the previous study. The fabrication of uidic channels for the
storage of electrolytes was carried out via an acrylic sheet. For
this purpose, an Ag/AgCl reference electrode (i.e., electrolyte
gate) was utilized to apply a bias to the electrolyte, which is an
illustration of FET biosensors based on MoS2, (c) optical micrograph of
sor based on MoS2. (e) Image of a developed chip (inset represents its
erican Chemical Society.
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essential factor in monitoring the working regime and
achieving the stable operation of biosensors.291

Compared to graphene-based biosensors, semiconductor
FETs work as a channel, where only electrons that possess
energy greater than the source-to-channel barrier can pass from
the source to drain (Fig. 11a). Therefore, lowering the barrier
potential results in the larger movement of electrons to the
drain. At the source, the energy occupied by the electronic levels
is accessed by the Boltzmann distribution, and a nal lower
surface area is acquired at room temperature (60 mV dec−1).
The small bandgap energy of the semiconducting material
provides a considerably thin barrier, where the movement of
electrons via direct tunneling can be attained even for low-
energy electrons compared to barrier height (Fig. 11a).291 The
FET sensor described above demonstrated outstanding sensi-
tivity to both pH readings and biomolecule detection. In addi-
tion, MoS2-based FET detection devices can detect prostate-
specic antigens, a potential biomarker for cancer.292,293 More-
over, the synthesis of new 2D materials is on an upward
trajectory.194 Thus, it can be anticipated that additional elec-
tronic sensor devices can be constructed soon by exploiting
novel 2D materials as channel materials to detect more target
analytes. However, it is worth noting that although signicant
sensitivities have been achieved by utilizing 2D materials, they
still have drawbacks. The low selectivity for specic target
analytes arises from their great sensitivity to exogenous stimuli.
In this case, altering the surface of channel 2D materials or
sieving a thin layer covering has been mainly implemented to
overcome this challenge. Specically, due to their capacity to
lter various gas molecules, which is selectively facilitated by
their precise pore widths, MOFs are broadly employed as useful
materials in gas separation.

Consequently, without compromising their sensitivity, it is
expected that the sensitivity of FET sensors towards gas mole-
cules can be improved signicantly by depositing a thin MOF
layer on the channel 2D material. The MOF layer can selectively
sieve gas molecules with a diameter less than its pore size. A
further method to increase the selectivity is modifying the
surface of the channel with specic functional groups that
enhance the interaction between the channel materials and the
analyte, thus increasing the selectivity. Due to the surface
oxidation and moisture absorption by these materials, elec-
tronic sensor devices based on 2D materials face drawbacks in
terms of their short-term stabilities. Thus, to resolve this limi-
tation, covering the channel with a stable thin layer material
(e.g., metal oxides and polymers) has been proposed to shield
the 2D materials from ambient conditions, resulting in
increased stabilities.

3.4.4 Fluorescent sensors. The uorescence responses or
the increase or decrease in the uorescent signals due to the
interactions between the target analyte and the uorescent
probes determine the detection capability of uorescent
sensors. The majority of existing 2D materials, including gra-
phene and its derivates, TMDC, h-BN, and layered double
hydroxides, emit little or no uorescence, making them inef-
fective as uorescent probes for applications in sensing.
However, these 2D materials work well as uorescent dye
6036 | J. Mater. Chem. A, 2023, 11, 6016–6063
quenchers. In particular, they have a higher quenching effi-
ciency than other morphologies or their bulk equivalents due to
their wide effective surface area and ultra-low dimension,
offering a broader contact area to achieve close contact with the
dye molecules. Owing to their notable potential to quench
uorescent signals and good selectivity, atomically thin 2D
materials such as MOFs, graphene and its derivatives, TMDCs,
and MXenes are extensively employed to fabricate “turn-on”
uorescent probes for the ultra-sensitive sensitive detection of
a variety of analytes (Table 6). For example, Yang and colleagues
developed GO-based uorescence sensing probes to detect
biomolecules such as DNA and proteins.294 Subsequently, the
dye-labeled single-stranded DNA (ssDNA) was bonded to the GO
surface by mixing it with water-soluble GO nanosheets. Non-
covalent bonding of the dye-labeled ssDNA with GO nanosheet
resulted in the quenching of its uorescent signal. Subse-
quently, the target DNA, when immobilized, attracted ssDNA
due to its high affinity with the labeled ssDNA. This hybridiza-
tion dissociated the dye-labeled ssDNA from the GO nanosheet,
hence restoring the uorescence of the dye molecules. The
uorescence enhancement technique can also be used to
quantify specic DNA. This design is focused on probe libera-
tion as a result of target hybridization, and the resultant uo-
rescent sensor shows higher selectivity and sensitivity. An
analogous approach was utilized to realize a uorescent protein
sensor with a low LOD of 2 nM, which exhibited high selectivity.

However, Shijiang et al. signicantly modied the architec-
ture of GO-based uorescence sensors.295 Considering the
ability of GO to differentiate ssDNA and dsDNA, dye-labeled
ssDNA-hybridized GO sheets were immobilized with target
DNA. Compared to previous studies, the sensor showed great
selectivity and sensitivity for the detection of DNA with an LOD
of 100 pM. This work also demonstrated the feasibility of the
multiplex detection of DNA against different DNA targets as
interfering agents. Subsequently, uorescence sensors were
developed using GO nanosheets as a detection platform to
detect a variety of analytes, such as proteins, small molecules,
nucleic acids, and metallic ions, with enhanced selectivity and
sensitivity.296,297 Due to the exceptional performance of GO-
based uorescence sensors and based on the ability of MoS2
to distinguish ssDNA and dsDNA (double-stranded DNA),
sensors were fabricated based on various fundamental ideas
similar to that presented by Fan and coworkers.295 The resulting
sensor demonstrated excellent DNA detection selectivity and
sensitivity with an LOD as low as 500 pM (Fig. 12).25 Subse-
quently, Zhang and colleagues published a comprehensive
review and compared monolayer MoS2, TaS2, and TiS2 uores-
cence sensing platforms for DNA recognition.298 They showed
that under similar conditions, TaS2-based sensors have better
performance with enhanced sensitivity and lower LOD (0.05
nM) compared to that composed of MoS2 (0.1 nM) and TiS2 (0.2
nM). In addition, a monolayer-based TaS2 uorescence sensor
has been proposed for the multiplex detection of DNA.

Furthermore, many uorescent sensors have been produced
based on extremely thin 2D materials, including MoS2,299,300

WS2,301,302 Ta2NiS5,303 g-C3N4,304,305 and MnO53,306 for targeted
and accurate detection towards a range of target species, e.g.,
This journal is © The Royal Society of Chemistry 2023
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Fig. 12 (a) Graphical illustration of fluorescent DNA sensor based onMoS2 (single-layer), (b) fluorescence spectra of (i) FAM-labeled ssDNA probe
(P1) and P1/T1 duplex (ii) without MoS2 (iii) with MoS2, (c) fluorescence spectra of P1 using different T1 concentrations and (d) calibration curve for
DNA sensing. Adapted with permission from ref. 25 Copyright 2013, the American Chemical Society.
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DNA, proteins, metal ions, and tiny molecules. Besides 2D
inorganic materials, Peng et al. extended the notion of uo-
rescence sensor fabrication using organic–inorganic 2D MOF
nanosheets.307 Similar to graphene and TMDCs, it has been
shown that 2D MOF nanosheets have good quenching capa-
bility for probing DNA and can be utilized for the fabrication of
uorescence platforms for DNA sensing. 2DMOF-based sensors
(2D Cu-TCPP nanosheet-based) demonstrated superior selec-
tivity and sensitivity with an LOD of 20 pM. In contrast, uo-
rescent sensors can be expanded to other novel 2D materials,
e.g., COFs, MXenes, black phosphorus, and polymers. Speci-
cally, uorescence sensors based on 2D materials provide
several benets. Firstly, all the uorescence sensors described
above rely on solution-processed 2D materials, which are cost-
effective and offer scalable production. In addition, uores-
cence sensors provide a relatively quick and straightforward
detection method, with a response that only takes a few
minutes. The same solution can also be employed to detect
a wide range of target analytes. Lastly, 2D material-based uo-
rescent sensors tend to be more sensitive compared to various
other types of uorescent sensors due to the greater uores-
cence quenching efficiency conferred by their 2D structural
features. Conversely, uorescence sensors have several short-
comings. In particular, due to the complicated production of
dye-labeled ssDNAs and/or probe DNAs, the resultant uores-
cence sensors are extremely expensive. Moreover, the limited
stability of uorescent dyes attached to DNA further limits the
life of uorescent sensors.66

3.4.5 Surface-enhanced Raman spectroscopy-related
sensors. Because of its distinctive characteristics, surface-
6038 | J. Mater. Chem. A, 2023, 11, 6016–6063
enhanced Raman spectroscopy (SERS) has become an ultra-
sensitive method for trace molecule detection. However, the
production of SERS platforms with a large enhancement factor,
greater stability, and outstanding reproducibility is still a big
challenge for industrial applications. In this case, due to their
novel structures and qualities, 2D materials play a vital role in
SERS-based sensors. Flexible SERS sensors can be employed for
detection using the swab-sampling method or even in situ
detection technique, which are different from the old rigid
substrate-based SERS detection methods.308–310 Accordingly, 2D
materials can be coupled with exible SERS sensors to serve as
multifunctional layers due to their signicant optical trans-
parency, exibility, chemical inertness to external conditions,
and molecule enrichment.

For example, a 3D hybrid MoS2/AgNPs/inverted pyramid
polymethyl methacrylate (IPPMMA) exible SERS sensor,311

mounted at the edge of an optical ber (Fig. 13a and b), could
achieve the remote detection of complex analytes. Each analyte
molecule could be easily distinguished based on their specic
Raman peaks (Fig. 13c). MoS2 can be used as a protective layer
through liquid and atmospheric conditions, indicating its
benets for real-life biosensing applications. Compared to lab
research, exible SERS substrate sensitivity with outstanding
performance is still a signicant problem for real-world appli-
cations. AgNPs@MoS2/pyramidal polymer (polymethyl meth-
acrylate), a 3D exible plasmonic structure, has a large surface
area and can produce dense 3D plasmonic hot spots
(Fig. 13d).312 A standard melamine solution (Fig. 13e) and
melamine and milk mixed solution (Fig. 13e) with a concentra-
tion of 10−10 to 10−4 M and 10−6 to 10−3 M, respectively, are
This journal is © The Royal Society of Chemistry 2023
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Fig. 13 (a) Photograph of remote detecting mixed molecules. (b) Schematic of the partially enlarged detail on the interface between the MoS2/
AgNPs/iPPMMA flexible SERS substrate and the probe solution. (c) SERS spectra of R6G (10−10 M, black line), Sudan red I (10−6 M, red line), Congo
red (10−6 M, pink line), malachite green (10−7 M, blue line) and their mixtures (green line). Adapted with permission from ref. 315 Copyright 2018,
Elsevier B.V. (d) Schematic of the 3D flexible AgNPs@MoS2/pyramidal polymer substrate preparation process. (e) Standardmelamine solution and
(f) SERS spectra of the standard melamine solution with a concentration ranging from 10−10 to 10−4 M. Adapted with permission from ref. 312
Copyright 2018, John Wiley & Sons, Ltd. (g) SEM images and schematic of the G/AgNFs/PMMA flexible SERS substrate. (h) SERS detection on an
apple surface with adsorbed phenylalanine molecules. (i) SERS detection on a fish surface with adsorbed methylene-blue molecules. Adapted
with permission from ref. 313 Copyright 2017, Elsevier B.V.
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utilized to corroborate the SERS efficiency of the exible
substrate. The 3D AgNs@MoS2 activated surface was housed on
the prepared solution surface solution (Fig. 13e) for in situ
detection. The characteristic peaks of MoS2 and melamine
could be examined with an ultralow LOD of 10−10 M (Fig. 13f).
Furthermore, one of the unique advantages of exible SERS
sensors is their ability to couple precisely with arbitrary
surfaces, realizing in situ on-site sensing. For instance, using
a micro-current-assisted chemical reduction procedure and an
easy etching process, Qiu et al. described the use of PMMA-
supported monolayer graphene with sandwiched Ag-
nanoowers (G/AgNFs/PMMA) as a exible SERS substrate
(Fig. 13g). Coating the substrate on the surfaces of real-world
materials, such as phenylalanine@apple (Fig. 13h),
methylene-blue@sh (Fig. 13i), and aqueous adenosine solu-
tion, produced distinct Raman signals. Therefore, it is suitable
for the detection of arbitrary morphological or aqueous solution
This journal is © The Royal Society of Chemistry 2023
surfaces.313 Furthermore, controlling LSPRs to produce high-
density local hot spots and signicant SERS amplication
requires certain nanogaps. Nevertheless, creating 3D ultra-
narrow nanogaps for practical applications is a considerable
impediment. Li and coworkers described a gyrus-inspired Ag
nanostructure designed on graphene/Au lms for SERS.314 The
3D ultra-narrow nano-gaps (∼3 nm) were obtained between Ag-
gyrus using the width of ∼22 nm. This exible SERS substrate
was applied to detect malachite green residue (10–11 M) on
prawn skin for in situ application. Convincingly, SERS platforms
with exible 2D materials can be perceptually integrated into
point-of-care diagnostics using handheld Raman spectroscopy
and smartphone expertise.308

3.4.5.1 Fine structure characterization. Compared to their 3D
counterparts, 2D materials possess a variety of exceptional
electrical, optical, physical, and chemical properties due to their
ne architectures, including the number of layers, edge
J. Mater. Chem. A, 2023, 11, 6016–6063 | 6039
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structure, and defects. Consequently, studying these essential
structural differences is crucial for modifying 2D materials and
their future applications. Raman spectroscopy is an effective
tool for probing the microstructure of 2D materials.316,317

However, the Raman signals from graphene are typically weak,
given that they contain a low fraction of scattered radiation,
making it challenging to distinguish ne structural properties
such as low defect concentration, functional groups, and edge
structures. In this case, using the interference-enhanced Raman
scattering (IERS) technique,318 an enhancement ratio of 30 was
obtained for graphene. SERS is another spectroscopic tech-
nique with high spatial resolution, ultrasensitive detection
limits, and great structural selectivity. Therefore, the surface
and interference co-enhanced Raman scattering (SICERS)
method can achieve a 10 to 102 times greater enhancement ratio
than IERS or SERS alone using a specially designed substrate of
active metal layer/Si oxide/SERS. Furthermore, surface varia-
tions and small structural changes in graphene can also be
detected. Moreover, some fragments or ribbons on the irregular
surface of graphene can be observed through AFM imaging of
the material on the IERS and SICERS substrates. In the Raman
spectra of graphene on an SICERS substrate obtained with low
laser power, two additional peaks can be correctly identied due
Fig. 14 (a) Representation of ion-sensitive sensor constructed on self-a
resistance at various concentrations (i.e., NaCl, and human sweat). Ada
Illustration of rGO-based wearable sweat glucose biosensor with a d
permission from ref. 356 Copyright 2018, Elsevier B.V. (d) Application of
and (e) analysis of glucose levels in human sweat and blood over a day. Ad
Group. (f) Digital photographs of transdermal observation of cortisol us
portable assessment of jZj cortisol reaction in sweat for 3 h observat
Publishing Group.

6040 | J. Mater. Chem. A, 2023, 11, 6016–6063
to the vibrations of the fragments or ribbons on the surface of
graphene. This method makes SERS a more effective tool for
characterizing ultra-sensitive structures in 2D material-based
nanoelectronics.
3.5 Human chemical signal monitoring

The human body produces chemical signals, another type of
information vital for personalized healthcare, illness detection,
and evaluation. Typically, chemical sensors are composed of
two components, i.e., a receptor and type of physicochemical
signal transducer. The role of the receptor is to offer better
selectivity towards specic biomarkers, whereas the function of
the transducer is to turn the chemical information into
a quantiable signal that can be analyzed. By virtue of their
large surface area and ease of surface modication, 2D mate-
rials exhibit incredible potential to detect human chemical
information. Furthermore, chemical sensors based on 2D
materials are commonly employed for the non-invasive, cost-
effective, and continuous evaluation of different analytical
concentrations.39 They can further be categorized depending on
the site where chemical signals are generated, e.g., it can be
employed for breath monitoring, sweat, and saliva detection.
ssembled graphene for ion collection and (b) variations in the sensor
pted with permission from ref. 355 Copyright 2012, Elsevier B.V. (c)
igital photograph of glucose biosensor on the wrist. Adapted with
graphene-hybrid based electrochemical prototype on the human skin
apted with permission from ref. 357 Copyright 2016, Nature Publishing
ing MoS2-based biosensor in human sweat. (g) Lab potentiostat and
ion. Adapted with permission from ref. 360 Copyright 2017, Nature

This journal is © The Royal Society of Chemistry 2023
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3.5.1 Sweat analysis. When humans exercise, they produce
sweat, which is acidic, rich in electrolytes, and produced with
metabolite secretion, such as lactate, glucose, and uric acid, as
well as many electrolytes (K+, Na+, and Cl−). Sweat is amongst
the most readily available body uids, exhibiting the additional
benet of non-invasive sampling. Given that sweat formation is
osmotically coupled to blood formation, sweat can be
composed in an acceptable way to provide human health care
information for medical diagnosis.348 For instance, electrolyte
imbalance349 and cystic brosis350 are both indicated by elevated
sodium and lactate levels in the sweat. Thus, the continuous
detection of the above-mentioned analytes is highly desirable to
maintain the optimal physiological balance. Consequently,
wearable, non-invasive, and sensitive biosensing platforms are
required for continuous sweat analysis.351 2D material-based
exible and epidermal biosensors for healthcare management
are intriguing alternatives because of their robust mechanical
features, large effective surface, thickness, and exceptional
redox characteristics.352–354 When electrolyte ions are out of
equilibrium, they can generate severe symptoms, e.g., heart
failure, high blood pressure, and renal damage.

Zhang et al. examined different concentrations of Ca2+, K+,
and Na+ ions using self-assembled graphene-based ion-
sensitive sensor arrays (Fig. 14a).355 To ensure the interaction
of compatible ions with the active materials, various ionophores
were decorated on each sensing region; hence, the conductance
of the graphene layer was altered with each ion absorption
array. It is worth noting that the graphene sensor exhibited
a considerably lower detection limit than the carbon nanotube

sensor. Besides, the observation of a small
1
f

noise in the

samples based on graphene was unexpected. This sensor
responded quickly and had a minimal LOD for diluted human
perspiration in the range of 0.1–100% (Fig. 14b); consequently,
the ion sensor array was proven to be benecial for evaluating
sweat ions in human healthcare. This is different from
conventional sweat testing, which has the drawbacks of being
time-consuming and requiring a signicant sample size. Xu
et al. demonstrated the chromogenic response of a graphene-
coupled inverse opal cellulose lm to measure the sodium
chloride content in sweat as an alternative.352 It is possible to
utilize the reection spectra of the biosensor to measure body
dryness during exercise given that its reection spectrum
redshied with an increase in the concentration of the sample.
As a result of the dramatic color change and diffraction-peak
shi, it was quite easy to differentiate the NaCl content in this
solution. Due to the strong relationship between the glucose
content in sweat and the corresponding level in the blood,
glucose is a diabetic biomarker that can be determined through
sweat.348 In the case of diabetes control, glucose concentration
is critical. Accordingly, wearable glucose sensors with non-
invasive, convenient, and real-time detection capabilities must
be urgently developed. Based on rGO nanocomposite elec-
trodes, wearable electrochemical glucose sensors were devel-
oped by Xuan et al. to measure the blood glucose levels.356 The
working electrode as composed of Au/rGO/AuPt NPs and its
surface was coated with Naon, and subsequently immobilized
This journal is © The Royal Society of Chemistry 2023
with GOx (Fig. 14c). The redox ability of GOx catalyzed/oxidized
glucose to gluconolactone and hydrogen peroxide. During this
event, the current is related to the glucose content and via
amperometric measurements (i vs. t), the redox potential was
used to quantify the generation of H2O2 on the working elec-
trode surface.

In addition, a waterproof band was used to laminate the
sensor to the surface of the skin to support sweat collection. The
sensor demonstrated good efficiency and showed a tendency for
glucose detection in human perspiration with a short reaction
time of 12 s and sensitivity of 82 A mM−1 cm−2 in the concen-
tration range of 0.1–2.3 10−3 M.39 Recently, Lee et al. reported
the fabrication of graphene-based multifunctional devices for
the continuous assessment and treatment of diabetes.357 Gra-
phene doped with gold offers excellent conductivity, mechan-
ical robustness, and optical luminosity to provide constant
electrical signal transfer. This is useful for electrochemical
activity and biological sensitivity and selectivity. Using the
diabetes route in human sweat, researchers could perform in
vivo glucose monitoring (Fig. 14d and e). The detected glucose
concentration was consistent when compared with a commer-
cial blood glucose sensor. Upon heating phase-change
substances, the formed microneedles can be used as a medica-
tion container to release active pharmaceutical ingredients. A
potential method for the treatment of the chronic diabetes
mellitus is using a conformal integrated device. However, for
large-scale applications, complex fabrication techniques are not
suitable. Researchers have also worked on the development of
graphene-based disposable glucose biosensors.358,359 Direct
laser engraved graphene sensors, which can be manufactured
using three easy procedures and utilized for scalable production
(see Fig. 14f and g), are particularly suitable for these applica-
tions.360 The charge distribution on the surface of the MoS2
semiconductor may be altered by the target molecules bound to
it, resulting in a change in capacitive reactance and/or imped-
ance. Kinnamon et al. employed MoS2 nanosheets modied
with cortisol antibodies in human perspiration for cortisol
monitoring based on a similar concept.360 Through impedance
measurements, the sensor showed an LOD of 1 ng mL−1 with
a dynamic range of 1–500 ng mL−1. A portable device to detect
cortisol concentrations in sweat has also been produced,
demonstrating a performance equivalent to that of a laboratory
potentiometer. It is possible to use graphene and MoS2 together
to create a composite that can be utilized for glucose and lactate
sensing.239 Fast reaction, strong selectivity, excellent repeat-
ability, and exibility make it a promising candidate for glucose
and lactate determination in sweat. Besides TMDCs, MXenes
offer enormous potential in various applications for glucose
monitoring. Rakhi et al. prepared gold nanocluster-decorated
Ti3C2Tx sheets (Au@Ti3C2Tx-MXene nanocomposites) and
immobilized them with GOx for glucose detection.361 The
proposed sensor (GCE/Naon-u@Ti3C2Tx/GOx) showed an LOD
of 5.9 × 106 M with a concentration range of 0.1–18 mM and
exhibited a sensitivity of 4.2 mA mM−1 cm−2. Therefore, it is
possible to use MXenes and the proposed sensors for the elec-
trochemical measurement of glucose in human sweat, as well as
for other applications.
J. Mater. Chem. A, 2023, 11, 6016–6063 | 6041
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3.5.2 Breath gas detection. Asthma, smoking-induced
diseases, and cystic brosis are a few examples of human
respiratory disorders that can be assessed using air humidity
and volatile organic compounds (VOCs).362,363 In this case, the
respiratory prole of the patient can be constantly monitored
and recorded. Furthermore, wearable humidity sensors can also
be utilized to detect the dehydration level of patients.364 There is
Fig. 15 (a) Illustration of breathing humidity observation using flexible b
from ref. 364 Copyright 2018, Elsevier B.V. (b) Image of GO-based humid
with permission from ref. 362 Copyright 2013, the American Chemical S
Adapted with permission from ref. 371 Copyright 2017, Elsevier B.V. (d)
Adapted with permission from ref. 366 Copyright 2017, JohnWiley & Son
target VOC molecules. Adapted with permission from ref. 379 Copyrigh
nanosheet-based biosensor together with its selectivity behavior (for
Copyright 2015, John Wiley & Sons Copyright 2015. (g) Demonstration
Copyright 2018, the American Chemical Society.

6042 | J. Mater. Chem. A, 2023, 11, 6016–6063
increasing evidence that asthma symptoms can be affected by
differences in air humidity.365However, the ultra-trace (as low as
ppb) determination of VOCs is essential for contamination
studies, therapeutic breath analysis, and identifying hazardous
gases, which is essential in the initial diagnosis of several
diseases.366 For example, the presence of acetone in respiratory
gas indicates the presence of a diabetic symptom at the
iosensor at different breathing frequencies. Adapted with permission
ity sensor with signals recorded from breathing and speaking, Adapted
ociety. (c) SEM micrograph of a fiber humidity sensor based on MoS2.
Illustration of ssDNA-functionalized graphene-based sensor and PCA.
s. (e) Pictorial representation of MoS2-based detectingmechanismwith
t 2014, the American Chemical Society. (f) Representation of 1T-WS2
H2O and methanol sensing). Adapted with permission from ref. 380
of Ti3C2Tx-based gas sensor. Adapted with permission from ref. 388

This journal is © The Royal Society of Chemistry 2023
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beginning of the course of the disease.367 Currently, human
breathing is the least invasive and most intuitive approach
available for analyzing humidity and VOCs for medical diag-
nosis. Because wearable biosensors are not submerged in
human uids, they can provide continuous measurements of
specic biomarkers such as water, NH3, sulfur dioxide, and
other VOCs. Exhaled gas sensors can be realized with 2D
materials due to their high surface/volume ratio, providing
superior sensitivity, good selectivity, and short reaction and
recovery times. Due to their ability to sense humidity, large
effective surface area, and substantial exibility, materials
based on graphene, i.e., pure graphene,368 GO,369 and rGO,370 are
attractive candidates for the fabrication of wearable electronics
for respiration monitoring.364 When tested on the curved skin
surface, the as-constructed sensors demonstrated great exi-
bility and bending capability (Fig. 15a). This indicates that these
sensors have outstanding conformal ability. In the case of
humidity sensors, their important performance parameters are
linearity, sensitivity, and response/recovery time. However, to
increase the sensing prole, porous graphene was modied
with GO, Ag colloids, and PEDOT:PSS (poly(3,4-ethylene dioxy-
thiophene)–poly(styrene sulfonate)). The porous graphene/Ag
colloids demonstrated the best linearity (0.985 s) with a sensi-
tivity of 0.0321 s. Among them, porous graphene with
PEDOT:PSS had the best response time of 31 s and recovery time
of 72 s.

It is possible to monitor changes in humidity during
breathing when sensors are mounted on a medical mask.
Together with the symptoms of apnea and blocked breathing
rhythm, they can also distinguish between rapid, regular, and
deep breathing. Moreover, humidity sensors can document
dehydration before and aer water intake, which can benet
patients with speech impairments. GO layers provide hydro-
philic properties, which allow water molecules to adhere to the
surface and change the electrical characteristics of the humidity
sensor. Borini et al. demonstrated a rapid response to moisture
by using an ultra-thin GO lm on an interdigital electrode.362

Due to its exibility, transparency, and large-scale production
capacity, GO can be effectively used in a humid environment
(Fig. 15b). The response and recovery time were affected by
thickness, e.g., a 15 nm-thick lm had an average response time
of 30 milliseconds. It was used successfully to record subtle
notes of human speech and respiration in real time. Various
whistled tunes could be classied and distinguished with
greater than 90% accuracy using principal component analysis
(PCA) and fast Fourier transform, suggesting that this approach
is a valuable validation method. A similar non-contact tech-
nique was used by the rGO-based humidity sensor, which could
acquire information on humidity uctuations in real time and
analyze psychological symbols in the human body.370 Du et al.
prepared an etched single-mode ber (ESMF) humidity sensor
with MoS2 coating, possessing a diameter of 18 mm and length
of ∼15 mm (Fig. 15c).371 The optical frequency conductivity of
the MoS2 sheets varied in response to changes in RH due to the
synergistic effects between the MoS2 and the evanescent eld,
which resulted in variations in the power of transmitting light.
This journal is © The Royal Society of Chemistry 2023
Regarding the human breath, the MoS2-coated ESMF
showed a considerable rise in transmitting light power up to 14
times compared to the naked ESMF, together with a rapid
response (0.066 s) and rapid recovery rate of 2.395 s. The
hybridization of MoS2 with Ag NPs,372 SnO2,373 Cu2S,374 and
graphene375 has been extensively investigated to improve the
sensitivity, detection limit, and response time. When Ag NPs
were used to modify the surface of MoS2, all the essential
parameters showed a signicant improvement compared to the
pristine MoS2.372 It is probable to detect variations in humidity
during respiration at various breathing frequencies and during
speech. A disposable cellulose-paper-based humidity sensor
was developed to measure humidity, temperature, breath
quality, and ethanol adulteration, which was also equipped with
a portable circuit.374 The MoS2/Cu2S hybrid worked as the active
sensing material when used in the exible and wearable
multifunctional system. Several researchers, including Muckley
et al., recently investigated the humidity performance of Ti3C2

lms, a member of the MXene family.376 MXenes can also be
used for respiration monitoring due to their reversible response
in the RH range of 0.1% to 95% with an LOD of 20 mTorr H2O
partial pressure with <0.1% RH. Because exhaled breath
contains more than 1000 volatile organic chemicals and is
strongly humidied (>80%), including carbon monoxide,
acetone, hydrogen sulde, and ammonia, it is imperative to
realize a high-efficiency analyzer with substantial selectivity and
a detection limit down to the ppb level in complicated gas
mixtures.377,378 Jung et al. proposed sensors in which ssDNA
solution was utilized to make the graphene layers more suitable
to improve the selectivity and sensitivity (Fig. 15d).366 Graphene
modied by ssDNA also served as an additional sensing
channel, which increased the signal processing under intense
humidity conditions by increasing the carrier density. A
response intensity of 98.5% was observed towards 2 ppm H2S
vapor with an exceptionally low LOD of 0.0053% in RH of 80%.
PCA analysis demonstrated that the ssDNA-graphene sensor
array can discriminate halitosis and kidney-disordered cancer-
related biomarkers, H2S, NH3 biomarkers, and other VOCs
such as CO, CH3COCH3, C2H5OH, and C7H14O. Thus, this
demonstrates a valid detection network that is inexpensive and
a non-invasive diagnosis method to monitor exhaled gases.
Wang et al. studied diabetes-related acetone detection in high
humidity (85%).367 For the detection of NO2, it is possible to
obtain rapid reaction and recovery time by including a heater
inside the gas sensor made of graphene.377 This is particularly
interesting because multiple functionalized rGO can monitor
physiological signals and VOCs simultaneously without inter-
fering with the transmission of signals,378 which can broaden
the scope of its application in preventative medicine. For
example, TMDCs such as MoS2,379 WS2,380 and their hybrids381,382

display extraordinary semiconducting characteristics, with
bandgaps that are adjustable based on thickness and doping
molecules used in their fabrication. Thus, TMDCs have the
potential to be used in the manufacture of gas sensors. The
theoretical analysis results indicated that NO can signicantly
alter the bandgap and electron transmission of MoS2,383 which
was also corroborated by the experimental ndings.55
J. Mater. Chem. A, 2023, 11, 6016–6063 | 6043
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In addition, theMUA (mercaptoundecanoic acid)-conjugated
MoS2 lms produced by Kim et al. were used as tunable VOC
sensors with variable response times.379 VOC molecules were
physisorbed on sensing channels due to dipole-induced scat-
tering (Fig. 15e) and were responsible for rapid reactions with
toluene and hexane vapors (Fig. 15a and b). In addition to
providing high-energy binding sites for VOCs, the MUA-MoS2
coating prevented them from attaching directly to the surface of
MoS2. Therefore, it showed greater resistance uctuation
compared to MoS2. Further, the sensor showed a high sensi-
tivity and a lower LOD of 1 ppm, which suggest the use of breath
analysis in lung cancer diagnosis in the near future. Mayorga
Martinez et al. investigated the selective gas performance of 1T-
WS2 in their study.380 Methanol and water could be separated
using impedance spectroscopy because of the impedance phase
difference between them (Fig. 15f). This device has potential to
be employed as a dependable, sensitive, and repeatable
instrument for onsite gas sensing applications, particularly in
the case of inhaling complex gas mixtures that are present in
the environment. Besides graphene and the family of TMDCs,
the exceptional surface chemistry of MXenes and their excellent
conducting nature and biocompatibility make them an
extremely appropriate matrix for improved biological sensing
systems, together with other applications.384–386 MXene mate-
rials utilized in solid-state gas sensors presented minimal
electrical noise, excellent signal efficiency, adaptable fabrica-
tion, and portability. They have been proven to be successful in
Fig. 16 (a) Graphical representation of graphene/silk-based wireless bios
of the developed sensor (over tooth surface). Adapted with permission fr
the working mechanism and organic electrochemical transistor with Pt-
Application of proposed sensors on various surfaces. Adapted with perm

6044 | J. Mater. Chem. A, 2023, 11, 6016–6063
detecting various gas molecules with good signal strength,
versatility, and accessibility. Yu et al. reported rst-principle
calculations to theoretically anticipate the potential use of
MXenes in the eld of gas sensing.384 They observed that the
oxygen-terminated Ti2C single layer (Ti3C2Ox) is incredibly
selective to ammonia compared with other gas molecules,
including NO2, CH4, O2, and N2. Lee387 and Yuan et al.385 further
conrmed that Ti3C2 gas has excellent resistance towards
ethanol (C2H6O), methanol (CH3OH), acetone (CH3)2CO, and
ammonia (NH3). Ti3C2Tx displays both minimal signal noise
and robust signal processing for VOCs, as proven recently by
Kim et al.388 Filtration of a diluted colloidal Ti3C2Tx MXene layer
AAO membrane resulted in the formation of an MXene lm,
which was subsequently transferred to an SiO2 wafer printed
with gold-sensing electrodes (Fig. 15g). Acetone, ethanol,
ammonia, and propanol were detected with strong response
signals from MXene-based gas sensors, but NO2, SO2, and CO2

were detected with a considerably lower response, suggesting
superior selective detection for VOCs in the gas sensor.
Furthermore, MXenes have great potential in gas sensing with
ultrahigh signal/noise ratio in contrast with their 2D counter-
parts such as MoS2, black phosphorus, and rGO.

3.5.3 Saliva detection. Besides being one of the most
prevalent chemical samples, saliva, together with sweat and
tears, contains a broad range of biomarkers that are the same as
that in the blood. Furthermore, the high volume of saliva uid
and big mouth cavity are both favorable for sample collection
ensor (mounted on a tooth) for sensing bacteria. (b) Digital photograph
om ref. 392 Copyright 2012, Nature Publishing Group. (c) Schematic of
gate/Nafion-graphene/PANI/UOx-GO employed for saliva analysis. (d)
ission from ref. 393 Copyright 2015, John Wiley & Sons.

This journal is © The Royal Society of Chemistry 2023

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ta07653e


Review Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
M

ar
ch

 2
02

3.
 D

ow
nl

oa
de

d 
on

 4
/1

/2
02

6 
5:

47
:1

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
and sensor localization. However, although there have been
some studies on saliva sensors to detect glucose389 and
lactate,390 the application of 2D materials in saliva inspection
remains rare.391 Using a live saliva sample, Mannoor et al.392

introduced a wireless sensor composed of elastic graphene and
silk, which was sufficiently exible to be worn on the nger and
employed to detect bacteria in dental enamel. Antimicrobial
peptides were added to the surface of graphene to enable the
detection of harmful bacteria over a vast range and time on the
material surface. The signals generated by the bacterium
concentration could be sent to an external device without
requiring an external power source by combining a sensing area
of graphene using an inductive coil antenna (Fig. 16a and b).
Also, it was possible to connect it to tissues or tooth enamel
because of the water-soluble and biocompatible silk substrate.
The results indicate that monitoring bacteria in the mouth is
effective because there is a linear correlation between the
logarithm of bacteria content and the variation in resistance.
Recently, Liao et al. developed exible organic electrochemical
transistors for the determination of glucose and uric acid in
saliva,393 which was capable of withstanding considerable
deformation (Fig. 16c and d). Immobilization of the enzyme
uricase (UOx) on the surface of graphene was performed for the
selective detection of uric acid. The positively and negatively
charged double layer of Pt-gate/Naon-graphene/PANI/UOx-GO
could prevent the interaction between uric acid and glucose.
According to the results, the proposed device exhibited
a detection limit of∼1× 10−8 M, which is nearly three times the
magnitude and superior to the detection limit of traditional
electrochemical techniques.

Furthermore, biosensors have been successfully used for the
instantaneous monitoring of glucose and uric acid concentra-
tions in saliva, implying that they represent potential tech-
nology for the non-invasive detection of saliva biomarkers.
From an application point of view, wearable electronics made
from 2D materials are designed to detect sweat, saliva, and
breathing gases. Based on this, the graphene family is the most
oen utilized active material in both applications. However, due
to their limited selectivity, the detection of some VOCs during
respiration remains a signicant obstacle, despite various
demonstrations for their practical use, such as sensing the
moisture in respiration, detecting electrolytes in sweat, and
determining glucose in sweat. Another critical problem that
requires attention is the low levels of specic biomarkers in
VOCs. For practical applications, the LOD and selectivity of
chemical sensors based on 2D materials need to be enhanced.
Their efficacy can be optimized by considering their rich
chemical environment and signal processing efficiency.
3.6 Biomedical and health care sensors

3.6.1 Single-cell detection. Single sick cell detection, which
distinguishes unhealthy from healthy cells, provides details
about the ailment and plays a signicant part in diagnosis.394

Consequently, the reliable identication of single cells is
needed amongst healthy cells. Currently, optouidic technolo-
gies and ow cytometry are the most widely used approaches for
This journal is © The Royal Society of Chemistry 2023
on-site single-cell detection.394 However, these systems have
difficulty detecting single cells and require a laser source (high-
energy source), which can destroy the cells. Xing et al. created
a graphene-coupled surface plasmon resonance (SPR) sensor
that offers an elevated resolution (1.7 × 10−8) and high sensi-
tivity (4.3 × 107 mV per RIU), and further used for single cell
identication of cancer cells in a group of healthy cells.394 As the
input source, a helium-neon (He–Ne) laser (l= 632.8 nm, P= 80
mW) was utilized, which was then converted into circularly
polarized light by a polarizer and quarter-wave plate. A sche-
matic illustration of the graphene-based optical prism sensor
(GOPS) is displayed in Fig. 17a (inset), possessing a sandwiched
structure of quartz over prism, thick h-rGO (8.1 nm), micro-
uidic chip of polydimethylsiloxane, and cell ow. The optical
microuidic channel possessed a width of ∼20 mm and height
of ∼12.5 mm. An improvement in the detection range was ach-
ieved via a diaphragm using a polarized light (reected) beam
spotted over 1 mm. Subsequently, the obtained beam was
allowed to pass via a polarization beam splitter (PBS) to isolate
the transverse magnetic and electric modes, which were iden-
tied through a stable photo-detector.394 In single-cell detection
via this experiment, the normal lymphocytes and Jurkat cancer
cells (JCCs) (1%) present in the blood could be perceived
through the modication of the voltage through a microuidic
device called GOPS.

Further, the size and refractive index of JCCs are consider-
ably higher compared to ordinary lymphocyte cells. Discrete
uctuations in voltage signal (considering amplitude) with time
were observed, as displayed in Fig. 17b, which revealed the ow
of normal lymphocytes and JCCs at a 7 mL h−1 approximate rate
via the h-rGO-based optical microuidic channel. Additionally,
the high and low-voltage signals, as presented in Fig. 17c, agree
with the presence of JCCs and normal lymphocyte, signifying
superior sensitivity and resolution of GOPS. Consequently, even
a single cancer cell could be identied from the neighboring
healthy cells. The microscopy images are shown in Fig. 17d and
e, where the JCCs (Fig. 17d) are typically bigger compared to
normal lymphocyte cells (Fig. 17e). The average refractive index
of cells refers to the average size of normal and cancerous cells,
which can be precisely identied through an optical refractive
index sensor based on graphene.394

3.6.2 DNA sensing. DNA detection is extremely signicant
in diagnostics. Genetic treatment, disease diagnosis, biological
applications, point-of-care clinical analysis, food, and environ-
mental monitoring all depend on the rapid detection of selec-
tive DNA molecules at ultra-low concentrations. Polymerase
chain reaction, well-known as PCR, is a signal amplication
technique and has been extensively employed for the detection
of DNA.395 It has been shown that surface-enhanced Raman
scattering and silicon nanowire sensor-based FETs can directly
detect DNA at low concentrations.395 Recently, the use of 2D
materials in DNA sensing applications has been investigated
because of their large effective surface and distinctive opto-
electronic characteristics. It is well known that graphene and its
derivatives (such as GO) have highly sensitive DNA hybridiza-
tion capabilities at concentration levels down to a few hundred
micromolar. Based on optical PL, a graphene stacked MoS2
J. Mater. Chem. A, 2023, 11, 6016–6063 | 6045
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Fig. 17 Schematic of optical prism coated with graphene for the ultra-sensitive low detection of distinct cells (a typical SPR system): (a) flow-
detecting structure for a single-cell setup, and the inset corresponds to optical sensor platform with graphene-coated for single cell detection,
(b) distinct voltage change (time-dependent) agreeing withmixed Jurkat cells and lymphocytes due to their rolling through h-rGO sensing frame
and (c) enlarged image of certain positions of the panel (voltage signals are clearly described). Microscopic image (15 mm scale bar) of (d) Jurkat
cells and (e) lymphocytes. Adapted with permission from ref. 394 Copyright 2014, the American Chemical Society.
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(graphene/MoS2) heterostructure as a sensing substrate re-
ported by Loan et al. showed sensitive detection towards DNA
hybridization down to the attomolar (aM) level.395 When used in
PL, monolayer MoS2 offers uorescence-quenching solid capa-
bility. Graphene is a single-layer material that works as a barrier
between MoS2 and its surrounding environment, preventing
material degradation.

It also operates as a biocompatible interface layer, allowing
DNA molecules to be hosted on its surface. Fig. 18a depicts
a schematic layout of the PL experiment that was employed for
ultrasensitive DNA detection hybridization via the proposed
hetero-structure device. The PL spectrum obtained following
the interaction of DNA molecules was investigated via confocal
microscopy. The spatial PL area mapping for the DNA solution
immobilized on the proposed hetero-structural sensing
substrate (40 L; 10 M) is shown in Fig. 18b. Furthermore, the
6046 | J. Mater. Chem. A, 2023, 11, 6016–6063
sensing substrate was hybridized with the corresponding DNA
solutions (different dilutions from 1 to 100 aM). As more target
DNA was immobilized on the substrate, the PL mapping
intensity increased proportionally. The sensing substrate was
rinsed with ultra-pure water and dried aer each incubation of
probe and target DNA, and PL measurements were carried out
under dry conditions. The integrated PL peak area was corelated
with the target DNA in the concentration range of 1 aM to 1 fM,
as depicted in Fig. 18c, recorded in the range of 1.7–1.95 eV for
each condition. The results of the PL color mapping show that
the graphene/MoS2 heterostructure sensing substrate deter-
mined the target DNA in a low concentration down to the aM
level.

3.6.3 Protein sensing. The biomedical industry requires
sensitive, ultra-fast, and small biosensors to for the detection of
proteins in real time. The various protein detection methods
This journal is © The Royal Society of Chemistry 2023
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Fig. 18 (a) Representation of DNA sensing strategy using graphene/MoS2 heterostructure sensor and an optical microscope, (b) mappings of PL
peaks of target DNA-hybridized heterostructure sensing substrate, and (c) PL spectra and integrated PL peak of target DNA-hybridized heter-
ostructure sensing substrate. Adapted with permission from ref. 395 Copyright 2014, John Wiley & Sons.
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include enzyme-linked immunosorbent assays (ELISAs), mass
spectrometry, radial immunodiffusion, and western blotting.
Alternatively, the development of optical ber-based labeled-
free platforms for protein sensing/detection is currently gain-
ing great attention. An optical ber sensor towards C-reactive
protein (CRP) determination was realized by coating an
etched ber Bragg grating (eFBG) with aCRP-GO (anti-CRP
antibody), as shown in Fig. 19a.396 CRP is a biomarker for
cardiovascular illness and chronic inammation and can be
helpful for doctors for the diagnosis of diseases. Currently,
different methods are employed to identify CRP, including the
conventional ELISA, quartz crystal microbalance, electrochem-
istry, and SPR with a linear range of (0.3–10 mg L−1), (0.13–
5.01 mg L−1), (0.1–50 mg L−1), and (2–5 mg L−1), respectively.396

The Bragg's wavelength (lB) of eFBG sensors coated with aCRP
and aCRP-GO complex changed linearly with CRP concentra-
tion, as shown in Fig. 19b, respectively. In contrast to the eFBG
sensors coated only with aCRP, the difference in Bragg's wave-
length (DlB) for the eFBG sensors coated with the aCRP-GO
This journal is © The Royal Society of Chemistry 2023
complex (6.3 pm for unit order increase in the concentration
of CRP) was double (1.2 pm for unit order increase in the
concentration of CRP). The low LOD (0.01 mg L−1) of the aCRP-
GO complex-coated eFBG sensors further demonstrated the role
of GO in enhancing the sensitivity of the eFBG sensors
compared to the aCRP-coated eFBG sensors, which had an LOD
of 1 mg L−1. The urea, glucose, and creatinine concentrations in
aqueous solutions are shown in the inset of Fig. 19b together
with the DlB values for each concentration. Aer the incubation
of urea (2000 mg L−1), glucose (4000 mg L−1), and creatinine
(6000 mg L−1), it was observed that DlB in the case of the aCRP-
GO-coated eFBG sensors was smaller than 2 pm.396 It was
observed that the sensitivity of the coated eFBG sensors in the
presence of urea remained unaffected. As seen in Fig. 19c, DlB
varied proportionally to various CRP values in the presence of
urea, glucose, and creatinine. This is illustrated in Fig. 19c,
where it can be seen that the proposed eFBG devices had the
same sensitivity towards CRP detection and showed good
selectivity when subjected to interfering agents.396 The
J. Mater. Chem. A, 2023, 11, 6016–6063 | 6047

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ta07653e


Fig. 19 (a) Graphical representation of eFBG sensor layered through aminophenyl boronic acid-rGO complex for glucose detectingmechanism.
Adapted with permission from ref. 397 Copyright 2016, JohnWiley & Sons. (b) Shifted Bragg's wavelength for different CRP concentrations in the
case of (i) aCRP and (ii) aCRP-GO complex-coated eFBG sensors (inset corresponds to shifted Bragg's wavelength concerning interfering
concentration, for example, magenta color for glucose, blue for urea and red for creatinine), and (c) shifted Bragg's wavelength for a concen-
tration of CRP in the presence of creatinine (5800 mg L−1), glucose (3800 mg L−1), and urea (1800 mg L−1) (inset represents modification in DlB
aimed at different concentrations of CRP with respect to various concentrations of CRP in the presence of contrast agent, e.g., creatinine,
glucose, and urea). Adapted with permission from ref. 396 Copyright 2015, Elsevier B.V.
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comparable values for CRP when subjected to interfering
compounds were in the range of 0.2–3 pm, which is notable
compared to the corresponding values for CRP determination
without any interfering compounds. Using this device, this
variation in DlB is quite similar when calculating the base
values of the Bragg's wavelength. The specicity of the aCRP-
GO-coated eFBG sensors was demonstrated by analyzing the
slight change in DlB for CRP when CRP was determined in the
presence of interfering agents, e.g., urea, glucose, and
creatinine.

3.6.4 Cancer diagnosis and treatment (photothermal and
chemotherapy). Currently, cancer is considered to be one of the
most fatal diseases. Carcinoma cells multiply, leading to the
formation of tumors in a specic section of the body, which also
spread to various other parts. These tumors can adhere and kill
the strong tissues/organs in the surrounding area, eventually
leading to death. When cancer spreads from one organ to
another, it is known as metastasis. In this case, the site where
6048 | J. Mater. Chem. A, 2023, 11, 6016–6063
cancer cells begin to proliferate enables different forms of
cancer to be distinguished,398,399 each of which requires
a different strategy for diagnosis and therapy. For instance,
breast, lung, kidney, and liver cancer all begin in various places.
In addition to optics-based imaging techniques, e.g., uores-
cent and Raman spectroscopy, cancer biopsy is also commonly
used to diagnose the disease, which can provide information on
the onset, growth, and spread of the cancerous tumor. Some
treatment options include stem cell transplant, radiation
therapy, chemotherapy, biological and hormone therapies, and/
or surgery. However, most techniques for diagnosing and
treating cancer are expensive, invasive, and ineffective.

Consequently, it is critical to develop precise and cost-
efficient cancer detection methods, and subsequent treatment
techniques. Recently, graphene and its derivatives, as well as
other nanomaterials, have made new techniques conceivable in
the eld of biosensors.398 The various properties of graphene
and graphene-quantum dots make them attractive candidates
This journal is © The Royal Society of Chemistry 2023
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for use as uorescence probes in phase contrast imaging (PL
imaging). Fluorescence-based biosensors should be biocom-
patible, photostable, non-toxic, and chemically inert, and hence
these factors must be considered during the fabrication of these
devices. Graphene-based uorescent probes for PL have two
critical functions, as follow: (i) they can identify cancer cells
with high specicity and (ii) they can also be used to deliver
therapeutic drugs. Cancer tumors have been successfully
treated and cured with light-induced thermal treatment in
clinical trials. During photothermal treatment, near-infrared
(NIR) light penetrates only a limited depth in the target
human tissues, allowing medications to be delivered safely.
Alternatively, the use of phototherapy alone may result in the
partial destruction of cancer cells.

In this case, photothermal therapy combined with chemo-
therapy is a more effective therapeutic option than either
treatment alone. When combined with photothermal therapy,
chemotherapy can increase the effectiveness of the cancer
treatment by targeting cells and blocking the regeneration of
impaired (tumor-affected) blood vessels. Recent developments
Fig. 20 (a) Systematic illustration of the development route of PEG-MoS
vitro therapy employing the MoS2/PEG/FA/DOX complex, (c) demonst
complex of MoS2-PEG/DOX, (d) display of 4T1 tumor-bearing mice via IR
camera for a change in temperature of tumors aimed at different grou
representing the tumor volume progress in different groups of mice wh
398 Copyright 2014, John Wiley & Sons.

This journal is © The Royal Society of Chemistry 2023
include the development of light-illuminated NPs, which
discharge their payload in response to light activation, resulting
in increased bioavailability, while maintaining high effi-
ciency.398,399 Recently, Liu et al. achieved excellent drug delivery
to cancer cells by combining photothermal and chemothera-
peutic targeting of cancer cells using PEGylated 2D MoS2
nanosheets.398 The IR absorption of 2D MoS2-PEG (polyethylene
glycol) nanosheets is extremely strong, making them suitable
for photothermal treatment. Nanosheets possess a high
surface/mass ratio, which allows an active loading of medicinal
compounds, i.e., chemotherapeutic medications doxorubicin
(DOX) and photodynamic agent chlorine e6 (Ce6). Fig. 20a
illustrates the detailed fabrication of MoS2/PEG used for drug
loading, as follows: MoS2 nanosheets were functionalized with
lipoic acid-modied PEG (LA-PEG) using a thiol method to
enhance their physiological stability and biocompatibility. For
the in vivo treatment of cancer, the combination of photo-
thermal and chemotherapy techniques can be used with DOX-
loaded MoS2-PEG nanosheets, as shown in Fig. 20b–f. Female
Balb/C mice had their backs vaccinated with 1 × 106 murine
2 and corresponding drug loading scheme. (b) Depiction of targeted in
ration for a group of therapy centered on intratumorally introduced
thermal photograph using an IR camera, (e) monitoring of IR thermal
ps in the course of laser treatment as directed in (c), and (f) curves
en subjected to several treatments. Adapted with permission from ref.
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breast cancer 4T1 cells (in 40 mL PBS). Subsequently, the mice
divided into 5 clusters, and 20 mL of PBS, DOX, MoS2/PEG, and
MoS2/PEG/DOX was inoculated intravenously, respectively. The
comparison of the temperatures of the mice inoculated with the
above-mentioned therapeutic molecules, as shown in Fig. 20d,
showed the signicant increase from room temperature to 44 °C
and 45 °C when the tumor volume reached ∼50 mm3. The
animals injected with MoS2/PEG/DOX intratumorally but not
subjected to laser treatment served as the control group in this
study. In the following 21 days aer completing the various
therapies, the tumor length and width were measured every two
days with a digital caliper. Within only 21 days aer injection,
the tumors injected with PBS or free DOX had grown rapidly,
indicating that a low dose of DOX was not effective in prevent-
ing tumor development. In contrast, the growth of tumors in the
group injected with MoS2-PEG/DOX and subjected to NIR acti-
vation was signicantly suppressed following the combination
of photothermal treatment and chemotherapy. This suggests
that the MoS2/PEG nanosheets loaded with DOX could reduce
tumor development synergistically with photothermal and
chemotherapy.398

3.6.5 Optogenetic sensing. Neurologists are trained in
various disciplines, with a particular emphasis on anatomy and
nerve function or the brain system. In optogenetics, specic
neuronal circuits within the brain are controlled through
light.400,401 It is also indicated in animal modules that these
circuits are associated with many parts of human behavior and
personality (Fig. 21a). Optogenetic technologies are crucial for
the treatment of some of the most severe neurological diseases,
including autism, Parkinson's disease, depression, anxiety,
schizophrenia, substance abuse, strokes, and spinal cord
injuries. Micro-electrocorticography (micro-ECoG) uses neural
Fig. 21 Depiction of CLEAR device towards optogenetic applications as w
module. Adapted with permission from ref. 402 Copyright 2013, Procee
CLEAR device, (c) presentation of experimental arrangement, (d) blue lig
recording of optical evoked potentials (scale bars: x-scale = 50 ms and
angiogram, and (g) doppler blood flow velocity image. Adapted with per

6050 | J. Mater. Chem. A, 2023, 11, 6016–6063
interfaces to reach brain neurons for non-invasive analysis and
recording of neuronal signals from a patient's brain suffering
from various neurological disorders. At present, micro-ECoG
arrays are made up of indium tin oxide (ITO). However, ITO
has many drawbacks, making it unsuitable for use as a neural
interface, including fragility, requiring processing at higher
temperatures, non-compliance with the cortical surface, and
refraction of light, which is a crucial factor in optogenetics, and
neural imaging is signicantly limited to UV and IR. These
disadvantages can be solved using graphene-based micro-ECoG
neural layers, which also have several advantages, including
biocompatibility, adaptability, mechanical robustness, wide
wavelength refraction, elevated electrical and thermal conduc-
tivity, and tunable photonic properties.401 As shown in Fig. 21b,
optogenetics and brain imaging devices on graphene-based
carbon-layered electrode array (CLEAR) technology are exten-
sively employed. The CLEAR device consisted of four layers of
graphene with 76 U−2 resistance/unit-layer, which allowed it to
retain a broad wavelength (300–1500 nm), while maintaining
∼90 percent transmission with better mechanical strength
compared to ITO and may other ultra-thin metals. Fig. 21c
shows a digital photograph of the optogenetic studies per-
formed on a mouse. A CLEAR device was placed on the cerebral
cortex and a 200 mm optical ber was used to stimulate neurons
by radiating a blue laser (l = 473 nm, P = 100 mW), while the
electrical output signal was recorded simultaneously. As shown
in Fig. 21d, the installed device indicated the application of blue
light. When blue (473 nm) light was used to stimulate opto-
genetics, the following steps are taken: rst, archaebacteria and
algae channelrhodopsin-2 (a light-sensitive protein) is isolated
and utilized, which creates an electric current by employing
ions in response to radiating light (i.e., blue light). Thy1:ChR2
ell as neural imaging: (a) implementation of optogenetics in an animal
dings of the National Academy of Sciences. (b) Development route for
ht stimulus image using an optical fiber, (e) CLEAR device towards the
y-scale = 100 mV), (f) demonstration of full intensity projection of OCT
mission from ref. 401 Copyright 2014, Nature Publishing Group.
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mouse brains include DNA taken from channelrhodopsin-2,
which was subsequently implanted in specic neurons. These
neurons transmit by “ring”, that is, by opening and shutting
ion channels to generate an electrical signal. Finally, the CLEAR
device was used to record light-stimulated responses in the
cerebral cortex of the mouse brain. Three distinct light inten-
sities were used in conjunction with a stimulus period of three
milliseconds (Fig. 21e). Additionally, the cerebral vascular 3D
optical coherence tomography (OCT) angiography view of the
mouse brain was visible due to the excellent transparency of the
CLEAR device at wavelengths in the IR region (Fig. 21f). As seen
in Fig. 21g, the usual velocity prole of the blood ow in the
cerebral arteries is evident with the CLEAR instrument. This
Fig. 22 Schematic of the working principle of contact lens coated with g
the eye absorbs the EM wave (this may result in heat destruction insid
dissipation before approaching the internal structure of the eye, (c) synt
elevated temperature (for the interior of a microwave oven) for graph
demonstration of gas-impermeability of graphene, which leads to a redu
(for water) using the experimental arrangement shown, and (h) measurem
with permission from ref. 403 Copyright 2017, the American Chemical S

This journal is © The Royal Society of Chemistry 2023
work demonstrates a simplistic implementation of a CLEAR
device based on 2D materials and designed to be used in
applications of neural imaging and optogenetics.401

3.6.6 Ophthalmology sensing. Recently, numerous wear-
able devices have been developed via stretchable and exible
nanomaterials, together with developments in intelligent elec-
tronics, micro/nano-manufacturing, and information tech-
nology. Currently, the demand for biomedical wearable devices
and research interest in this eld have grown signicantly (e.g.,
the fabrication of smart contact lenses).403–405 To develop these
wearable devices, electrodes for various sensing applications
must be environmentally stable and biocompatible. Conse-
quently, innovative 2Dmaterials signicantly contributed to the
raphene: (a) interaction of EM wave and contact lens, which shows that
e), (b) absorption of EM energy through graphene in addition to heat
hesis of sample aimed at microwave oven testing, (d) measurement of
ene-coated lens via displayed photograph using IR camera, (e and f)
ction in the dehydration of a contact lens, (g) trend of evaporation rate
ent of weight loss as a function of time on hot plate (38 °C). Adapted

ociety.
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fabrication of wearable biomedical devices, such as graphene.
Wearable contact lenses can also detect glaucoma and diabetes
by measuring the glucose composition in tears and intraocular
pressure.403 Dry eye syndrome can also be caused by using
contact lenses for a long period. Accordingly, it is necessary to
shield the eyes from electromagnetic interference shielding
(EMI) and retain their moisture through a diffusion barrier.403

The fabrication of smart eye contact lenses was reported by Lee
et al., which is based on graphene grown via the CVD strategy,
and thus serves as EMI and dehydration protection to avoid eye
diseases (i.e., cataracts).403 The EMI shielding working principle
of graphene-based eye contact lenses is schematically repre-
sented in Fig. 22a and b. In the absence of graphene protection,
EM waves are directly absorbed by the eyeballs and moved via
contact lens, which results in thermal damage to the eyeballs,
thus producing cataracts. Alternatively, covering the contact
lens with a graphene layer (Fig. 22b) caused moderate absorp-
tion of EM waves, therefore signicantly avoiding thermal
damage to the internal eyeballs. The experimental authentica-
tion of a resilient EM radiation contact lens (for normal and
graphene coated) using the parameters of 120 W for 50 s is
displayed in Fig. 22c. The results conrmed that the thermal
denaturalization protected by the graphene-coated lenses was
substantially lower compared to regular lenses.

Electrons in graphene produce oscillations when exposed to
electromagnetic radiation, which absorb and discard the elec-
tromagnetic energy as heat energy. According to Fig. 22d, when
a strong EM with a power of 120 W was illuminated on a gra-
phene-coated contact lens (for 20 s), the temperature of the
coated contact lens changed from room temperature (27 °C) to
above 45 °C, and the temperature of the uncoated contact lens
remained relatively constant.403 Fig. 22e and f schematically
illustrate that the application of lenses without the graphene
coating causes the dehydration of eyeballs, which can result in
xerophthalmia (Fig. 22e). In contrast, graphene lenses protect
against dehydration (Fig. 22f). The dehydration protection of
the graphene-coated contact lenses was validated by mounting
the conventional and graphene lenses on water-lled vials.
Subsequently, the vials were set on a heated plate at 38 °C
(Fig. 22g). One week later, the weight of the vial with the
graphene-coated lens decreased by 0.5535 g, while that with the
conventional lens decreased by 0.8268 g. This indicates the
suitability of graphene to be used as protective material against
dehydration (Fig. 22h). Thus, graphene-coated lenses can
screen electromagnetic interference and prevent dryness in the
eyes. Also, they can be used as a bionic platform in smart
technologies for biomedical and healthcare applications in the
future.406,407

4 Challenges and prospects
4.1 Pertinent features and common limiting factors

2D materials offer a signicant advantage for sensing applica-
tions due to their various characteristics. In addition to their
outstanding physical and chemical characteristics, 2Dmaterials
have a high surface area-to-volume ratio, which is crucial for
sensing applications. As a result of such surface- and volume-
6052 | J. Mater. Chem. A, 2023, 11, 6016–6063
free nature, high-performance sensing devices can be
designed with maximum sensitivity by introducing various
alterations 2D materials framework. Different 2D nano-
structures undergo oxidation under ambient conditions,
leading to structural changes and resulting in the decomposi-
tion of the material in some severe cases. Consequently, their
application in functional devices is considerably limited. Thus,
far out approaches are required to achieve substantial oxidative
stability during the synthesis, storage, and practical applica-
tions of 2D materials. This can be realized by designing new 2D
materials with improved oxidative and thermal stability.
Correspondingly, the chemical tunability of 2D materials facil-
itates the fabrication of multi-component assemblies, which
can enable multiplex or multi-analyte detection in a single
device. In particular, the presence of free radicals (so-called
dangling bonds) and better reactivity of 2D materials can
elevate the sensing prole. Also, the non-selective binding of
analytes ultimately results in poor selectivity, long response, or
even incomplete recovery time. In this case, optical sensors
(based on the variations in the PL characteristics of 2D mate-
rials following the antigen-analyte interactions with analytes)
have been used successfully and extensively utilized for bio-
logical and metal-relevant molecules. Not least of all, Electro-
chemical sensors seem encouraging due to their feasible
operations and rapid detection.

4.2 Role of defects

Pristine and/or defect-free sheets may not produce strong
interactions with target analytes. Furthermore, defects play
a critical role in 2D materials, where they enable bandgap
engineering and offer modulation of optoelectronic/electronic
characteristics. Moreover, defects increase the chemical reac-
tivity of 2D materials, allowing the further chemical function-
alization of their reactive sites, which results in higher
sensitivity and a small LOD for target analytes. Conversely, the
lack of control during defect engineering can produce enduring
effects in 2D materials. The most important task to be initiated
in the near future is the well-ordered incorporation of ad hoc
defects in 2D materials with precise concentration and spatial
resolution. Ideally, defect placement should be accompanied by
chemical functionalization of reactive sites with a choice of
analyte receptors. This can be achieved through a thorough
understanding of the principles of molecular recognition. For
example, this can be realized by modifying the supramolecular
interactions that correspond to ultrasensitive 2D materials and
improving the response time of sensors with higher selectivity,
thus providing a clear path to industrial production.

4.3 Particular aspects of electrochemical sensing

Furthermore, it is essential to link the multi-dimensional
aspects of 2D materials to electronic devices, i.e., synergisti-
cally integrating multi-functionality. For example, the fabrica-
tion of porous conductive materials allows a synergistic
connection with the surface, increased hydrophobicity, low
resistance to charge transfer, and increased capacitance. These
elements can enhance the operation of potentiometric devices.
This journal is © The Royal Society of Chemistry 2023
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Conversely, during antigen-analyte interactions, the coupling of
magnetic exchange and electronic interactions in 2D materials
can increase the charge transport perturbations. The evolution
of these sensing technologies can lead to extraordinary
advances in analytic modes, which include cost, simplicity, and
superior sensing prole. The study of new 2Dmaterials is still in
its initial stages, and due to the exceptional diversity of these
materials, it is possible to further consolidate their place in the
eld of electrical transduction sensors and nanoscience.
Recently, the immense progress and development of 2D mate-
rials, including the graphene-based material family, MXene
family, and TMDCs, are widely used in numerous devices,
including strain and pressure sensors, exible temperature
sensors, and gas sensors (see Tables 1 and 2). Furthermore,
industrial and commercial technologies may introduce these
materials in the coming years. Generally, exible electronics
(Opto) with superior advances are considered attractive candi-
dates for studying human physiological information, especially
in wearable congurations for medical diagnosis and person-
alized health care. Similarly, some integrated electronics that
can detect multiple signals to obtain detailed physiological
information have also been examined.
4.4 Particular aspects of wearable systems

Graphene and other 2D materials offer outstanding electrical
and mechanical properties (e.g., exibility and stiffness).
Material-based 2D sensors can be supported on exible sheets
to fabricate smart wearable devices to monitor the
environment/human interface. Furthermore, by integrating 2D
materials with electrodes, van der Waals heterostructures from
combining different 2D materials can improve the electrical
contacts, material stability, and device performance. The
fabrication of these heterostructure interfaces in sensing
devices has the potential to improve the sensitivity, selectivity,
and stability of sensors. Furthermore, developing multifunc-
tional devices, physically and chemically integrated systems,
will be a promising route toward accurately assessing physical
conditions. Nevertheless, the simultaneous detection of chem-
ical signals and large strain changes is a signicant task due to
their severe signal crosstalk. In addition, wearable chemical
systems with a lower LOD, higher sensitivity, and exceptional
selectivity for complex environments of the human body need to
be addressed. Furthermore, combining two features, such as
diagnosis and therapy, is an alternative operation path to
extend their function and applications. Drug delivery and
physical therapy (i.e., electrical stimulation and hyperthermia)
will be a favorable development as a medical treatment device.
Although various research works verify the recovery of human
physiological signals, the transition from fundamental research
(from laboratories) to industrial products takes a long time.
Signal processing with a exible circuit board, low power
consumption, and delicate and modest size should be approved
through pragmatic cooperation with electronic engineers.
Existing circuit technologies have been assembled using stan-
dard chips, which are unsuitable for some particular applica-
tions, for example, the chip introduced in a contact lens for
This journal is © The Royal Society of Chemistry 2023
intraocular pressure monitoring. In addition, small-scale loop
devices with long standby life and working hours are crucial for
the round-the-clock observation of human physiological infor-
mation. To ensure the safety of wearable systems, medical
professionals should evaluate the various signals detected by
these devices. Additional valuable data can be identied by
comparing the results to typical medical test results. Evalua-
tions and long-term observation of human physiological signals
will support data consistency, which is signicant for impend-
ing personal health care. Furthermore, despite the substantial
advances in assessing mechanical characteristics based on
nanoindentation, the effect of unavoidable factors, such as
sample damage during the laborious preparation and testing
procedure are insignicant. Future research into 2D ultrathin
nanomaterials still requires the development of new 2D mate-
rials, large-scale production of high-quality 2D crystals, and use
of more accurate computational and experimental models for
characterization andmeasurement. Recent evidence suggest 2D
materials can work with “on-the-skin” applications paving the
way for their application to detect clinically signicant
biomarkers. Consequently, these 2D material-based tattoos can
be used as dry sensors on the skin with minimal sensitivity to
motion artifacts, a signicant shortcoming of conventional dry
sensors and electrodes for point-of-care health monitoring.
4.5 Computational approaches for state-of-the-art sensor
design

Computational evaluation coupled with curiosity-driven
research can lead to numerous possibilities for the innovation
in stimulus-sensitive 2D materials with signicant functions in
chemical sensing. The creation of computational models and
their application in materials design and synthesis are the
challenging long-term goals in this eld. Consequently, we may
see two critical methodologies in the future. Firstly, the open-
loop design technique. The growth chamber design and
synthesis settings are established by a series of simulations that
reect the experiment thermophysical circumstances, expected
growth, and reaction kinetics. This method requires highmodel
delity, and a thorough sensitivity analysis must be performed
to produce a robust design. Secondly, the closed-loop design,
where the models identify system states that are communicated
to a controller that continuously changes the growing condi-
tions in real-time. The effectiveness of the design in this tech-
nique critically depends on the computational capacity of the
models. Future development of multianalyte detection can also
be possible through chemical programmability by creating 2D
material-based multi-component assemblies. However, current
mathematical and numerical models are computationally
expensive and oen do not simultaneously capture all the
physics involved in a 2D material growth process, thus limiting
their general application in the active control of 2D material
growth. The use of machine learning models trained using
experimental and computational databases of 2D material
structure and growth conditions, such as that accessible in the
2D Crystal Consortium-Materials Innovation Platform, is
a promising technique to overcome this problem. Finally, the
J. Mater. Chem. A, 2023, 11, 6016–6063 | 6053
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models and methods used to understand the growth of 2D
materials can be modied to understand the evolution of other
materials using the same synthesis methods, such as thin-lm
CVD growth.

4.6 In situ and operando spectroscopic techniques for
mechanism understanding

In situ and operando spectroscopic techniques are considered
state-of-the-art tools for learning the operating principles and
processes involved in gas sensing. A combination of ion-
sorption, oxygen vacancy, and charge transfer models can
provide insight into the sensing mechanisms of chemiresistive
gases. Understanding the precise sensing processes of these
types of sensor devices using spectroscopic methods in various
modes of operation can aid in constructing high-performance
intelligent sensor devices. Moreover, extensive theoretical
studies are needed to validate the experimental results of
operando spectroscopic studies. The benets of different
operando spectroscopic studies and theoretical analyses are
thought to provide more information on sensing devices and
aid in designing high-performance gas sensors. The use of
luminous 2D materials has great potential in biological sensing
and imaging applications. The large surface area of 2D mate-
rials can function as a platform for multiplex sensing, another
potential untapped application. Furthermore, although sensors
are performing well in research and development, a satisfactory
result for sensor devices has not been achieved thus far. Future
research should focus on solving some of these problems and
creating reliable, cheap, and environmentally friendly chemical
sensors with extremely high selectivity and sensitivity. Another
expansion path is sensor technology with portable capabilities.

4.7 Concluding remarks, critical comments, and industrial
aspects

Convincingly, 2D materials have signicant properties in terms
of sensing. However, multidisciplinary efforts and cutting-edge
research are required to realize their full potential. Further
development in this eld can be achieved through innovations
in the design of 2D materials. The roadmap for developing and
discovering 2D materials is progressing rapidly; however, some
2D materials still have to be fully revealed as candidates for
chemical sensing. New sensing platforms are revealed every
year, and the industry is developing rapidly. Multiplatform
sensing using a combination of different materials is the next
frontier. Crosslinked heterostructures, which produce distinc-
tive properties that their single 2D equivalents cannot achieve,
can be formed not only for 2D-2D blocks but also with other low-
dimensional materials. Compared to conventional materials,
2D materials have emerged as the most promising materials for
technological applications due to their unique piezoelectric,
photoelectric, and mechanical capabilities. In this case,
understanding the active sensing physicochemical properties
and interactions of the material is crucial to comprehend its
sensing mechanisms. The detailed operating principles behind
gas sensing devices should be evaluated through rigorous
explanation of their physical and synthetic characteristics,
6054 | J. Mater. Chem. A, 2023, 11, 6016–6063
including the functionality of sensing materials and their
interactions with analyte gas molecules. This can enable the
development of optimal high-performance sensor systems.
However, there is still a great deal of work to be done on
dening the exact sensing mechanisms of these newly discov-
ered materials. Several techniques have been proven to be
effective in tuning the gas-sensing properties of 2D materials.

In addition, two-dimensional self-powered sensors are
considered to have a wide range of applications in biomedicine,
environmental sensing, motion tracking, energy harvesting,
and smart wearables. Recently, self-powered nanosensors
(TENG/PENG) have emerged as a new form of sensors. These
devices use nano-effects to ensure continuous operation by
harvesting and using energy from the environment. Recent
advances in TENG/PENG as a new mechanical energy conver-
sion technology have demonstrated their potential towards self-
powered sensors/electronics and micro/nano power sources.
They are ideal for portable electronic devices, self-drivingmicro-
nano systems, and the next generation of IoT devices. These
sensors offer a variety of benets, including precision, energy
harvesting, biomedical engineering, environmental moni-
toring, articial intelligence, and neuromorphic computing.
Because graphene has high thermal conductivity and a negative
thermal expansion coefficient, studies on its thermal properties
are becoming increasingly crucial for graphene-based self-
powered sensors. The development of 2D material-based self-
powered NG sensors is still in its early stages, and further
studies are required to select and optimize 2D materials and
design optimization. A growing number of 2D materials are
being discovered, resulting in the greater use of 2D self-powered
sensors for humanmonitoring, energy harvesting, biomedicine,
and articial intelligence.

The Internet of Things (IoT) is at the heart of the global
information industry. Sensors have become common due to
their high integration, simplicity, portability, and ease of
commercialization. Together with its advancement, IoT also
faces many technological challenges. One example is sensors,
which have become the most signicant obstacle in the growth
of IoT. Although small-scale applications can reduce the power
consumption to microwatts, large-scale applications can result
in surprising power consumption, resulting in a shorter shelf
life and environmental contamination.

Primarily, the study on 2Dmaterials has lasted 19 years since
their rst report (e.g., graphene). All the literature on this
subject leads the way and ousts any doubts about their potential
use in sensing applications. However, currently fewer products
on the market that contain 2Dmaterials. While challenging, the
long-term goal of researchers is commercializing the sensing
devices based on 2D materials. However, 2D material deposi-
tion and growth at the wafer scale may be appropriate. Never-
theless, contamination and defects still do not fully comply with
industry standards for manufacturing. Accordingly, reliable
product design, scalability, and low-cost manufacturing are
essential features to consider from an industrial perspective
and market competition. Due to the manufacturing limitation
for effective 2D materials, various complicated procedures have
been widely implemented, disrupting their subsequent
This journal is © The Royal Society of Chemistry 2023
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practical applications. Additionally, large-scale manufacturing
techniques are needed for low-cost, scalable systems. By thor-
oughly analyzing 2D-based sensing devices and the challenges
involved, this review paper aimed to provide readers with
a better understanding of the fundamental research and
academia-industry connections.
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82 G. Reina, J. M. González-Domı́nguez, A. Criado, E. Vázquez,
A. Bianco and M. Prato, Chem. Soc. Rev., 2017, 46, 4400–
4416.

83 J. Wan, S. D. Lacey, J. Dai, W. Bao, M. S. Fuhrer and L. Hu,
Chem. Soc. Rev., 2016, 45, 6742–6765.

84 Y. Xu, X. Xie, R. Zhang and W. Yuan, Sens. Actuators, B,
2022, 372, 132670.

85 S. Eissa, G. C. Jimenez, F. Mahvash, A. Guermoune, C. Tlili,
T. Szkopek, M. Zourob and M. Siaj, Nano Res., 2015, 8,
1698–1709.

86 F. Khurshid, M. Jeyavelan, K. Takahashi, M. S. Leo Hudson
and S. Nagarajan, RSC Adv., 2018, 8, 20440–20449.

87 M. V. Sulleiro, A. Dominguez-Alfaro, N. Alegret, A. Silvestri
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