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A review on TizC,T, based nanocomposites for the
electrochemical sensing of clinically relevant
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Reckoning the significance of next-generation biosensors and point-of-care sensors, scientists are
interested in developing superior nanomaterials with advantageous characteristics that can serve as
electrode modifiers in the development of functional devices. MXenes are a broad class of two-
dimensional metal carbides and nitrides characterized by their exceptional hydrophilicity, high specific
surface area, and high conductivity. MXenes and their derived nanocomposites are presently gaining
importance as electrode materials for the electrochemical detection of various biomarkers. This
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review assesses and summarises current notable accomplishments in the concepts, fabrication, and
diverse applications of MXene-based nanocomposites for electrochemical monitoring of a variety of
clinically Furthermore, an outline of the existing linked to
technological advancement is included, accompanied by proposals for further investigation into the

relevant biomarkers. impediments
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1. Introduction

Over the last decade, the research community has witnessed
impressive growth in the field of electrochemical sensing
aiming towards point-of-care diagnostics (POC) as a direct
consequence of significant advancements in new concepts
and knowledge in electrochemistry, microelectronics, and
material processing." Withal, the efficient use of functional
nanomaterials in different electroanalytical tests in recent
years has resulted in the quick, sensitive, and selective
detection and monitoring of a wide range of biomarkers in
bodily fluids.>™

Biomarkers are a class of cellular, biochemical, or
molecular alterations observable in biological media, offering
enormous potential for use in various clinical situations,
including early disease detection, risk assessment, prognosis,
prediction of patients' response to therapeutic intervention,
and disease progression or recurrence monitoring.*
Moreover, biomarkers are ideal molecules to reflect the entire
spectrum of disease, from early manifestations to the
terminal stages of fatal diseases such as psychological/
psychiatric disorders, cancerous growth, and circulatory
system disorders.* Biomarkers can be broadly classified into
two categories: exposure biomarkers, which are utilised for
risk prediction, and disease biomarkers, which are employed
for screening, diagnosis, and monitoring of disease
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developments.® Disease biomarkers are valuable for early
detection or enable the determination of the desired outcome
at a more rudimentary stage of the disease. The tests of
blood, wurine, and cerebrospinal fluids give essential
information for clinical diagnosis. Conventional experimental
and data analytical techniques such as mass spectrometry,
nuclear magnetic resonance (NMR), spectrophotometric
methods, and chromatography require high-end and costly
instruments and an expert technician for operation and
result interpretation.®

Highly sensitive and selective electrochemical sensors are
low-cost alternatives to these conventional techniques
because they eliminate the need for intricate procedures,
expensive reagents, and professional expertise. Likewise,
electrochemical sensors are appealing due to the possibility
of device miniaturisation and the ability to develop
disposable, flexible, wearable, or implantable devices.”
Electrochemical sensors, thereby, have the potential to play a
crucial role in health monitoring, particularly in POC
diagnostics, due to their easy use, low cost, excellent
sensitivity —and  selectivity, portability, and  user-
friendliness.>®® Over the years, the advancements in
microfabrication, nanotechnology, and the need for modern
medical diagnosis paved the way for research on sensitive
and reliable electrochemical sensors rooted in innovative
functional materials.

Various functional materials employed in fabricating
electrodes have evolved over the years to optimise the
analytical performance of electrochemical sensors to increase
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sensitivity and selectivity for analysing biomarkers from
complex biological fluids.'®™** The susceptibility of the sensor
depends on the efficient transport of electrons at the
electrode-electrolyte interface and, consequently, the high
current density in response to the analyte concentrations.
Further, the sensitivity of the electrode is enhanced with the
application of potential biological molecules,
electrochemically active organic/inorganic materials, and
their versatile processing techniques.'” The massive
proliferation of potential research in nanomaterials and their
composites has opened greater horizons in nanomaterial-
based electrochemical sensors. Owing to the high surface
area and electrocatalytic activities, the nanostructure-
modified electrodes have several advantages over standard
macro electrodes, including improved mass transport, lower
detection limits, and higher signal-to-noise ratios. Hence,
biomarker sensing research encompasses active research on
transition metal-based nanostructures, oxides, carbon-based
nanomaterials, = conductive = polymers,  metal-organic
frameworks (MOFs), etc.'*> Two-dimensional nanomaterials
(2DNMs) are chosen over 0D and 1D nanomaterials as they
have a superior surface-to-volume ratio, which increases their
chemical reactivity and impactful interaction
between the stimulus and material. On account of the
tunable conductivity, band gap, high mechanical flexibility,
and excellent electrocatalytic activities, 2DNMs can replace
other sensing materials in various electroanalytical devices."*
MXenes are innovative additions to the rapidly expanding
family of 2D materials with beneficial and customizable
physicochemical properties, such as regular metal atomic
layers, high electrical conductivity, hydrophilicity, ease of
synthesis and functionalization, excellent mechanical
strength, and biocompatibility.”> The above-mentioned
fundamental features of MXenes fulfil the requirements for
an alternative sensor material; hence, MXene has received
much interest in the electrochemical monitoring of
biomarkers.

In this review, we focus on numerous Ti;C,T, MXene-
based composites recently reported in the electrochemical
sensor domain for monitoring biomarkers of clinical
importance that are otherwise difficult to detect at an early
stage using conventional techniques. The synthesis methods
of MXene-based composites are of great importance since
they can directly or indirectly influence their final
characteristics and applications. Researchers believe that the
synergistic effects of high conductivity, large specific area
nanosheet structure, and varied surface chemistry are
responsible for the significant performance of MXene
nanocomposites. MXene-based nanocomposites have shown
intriguing promise and are attracting considerable interest
for the electrochemical detection of neurotransmitters, small
biomolecules, etc. Furthermore, the future directions and
perspectives of these hybrid composites for the possibility of
upcoming point-of-care sensor applications, a rapidly
growing field in the era of MXene-based composites, are
discussed.

ensures
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2. Exploration of MXenes as
electrochemical sensors

MXene, discovered in 2011, is a revolutionary 2D conductive
material of early transition metal carbides, nitrides, or
carbonitrides.'® MXenes are 2D flakes formed with 7+ 1 (n =1
to 3) layers of early transition metals (such as Sc, Ti, Zr, Hf, V,
Nb, Ta, Cr, Mo, etc.) interleaved with n layers of carbon or
nitrogen, with a typical formula of M,,,,X,,T,, where M denotes
the early transition metal, X is C and/or N, and T, represents
the surface terminations, such as O, OH, F, and/or CL.'” The
term “MXene” was coined to refer to its parent MAX phases
and to describe its dimensional similarities to graphene.'®
MXene is a rapidly developing 2D material family, with over
thirty stoichiometric compositions synthesised to date and
over one hundred MXenes predicted theoretically.'” MXenes
have been extensively researched due to their exciting
prospects for pushing the innovative boundaries of
technology development in the realm of low-dimensional
materials, particularly in the field of electrochemical sensors.
In contrast to other 2D materials, MXene has distinct
electronic and metallic conductivity down to a single
monolayer, which is critical for heterogeneous electron
transfer between the modified electrode and the analyte, an
essential feature for its use in electrochemical sensors.>**!
The most intensively studied MXene, titanium carbide,
showcases an exceptionally high metallic conductivity and
surface area, which is highly desirable for low-noise and high-
fidelity biosensors."®*" Apart from this, preliminary findings
on the cytocompatibility and biocompatibility of MXenes
(particularly for Ti;C,T,) show no appreciable apoptosis,
cytotoxicity, or hemolytic damage.>*** It is noteworthy that
the surface termination groups enable the beneficial
functionalisation of MXene, which attracts particular analytes
in the presence of various interfering species in complex
biological fluids.** Moreover, the enormous surface area of
MXene is attributed to the interfacial contact between the
electrode and electrolyte, enhancing the sensitivity of the
electrode during sensing.*>*® The substantial surface area of
MXene has facilitated enhanced mass transfer and rapid
charge kinetics, thereby surpassing the high overpotentials
observed in conventional electrochemical transducers.>”
Following the discovery of MXene, the first and foremost
electrochemical sensor based on Tiz;C,, an enzymatic
biosensor for detecting H,0,, was developed in 2014.>® The
large specific surface area, superior biocompatibility, and
hydrophilic surface are promising attributes of an
immobilisation  matrix in fabricating enzyme-based
biosensors, as observed with Ti;C, MXene. The organ-like
structure of MXenes drives enzymes to the interior of the
nanolayers, while surface terminations (such as hydroxyl
groups) stimulate enzyme adsorption onto the surface,
thereby increasing immobilisation. The peculiar MXene
structure also fosters enzyme entrapment while increasing
the likelihood of successful collisions between the substrate
and redox protein; moreover, it minimises the chance of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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enzyme detachment during substrate reaction.>"*° However,
the complexity of the immobilization of enzymes, the stability
of the electrodes, and the high cost of fabrication hamper
the development of MXene-based enzymatic electrochemical
sensors. For this reason, the forefront research area focuses
on the fabrication of non-enzymatic electrochemical sensors.
To mention a few, F. Shahzad et al. created Tiz;C, MXene-
modified GCE electrochemical sensors to achieve great
sensitivity with a limit of detection (LOD) of 3 nM for
detecting the neurotransmitter dopamine (DA) in real
samples.*® Recently, Ti;C,T, dip coated on an e-waste liquid
crystal display was demonstrated to exhibit selective and
sensitive detection of DA.*’ This approach proclaims the
viability of MXene-mediated reuse of e-waste to fabricate
sustainable electrochemical devices.

The inherent surface terminations arising from the
etching process of MXene render exceptional hydrophilicity
indispensable for stable dispersions in aqueous or
hydrophilic media.***® Drop-casting is the most common
method for creating modified electrodes, which necessitates
preparing a highly stable and well-dispersed coating
solution.*® The excellent solution dispersibility of MXene inks
is highly useful in fabricating electrodes for electrochemical
sensors by drop-casting techniques. Besides surface
terminations, intercalants used for delamination have also
been observed to influence the conductivity of MXenes
significantly. Fig. 1 summarises some of the critical
characteristics of MXenes that make them suitable for
fabricating electrochemical sensors with high selectivity and
nanomolar scale detection limits. Despite their noteworthy
features, pure MXenes have several constraints, such as
restacking and poor oxidative stability, that restrict their
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Fig. 1 Schematic illustration of the essential properties of MXenes
concerning their use in electrochemical sensing.
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efficacy in electrochemical sensors. Numerous techniques
have been employed to enhance the desirable electrocatalytic
characteristics of MXenes, including surface and interlayer
engineering, doping, and the development of MXene
heterostructures.®>*® In addition, many researchers have also
used MXene in conjunction with other materials, notably
various nanomaterials, to create composites that reinforce
the electrochemical performance of sensors.>” The unique
layered structures of Ti;C, MXene nanosheets have a large
surface area, which could offer ample space for functional
material intercalation/anchoring, potentially increasing the
applicability of MXene nanosheets as promising support
materials. Moreover, by means of surface functional groups,
MXenes facilitate bonding with other functional materials
through van der Waals forces of attraction, covalent bonds,
hydrogen bonds, and charge transfer.’”*®* Owing to these
factors, there has been a surge in research into MXene-based
composites for versatile applications, particularly for
electrochemical sensors.

3. MXene-nanocomposites as
electrochemical sensors for clinically
relevant biomarkers

3.1 General classification of MXene nanocomposites

MXenes have excellent prospects for various applications,
ranging from sustainable energy technologies to point-of-care
devices, because of their distinctive electronic/
electrochemical, optical, mechanical, and chemical
properties. Notably, the tunable electronic/electrochemical
properties are achieved through careful intercalation or
surface anchoring of functional materials onto MXenes.
However, aggregation and self-restacking hamper the
complete utilization of the tunable properties of MXenes for
potential applications. Consequently, it is difficult to
effectively inhibit the self-restacking of MXene while keeping
its outstanding electrical conductivity to obtain MXene-
related electrodes that are efficient for electroanalytical
devices. Therefore, compositing MXenes with metal
nanoparticles, metal oxides, conducting polymers, and
carbonaceous materials is an innovative strategy to overcome
the limitation of restacking while maintaining good
conductivity.*>*® On top of that, this could further enhance
the oxidative stability of MXenes by preventing direct contact
between MXene and oxygen from the surroundings.
Furthermore, compositing MXenes with active nanostructures
aids in tailoring the electrochemical activities, particularly
toward detecting specific analytes, and thereby helps in
developing electrochemical sensors with improved sensitivity,
selectivity, and stability.”* Fig. 2 presents the different
categories of MXene-based nanocomposites with materials of
superior electrochemical characteristics. The aforementioned
MXene-based composites are synthesized using a variety of
processes, including hydrothermal or solvothermal methods
and self-assembly.
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Fig. 2 The graphical presentation of different categories of MXene-nanocomposites reported as electrode materials for electrochemical sensing

of clinically relevant biomarkers.

The superiority of MXene surface groups in reducing
metal ions to metal nanoparticles is reported to be successful
in decorating MXene surfaces with active transition metals/
metal oxides. Furthermore, one of the major limitations, the
instability of MXenes at higher anodic potentials, can be
eliminated by incorporating electrochemically
transition metals. The spontaneous reduction of noble metal
ions such as platinum (Pt) and palladium (Pd) on MXene
exhibited attractive electrochemical sensing of
biomolecules.*"** Similarly, silver (Ag) and gold (Au)
nanoparticles with high conductivity and catalytic properties
are being added to MXene to create hybrid MXene-metal
nanostructures with several advantages such as more active
surface sites, larger pore volume, and specific surface area.*®
The synergistic influence of transition metal doping on the
interlayer separation of MXenes and electrochemical activity
has been explored for the detection of biomolecules
electrochemically. In addition, metal oxide nanoparticles
such as TiO,, Mn;O4;, MnO,, Co30,, etc., are intensively
investigated as surface modifiers for MXene.**** The synergic
effect between MXene and these two materials improves the
ionic conductivity and electron transfer rate capabilities of
MXene materials for various electrochemical
applications.”® Recently, a one-pot electrostatic self-
assembly of MOF-encased Ti;C, improved the electronic
conductivity of the composites due to the unidirectional
charge mobility of Ti;C,. " Ti;C,Ty-templated in situ growth
of a zeolite imidazole framework (cobalt-based MOF, ZIF-67)
helped in intertwining the advantages of unique
electrocatalytic activity and higher electronic conductivity
resulting in excellent electrochemical response towards
glucose oxidation.*® Because of the electrostatic attraction of
oxygenic groups of TizC,Tx, Co”" ions were bound to the
surface of MXene. The highly crystalline ZIF-67 was formed
in situ on TizC,T, via the coordination interaction of Co*"
with the nitrogen atom of 2-methylimidazole, resulting in a
Ti3C,Ty/ZIF-67 nanocomposite.*®

Similarly, introducing other interlayer spacers, such as
carbon nanotubes (CNTs), can preserve the hexagonal
stacking of MXene sheets while providing more conductive
paths for electron passage with reduced interfacial
friction.>” Besides, alternative forms of conductive and

active
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carbon-based materials, such as graphene, graphene oxide,
and reduced graphene oxides (rGO), are frequently
integrated MXenes to improve physical,
structural, and electrochemical characteristics subjected to
the intended application.’”*® For instance, a one-step
hydrothermal approach was wutilised to successfully
generate an MZXene/N-rGO composite, which was then
used to modify a glassy carbon electrode (GCE) for
electrochemical detection of adrenaline.’® Primarily, mild
sonication was used to disperse MXene in deionized
water, followed by ethylenediamine reduction of graphene
oxide. The resultant aqueous dispersion was then
transferred to a Teflon-lined autoclave for 24 hours of
sustained heating at 180 ©°C to obtain MXene/N-rGO
composites. Polymers endow MZXene with specific
functions, providing abundant electron-ion channels and
interaction sites and thereby improving the performances
of the composites.”® Therefore, conducting polymers such
as polyaniline, polypyrrole (PPy), polyacetylene, poly(3,4-
ethylenedioxythiophene) (PEDOT), and polyphenylene can
be composited with MXenes by several methods like
solvent blending, casting, filtration, in situ polymerization,
and melt blending. Moreover, assembling hybrid materials
allows for combining beneficial properties unavailable in
traditional forms.*> The intricate chemical interactions
between the functional molecules and MXene surfaces
promote the formation of hybrid structures through self-
assembly.”® An electrostatic interaction between positively
charged poly(diallyldimethylammonium chloride) (PDDA)
and negatively charged Ti;C,T, resulted in the self-
assembly of Ti;C,T,/PDDA composites with excellent
energy storage.”* A simple hydrothermal approach was
also employed to fabricate MXene/NiCo-LDH
nanocomposites for a non-enzymatic glucose sensor. The
precursors were dispersed in a solvent mixture containing
methanol and ultrapure water, and the mixture was
magnetically stirred at room temperature before being
hydrothermally reacted in a Teflon-lined autoclave at 180 °C
for 24 hours to obtain the nanocomposite.”® Although
hydrothermal treatment has shown to be a simple
synthesis process, the aqueous environment may result in
0, and H,O-induced reactions that result in the oxidation

into various
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of Ti;C, MXene. As a result, this technique is a poor
choice for producing extremely specific MXene-based
composites.”® Meanwhile, the solvothermal approach
eliminates the oxidation features seen in hydrothermal
treatment. This demonstrates the successful synthesis of
materials with diverse morphologies, making it an ideal
synthesis route for constructing MXene-based composites.>
Detailed discussions on the application of MZXene
nanocomposites for various electrochemical sensing of

View Article Online
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potential biomarkers have been the

forthcoming sessions.

presented in

3.2 MXene-metal nanocomposites as electrochemical sensors

The multilayer structure of MXene allows it to support
precious metal nanoparticles and avoid the aggregation of
nanoparticles.”” Based on this, Chen et al developed an
electrochemical biosensor by loading r-cysteine-terminated
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Fig. 3 a) Mechanism of preparation of Tri-AgNP/L-Cys/TizC,T, nanocomposites for detecting 5-HT.(l) Preparation of multilayer TizC, MXene, (II)

preparation of Tri-AgNP/L-Cys/MXene, and (lll) detection of 5-HT by Tri

-AgNP/L-Cys/MXene. b) CV curves for Tri-AgNP/TSC/GCE, Tri-AgNP/L-Cys/

GCE, MXene, bare GCE, and Tri-AgNP/L-Cys/MXene/GCE; tests carried out in 0.1 M KCl solutions containing 1.0 mM Fe[(CN)¢]*/*". c) DPV of 5-HT
with changing concentration as 0.5, 7.0, 12, 16, 23, 31, 39, 46, 54, 76, 90, 119, and 150 uM. d) Relationship between peak current (/,,) and

concentration of 5-HT. (a to d) Reproduced with permission from ref

. 58. Copyright (2021) American Chemical Society. e) (1 and 2) Schematic

diagram of the preparation of AuNPs@TizC, MXene ink, 3) fabrication of the sensor device, and 4) printed AUNPs@TizC, MXene sensor device. f)
Current response of AuNPs@TizC, MXene to genomic DNAs without 5hmC (black curve) or with 5hmC (red curve). g) Plot of current response of
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stability after multiple runs (up to 50 cycles). (e to g) Reproduced with permission from ref. 59. Copyright (2022) Elsevier.
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triangular silver nanoplate (Tri-AgNP/.-Cys) on the surface
and between the layers of Ti;C,T, MXene to detect
5-hydroxytryptamine (5-HT)*® (Fig. 3a). The loading of Tri-
AgNP helps to overcome the restacking issue of layered
Ti;C,Ty, thereby increasing the specific surface area,
facilitating  electron transport, and improving the
electrochemical performance. To fabricate Tri-AgNP/1-Cys,
trisodium citrate (TSC) terminated AgNPs were prepared
initially, followed by selective replacement of TSC with
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with high conductivity, surface area, and chemical stability
improves the electrical response of Tri-AgNP/L-Cys/MXene
to 5-HT (Fig. 3b). The synergy of Tri-AgNP/TSC, 1-Cys, and
MXene provides additional active sites for the
electrocatalytic oxidation process of 5-HT. The differential
pulse voltammetry (DPV) employed for detecting 5-HT in a
linear concentration regime of 0.5-150 pM provided an
LOD of 0.08 uM (Fig. 3c and d). The sensor was also
influential in detecting 5-HT in the human blood serum

thiol 1-Cys (Fig. 3al and II). Eventually, adding MXenes samples, and the recovery rate was 95.38-102.3%.
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for FA. (a to f) Reproduced with permission from ref. 60. Copyright (2019) Springer Nature. (g) Schematic representation of the electrochemical
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50 nm (i) DPV curves in response to different miRNA concentrations from 0.0 to 10 nM (tests were carried out in 0.2 M PBS buffer at a solution pH
of 7.4). (j) The linear relationship between the current variation Al and the negative logarithm of the miRNA-155 concentration. (g to j) Reproduced
with permission from ref. 61. Copyright (2020) Elsevier.
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Likewise, among the noble metal catalysts, AuNPs are
widely used for sensing biological molecules due to their
excellent conductivity, biocompatibility, and simple surface

functionalization =~ possibilities. =~ A novel  printable
electrochemical sensor based on AuNPs@Ti;C,
nanocomposites has been reported for discriminating
5-methylcytosine  (5mC) and  5-hydroxymethylcytosine
(5hmC) enriched deoxyribonucleic acid (DNA).>° The

sensor was fabricated by printing a highly conductive and
adhesive silver ink using nozzlejet printing onto a
polyethylene terephthalate (PET) substrate, followed by
dropcasting of AuNPs@Ti;C, ink at one end (Fig. 3e). In
addition to differentiating 5hmC and 5mC, the sensor
could also consistently and rapidly monitor the 5hmC
decrease in the genome of tumour cells (Fig. 3f and g).

S. Elumalai et al. reported the solution-processing-based
galvanic deposition of AuNPs on delaminated Ti;C,T, sheets
to obtain a colloidal suspension of AUNP@Ti;C,T,.%° This
synthesis strategy followed the spontaneous reduction of gold
nanoparticles onto delaminated Ti;C,T, nanosheets
(AuNP@Ti3C,T,) devoid of reduction agents or surfactants.
The spontaneous reduction of Au** ions to Au NPs onto the
delaminated Ti;C,T, flakes was confirmed by ultraviolet-
visible-near infrared (UV-vis-NIR) spectroscopy and high-
resolution-transmission electron microscopy images (HR-
TEM) (Fig. 4a and b). As a result of Au NP adsorption, the
AuNP@Ti;C,T, composite serves as a template for the strong
electrocatalytic activity of the analyte (Fig. 4c). The modified
GCE electrode demonstrated considerably improved
electrocatalytic peak currents at a reduced oxidation potential,
indicating that the customized interface had an exceptional
electrocatalytic performance against uric acid (UA) and folic
acid (FA) with lowered detection limits to nM concentrations
(Fig. 4d-f). A novel electrochemical biosensor based on
AuNPs/Ti;C, MXene nanocomposite for sensitive miRNA-155
detection by exonuclease III (Exo III)-aided cascade target
recycling has been reported (Fig. 4¢).°" The distribution of
loaded AuNPs onto Ti;C, MXene nanosheets is shown in
Fig. 4h. MicroRNAs (miRNAs) are critical indicators for the
early detection and prognosis of genetic disorders such as
tumours in humans and neurological diseases. Among the
miRNAs, miRNA-155, widely recognised as involved in
lymphoma, is also now implicated in advancing breast cancer,
and the strategy developed here is employed as a versatile tool
for miRNA detection in bioanalysis (Fig. 4i). The AuNPs/TizC,
MXene 3D nanocomposite has a high surface area for capture
DNA (C-DNA) loading and allows for electron transport
between the electrochemical species, methylene blue, and the
underlying electrode surface. Under some conditions, one
miRNA-155 chain releases multiple C-DNAs with the help of
Exo IlI-aided cascade target recycling amplification, resulting
in high sensitivity with a detection limit as low as 0.35 fM
(Fig. 4j). Pristine Ti;C,T, fails to show adequate stability in
the anodic potential window. An irreversible anodic peak
appears at an applied voltage of roughly +430 mV vs. Ag/AgCl,
suggesting irreversible oxidation of Ti;C,T,, which could not

© 2024 The Author(s). Published by the Royal Society of Chemistry
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be re-reduced.®* Surface modification is an efficient method
for stabilising MXenes in the anodic potential window. A GCE
modified with Pd@Ti;C,T, has been reported by Rasheed
et al. as a stable and extremely sensitive electrochemical
sensor for the detection of 1-Cys, which is a potential
biomarker for the diagnosis of cancer, Parkinson's and
Alzheimer's illnesses, and acquired immune deficiency
syndrome.*" The sensor was used to detect 1-Cys in an
aqueous medium and was made by casting a Nafion-
stabilized layer of the Pd@Ti;C,T, nanocomposite onto a
GCE. Pd NPs are used to increase the stability of Ti;C,T, and
the electrocatalytic activity for 1-Cys detection. The sensor also
showed high selectivity against typical interfering ions such as
uric acid, dopamine, ascorbic acid, and glucose.

The presence of numerous functional groups on MXenes,
along with its role as a conductive matrix and reducing agent,
eliminates lattice ~mismatching and facilitates the
straightforward  synthesis of various metal-modified
nanostructures.>® Furthermore, the high surface area MXene
nanosheets function as a two-dimensional substrate, and the
many terminal groups chemically attach the metals with great
stability to create encapsulated, loaded, or sandwiched
nanostructures with improved properties and stability.
Generally, metal nanoparticles are absorbed onto the surface
of MXene through electrostatic interaction to generate
decorated MXene hybrid structures.*’ Optimal metal doping of
MXene effectively enhances the electrochemical performance
by increasing the interlayer distance, providing more
electrochemically active sites and thus rendering them
particularly appealing for electrochemical detection of specific
analytes with improved selectivity and current response.

3.3 MXene-metal oxide and MXene-MOF nanocomposites as
electrochemical sensors

Metal oxides and MOFs have been recently used as
electrochemical sensing platforms to detect specific
analytes because of their distinctive characteristics, such
as high porosity and abundant metal active sites. The
high levels of reactive oxygen species (ROS), H,0,, can
serve as a cancer biomarker in the body fluids. A simple
and accurate electrochemical sensor using MXene-Co;0,
and a screen-printed electrode (SPE) was developed by S.
Singh et al. to measure changes in H,0, in cancer cells.®’
As shown in Fig. 5a, the MXene-Co;0,-modified SPE has
been used to measure ROS levels in cancerous cell lines
corresponding to breast and prostate cancers. The cyclic
and linear sweep voltammetry (CV and LSV) was employed
to quantify the H,O, present, and the LOD was found to
be 0.5 uM (Fig. 5b and c). MXene allows for enhanced
electron conductivity, and the presence of Co;0, provides
a catalase-like activity toward H,0,, thus optimising
sensitivity and selectivity, respectively (Fig. 5d). An
innovative portable electrochemical device was created and
has demonstrated the ability to assess H,O, fluctuation in
cancer cells modified with transforming growth factor in
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Fig. 5 a) lllustration of monitoring ROS in cancer cells using the MXene-Co304-nanocomposite designed and integrated onto a screen-printed
electrode. b) Cyclic voltammetry studies of the MXene-Coz0,4 modified SPE using various concentrations of H,O, up to 10 mM at a scan rate of
50 mV s'%; inset: calibration curve of peak current value plotted against H,O, concentrations up to 10 mM. c) LSV of electrochemically activated
MXene-Co30,4 modified SPE in 0.1 M KCl with various H,O, concentrations (up to 75 uM); inset: calibration curve of peak current value plotted
against H,O, concentrations. d) Specificity testing in 0.1 M KCl with 10 um H,O, and interferents dopamine, uric acid, acetaminophen, and
glucose. e) Electrochemical detection of ROS produced by a) DU145 cell lines, b) MDA-MB-231 cell lines, and in c) DU145 cell lines treated with
TGF-B1, d) MDA-MB-231 cell lines + TGF-B1, and e) human immortalized keratinocyte cell line HaCat. Inset i: Measurements with the
nanocomposite in the presence of cancer cells (red) and with a non-modified electrochemical platform (black). Inset ii: Voltammetric
measurements relative to histograms. Reproduced with permission from ref. 63. Copyright (2023) Wiley-VCH.

real-time. MXene-Co;0,-modified SPEs are more sensitive
to prostate cancer cell lines (Fig. 5e) than breast cancer
cell lines, indicating that the nanocomposite developed
present in the decentralized device can distinguish
between cancer cells. Tin dioxide quantum dots (SnO,
QDs), an ultrasmall semiconductor nanomaterial, have
several benefits over other metal oxides, including easy
synthesis, no toxicity, and superior electrical conductivity.
Furthermore, due to the quantum size effect, ultrasmall
SnO, QDs as an electrode modifier could provide
additional active sites and improve the reaction rate.®* In
light of this, Shi et al synthesised SnO, QDs@Ti;C,
nanocomposites using a facile in situ growth method.®
The obtained composite was used to modify the GCE to
detect DA. SnO, quantum dots for the composite
preparation were produced through the hydrolysis of
SnCl,. The interlayer surface of Ti;C, MZXene was
uniformly covered with SnO, QDs, which increased the
electroactive surface area and the electron transfer
capacity. Compared to earlier studies on electrochemical
sensing of DA, the SnO, QDs@Ti;C, MXene/GCE sensor

1776 | Sens. Diagn., 2024, 3,1769-1788

exhibited a very low detection limit. Moreover, the sensor
successfully detected DA in human urine and serum
samples.

MOFs are recognized as efficient, affordable, and
environment friendly solutions for various electrochemical
applications, much like metal oxides. Despite the high
electrochemical activity of MOFs, their poor electrical
conductivity would significantly reduce their sensitivity,
which can be overcome by compositing with MXene.
Therefore, Xuhui Han et al. reported a Co-based MOF (ZIF-
67) on 2D MXene (Ti;C,T,/ZIF-67 nanocomposite) with
excellent conductivity for the electrochemical analysis of
glucose.”® The Ti;C,T,/ZIF-67 nanocomposite was synthesised
by loading the porous Co-based MOF (ZIF-67) on 2D MXene
using a facile in situ method (Fig. 6a). Fig. 6b illustrates the
homogeneous distribution of ZIF-67 nanoparticles on the
surface of Ti;C,T, nanosheets. The process started with the
oxidation of Co(u) to Co(m), which was followed by the
oxidation of glucose molecules to gluconolactone through
Co(m), and finally, the reduction of Co(um) to Co(u) (Fig. 6c).
This research demonstrated a practical approach for creating

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 a) The synthetic process of the TisC,T,/ZIF-67 nanocomposites. b) SEM image of the TisC,T,/ZIF-67 nanocomposite. c) The mechanism of
TisC,T,/ZIF-67/GCE to detect glucose in NaOH solution. (a to ¢) Reproduced with permission from ref. 48. Copyright (2022) Royal Society of
Chemistry. d) Preparation of the Ce-MOF/TizC,T, MXene composite and modified electrode. €) SEM image of the Ce-MOF/TizC,T, MXene composite;
inset: the magnified image of the encircled area. f) Ce-MOF/TizC,T, MXene/GCE 1:2 selectivity profile with L-Trp (50 uM), ascorbic acid (50 uM),
dopamine (50 pM), uric acid (50 pM), L-cysteine (50 uM), glucose (100 pM), KCl (100 pM), and NaCl (100 puM). (d to f) Reproduced with permission from
ref. 66. Copyright (2022) Elsevier. g) Schematic of the synthesis of the MOF-TisC, composite via an electrostatic self-assembling technique in distilled
water at room temperature. h) SEM image of MOF-TisC,. i) Hopping and tunnelling charge transfer mechanism in solid state-ordered porous materials
(SSOPMes), including metal-organic frameworks (MOFs). (g to i) Reproduced with permission from ref. 47. Copyright (2023) Elsevier.

high-performance electrochemical sensors, combining good
electrocatalytic active MOFs with high conductivity 2D Ti;C,T,.
Chen et al. fabricated a Ce-MOF/Tiz;C,T, composite as an
electrode active material for the electrochemical detection
of i-tryptophan (.-Trp).°® A three-dimensional straw-sheaf-
like Ce-MOF was joined with a few layered Ti;C,T,
nanosheets, as shown in Fig. 6d. The presence of metal
active sites and a high surface area of Ce-MOF achieve
outstanding electrocatalytic oxidation of r-Trp. The straw-
sheaf-like structure can provide good capacity for r-Trp
adsorption (Fig. 6e). The modified electrode demonstrated
a strong current response even in the co-existence of r-Trp
with interferents (ascorbic acid, dopamine, uric acid,
L-cysteine, glucose, KCl, and NaCl) (Fig. 6f), which
indicates that the common interfering substances did not
affect the measurement of r-Trp. Paul and his colleagues
used a non-conductive MOF ([Zny(btec),(H,0)s],-3nH,0)
and Ti;C, for the detection of dopamine (DA),"” which is
a crucial biomarker for several neurological diseases. The
one-pot electrostatic self-assembling method was used to
create the MOF-Ti;C, composite in distilled water
(Fig. 6g). Due to the unidirectional charge mobility, the

© 2024 The Author(s). Published by the Royal Society of Chemistry

MOF physically bonded around the Ti;C, sheet improves
electrical conductivity. The nanocomposite produced has a
high crystallinity with a structure of conjugated orbitals of
charge donors and acceptors, which improves electron
flow. The major factor driving electrochemical sensing
here is space charge transfer (Fig. 6h and i); hence the
important goal is to create a highly conjugated, charge-
carrying, crystalline, and defect-free MOF-Ti;C, composite
for DA sensing. This technique was utilised to identify DA
in PBS that contained ascorbic acid (AA) and 5-amino
valeric acid (VA). With a LOD of 110 nM, the material
developed identified DA at concentrations between 90 and
130 nM. Based on the above mentioned studies, MXene
demonstrates itself to be an optimal material for
appropriate hybridization with metal oxides or MOFs.
MXene as a conductive substrate facilitates the self-

assembly or in situ formation of metal oxide
nanostructures, hence improving the electrocatalytic
properties and conductivity. Combining MXenes with

MOFs in an optimised manner not only addresses the
limitations of MOFs (such as low electrical conductivity
and poor stability), but also introduces new functionalities
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by combining MOF's extensive surface area, adjustable
porous structure, numerous exposed REDOX active sites,
non-toxicity, and MXene's high electrical conductivity and
environmental protection.

3.4 MXene-carbon based composites as electrochemical
sensors

Carbon-based materials such as graphene, rGO and CNTs
can be used to improve the electrochemical performance of
MXene due to their high electronic conductivity, flexibility,
and proton exchange.®” Furthermore, the carbon-based
materials introduced into TizC,T, can function as spacers,
reducing nanosheet restacking and increasing the interlayer
spacing between Ti;C,T, layers, which helps to stabilise the
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layer structure. A GCE modified with the Ti;C,T,~tGO
nanocomposite was developed by hydrazine reduction
followed by a self-assembly process, and its electrochemical
sensitivity to various serotonin concentrations was
investigated using the differential pulse voltammetry (DPV)
method.®® The single-layer open structure of the TizC,T,~rGO
nanocomposite provides an extensive surface area and
abundant active sites for serotonin adsorption, which is
advantageous for its electrochemical oxidation. The
developed sensor successfully assessed serotonin levels in
human plasma samples, suggesting that this detection
method is likely to be employed to prevent and promptly
diagnose serotonin-related diseases. J. Rajendran et al. used
MXene/graphene film to detect nicotine electrochemically.®
The electrochemical exfoliation of graphite into graphene
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Fig. 7 a) Schematic of the GMA/ITO electrode preparation and electrochemical detection of epinephrine (EP). b) The DPV curves of the GMA/ITO
electrode with various concentrations of EP. c) SEM image of the GMA. Inset: uniform distribution of TisC,T, nanoparticles on the surface of 3D
graphene framework. (a to c) Reproduced with permission from ref. 71. Copyright (2021) Elsevier. d) Pictorial representation of the synthesis process of
MXene@PDA/NH,-MWCNTs/GCE for AAP determination. e) SEM image of MXene@PDA/NH,-MWCNTs. f) DPV analysis with various AAP concentrations
at MXene@PDA/NH,-MWCNTs/GCE in 0.1 M PBS (pH 7.0). (d to f) Reproduced with permission from ref. 72. Copyright (2021) Elsevier.

1778 | Sens. Diagn., 2024, 3,1769-1788

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sd00171k

Open Access Article. Published on 11 October 2024. Downloaded on 7/23/2025 4:55:14 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Sensors & Diagnostics

and selective etching of Al from MAX resulted in the
generation of graphene and MXene layers, respectively. The
mild ultrasonication of these two components afterwards
resulted in MXene/graphene dispersions. The functional
groups such as carboxylic, epoxy, and hydroxyl of graphene
surfaces substantially improved the stability of MXene
dispersions.®® Using DPV and amperometry, two linear
ranges of 1 to 55 uM and 30-600 nM were observed for
nicotine with the lowest LODs of 290 nM and 0.28 nM,
respectively. Additionally, graphene can be doped with
heteroatoms like nitrogen to enhance its electrical
conductivity and electrochemical activity. Chen et al
employed a one-step hydrothermal method to synthesise the
MXene/N-rGO composite, which was then used as the
electrode material for adrenaline (AD) electrochemical
sensing.”® The doped nitrogen in rGO, bridges MXene and
rGO through strong hydrogen bonds, which in turn enhances
the electrocatalytic activity of the composite for oxidising AD.
The sensor detected AD linearly from 0.01 to 90.0 uM with a
LOD of 3.0 nM. The application of this sensor for
voltammetric detection of AD in urine samples was also
successful.

Unlike 2D graphene nanosheets, 3D porous graphene
successfully prevents aggregation and exhibits superior
qualities such as increased porosity, improved mechanical
stability, and catalytic activity providing an effective
framework for detecting small biomolecules.”” A 3D porous
rGO/Ti;C,T, MXene (GMA) was achieved using freeze-drying
and heat treatment techniques” (Fig. 7a). The electrode was
then used for the electrochemical detection of epinephrine
(EP) (Fig. 7b). The 3D porous structure of GMA makes the
entry of small biomolecules easier and increases the
electrode-analyte interface (Fig. 7c). The electrode could also
detect EP in human urine samples, indicating the
employability of the electrodes for POC diagnostics. Similarly,
another carbon-based compound, MWCNT, was composited
with MXene to fabricate effective electrode materials for
various electrochemical devices. The easy functionalisation,
exceptional electrocatalytic performance, and strong electron
transfer ability of MWCNT identify it as a valuable one-
dimensional material for use as an intercalant in the
interlayer of MXene. Thus far, MXene/MWCNT nanohybrids
have been developed as efficient electrode materials for a
range of electrochemical device applications. However, the
interface binding of MXene and MWCNTSs mostly depends on
non-covalent electrostatic attraction and van der Waals
forces, which would restrict the mechanical stability and
reduce the electrochemical performance. A simple method
for in situ cross-linking of amino functionalised multi-walled-
carbon nanotubes on polydopamine functionalised MXene
(MXene@PDA/NH,-MWCNTSs) was created (Fig. 7d) by Chen
et al. to address this problem.”” The NH,-MWCNTs can be
evenly and firmly distributed on MXene@PDA using the
Michael addition reaction. To prevent the MXene stacking
phenomenon, NH,-MWCNTs are tightly linked to
MXene@PDA and act as an interlayer barrier. The composite

© 2024 The Author(s). Published by the Royal Society of Chemistry
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was used as an electrochemical sensing platform for
detecting acetaminophen (AAP) because of its distinctive
structure, abundant active sites, hierarchical mass transfer
pathways, and outstanding electrocatalytic capabilities
(Fig. 7e and f). As a result, the sensor exhibits wide linear
ranges of 0.005 to 60.0 uM, as well as a low LOD of 1.0 nM.
Furthermore, the fabricated sensor was effectively used to
identify AAP in a urine sample and paracetamol tablet. In
addition to demonstrating its potential as an alternative to
conventional sensing materials with exceptional applicability
towards the selective detection of versatile analytes, the
aforementioned studies on developing MXene
nanocomposites open up the feasibility of 2D MZXenes to
incorporate 1D, 2D, and 3D nanostructures to yield hybrid
nanostructures.

3.5 MXene-polymer nanocomposites as electrochemical
sensors

The formulation of MXene-polymer composites allows for
the fine-tuning of the physical and chemical properties of
MXene due to the abundance of surface functional groups
compatible with the polymeric chains. Incorporating
polymers can facilitate the assembly of MXene and functional
polymers promoting interlayer space expansion, reducing the
distance of ion/electron transport, and improving surface
hydrophilicity.”>”* Single-layer MXenes are more polymer-
friendly and have more easily accessible surface
hydrophilicity than their multilayered equivalents,”> and
thereby, MXenes are typically delaminated first before being
combined with polymers. Based on this, Q. You et al
reported TizC,T,/polypyrrole (MXene/PPy) nanocomposites
for the simultaneous recognition of DA and UA under the
interference of AA.”® Aqueous acid etching was used to
generate the multilayer Ti;C,T, MXene, which was then
delaminated into a single-layer nanosheet to assist in the in
situ development of PPy nanowires. The as-prepared sensor
can quantitatively determine DA and UA because the
diffusion mechanism regulates the catalytic oxidation of DA
and UA. In aspiration of combining the features of MXene
with PEDOT, Wustoni et al. electrochemically synthesised a
PEDOT composite by incorporating MXene as a co-dopant
along with poly(styrene sulfonate) (PSS).”” Strong adhesion to
the Au substrate and enhanced electrochemical
characteristics and durability of PEDOT films were achieved
with the introduction of these double dopants. It was
demonstrated that the PEDOT:PSS:MXene film exhibited
exceptional mechanical and electrochemical stability together
with high volumetric capacitance. Furthermore, the PEDOT:
PSS:MXene electrode enhanced electrochemical activity
toward DA in a linear range from 1 pM to 100 pM.
Boobphahom et al developed a hydrogel using a
combination of titanium dioxide/MXene with polyvinyl
alcohol/graphene oxide (TiO,/MXene-PVA/GO) and this
hydrogel was then used to modify a screen-printed carbon
electrode (SPCE) to detect urinary norepinephrine (NE).”® The
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hydrophilic three-dimensional networks in the PVA/GO
hydrogels result in excellent sample absorption, and
combining them with TiO,/MXene makes them an exciting
modifier for electrochemical sensors for absorbent materials.
The modified electrode offered comparable linear ranges
with a low LOD value compared to earlier reports.
Additionally, the linearity acquired from this sensor (1.0 and
60.0 uM) enables differentiation between healthy individuals
(NE approximately 0.8 uM to 4.0 uM) and patients with
possible neurological problems. The composite was also
utilised for the detection of urine NE by integrating it into
the panty liners of patients, enabling the early identification
of neurological illnesses.

The application of MXene in immobilizing enzymes and
creating biosensors needs additional research due to its
exceptional features and distinctive structure. In line with
this, Xia and his co-workers constructed a simple MXene-
based enzymatic electrochemical biosensor by utilizing the
beneficial properties of MXene and chitosan (Chit).”® Chit
and Ti;C,T, function as a support matrix to immobilise the
cholesterol oxidase (ChOx) enzyme and improve electrical
conductivity. A continuous self-assembling technique created
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nanocomposite for monitoring cholesterol by selectively
oxidizing cholesterol to cholest-4-en-3-one and H,0, (Fig. 8a).
The Chit/ChOx/Ti;C,T, synthesized was demonstrated to
have a porous structure, which helps in improving the
effective surface area of the modified electrode (Fig. 8b). The
electro-oxidation current was monitored using DPV with the
formation of H,0,, the by-product of the ChOx process
(Fig. 8c). Moreover, the suggested electrochemical technique
has demonstrated outstanding stability and reproducibility
for the detection of cholesterol in real samples.

Another type of enzymatic MXene-based sensor was
developed by Hroncekova et al. using Ti;C,T, MXene and
chitosan to detect sarcosine® (Fig. 8d). The 2D multilayered
porous nanostructure of MXene-based layers (Fig. 8e)
provides a great surface area for sarcosine oxidase (SOx)
immobilization, and this leads to improved performance and
sensitivity of the fabricated biosensor.
indirectly detected by amperometric measurement of H,O,
generated during the enzymatic process (Fig. 8f).%° The
modified GCE exhibited a linear range of up to 7.8 uM and a
low detection limit of 18 nM. As a clinical application, the
SOx/MXene-Chi/GCE device was applied to determine
sarcosine in artificial urine samples. These two studies on
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(@) Schematic illustrations of a) Chit/ChOx/TizC,T,/GCE development and the cholesterol reaction mechanism at the modified GCE. (b)

SEM image of Chit/ChOx/TizC,T,/GCE. c) DPV of the Chit/ChOx/TizC,T,/GCE biosensor in different concentrations of cholesterol. (a to c)
Reproduced with permission from ref. 79. Copyright (2021) Elsevier. d) MXene/chitosan nanocomposite modified GCE as a support for sarcosine
oxidase (SOx) immobilisation and indirect sarcosine detection in urine, based on hydrogen peroxide electrochemical reduction. e) SEM image of
the MXene/chitosan nanocomposite. f) Calibration plot of the SOx/MXene-Chi/GCE biosensor. Inset: Current vs. time response of the SOx/MXene-
Chi/GCE biosensor. f) Reproduced with permission from ref. 80. Copyright (2020) Processes.
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MXene-biopolymer-based composites demonstrate the
effectiveness of MXene-based composites in health
monitoring by demonstrating their ability to identify by-
products produced during intricate biological processes.
Similarly, the abundance of active terminations on the
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surface of MXenes enables the incorporation of a diverse
range of polymers through in situ polymerisation or ex situ
blending.”>®'"® The exceptionally high dispersibility of
MXene in water allows for its easy aqueous phase mixing
with any water soluble polymers to fabricate an MXene/
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Fig. 9 a) Schematic representing the fabrication of MXene/NiCo-LDH/GCE. b) Illustration of the mechanism of the oxidation of glucose on the
surface of MXene/NiCo-LDH/GCE in an alkaline solution. c) SEM image and (d) TEM image of the MXene/NiCo-LDH composite. €) The
chronoamperometry curve of MXene/NiCo-LDH/GCE obtained by successive addition of different concentrations of glucose into the electrolyte
every 25 s; inset: magnified image of the marked region in the chronoamperometry curve. (a to e) Reproduced with permission from ref. 55.
Copyright (2019) Elsevier. f) Illustration of the synthesis and fabrication of TizC,/G-MWCNTs/ZnO/GCE for detection of DA. g) SEM image of TizC,/
G-MWCNTs/ZnO. h) DPVs of DA quantitative analysis on TizC,/G-MWCNTs/ZnO/GCE at various concentrations of DA (a to t: 0, 0.01, 0.02, 0.04,
0.08,0.12, 0.2, 0.3, 0.5, 0.8, 1.2, 2, 3, 5, 7, 10, 15, 20, 25, 30 uM); inset: the magnified image of the DPV plot in the concentration range 0, 10, and
20 nM. (f to h) Reproduced with permission from ref. 86. Copyright (2022) Elsevier.
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polymer nanocomposite sensor. Furthermore, polymers can
not only enhance the required electrochemical response but
also prevent the oxidation of MXene.** Optimal blending of
polymers results in the creation of a three-dimensional
network of conductive nanosheets, which in turn aids in the
production of electrochemical sensors.

3.6 Other MXene-hybrid nanocomposites as electrochemical
sensors

Hybridization of MXenes with various electroactive materials is
crucial in enhancing the performance of electrochemical
sensors. For the first time, nickel-cobalt layered double
hydroxide (NiCo-LDH) nanosheets were synthesised on the
surface of Ti;C, MXene using a simple hydrothermal technique,
generating  three-dimensional ~ porous  MXene/NiCo-LDH
nanocomposites (Fig. 9a) that are potentially employed for non-
enzymatic glucose detection in real samples.”® The process of
glucose oxidation on the surface of NiCo-LDH in an alkaline
solution begins with glucose deprotonation, followed by the
simultaneous reduction of Ni(m) to Ni(n) and Co(m) to Co(n)
(Fig. 9b). NiCo-LDH nanosheets grow vertically on the surface of
MXene to generate a 3D porous structure with a large specific
surface area (Fig. 9c and d) and additional ion transport
channels, offering easy glucose access for electrochemical
processes. Due to the outstanding conductivity of the MXene
substrate and the 3D porous structure of the composite, the
electron transfer rate is boosted compared to NiCo-LDH.
Chronoamperometric examinations were performed to detect
glucose (Fig. 9¢), and the composite proved to be a promising
option for non-enzymatic glucose sensing with a wide linearity
range, low detection limit, and rapid response. In another work,
Alanazi et al. proposed a method to fabricate a non-enzymatic
glucose sensor by building Cu,O on the 3D porous structures of
MXene sheets and rGO.** Here, the biosensing catalyst Cu,O was
added by a coprecipitation technique to a 3D binary composite
of MXene and rGO nanosheets synthesised by the hydrothermal
process to form MXene/graphene aerogel/Cu,O composites. A
chronoamperometric study was carried out to understand the
sensing performance of the composite. The fabricated electrode
showed a detection limit of 1.1 uM and two wide linear ranges of
0.1-14 and 15-40 mM, respectively. These findings demonstrate
that, in comparison to a 2D arrangement of MXene and rGO in a
ternary composite, a 3D structure composed of assembled
MXene and rGO will aid in efficient charge transfer and enhance
the sensing activity of the non-enzymatic glucose sensor.

Owing to their inherent negative charges, MXenes can
absorb cations and serve as nucleation sites for the growth of
nanostructures.”” Zheng et al used MXene/DNA/Pd/Pt
nanocomposites for the detection of DA, where the negatively
charged phosphate backbone of the DNA and the metal ions
interact electrostatically to produce MXene/DNA/Pd/Pt
nanocomposites.®® The adsorption of DNA on the surface of
MXene nanosheets through n-m stacking interaction and
successive deposition of Pd/Pt nanoparticles enhances the
electrocatalytic activity towards DA. The developed sensor
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also demonstrated an outstanding response toward DA in
human serum samples. Zhao et al developed a
multifunctional 3D carbon fibre paper-MXene-MoS, (CMM)
sensing interface for the highly sensitive detection of several
biomolecules (AA, DA, UA, and microRNA).** The unique
array structure of the flexible CMM interface promotes the
local enrichment of molecules, which improves the ultra-
sensitive detection of biomolecules from complex fluids.
Using the DPV technique, the CMM electrode was used for
the simultaneous detection of AA, DA, and UA with an LOD
of 0.89 uM, 0.23 uM, and 0.35 uM, respectively. Furthermore,
the modified sensor also exhibited an ultra-high sensitivity of
3.16 aM towards the detection of miRNA. Dang et al
investigated Prussian blue (PB) nanoparticle intercalated
Ti;C, nanosheets (PB NPs/TizC,) for the non-enzymatic
electrochemical detection of H,0, released from living
cells.”® The synergistic effect between PB and Ti;C, on the
structure and performance optimization was connected with
the outstanding electrochemical determination performance
of PB/Ti3C,/GCE. The Ti;C, layers coated with PB NPs had
greater interlayer spacing and prevented PB NP
accumulation, increasing the specific surface area and
apparent exposure of active sites. Additionally, the two-
dimensionally layered Ti;C, and PB NPs provided shorter
diffusion paths for the electrolyte and H,0,, facilitating the
migration of electrons and ions and, in turn, increasing the
reduction process of H,O, on the PB/Ti;C, surface. The
human cervical cancer cells (HeLa) injected with
N-formylmethionyl-leucyl-phenylalanine (fMLP), a stimulant
to destroy cancer cells, were used for real-time analysis to
produce H,0,. The current response of PB/Ti;C,/GCE during
the successive injection of fMLP in the presence and absence
of HeLa cells confirmed that H,O, was produced from the
living tumour cells. Amara et al. designed a composite
material of perylene diimide (PDI) and MXene (Ti;C,T,) for
the electrochemical detection of DA.”’ The obtained
composite was used to modify the graphitic pencil electrode
to detect DA in the 100-1000 pM range with an LOD of 240
nM. PDI has been uniformly wrapped around MXene flakes
via H bonding and n-m stacking. This powerful interaction
creates a stable interface with several active DA adsorption
sites, increasing electrochemical activity. The modified sensor
also showed good responsiveness in human serum samples.
Niamsi et al. fabricated a paper-based screen-printed ionic
liquid/graphene electrode (SPIL-GE) modified with Ti;C,Ty,
PB, glucose oxidase (GOx), and Nafion for the electrochemical
detection of glucose.”” An electrode was created for the first
time using ionic liquid and graphene ink on a paper substrate.
The performance of the SPIL-GE modified with PB/Ti;C,T,/
GOx/Nafion was examined using CV and chronoamperometry
(CA) techniques. The prepared paper-based PB/Ti;C,T,/GOx/
Nafion/SPIL-GE was also used to measure blood glucose
concentration for real sample analysis.

By taking advantage of the affordable non-metal doping,
Chen et al. developed a structure with co-doped nitrogen
(N) and sulphur (S) using thiourea as the doping source on
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the surface of Ti;C, nanosheets (NS-Tiz;C,) to detect uric
acid (UA).”> The composite NS-TizC, was synthesised using
a simple one-step synthesis process, which produced more
active sites due to the doping of N and S atoms, enhancing
electron transport even further. A sensitive colourimetric
method was also proposed to detect UA. The sensor
achieved a linear range of 2-400 uM with a LOD of 0.19 uM
and also detected UA in fresh serum samples. MXene and
CNTs with superior electronic conductivity can be further
hybridised with Cu-MOF to improve their poor conductivity.
As a result, Chen et al. synthesised MXene/CNTs/Cu-MOF
composites to imprint them on glassy carbon electrodes
and to detect tyrosine.”® Cu-MOF also has a high degree of
porosity, which can be used to adsorb analyte molecules
and enhance the detection signal in human serum with a
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high recovery rate. M. Ni et al. used ZnO nanospheres to
improve the electrochemical activity of Tiz;C,—graphitised
multi-walled carbon nanotube composites (Ti;C,/G-
MWCNTs) for the detection of DA®*® (Fig. 9f). The composite
exhibits a decorated structure, which denotes excellent
synergy between the three materials (Fig. 9g). Due to the
unique features of the as-synthesised nanocomposite, such
as fast electron transfer, good electrocatalytic performance,
and excellent electrochemical activity, the sensor exhibits
high sensitivity and detection performance for DA (Fig. 9h).
A wide linear range (0.01-30 uM) with a low detection limit
(3.2 nM) was achieved, and the sensor successfully detected
DA in human serum samples. Assembly of versatile
materials with 2D MZXenes enables combinations of
properties that no single material can provide and also

Table1 Summary of MXene nanocomposite electrochemical sensors for detection of clinically relevant biomarkers

Nanocomposite Analytical Real
category Working electrode Analyte method Limit of detection Linear range sample  Ref.
MXene-metal Tri-AgNP/1-Cys/Ti;C,T, 5-HT DPV 0.08 uM 0.5-150 uM Serum 58
AuNP@Ti;C, 5hmC (0% 6.32 x 1077 uM 6.32x107-6.32 x 10> Tumour 59
UM cells
AuNP@®@ Ti;C,T, UA, FA Amperometry 0.0115 uM (UA) and 0.03-1520 uM (UA) and  Serum 60
0.0062 uM (FA) 0.02-3580 uM (FA)
AuNPs/Ti;C, miRNA-155 DPV 3.5%x107*° uM 1x107°-0.01 uM — 61
Pd/TizC, T, L-Cys Amperometry 0.14 pM 0.5-10 pM Urine 41
MXene-metal MXene/Co;0, H,0, LSV 0.5 uM 0-75 pM Cancer 63
oxide cell
SnO, QD@Ti;C, DA cv 0.002 uM 0.004-8.0 pM Serum 65
and
urine
MXene-MOF TizC,Ty/ZIF-67 Glucose Amperometry 3.81 uM 5-7500 uM — 48
Ce-MOF/Ti;C,T, L-Trp DPV 0.19 pM 0.2-139 uM Blood 66
serum
MOF-Ti;C, DA DPV 0.11 uM 0.09-0.13 uM Blood 47
serum
MXene-carbon  TizC,T,~rGO Serotonin DPV 0.01 uM 0.025-147 pM Blood 68
plasma
MXene-graphene Nicotine DPV and 0.29 uM and 1-55 uM and 0.03-0.6  Saliva 69
amperometry 2.8 X 10! uM uM
Ti;C,Ty/N-rGO AD DPV 0.003 uM 0.01-90.0 pM Urine 50
TizC,T,/rGO EP DPV 0.0035 pM 1-60 uM Urine 71
MXene@ PDA/NH,- AAP DPV 0.001 uM 0.005-60 uM Urine 72
MWCNTs
MXene-polymer Ti;C,T,/PPy DA and UA  DPV 0.37 uM (DA), 12.5-125 uM (DA), — 76
0.15 uM (UA) 50-500 puM (UA)
PEDOT:PSS:MXene DA DPV — 1-100 uM — 77
TiO,/MXene-PVA/GO  NE Amperometry 0.008 pM 0.01-60.0 uM Urine 78
Chit/ChOx/TizC, Ty Cholesterol ~ DPV 1.1 x 107" uM 0.0003-0.0045 uM Serum 79
SOx/MXene-Chi Sarcosine CA 0.018 uM 0.036-7.8 uM Urine 80
Other MXene MZXene/NiCo-LDH Glucose CA 0.53 uM 2-4096 UM Serum 55
hybrid materials MZXene/graphene Glucose CA 1.1 uM 100-1.4 x 10" and Serum 85
aerogel/Cu,O 1.5 x 10*-4 x 10" uM
Ti;C,/DNA/Pd/Pt DA Amperometry 0.03 uM 0.2-1000 uM Serum 88
Carbon fiber AA, DA, UA  DPV 0.89 uM (AA), 0.23 uM (DA), — Serum 89
paper-MXene-MoS, and miRNA and 0.35 uM (UA), miRNA and
(3.16 x 107** uMm) urine
PB NPs/Ti;C, H,0, Amperometry 0.20 uM 0.60-63.6 UM and HeLa 90
63.6-254 uM cells
PDI-MXene DA Amperometry 0.24 uM 100-1000 pM Serum 91
PB/Ti;C,T,/GOx/Nafion Glucose CA 24 UM 80-1.5 x 10" uM Blood 92
NS-TizC, nanosheets UA (6)% 0.19 uM 2-400 pM Serum 93
MXene/CNT/CuMOF Tyrosine DPV 0.19 uM 0.53-232.46 uM Serum 94
Ti3C,/G-MWCNT/ZnO DA DPV 0.0032 pM 0.01-30 uM Serum 86
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create a wide range of heterostructures or ordered
structures, thereby promoting the emergence of high-
performance next generation devices. Table 1 consolidates
recent reports on various MXene-based electrocatalytically
active nanocomposites for the detection of clinically relevant
biomarkers for diagnostic applications in various body
fluids.

4. Conclusions and future
perspectives

MXenes are promising for electrochemical applications
because of their remarkable surface terminal functional
groups, 2D structure, stability, good electrical conductivity,
and processability. However, self-stacking and easy oxidation
of MXenes significantly limit their employability for potential
applications. A pressing challenge in fabricating MXene-
based electrodes is to avoid self-restacking while maintaining
the outstanding electrical conductivity and electrochemical
activity of MXenes. MXene, in conjunction with other
materials, may overcome the fallbacks of pristine MXene and
is suggested to broaden its pertinency in applications ranging
from sustainable energy technologies to point-of-care
diagnostics. Hybridisation of nanostructures with 2D MXenes
enables the tuning of their physical, chemical, and
electrochemical properties by combining the best qualities of
each component and even bringing about synergistic effects.
Compared to pristine MXenes, MXene-based composites
show better peak current, reproducibility, and stability due to
the large specific surface area and the electroactive sites of
MXene in the composites. In addition, during the fabrication
of nanocomposites, the spacers that can be evenly inserted
into MXene nanosheets will have more practical significance
in improving  the electrochemical performance.
Consequently, chemical modification of MZXene using
modifiers that can intercalate into the interlayers rather than
mostly attaching to surfaces will be an attractive choice for
synthesizing hybrid nanomaterials with better electrocatalytic
performance and conductivity.

Plenty of research on the development of various types of
electrochemical sensors has been conducted since the
discovery of MXene. However, the bulk of studies have
remained focused on titanium carbide (TizC,T, materials)®®
owing to its excellent metallic conductivity and stability
across a wide temperature range. Among all MXenes, Ti;C,
shows prominent conductivity and large active surface area
for effective immobilization in view of constructing mediator-
free biosensors. Moreover, exceptional hydrophilicity of
Ti;C,-MXene confers biocompatibility, making it an excellent
material for the development of electrochemical sensors that
can detect biomolecules.”® Thus, Ti;C,-MXene has
demonstrated potential for use in all fields involving
sensitive biomarker detection with a broad linear range and
low detection limit. In this review, we mainly focused on
TizC,T,, the most researched 2D MXene, and its composites
developed for health monitoring. This review initially focused

1784 | Sens. Diagn., 2024, 3,1769-1788

View Article Online

Sensors & Diagnostics

on the hybridization of Ti;C,T, MXene with electroactive
materials such as carbon nanomaterials, metals, metal
oxides, and polymers. Successively, the practical viability of
the nanocomposites toward the detection of various
biomarkers from complex biological fluids has been
reviewed. We present a thorough categorisation and analysis
of different MXene-based nanocomposites, highlighting their
structural-property correlation and underscoring the
influence of MXenes on the improved electrochemical
performance.

However, the study of electrochemical sensors based on
MXenes is still in its early phases, more focus is needed
for their development and employment in real-life
problems. The conductive structure, sensing mechanism,
and sensor performance of MXenes have facilitated their
progressive integration into the field of electrochemical
sensing. By carefully evaluating the benefits of MXenes
and the specific sensing requirements, novel sensing
composites can be developed by integrating MXenes with
other appropriate materials. This approach aims to
optimise the synergistic impact between MXenes and other
phase materials, resulting in a high-performance sensor
with exceptional sensitivity and a broad response range.
Nevertheless, pristine MXenes are susceptible to extreme
oxidation under normal environmental conditions, unlike
other conductive low-dimensional nanomaterials and have
poor stability in air, humidity or water media."® These
constraints of pristine MXenes before compositing can be
resolved to an extent by using proper storage conditions
like an argon environment and exploiting non-aqueous
solvents like ethanol, DMF, etc. Furthermore, a deeper
understanding of the terminal groups of MXenes is highly
essential as these groups and any related defects will
significantly influence the electron transfer rates and
hence sensor's operation. The fundamental understanding
of the interaction of active molecules on the surface of
MXenes is crucial in designing and synthesis of
nanocomposites with enhanced electrochemical
performance. Although several biocompatible MXene-based
composites have been developed, additional research is
still required to fully assess their toxicity and biosafety. As
the detection of clinically relevant biomolecules is still in
its infancy, there are still additional avenues concerning
the simultaneous or individual transduction mechanisms
of numerous clinically relevant biomarkers that require
further investigation. Further investigation into the
biofouling of neurotransmitter sensors in complex
environments could potentially mitigate the logistical
challenges associated with the creation of ubiquitous
devices.
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