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Biosensors have rapidly gained popularity and made significant progress in their applications in recent
years, and a key strategy for the development of advanced biosensors is the utilization of novel structures
with remarkable properties. The emergence of novel nanostructures will significantly improve the per-
formance of sensors and create a new frontier for highly sensitive analysis. MXenes, as an emerging two-
dimensional nanomaterial with a unique layered structure and electrochemical properties, have become
an ideal material for developing high-sensitivity, high-stability, and multifunctional biosensors. In this
review, we systematically summarized the synthesis and modification methods for MXenes and their
current applications in biosensing, including electrochemical sensing, optical sensing, and wearable and
portable sensing. Furthermore, this review offers potential solutions to address the challenges posed by
MXenes in biosensor applications, specifically those related to material stability and biocompatibility. This
review is believed to provide insights into the development of MXenes for biosensing, paving the way for
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1. Introduction

Biosensors are usually characterized by high selectivity, high
sensitivity, and real-time monitoring, which are widely used in
clinical diagnostics," environmental monitoring,> food safety
detection,” and personal health tracking.® For example,
enzyme electrode-based blood glucose sensors have been
widely used to monitor blood glucose levels in diabetic
patients;> metal nanoparticle-based sensors have also been
developed for water quality testing, enabling the efficient
detection of heavy metal ions like lead, mercury, and other
contaminants; antibody-based immunosensors could be used
to detect harmful pathogens in food, such as salmonella.®
Several materials have been applied to biosensors, such as
metal nanoparticles,” carbon nanotubes,® and graphene.’
These materials offer distinct performance characteristics,
making them suitable for different types of biosensors.
However, these biosensors still encounter several challenges in
practical applications. One major issue is their limited sensi-
tivity, particularly when detecting complex biological samples.
This is often caused by interfering substances that reduce the
signal-to-noise ratio, ultimately compromising the sensor’s
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their future translational medical applications.

performance. Other issues include poor selectivity, with many
sensors being easily affected by contaminants, and vulner-
ability to environmental factors like temperature and humid-
ity, which can degrade sensor accuracy. Additionally, the high
cost of preparation and difficulty in mass production remain
significant barriers.

MXenes, a family of two-dimensional (2D) transition metal
carbides, nitrides, or carbonitrides, were initially synthesized
and characterized by the research group led by Prof. Yury
Gogotsi in 2011.""" The synthesis of MXenes was primarily
accomplished through selective etching, which involves remov-
ing the A-layer from the MAX phase using an acidic solution
containing fluorine (e.g., HF and LiF + HCl), and MXene lamel-
lae with a two-dimensional layered structure are thus formed.
MXene flakes are then obtained through ultrasonic dispersion
and liquid-phase exfoliation. Due to their two-dimensional
nature, similar to graphene, the flakes are held together by
weak van der Waals forces, making them prone to exfoliation
and dispersion. During the synthesis process, the surface of
MXenes was introduced with hydroxyl (-OH), fluorine (-F),
and oxide (=O) groups. These groups are integral to their
structure and impart unique properties to the MXene
nanosheets. As a result, MXenes are considered a promising
candidate for use as a carrier in biosensing,'” environmental
protection,”® and signal transmission’® applications.
Moreover, MXenes exhibit several key features that make them
a strong candidate for biosensor applications. Their high elec-
trical conductivity, driven by the unique layered structure and
electronic properties of transition metals, enables efficient
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signal transmission."® These materials also offer large specific
surface areas, which provide abundant active sites for effective
interaction with target molecules.'® Additionally, MXene sur-
faces could be easily modified with functional groups (e.g:,
-OH, -F, -0, etc.), improving their selectivity, stability, and bio-
compatibility, which enhance their performance in bio-
sensors.'””  Furthermore, as two-dimensional materials,
MXenes combine exceptional mechanical strength with a
degree of flexibility, making them ideal for use in wearable or
flexible sensors.'® Finally, compared to other materials,
MXenes demonstrate superior biocompatibility, minimizing
the risk of toxicity when used in biological systems or in vitro
applications."®

This review provides a systematic overview of the advantages
of MXenes in biosensor development, highlighting innovations
in synthesis strategies, sensing mechanisms, and practical
applications. Firstly, we discuss the basic properties of
MXene materials, synthetic methods, and surface modification
functionalization approaches. Secondly, we explore the advan-
tages of MXene materials in the field of biosensors and the use
of MXenes’ excellent electrochemical properties as a biosensing
material in electrochemical sensors, optical biosensors, and
wearable portable biosensors. Along with a detailed examin-
ation of MXene materials, we also discuss the challenges that
MXenes face in practical biosensor applications. We anticipate
that this review will offer fresh perspectives and guidance for
advancing the development of MXene nanocomposite-based
biosensors that are efficient, highly selective, and sensitive.

2. Synthesis and surface modification
of MXenes
2.1. Synthesis of MXenes

The MAX phase is a unique family of layered composite
materials characterized by the general formula M,;AX,
(Fig. 1), where M stands for a transition metal (such as Ti, Nb,
Ta, Mo, or Cr), A is usually an element from groups IIIA or IVA
(like Al, Si, Ga, or Sn), and X represents either carbon (C) or
nitrogen (N). The structure of MAX phases consists of alternat-
ing M and X layers, with A layers positioned between them,
forming a three-dimensional lamellar crystal structure. For
example, in the widely studied MAX phase Ti;AlC,, Ti serves as
the transition metal, Al as the A element, and C as the X com-
ponent. Since the MAX phase material has a layered structure
with weak van der Waals force interactions between the layers,
it is somewhat exfoliative and easy to remove the A-layer by
chemical etching, which provides the conditions for the syn-
thesis of MXenes. MAX phase materials have excellent pro-
perties of both metals and ceramics. They have good electrical
and thermal conductivity and plasticity and, at the same time,
exhibit the high hardness, high temperature, and corrosion re-
sistance of ceramics. MAX phase materials demonstrate excel-
lent stability at elevated temperatures and in corrosive environ-
ments, as well as remarkable mechanical strength and resili-
ence. Following the etching process, the structure of MXenes

2470 | Analyst, 2025, 150, 2469-2488

View Article Online

Analyst

becomes increasingly lamellar, resulting in the formation of a
two-dimensional layered structure comprising transition
metals (M) and carbon or nitrogen (X). For example, TizC,T,
MXenes are obtained from a TizAIC, MAX phase material by a
selective etching process involving the use of hydrofluoric acid
(HF) to remove the Al layer. Graphene is a two-dimensional
material that has been used in the field of biosensors,>® which
include electrochemical sensing,?* optical sensing,?* and bio-
molecular recognition.>® Nevertheless, the advancement of gra-
phene has encountered significant obstacles, primarily due to
its high production costs, considerable variability in properties
across different graphene samples, and the challenge of
scaling up production. Given that MXenes have a structure
that is highly similar to that of graphene and that their per-
formance in electrochemical applications exceeds that of gra-
phene. It can therefore be concluded that biosensors based on
the electrochemical performance advantages of MXenes out-
perform those based on graphene.

At present, the most prevalent method for synthesizing
MXenes is wet chemical etching. The most commonly used
etching agents are hydrofluoric acid (Fig. 2A),>* chloride solu-
tions (e.g., FeCl; and CuCl,),>>*® and mixed solutions of hydro-
gen chloride (HCI) and lithium fluoride (LiF).”” For example,
Wang et al. investigated the impact of HF etching on the micro-
structure of Ti;C,T, and their capacitive properties. They con-
ducted the etching process on a Ti;AlC, MAX phase material
mixed with a 40% aqueous HF solution under stirring con-
ditions for 0.1 to 17 days. The reaction is typically conducted at
room temperature, within the range of 20 to 40 °C. The use of
HF results in the removal of the A layer, comprising the element
Al, leaving the transition metal layer (Ti) and the carbon layer
(C) intact.”® The reaction formula is presented below:

TiAlC, + 3HF — Tiz;C, + 3H, + AlF; (1)

The mixed products resulting from the etching process
were subjected to a series of purification steps, including water
washing and centrifugation, to remove excess fluoride. The dis-
persion was then washed until it reached a neutral pH value,
thereby obtaining an MXene dispersion with a specified con-
centration. By controlling the etching time of the MAX phase
material, observing the changes in internal stress and layer
cracks in TizAlC,, and comparing the maximum specific
capacitance of MXene materials obtained with different
etching times to determine the optimal etching time. This
serves as a valuable framework for synthesizing MXene
materials with outstanding electrochemical performance.

Fluoride-based etching methods are widely applied due to
their simplicity and versatility in synthesizing a broad range of
MXenes. However, these synthetic methods pose challenges
for scalability, hindering their practical applications.
Therefore, Ghidiu et al. used a LiF and HCl mixed solution®’
instead of HF etching and synthesized MXenes with plasticity
and high volumetric capacitance with potential for various
applications with the following reaction formula:

Ti;AlC, + 3LiF + 3HCI — Ti;C, + 3LiCl 4 3H, (2)

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Typical MXene structures and compositions. Reproduced from ref. 10 with permission from WILEY, copyright 2021.

Interestingly, similar to HF etching, LIF/HCI etching leads to
the formation of accordion-like multilayered MXenes, which can
be employed directly in a multitude of applications, including
supercapacitors, desalination, and sensors.”® The LiF + HCl
etching method is capable of circumventing the utilization of the
potent acid HF while concurrently reducing environmental con-
tamination; however, it necessitates a protracted reaction time. As
shown in Fig. 2B-F, Tian et al. used LiF/HCI to prepare an MXene
material and employed a simple vacuum filtration method by
using polystyrene (PS) spheres with different sizes (50-500 nm)
and weight proportions (PS/MXene = 1/1, 1/3, and 1/6) as sacrifi-
cial templates to fabricate self-supporting carbon@MXene elec-
trodes with three-dimensional (3D) mesoporous structures. The
self-supporting electrodes can be used to monitor biological
signals from fingers, wrists, arms and throat.**

Molten salt etching employs molten salts as an etchant to
remove aluminum, primarily by reacting with the aluminum
layer in the MAX phase. Molten salts typically comprise chlor-
ides, fluorides, or chlorofluoride mixtures. Arole et al
employed SnF, to etch Nb,CT, sheets utilizing Nb,AIC as a
substrate under an argon atmosphere at 750 °C for 6-36 hours.
The reaction produced 76% Nb,CT, clay, which was then sub-

This journal is © The Royal Society of Chemistry 2025

jected to hydroxyl modification.*” Urbankowski et al. used flu-
oride salts in the molten state to etch Al of Ti,AIN; powder
species under an argon atmosphere at 550 degree Celsius.
Both few-layer and single-layer Ti,N;T, nanosheets were
obtained by delaminating the prepared MXene.>”*?

Gas-phase selective etching represents a novel approach to
the preparation of MXenes, whereby the A layer is selectively
removed from the MAX phase through a gas-phase reaction,
while the transition metal and carbon (or nitrogen) layers are
retained. This method addresses some of the limitations of
conventional wet etching (e.g., HF solution etching), such as
environmental contamination and liquid handling issues. Guo
et al. developed a minute-scale production method. The high
chemical activity of metal chloride vapor on the interlayer
A-metal layer of the MAX phase makes it an ideal platform for
the production of MXenes (Ti,CCl,) by selective etching of the
MAX phase material (Ti,AlC) under metal chloride (ZnCl,)
vapor.®* This approach has been used effectively for electroca-
talysis by Zhu et al. As shown in Fig. 3, MXenes (Ti,CCl,) were
synthesized by etching the MAX phase material using halogen
gases (such as Cl,, Br,, and I,) or hydrogen halide gases (like
HCI, HBr, and HI), leading to the formation of MXenes.*?

Analyst, 2025, 150, 2469-2488 | 2471
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Fig. 2 (A) Schematic for the synthesis of high-entropy MAX and MXenes (etched by aqueous hydrofluoric acid). Reproduced from ref. 24 with per-
mission from American Chemical Society, copyright 2021. (B—F) Preparation of MXenes using LiF/HCl and applications in sensing. Reproduced from
ref. 31 with permission from American Chemical Society, copyright 2021.
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Fig. 3 (A-D) Schematic of gas etching to prepare MXenes. Reproduced from ref. 35 with permission from ELSEVIER, copyright 2024.
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Subsequently, a suitable etching temperature (873 K) was
determined by regulating the etching temperature to regulate
the etching of elemental Ti, which significantly reduced the
occurrence of Ti atoms. Furthermore, it has been demon-
strated that the use of I, for etching MXenes results in the for-
mation of additional functional groups.

The preparation of MXenes by electrochemical etching rep-
resents a novel method that ensures the absence of fluoride
ions on the MXene surface throughout the etching process.
Consequently, the surface of the synthesized MXene is com-
prised solely of hydroxyl (-OH) and chlorine (-Cl) groups.*®
Liu et al. synthesized Ti,AIC MAX with tunable one-dimen-
sional and two-dimensional morphologies by annealing at
950 °C in the first step, using CNT and rGO as carbon sources
(Fig. 4A). In this process, the MAX phase served as the working
electrode, a molten salt crucible acted as the counter electrode,
and a glass-carbon rod was employed as the quasi-reference
electrode. The one-pot electrochemical etching step, con-
ducted in situ at 500 °C, successfully transformed Ti,AIC MAX
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N

/
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into Ti,CT, MXene.?” Chan et al. used HBF, as the electrolyte
and Pt wire as the cathode, with the anodic polarisation of the
MAX phase triggering the dissolution of aluminum (Fig. 4B-
D). The time and temperature required for etching in HBF,
species were subsequently reduced by varying the applied
voltage, and the release of HF during etching was diminished.
The electrochemical etching of HBF, was observed to be a
gentler, faster, and safer process than conventional chemical
methods utilizing HF-based etchants, with yields reaching as
high as 85%.%® The synthesis of MXenes can be achieved
through a number of different methods, each with its own dis-
tinctive advantages and limitations. It is possible that more
efficient, environmentally friendly, and low-cost synthesis
methods may be proposed in the future as a result of further
research and technological advancement. In conclusion, the
preparation of two-dimensional MXene sheets with high
electrochemical properties represents a crucial step in their
potential application in biosensors. Table 1 summarizes the
basic methods for synthesizing MXenes.

Liquid Al and Ti 1D Ti,AlC

Liquid Al and Ti
s
2 =
rGO

In-situ
electrochemical
etching

1.3V, 500 °C

Fig. 4 (A) Schematic illustration of the fabrication process of Ti,AlC and E-Ti,CT,. Reproduced from ref. 37 with permission from WILEY, copyright
2023. (B) Schematic illustration of the setup to etch EE-Ti,Cs. (C) SEM image of EE-TizC, multilayer powder. (D) TEM image of a delaminated
EE-TisC, flake. Reproduced from ref. 38 with permission from the Royal Society of Chemistry, copyright 2024.
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Table 1 Methods for synthesizing MXenes

Method Etchant Advantages Disadvantages Ref.

Hydrofluoric acid (HF) HF Simple process, fast etching rate, high yield, Toxic and uneven functional 28

etching and rich surface functional groups groups

MILD (in situ HCI + LiF Safety, uniform surface functional groups, Long reaction time, high cost,and 27 and 29

generation of HF) and high stripping efficiency restricted types

Molten salt etching ZnCl,/KCl/LiF (molten A wide range of etching possibilities, High temperatures, complex 32 and 33
salt system) fluorine-free, and productive process, and high costs

Electrochemical Weakly acidic Tender conditions and a controllable High cost and complexity of 37 and 38

etching electrolyte (e.g. H,SO,) number of layers requirements

Gas-phase selective Cl,, I, etc. Product high conductivity High temperature conditions 35

etching TiCl,/CHy, etc. Large area preparation and excellent Equipment complexity, high cost,

compatibility

2.2. Surface modification of MXenes

Surface modification and functionalization of MXenes are key
factors to enhance their sensitivity and selectivity in bio-
sensors. By chemically modifying the surface of MXenes, it is
possible to effectively regulate their surface properties,
increase their biocompatibility, and improve their sensitivity
and selectivity, thus promoting their wide application in bio-
sensors. The improvement in biosensor performance through
the surface modification and functionalization of MXenes is
primarily seen in the following ways: firstly, surface modifi-
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cations of MXenes can increase their affinity for target mole-
cules, thereby enhancing the biosensor’s response range and
speed. Divya et al. modified MXene materials with gold nano-
particle-modified biomimetic bilayer lipid membranes
(AuNP@BLM), and the synergistic combination of MXenes and
AuNP®@BLM proved to be effective in increasing the detection
signal by several fold.>* Wang et al. developed TDN-modified
MXenes as innovative probes for gliotoxin sensing (Fig. 5A).
MXene nanosheets provide a large surface for TDN adsorption
and signal transduction, with the titanium on their surface
facilitating easy assembly of TDNs without costly or complex

APTES
_ Functionalization®*

APTES functionalized MXene
FTisC,

Fig. 5 (A) Schematic illustration of the preparation of the TDN/MXene modified electrode and the principle of the TDN/MXene-based electro-
chemical sensor for gliotoxin detection. Reproduced from ref. 40 with permission from ELSEVIER, copyright 2019. (B) Schematic illustration of
TizC,-MXene functionalization. The aluminum layer is etched from the TizAlC,-MAX phase, which delaminates into 2D nanosheets; the sheets
consist of two layers of carbon sandwiched between three layers of titanium with the surface of titanium randomly terminated with —OH, —O, and
—F functional groups. Aminosilane (APTES) is then used to functionalize the TizC,-MXene surface. Reproduced from ref. 41 with permission from

ELSEVIER, copyright 2018.
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modifications. The TDNs act as rigid scaffolds to maintain
suitable orientation, enhancing molecular recognition and
signal amplification on the electrode. Additionally, the glio-
toxin aptamer further improves the efficient and cost-effective
detection of the analyte.”’ In addition, surface modification
and functionalization can improve the biocompatibility of
MXenes. Since the original surface of MXenes is chemically
active, their surface functional groups may sometimes be
unsuitable for direct contact with certain biological samples.
The incorporation of biocompatible materials with favorable
biocompatibility through surface modification can enhance
the biocompatibility of MXenes, rendering them suitable for
prolonged utilization in biosensors and circumventing the
potential cytotoxicity and allergic reactions that may arise from
direct exposure. Because of the existence of -OH terminal
groups, MXenes can be functionalized using silylation
reagents to produce MXene nanosheets patterned with amino
silane moieties (Fig. 5B). This modification enables NHS/EDC-
based amine coupling, allowing for the covalent immobiliz-
ation of receptors, such as antibodies.*" Jiang et al. introduced
an FM-Exo hydrogel, a blend of MXenes and M2 macrophage
exosomes, which enhances diabetic wound healing by counter-
acting immunosuppression caused by high glucose. This strat-
egy holds promise for treating diabetic wounds and other
inflammation-related tissue repairs using MXene-based bio-
sensors.”? Therefore, through surface functionalization, the
chemical and physical stability of MXenes can be significantly
improved, especially in the complex environment of biological
samples; surface modification can also reduce interference,
prevent non-specific adsorption, and enhance the long-term
stability of the sensor.

The primary surface modification and functionalization
strategies for MXenes include the introduction of functional
groups, modified polymers, metal nanoparticles and other
nanomaterial composites. Firstly, the introduction of func-
tional groups represents a common approach for surface
modification of MXenes, which naturally exhibit functional
groups such as hydroxyl (-OH), oxygen (-O) and fluorine (-F)
groups, which provide strong chemical activity and are capable
of binding to a wide range of biomolecules (antibodies, DNA,
enzymes, etc.). Further modification of these functional groups
can result in a notable enhancement of MXenes’ ability to
bind biomolecules. For instance, the incorporation of a car-
boxyl group (-COOH) can augment the affinity with bio-
molecules, particularly between antibodies and antigens,*
and enhance the sensitivity of electrochemical sensors. On the
other hand, the introduction of an amino (-NH,) group
enhances the binding ability of MXenes** with negatively
charged biomolecules (e.g., DNA and RNA), thereby improving
performance in areas such as genetic testing. Furthermore, the
incorporation of a sulfur (-SH) group facilitates the interaction
of MXenes with biomolecules,*” including metal ions and pro-
teins, thus enhancing the selectivity and sensitivity of the
sensor. Secondly, polymer modification is another effective
strategy to improve the biosensing performance of MXenes. By
modifying polymers such as polyvinyl alcohol (PVA), polypyr-

This journal is © The Royal Society of Chemistry 2025

View Article Online

Minireview

role (PPy), or polyethyleneimine (PEI) onto the surface of
MXenes, it is possible to effectively improve their biocompat-
ibility and modulate their hydrophilicity, conductivity, and
stability. For example, the modification of PVA can improve the
biosolubility and stability of MXenes,*® while the modification
of polypyrrole’” enhances the electrochemical response and
improves the efficiency of signal transmission. PEI-modified
MXenes*® exhibit strong binding capability for detecting bio-
molecules like DNA and proteins, thereby boosting sensor
signal strength. Additionally, modifying MXenes with metal
nanoparticles (such as gold, silver, or copper) is a common
approach to enhance biosensor performance. The catalytic
properties of these metals, along with the surface plasmon
resonance (SPR) effect, can improve electrochemical signals,
leading to increased sensitivity of the sensor. In electro-
chemical detection, metal-modified MXenes can accelerate the
reaction of target molecules and enhance the signal change.*®
In addition, the composite of MXenes with carbon-based
nanomaterials (graphene, carbon nanotubes, etc.) can
enhance the electrochemical sensing performance by increas-
ing the electrical conductivity, increasing the specific surface
area, and improving the biomolecule adsorption ability. Metal
oxide (e.g., ZnO, CuO, and TiO,) modification can enhance the
potential of MXenes for photocatalysis and biosensing appli-
cations, especially in the detection of heavy metal ions and
DNA analysis. Although significant progress has been made in
the surface modification of MXenes for biosensing appli-
cations, there is still a long way to go before real-time biosen-
sing becomes a reality.

3. Advantages of MXenes as
biosensing materials

Compared to conventional sensing materials (metal oxides,
graphene, carbon nanotubes, and conductive polymers),
MXenes exhibit significant advantages, which are mainly in
the areas of electrical conductivity, mechanical properties,
multifunctionality, and processability. Firstly, MXenes exhibit
high electrical conductivity, with values ranging from 850 to in
excess of 20000 S ecm™%,'*'1°% which can be attributed to the
weak bonding between the transition metal layers (e.g. Ti, Nb,
and Ta) and the carbon or nitrogen layers of MXenes. In this
structure, the d-electron clouds of the transition metal atoms
permit MXenes to readily conduct electricity in the presence of
an electric field, thereby achieving electrical conductivity that
is often comparable to, or even exceeds, that of many metallic
materials. In comparison, the intrinsic conductivity of metal
oxides is typically below 10" S ecm™, and the majority of these
materials require doping or external stimulation (e.g., heating
or application of an electric field) to achieve significant
improvements in conductivity properties. For example, tita-
nium dioxide (TiO,) has a very low intrinsic conductivity
(10™*-10"® S em™") and is usually an insulator or a wide-band-
width semiconductor, which can be improved by doping (e.g:,
nitrogen, fluorine, or transition metals).>! The electrical con-
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ductivity of a material depends on the mobility and density of
charge carriers. Graphene has the potential to function as an
excellent conductor; however, the development of macroscopic
graphene materials with optimal electrical properties remains
a significant challenge. Furthermore, the high electron mobi-
lity of graphene is contingent upon its structural integrity and
substrate.”® The majority of reported graphene (or graphene
derivatives) reinforced metal matrix composites have demon-
strated electrical conductivity that is not superior to that of
pure metal matrix composites.>*>*

Although carbon nanotubes are also potential two-dimen-
sional nanomaterials for biosensing, MXenes are considered
superior due to their larger surface area, enhanced electrical
conductivity, more versatile surface chemistry, and hydrophili-
city, which renders them more compatible with biological
environments. While CNTs are mechanically robust and
stable, MXenes demonstrate superior resilience to heat and
chemicals, rendering them optimal for biosensing in humid
environments.’® Conducting polymers (polyaniline, polypyr-
role, polyacetylene, etc.) typically have low electrical conduc-
tivity and need to be doped or modified to significantly
enhance the conductivity. Conductive polymers offer signifi-
cant advantages in the field of flexible and transparent electro-
des; however, they exhibit lower conductivity and stability than
MXenes. Secondly, the numerous surface functional groups of
MXenes can be chemically modified to bind to target mole-
cules, metal nanoparticles or polymers, thereby enhancing the
selectivity and stability of the sensors. For example, hydroxyl
(-OH) and oxygen (-O) groups can effectively improve the
surface hydrophilicity of MXenes,”” and these groups can also
facilitate catalytic processes in electrochemical reactions.
Furthermore, these surface functional groups are capable of
interacting with charge vectors, thereby optimizing the carrier
transport paths and thus enhancing the electrical conductivity.
This confers significant advantages upon MZXenes in the
context of electronic devices, sensors and energy storage. In
energy storage devices such as supercapacitors®® and lithium-
ion batteries,”>*® MXene electrode materials facilitate rapid
electron transfer, thereby enhancing charge and discharge
rates and energy density. In contrast, materials such as gra-
phene typically require complex chemical modifications to
achieve comparable results.

The high specific surface area of MXenes is also a remark-
able property of the material, and this property brings great
advantages in a variety of applications, especially in energy
storage,®® catalysis,®* sensors,®® and environmental remedia-
tion.®® The two-dimensional structure of MXenes endows them
with an exceptionally high specific surface area, which is
markedly larger than that of conventional three-dimensional
materials. The 2D structure of the material allows each atom
to be exposed to the surface, thereby facilitating greater invol-
vement of surface atoms in the reaction and adsorption pro-
cesses of the substance, which in turn increases the active
surface area. The presence of additional surface sites enables
the storage and transfer of charge over a more extensive area,
thereby enhancing the efficiency and power density of energy
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storage devices.®® Furthermore, the hydroxyl (-OH) and oxygen
(-O) groups on the surface of MXenes can enhance the chemi-
cal reactivity and affinity of MXenes, enabling them to interact
with a wide range of molecules and ions, thus providing
additional adsorption sites. In catalytic reactions,**®” the reac-
tants typically interact with the catalyst’s surface, meaning that
an increased surface area directly enhances catalytic efficiency.
The high specific surface area of MXenes allows them to
adsorb more reactant molecules, offering more active sites and
thereby boosting the catalytic rate. Additionally, MXenes can
be employed as gas sensing®®®® materials for the identification
of noxious gases, including ammonia, nitrogen dioxide, and
nitrogen oxides. The provision of additional adsorption sites
enables MXenes to markedly enhance the sensitivity and
response speed of gas detection. In water treatment,”®”" the
high specific surface area of MXenes enables the effective
removal of heavy metal ions and organic pollutants from
water. The adsorption of contaminants by MXenes facilitates
the purification of water and mitigates the risk of water
pollution.

MXenes also exhibit favorable mechanical flexibility and
ductility, enabling them to adapt to bending or stretching
environments. This is mainly due to the lamellar structure and
interlayer interactions of MXenes themselves, endowing them
with superior elasticity and ductility under stress.”
Consequently, the weak interactions between the layers permit
the slippage of MXenes when subjected to external forces, pre-
venting fracture or disintegration. MXenes exhibit enhanced
toughness and greater deformability when subjected to tensile
or compressive forces than conventional brittle materials. This
indicates that MXenes are capable of maintaining stability in
high-stress environments and of efficiently absorbing mechan-
ical energy in order to prevent rupture. Li et al. developed a
self-powered piezoelectric sensor with an electrolyte layer and
MXene/AgNP electrodes. The 2D MXene nanosheets offer
abundant ion channels, while AgNPs prevent self-stacking,
allowing the sensor to generate a high voltage of 11.1 mV at
0.7% strain. It shows excellent stability, maintaining 95% of
its signal after 13 000 seconds of cyclic bending. Additionally,
the sensor can be attached to a glove to produce electrical
signals in pulse or square wave form through finger move-
ments, enabling information transmission via the Morse
code.” The functional groups present on the surface of
MXenes, including the hydroxyl (-OH) and oxygen (-O) groups,
not only facilitate electrochemical reactions but also influence
the mechanical properties of MXenes. Functional groups also
can enhance the interfacial bonding between MXenes and
other materials, especially in composites, and enhance their
mechanical stability. This renders it an optimal material for
flexible and wearable sensors, whereas metal oxides frequently
encounter difficulties in meeting such requirements due to
their inherent brittleness. For example,”® the incorporation of
MXenes into polymer, metal or ceramic matrices can signifi-
cantly improve the strength, toughness and wear resistance of
composite materials. In particular, within the aerospace and
automotive industries, where high performance is a prerequi-
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site, MXene composites are capable of reducing the weight of
the materials while simultaneously increasing their strength.”*
The Ti;C, MXene is used as a toughening and reinforcing
agent in carbon fiber-reinforced composites which exhibit
high tensile strength and impact resistance. MXenes are
employed extensively in flexible electronic devices’”> due to
their high toughness and ductility. For instance, in devices
such as flexible supercapacitors,’® batteries,”” and sensors,”®
MXene electrode materials are capable of withstanding
repeated bending and stretching without compromising their
electrical conductivity and structural stability. The Ti;C,
MXene retains its superior electrochemical properties after
repeated mechanical stretching, making it an optimal material
for flexible electronic devices.”® Furthermore, its wet processa-
bility (film formation and fibrillation) is superior, rendering it
suitable for the industrial preparation of thin film and fiber
sensors. In comparison, materials such as carbon nanotubes
are more challenging to process. Collectively, MXenes demon-
strate considerable potential as sensing materials in the
domain of biosensors, combining high electrical conductivity,
chemical versatility, mechanical flexibility, and processability.
This compensates for the limitations of traditional materials.

4. MXenes as biosensors

The advancement of biosensors is inextricably linked to the
development of newer generations of biosensing materials,
particularly the emergence and enhancement of nano-
materials. Nanomaterials applied to sensors should exhibit
high conductivity, a high specific surface area, good mechani-
cal strength, and potential biocompatibility. Given that
MXenes have already demonstrated excellent electrochemical
properties in supercapacitors and batteries. Moreover, the
inherent characteristics of MXene materials align well with the
performance requirements for biosensor applications. As a
result, researchers have increasingly leveraged the exceptional
electrochemical properties of MXene-based nanocomposites to
develop innovative biosensing platforms. This section will
focus on the application of MXenes in the development of
biosensors.

4.1. MXene based electrochemical biosensors

Electrochemical sensors represent the most prevalent category
of biosensors. Given that MXenes have already exhibited note-
worthy electrochemical functionality in supercapacitors,®%*
batteries,®*® and other domains, they are promising candi-
dates for biosensor development. Consequently, there has
been a notable increase in the development and application of
MXene biosensors.

4.1.1. MXene based sensors for cancer biomarkers. The
presence of cancer markers is crucial for the early diagnosis
and monitoring of cancer. However, during the early stages of
cancer or in small tumors, these markers are often present at
extremely low concentrations, which can hinder their detection
during early screening. It is possible that numerous markers
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may not attain sufficient concentrations in the early stages of
cancer or when tumors are small. This may result in a
reduction in the sensitivity of the assay and the failure to
identify the optimal time for treatment. Some highly sensitive
assays (such as mass spectrometry and nucleic acid amplifica-
tion techniques) require expensive equipment and complex
operations, which limits their widespread use in clinical set-
tings, particularly in resource-limited areas. The sensitivity of
the monitoring range and the cost of monitoring are crucial
indicators for the timely treatment of cancer. MXenes can
selectively capture cancer markers through surface modifi-
cation with various biomolecules, including antibodies, DNA
probes, and other biomolecules. When the MXene surface is
modified with a specific antibody, the electrochemical signal
undergoes a change when the target molecule (e.g. tumor
marker) binds to the MXene surface. This enables the sensor
to detect the cancer marker in a rapid and sensitive manner.
Zare et al. designed an electrochemical aptasensor platform
for the accurate detection of HER2, a critical biomarker linked
to breast cancer. The sensor was fabricated by functionalizing
TiVC-MXene nanosheets with gold nanoparticles, followed by
the immobilization of thiolated HER2 aptamers loaded with
Pb”>* ions onto the electrode surface. Subsequently, the HER2-
specific aptamer was attached to the surface of SPCE/
TiVC-MXene/Au NPs via a covalent bond between the Au NPs
and the thiolated aptamer. The presence of Au NPs ensured
the high conductivity of the aptasensor and effective binding
of the aptamer to the surface of the SPCE/TiVC-MXene, as well
as enlarging the active surface of the biosensor. The large
surface area of the TiVC MXene significantly improves the bio-
sensor’s conductivity and enhances aptamer loading efficiency
for biomarker detection. Upon HER2 binding, the aptamer
selectively interacts with the target, reducing its affinity for
Pb>* ions. This leads to an increase in free Pb®" concentration
and peak current, enabling accurate HER2 monitoring.%®
Sanjayan et al. used EDC-NHS chemistry to functionalize
MXene nanosheets (MNSs) with carcinoembryonic antigen
(CEA) antibodies after increasing the layer spacing of MXene
nanosheets by hydrothermal treatment to form MNS-CEA Abs
(Fig. 6). The formation of biocoupling between CEA antibodies
and MNSs markedly improves the selectivity of electrochemical
biosensors for CEA biomarkers.*” Subsequently, the charge
transfer characteristics and resistance alterations at the elec-
trode interface are examined through the utilization of cyclic
voltammetry (CV) and impedance analysis, thereby facilitating
the precise identification of cancer biomarkers within clinical
specimens.

4.1.2. Glucose sensors. The principal function of a sensor
for the monitoring of diabetes® is the detection of the blood
glucose concentration in blood or tissue fluids, followed by the
conversion of this data into an electrical signal for real-time
monitoring by medical professionals or patients. However,
existing sensors are prone to errors, particularly at very low or
very high blood glucose concentrations. The popularity of
these sensors has been constrained by a number of factors,
including their susceptibility to external influences, shorter
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(A) Schematic illustration of the synthesis of MXene (TisC,T,) nanosheets by using the hydrothermal method. (B) Functionalization of MNSs

with CEA Abs. (C) CV curves of the bare GCE, MXenes, and MNSs at a scan rate of 50 mV s™. (D) Scan rate study of MNSs. (E) Linear plot of the
change in oxidation and reduction current vs. scan rate. (F) EIS spectra of the bare GCE, MNSs, MNS CEA Abs, and MXenes. (G) CV curves of MNS
CEA Abs with an increase in the CEA biomarker analyte. (H) EIS response of MNS CEA Abs upon addition of the CEA biomarker analyte. () Linear plot
of EIS response MNS CEA Abs vs. the CEA biomarker analyte. Reproduced from ref. 87 with permission from ELSEVIER, copyright 2025.

lifespans, and higher costs. Two-dimensional nanomaterial
MXenes have the potential to address these issues to a certain
extent. Bian et al. electrodeposited a layer of conical gold nano-
structures (AuTNs) with MXenes coated on a glassy carbon
electrode (GCE). As shown in Fig. 7, the high surface area ratio
of AuTNs on the MXene layer could increase the number of
active sites and allow easy adsorption of glucose molecules.
Due to the high conductivity of the MXene layer, the transfer
of electronic charge from AuTNs to GCE is accelerated during
glucose oxidation. By analyzing the current density of the oxi-
dation peak and the current difference based on the pulse
potential during the electrochemical process, the concen-
tration of glucose can be accurately monitored by the CV test
and DPV test. The modified AuTNs/MXene/GCE electrode has
a wide linear range, a low detection limit (0.1 nM), and a fast
response time (1.0 s). In healthy individuals, acetone levels in
breath are typically below 1 ppm (ranging from 0.3 to
0.9 ppm), whereas they rise to 2.7 ppm and 2 ppm in patients
with type 2 and type 1 diabetes,® respectively. Hence, detect-
ing acetone concentrations at sub-ppm or even ppb levels is
essential for the early diagnosis of diabetes.’® Breath-based
biosensors have the advantage of being non-invasive and
easily reproducible, unlike the cumbersome nature of blood
and urine tests. Ruide et al utilized CrWO/MXene nano-
composites as the sensing material in a chemo-resistive
sensor. The semiconductor material reacts with acetone in the
air and produces resistance changes related to acetone levels.
Due to the two-dimensional composite structure, huge surface
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and interfacial surfaces and abundant active sites. The highest
sensitivity to 2.86 ppm acetone at room temperature is
achieved with a detection limit of 0.1 ppm.®" Siraj et al. pre-
pared a MoS,/Ti;C,T, material and a contact-type flexible and
highly selective acetone gas biosensor based on the MoS,/
Ti;C,T, material. The biosensor demonstrated a high level of
sensitivity (R = 5.84%) to acetone concentrations ranging from
5 to 30 ppm at room temperature.’?

4.1.3. MXene based sensors for environmental contami-
nants. Due to their high surface area and exceptional electrical
conductivity, MXene materials are extensively applied in
environmental contaminant detection. MXene-based bio-
sensors are particularly effective for monitoring environmental
factors like water and air quality, with a focus on detecting
heavy metal ions®*°* and toxic gases.”® Given that MXene sur-
faces can chemically bind or electrostatically interact with
these metal ions,’® they can be employed as electrochemical
sensor materials to detect metal ion concentrations through
electrochemical reactions, including cyclic voltammetry and
differential pulse voltammetry. For example, TizC, MXene
materials are used to detect Cd*" and Pb*' ions,®” and the
change in their electrochemical signals can be used to quan-
tify the concentration of lead ions in water. Lead contami-
nation is linked to severe health issues, such as central
nervous system damage, anemia, kidney dysfunction, and cog-
nitive and behavioral impairments.®® Blood lead levels are cur-
rently the most reliable indicator of health risks from
exposure. In a recent study, Au NPs (AuNP)-Ti;C,T, hetero-
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Reproduced from ref. 89 with permission from ELSEVIER, copyright 2024.

structures were employed as anode materials (Fig. 8), while Co,
Mn-N-doped carbon nanosheets served as cathode catalysts to
create a self-powered, enzyme-free biofuel cell (BFC-SPS) for
lead ion detection in human plasma. This BFC-SPS demon-
strated remarkable stability, selectivity, and effectiveness in
detecting Pb>* in plasma.’® Similarly, mercury ions (Hg>*) can
bind specifically to sulfur groups (-SH) on MXene surfaces,
enabling highly sensitive electrochemical detection of
mercury.'%

In addition to heavy metal ions, MXenes have also been
employed for monitoring organic pollutants in water. Through
the modification of surface functional groups, MXenes can
effectively adsorb benzene,'®' phenolic compounds,'®® pesti-
cides and other organic pollutants,'® This makes it an ideal
material for use in environmental water quality monitoring
and water purification,'®® thus providing a healthy living
environment for organisms. Therefore, MXene materials also
hold great potential in biosensors for environmental
monitoring.

4.1.4. MXene based gas sensors. Gas sensors have a wide
range of applications in respiratory monitoring, diagnostics,
therapeutics and toxic gas monitoring.'®>'°® MXenes can be
used to design gas sensors with high sensitivity and selectivity
by adsorbing gas molecules and changing their electrical or
electrochemical properties. Nitrogen dioxide (NO,) is a highly
hazardous irritant gas. Prolonged inhalation of this substance
can lead to lung organ disease and an increased susceptibility
to respiratory infections. Those with underlying respiratory
conditions, the elderly and children are particularly suscep-
tible to the effects of NO, exposure. Le et al. engineered TizC,-
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MoS, composites by integrating 2D MXenes with MoS,, achiev-
ing high conductivity and surface functionalization. The Tiz;C,
MXene surface, enriched with active terminal groups (-OH,
-F), interacts with atmospheric O, molecules, partially catalyz-
ing their decomposition into atomic oxygen (O). These oxygen
species, along with residual O,, extract electrons from MXenes
via surface terminations, generating oxygen ions (0°7/O7)
anchored on the material. Concurrently, the MoS, component
physisorbs NO, molecules, which exhibit strong electrophili-
city and readily capture electrons from the composite. The inti-
mate interfacial contact between MoS, and MXenes facilitates
the migration of oxygen ions (0*7/O7) to MoS,, where they
supply electrons to adsorbed NO,. This electron transfer
mechanism induces measurable resistance changes, enabling
real-time NO, monitoring.'”” Another report demonstrated
that a novel gas sensor based on rGO/MXenes'%® exhibited a
sensitive and reproducible response to NO, attributed to their
abundant active surface sites, excellent conductivity, and
expansive surface area. Furthermore, the rGO/Ti;C,T, hetero-
structure exhibits response signals to additional toxic gases,
including CH, and C;Hg. This suggests that it could be a
promising material for sensing a range of toxic gases.

4.1.5. MXene based electrochemical wearable biosensors.
Wearable portable sensors represent a crucial element in the
development of wearable medical and health monitoring pro-
ducts, offering significant potential for advancing research in
this field. As shown in Fig. 9A and B, wearable portable
sensors are distinguished by their exceptional flexibility, which
allows for the utilization of flexible conductive fibers as elec-
troactive components.'® The flexibility and malleability of
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MXenes make them ideal materials for the fabrication of flex-
ible fiber sensors and thin-film sensors. As the fibers are flex-
ible, knittable, and easy to integrate, the preparation of
MXenes in fiber form for wearable portable sensors can greatly
enhance the universality and convenience of the sensors.
Wang et al. proposed a layered sensing fiber based on the prin-
ciple of electrostatic adsorption and hydrogen bonding inter-
actions (Fig. 9C), where MXene/thermoplastic polyurethane
(TPU) composite fibers with high strain were obtained by wet
spinning, and then polypyrrole (PPy) was coated on the surface
of the composite fibers. Finally, the fibers were encapsulated
for protection. The hierarchical fiber strain sensor boasts an
impressive gauge factor (ranging from 60 to 3.23 x 10°) and
wide sensing range (0-10°%), with excellent stretchability
(>750%) and a modulus of 12 MPa."'° This sensor can monitor
real-time deformations in various body joints during physical
activity, track leg swelling in varicose vein patients, and exhibit
significant Joule heating effects, paving the way for advance-
ments in multifunctional intelligent biosensors. Because it
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has a large surface area, the film can receive and transmit
monitoring signals in a large range, quickly and sensibly, and
can also greatly improve the sensitivity of wearable portable
sensors. In a recent study, Zhang et al. successfully fabricated
a wearable MXene-based respiratory sensor and integrated it
into a mask (Fig. 9D-H). The sensor employs the thermoelec-
tric effect of the MXene/CNT/PEDOT : PSS composite film to
generate a voltage signal based on the Seebeck effect, which is
used to monitor the respiration rate of an organism.""'
Furthermore, the sensor displays considerable potential for
use in EMI shielding and self-heating applications. When inte-
grated with heart rate monitoring, it becomes a viable tool for
real-time human health monitoring.'*>"*? Table 2 summarizes
the applications of MXene composite materials in the field of
sensing.

4.2. MXene based optical biosensors

MXenes provide a new strategy for optical biosensing by virtue
of their broad spectral absorption,"'* high photothermal con-
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version efficiency,"">"'®  surface plasmon  resonance

(SPR)"'7''® properties, and abundant surface functional
groups.™ 2 Sun et al. developed a hydrogel by incorporating
MXene nanosheets into a polyampholyte matrix of dimethyl-
aminoethyl acrylate quaternized ammonium (DMAEA-Q) and
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NaSs. The resulting EPAM hydrogels displayed excellent infra-
red imaging performance and cycling stability under light
exposure. The photothermal conversion mechanism, driven by
MXenes’ localized surface plasmon resonance (LSPR) effect,
generates photothermal electrons that produce measurable
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Table 2 Sensing applications of MXenes

Material Target Linear range Limit of detection Ref.
SPCE/TiVC-MXene/Au NPs/Pb**-aptamer ~ HER2 1.0-1200 pg mL™" 50 fg mL™" 86
MNS CEA Abs CEA 1-25 pg mL™" 3.2 pg mL™" 87
AuTNs/MXene/GCE Enzyme-free glucose 0.1 nM-10.0 mM 1.43 nM 89
MXA-CuO/CC cd*'/pb** 4pg L7'-800 pg L™ /4 pg L™'-1200 pg L™" 0.3 pgL7Y/0.2 pgL™" 97
Au NPs-Ti;C, Ty Pb** 0.01-7500 nM 0.43 pM 99
MXene-GSH Hg™ 140-540 nM 1.16 nM 100
GCE/Ti3C,T,-Fe,05 Hydrogen peroxide 10-1000 nM 7.46 nM 111
PEI-RU@Ti;C,@AuNPs SARS-CoV-2 RdRp gene  0-500 x 10™° nM 12.8 nM 112
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American Chemical Society, copyright 2020. (B) Schematic illustration of a ratiometric fluoresce
Reproduced from ref. 124 with permission from American Chemical Society, copyright 2020.
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(A) Principles of a label-free and visualised nanoplasma strategy for silver ion sensing. Reproduced from ref. 122 with permission from

nce strategy for the detection of H,O, and xanthine.
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temperature signals, highlighting the sensor’s reliability and
stability. Furthermore, the photoresponsive sensor exhibits
self-healing and swelling resistance, paving the way for the
development of next-generation MXene-based photoresponsive
sensors.'*!

4.2.1. MXene based colorimetric biosensors. MXenes are
highly suitable for colorimetric biosensors due to their excep-
tional properties, such as facile functionalization, large surface
area, hydrophilicity, and superior conductivity. As shown in
Fig. 10A, Wang et al. designed a label-free colorimetric sensor
based on Ti;C, MXene-polyacrylic acid (PAA) composites for
Ag' detection. The sensor demonstrated remarkable stability
in aqueous solutions and efficiently reduced Ag" ions, leading
to a visible color change that enabled quantitative Ag" analysis
with a detection limit of 615 nM, making it suitable for rapid
Ag" screening in drinking water."”* In another study, Li et al.
utilized a NiFeLDH-modified Tiz;C, MXene as a nanozyme to
catalyze the oxidation of 3,3’,5,5"-tetramethylbenzidine (TMB),
resulting in a distinct blue color change for glutathione
detection.'*?

4.2.2. MXene based fluorescent biosensors. MXenes
exhibit significant potential in fluorescence detection owing to
their excellent dispersibility and distinct optical character-
istics. For instance, Ti;C,T, quantum dots (ranging from nano-
meters to tens of nanometers in size) demonstrate tunable
luminescence upon photon excitation, whereas TizC,T,
nanosheets display broad-spectrum light absorption.'**
Enhanced doping strategies and scalable synthesis of MXene
quantum dots further amplify their applicability in high-sensi-
tivity fluorescence sensing platforms (Fig. 10B). After surface
modification of MXenes using amino groups on the surface of
polyethyleneimine, Chen et al. made it possible to deprotonate
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or protonate at different pH values. The pH-responsive Ti;C,
quantum dots produced a fluorescence peak at 460 nm due to
electron localisation. In contrast, pH-responsive [Ru(dpp);]Cl,
exhibited fluorescence intensity at 615 nm.'*® A ratiometric
MXene-based photoluminescence sensor was engineered by
integrating dual fluorescence systems, enabling precise pH
estimation within intracellular organelles. The sensor demon-
strated outstanding biocompatibility and negligible cyto-
toxicity, making it highly suitable for biological applications.
In another study, an efficient fluorescent sensor using an
ultra-thin Ti;C, MXene as a fluorescent bursting agent was
reported for quantitative screening of mercury in rivers and
tap water."?®

4.2.3. MXene based electrochemiluminescent sensors.
Electrochemiluminescence measures the target analyte con-
centration by correlating it with the intensity of light emitted
during redox reactions of luminescent molecules generated
electrically.'” MXenes’ high conductivity and reactivity
enhance the redox efficiency of the luminophore and acceler-
ate electron transfer, ultimately improving the sensitivity of
the electrochemiluminescence system. Zhang et al.'*® utilized
aptamer-modified Ti;C, MXene nanoprobes for the detection
of Michigan Cancer Foundation-7 (MCF-7) exosomes, which
enhances the redox reaction of the luminophore and boosts
photoemission (Fig. 11). Meanwhile, Sun et al. developed a
highly sensitive electrochemiluminescent sensor for glucose
detection at nanomolar concentrations using a Ti;C, MXene-
TiO, platform. By immobilizing glucose oxidase onto the
surface, they catalyzed the conversion of glucose to hydrogen
peroxide, amplifying the electrochemiluminescence signal and
enabling precise glucose monitoring."”* As we mentioned
earlier, Zhang et al. designed electrochemiluminescent bio-
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Fig. 11 (A and B) The principle of the ECL biosensor for the exosome activity detection signal amplification strategy. Reproduced from ref. 128 with

permission from ELSEVIER, copyright 2019.
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sensors for COVID-19 diagnosis and monitoring. Their
method involved using a three-dimensional DNA walker to
amplify double-stranded DNA, which in turn activated
CRISPR-Cas12a. This activation cleaved single-stranded DNA
on the Ti;C, MXene-coated sensor surface, causing the ferro-
cene-modified DNA to separate from the surface and signifi-
cantly increase the electrochemiluminescence signal.'™

5. Challenges and future
perspectives

Despite the numerous advantages of MXene materials in the
field of biosensors, several challenges remain. These chal-
lenges extend beyond the inherent properties of the MXene
materials and encompass their application in complex biologi-
cal samples, the optimization of sensor systems, and the
resolution of large-scale production issues.

The primary challenge associated with MXenes with regard
to material stability pertains to their tendency to undergo
hydration and oxidation. Untreated MXenes are susceptible to
reaction with water in air or water dispersion, resulting in
surface oxidation and the formation of TiO, oxide films and
particles. Typically, MXene materials are stable for approxi-
mately two weeks when stored at room temperature. As the oxi-
dation layer and particles increase, the conductivity and the
number and activity of the surface groups of MXenes are sig-
nificantly affected, thereby reducing their performance in bio-
sensors. In order to address the issue of oxidation, it is poss-
ible to enhance the stability of MXenes through surface
modification™***'  or the application of protective
coatings.'3*133

While MXenes exhibit an abundance of surface functional
groups that make them biocompatible, the long-term stability
and biocompatibility of MXenes in biological systems remain
challenges to be addressed. There is a possibility that MXenes
may induce cytotoxicity or immune reactions when they come
into contact with biological samples. Moreover, some MXene
materials with high fluorine contents may have adverse effects
on organisms. In the context of long-term applications or
implantable devices, the degradation products may also exert
adverse effects on biological tissues. Therefore, by optimizing
the surface functional groups of MXenes or applying bio-
friendly coatings on the surface of MXene materials, such as
introducing biodegradable functional groups or natural poly-
mers, their stability in biological samples is enhanced and
their cell-friendliness is improved. This could further enhance
their potential for in vivo monitoring and clinical applications.

The development of MXene-based sensor materials has yet
to overcome the challenge of recognizing specific biological
target molecules. In complex biological samples, the numer-
ous reactive groups on the surface of MXenes can bind non-
specifically to multiple substances simultaneously, thereby
affecting the accuracy and stability of the sensor’s monitoring.
Furthermore, improvements are required in the amplification
of the acquired signal and the detection range to achieve
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efficient detection at ultra-low concentrations. It is thus poss-
ible to construct a multifunctional sensor platform by combin-
ing MXenes with biomolecular recognition elements or nano-
materials such as antibodies, enzymes, DNA probes, and so
forth. This enables the efficient recognition of specific target
molecules. The combination of MXenes with biomolecular
recognition elements and nanomaterials not only enhances
the signal amplification effect but also improves sensitivity
and selectivity through synergistic effects.

In practice, the samples detected are often not single
samples, and MXene biosensors are often required to analyze
complex biological samples. The composition of these
samples is often diverse; for example, blood contains mainly
water and proteins, while proteins mainly include albumin,
globulin and fibrinogen. It also contains electrolyte ions (Na®,
K*, Ca**, etc.), nutrients (glucose, lipids, amino acids, etc.),
hormones and enzymes, metabolic wastes and gases. These
samples contain a large number of interfering substances
(proteins, electrolytes, etc.) that can have an effect on the
sensor’s detection signal, leading to signal attenuation or mis-
interpretation. The principal avenue for addressing this issue
is the construction of intelligent sensor platforms, which can
enhance the capacity for signal processing and noise elimin-
ation in complex detection samples through the incorporation
of intelligent signal processing tools, including machine learn-
ing algorithms and artificial intelligence macro models.
Furthermore, MXenes can be modified through the introduc-
tion of specific functional groups while intertwined with intel-
ligent signal processing tools, thereby enabling them to priori-
tize the recognition of target molecules and suppress and deal
with the effects of other interfering substances. MXenes face
limitations in practical applications such as poor stability
(easy oxidation), dependence of synthesis on a risky fluorine-
based etchant and interlayer stacking, a much higher oxi-
dation rate than that of chemically inert graphene and oxi-
dation-resistant MoS,, and a costly and risky synthesis process.
However, MXenes combine high conductivity (close to gra-
phene and far beyond MoS,), hydrophilic surfaces, and
tunable functional groups, endowing them with higher sensi-
tivity and mechanical flexibility in biosensors. In the future,
the stability and process bottlenecks need to be addressed
through surface passivation (e.g., Al,O; coating) and green syn-
thesis techniques (e.g., the molten salt method) in order to
fully utilize the advantages of their electroconductivity-chemi-
cal activity synergy.

MXenes typically require a substantial investment in
human resources and material resources to mitigate the risks
associated with complex chemical treatment. Large-scale
preparation of MXenes remains a research topic, and cost-
effective optimization has yet to be achieved. Further research
should be directed toward the simplification of the MXene
preparation process, the exploration of environmentally-
friendly techniques (such as fluorine-free etching and the
electrochemical stripping method) and the achievement of
industrial mass production, which is a crucial step in the com-
mercialization of MXene biosensors.

This journal is © The Royal Society of Chemistry 2025
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6. Conclusion

This review systematically explores the integration of MXenes
in biosensor development, covering their unique physical,
chemical, and structural properties, synthesis and modifi-
cation methods, and applications in electrochemical, optical,
and wearable portable sensing. Meanwhile, discussions are
made based on the MXene materials themselves, the appli-
cation environment and commercialization, and suggestions
are made for the direction of the development of MXene
materials as biosensors. MXenes have demonstrated consider-
able potential in the field of biosensors, reinvigorating areas
such as disease diagnosis, environmental monitoring and per-
sonal health management. Due to their excellent electrical
conductivity, rich surface chemical activity, high specific
surface area and excellent mechanical properties, MXenes can
serve as sensitive and efficient sensing materials, providing an
ideal technology platform for the development of new-gene-
ration sensors. Additionally, MXene-based flexible sensors are
garnering interest due to their prospective applications in
wearable devices, offering novel solutions for personalized
medicine and real-time monitoring. Despite the current limit-
ations of MXenes, including stability, functionalization modifi-
cation, scale-up production and biocompatibility, these issues
are being addressed through the advancement of material
preparation technology and multidisciplinary cross-research.
The potential of MXenes will be further realized through the
development of antioxidant MXene derivatives, the optimiz-
ation of functionalization strategies, the exploration of green
preparation methods and the establishment of a standardized
evaluation system. The prospective applications of MXenes in
the domain of biosensors have the potential to facilitate the
advancement of precision medicine and environmental protec-
tion while also paving the way for more innovative technological
avenues that could enhance the efficiency, cost-effectiveness
and human-centric design of sensing technology. With continu-
ous technology iteration and multi-disciplinary synergistic inno-
vation, MXenes are expected to become the core material for the
next generation of high-performance biosensors, helping to
build a healthier, safer and more sustainable future.
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