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Application of MXene in Electrochemical Sensors:
A Review
Xinzhao Wu,[a, b] Pinyi Ma,*[a] Ying Sun,[a] Fangxin Du,[b, c] Daqian Song,*[a] and Guobao Xu[b, c]

Abstract: Electroanalysis has obtained considerable prog-
ress over the past few years, especially in the field of
electrochemical sensors. Broadly speaking, electrochemi-
cal sensors include not only conventional electrochemical
biosensors or non-biosensors, but also emerging electro-
chemiluminescence (ECL) sensors and photoelectrochem-
ical (PEC) sensors which are both combined with optical
methods. In addition, various electrochemical sensing
devices have been developed for practical purposes, such
as multiplexed simultaneous detection of disease-related
biomarkers and non-invasive body fluid monitoring. For
the further performance improvement of electrochemical
sensors, material is crucial. Recent years, a kind of two-
dimensional (2D) nanomaterial MXene containing tran-

sition metal carbides, nitrides and carbonitrides, with
unique structural, mechanical, electronic, optical, and
thermal properties, have attracted a lot of attention form
analytical chemists, and widely applied in electrochemical
sensors. Here, we reviewed electrochemical sensors based
on MXene from Nov. 2014 (when the first work about
electrochemical sensor based on MXene published) to
Mar. 2021, dividing them into different types as electro-
chemical biosensors, electrochemical non-biosensors, elec-
trochemiluminescence sensors, photoelectrochemical sen-
sors and flexible sensors. We believe this review will be of
help to those who want to design or develop electro-
chemical sensors based on MXene, hoping new inspira-
tions could be sparked.
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1 Introduction

Electroanalysis has a long history more than 200 years [1].
To the present day, it is electrochemical sensors that give
the opportunity for electroanalytical chemists to remain
competitive in analytical chemistry [2]. Electrochemical
sensors can be divided into non-biosensors and biosen-
sors. Since electrochemical non-biosensors based on the
electrocatalysis of the prepared modified electrodes are
often bogged down in the deficiency mire of selectivity,
electrochemical biosensors combining the sensitivity of
electroanalytical methods with inherent bioselectivity of
biological components are showing powerful capabilities
in electroanalysis [3]. Electrochemical biosensors can be
also divided into two main categories based on the nature
of the biological recognition process i. e. biocatalytic
sensors and affinity sensors [3]. Biocatalytic sensors
incorporate biological components, such as enzymes,
whole cells and tissue slices, to recognize the target
analyte, producing electroactive species or some other
detectable outcome. While affinity sensors use the
selective and strong binding of biomolecules such as
antibodies, membrane receptors, and oligonucleotides, to
produce a measurable electrical signal with a target
analyte.

Apart from conventional electrochemical non-biosen-
sors or biosensors, electrochemiluminescence (ECL)
sensors and photoelectrochemical (PEC) sensors as evolu-
tionary electroanalysis methods have also obtained sub-
stantial progress [4]. Electrochemiluminescence, also re-
ferred to as electrogenerated chemiluminescence, is

chemiluminescence triggered by electrochemical methods
[4b]. In the ECL process, species generated at electrodes
undergo high-energy electron-transfer reactions to form
excited states and then emit light [4a]. ECL has now
become a very powerful analytical technique widely used
in the areas of immunoassay, food and water testing and
biowarfare agent detection. As a reverse of ECL, PEC
process refers to photon-to-electricity conversion resulting
from charge separation and subsequent charge transfer
after absorption of photons during illumination [4e].
Different from traditional electrochemical sensing, the
light is employed as an excitation source while electrical
signal is used for the readout in PEC sensing. Because of
the different energy forms between the excitation source
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and detection signal, PEC sensing possesses potentially
higher sensitivity than conventional electrochemical and
chemiluminescent methods [5] And compared with vari-
ous optical techniques involving sophisticated and expen-
sive equipment, electrochemical signal pattern endows
PEC biosensor virtues like robustness, lower cost, simpler
instrumentation, higher sensitivity and easier to miniatur-
ize [6]. Therefore ECL and PEC sensing strategies both
naturally have advantages such as low cost and simple
instrumentation with higher sensitivity due to the reduced
background that originated from the total separation and
the different energy forms of the excitation and detection
signals [4h]. Some latest developments in ECL and PEC
sensors especially for bioanalysis are discussed by reviews
[7].

With remarkable achievements in nanotechnology and
nanoscience, various nanomaterials have been focused
and applied in electrochemical sensors [8]. Among
numerous nanomaterials, a kind of two-dimensional (2D)
layered inorganic nanomaterial termed as MXene have
recently attracted huge interests [9].

MXene, with a 2D layered structure, referred to
transition metal carbides, nitrides and carbonitrides, up to
now has expanded rapidly into a large family [10]. The
discovery of mechanically exfoliated graphene in 2004
caused a sensation all over the world [11], and studies
around graphene powerfully demonstrate that layered

materials when thinned to its physical limits (with thick-
ness of few layers and two or even one layers) will exhibit
novel properties different from their bulk counterparts
[12]. So when the first MXene Ti3C2 was discovered in
2011, a great deal of attention to this new kind of 2D
nanomaterial was received from materials scientists.
MXenes are usually produced by selective etching of the
A element (mostly groups 13 and 14 element) from the
MAX phases, such as Ti2AlC, Ti3AlC2, and Ta4AlC3. The
chemical composition of MXenes has a general formula
Mn+1XnTx (n=1~3), where M represents an early tran-
sition metal, X is C and/or N, and Tx refers to surface-
terminating functional groups such as oxygen (O),
hydroxyl (� OH) or fluorine (� F) derived from the etching
synthesis process [13]. The name “MXene” was given to
describe the similarities between this 2D material family
and graphene but also to recognize the parent MAX
phases [14]. By adopting different synthesis methods,
generally divided into bottom-up approaches and top-
down approaches, varieties of single or few layered
MXenes with versatile chemistries can be obtained [15].
Up to now, more than 200 different MXenes with stable
phases based on combinations of various transition metals
such as Ti, Mo, V, Cr and their alloys with C and N are
determined or predicted [16]. The distinct features of
MXenes, such as high electrical conductivity, excellent
hydrophilicity, good chemical stability, high surface areas,
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tunable and abundant surface functionalities, ease of
synthesizing large quantities in water, environment-
friendly characteristics as well as non-toxic nature, endow
them brilliant application prospects in analytical
chemistry [17], such as fluorometric sensing [18], piezor-
esistive sensing [19], and photothermal sensing [20],
especially in electrochemical sensing.

MXene as a kind of conducitve two-dimensional
nanomaterial with abundant surface chemistry is an ideal
carrier for biomolecules like enzymes, antibodies or
aptamers for the construction of electrochemical biosen-
sors. Song, D. D. et al. [21] synthesized a Ti3C2 MXene/
Au NPs composite to immobilize acetylcholinesterase
(AChE) and fabricated a electrochemical biosensor to
detect organophosphorus pesticides (OPs) methamido-
phos, getting a a low limit of detection (LOD) of
0.134 pM. Dong, H. et al. [22] used ultrathin layered
ammoniated Ti3C2 (NH2� Ti3C2) to immobilize antibodies
for the fabrication of a sandwich-type immunosensor to
detect cardiac troponin I with a LOD of 8.3 fg/mL. F.
et al. [23] synthesized a nanocarrier of the complementary
DNA toward miRNA-155 on the basis of the nanohybrid
type of Ti3C2Tx MXene nanosheets decorated using iron
phthalocyanine quantum dots and constructed an mi-
RNA-155 impedimetric aptasensing system with a LOD
of 4.3 aM. It is similar for the application of MXene in
ECL biosensors. But for PEC sensors and flexible sensors,
MXene is usually used for a component of heterojunc-
tions or conductive films with better electronic perform-
ance and catalytic activity [24]. The detail will be
discussed in corresponding chapters.

In a word, we will comprehensively review electro-
chemical sensors based on MXene from Nov. 2014 (when
the first work about electrochemical sensor based on
MXene was published) to Feb. 2021 dividing them into
different types here, as electrochemical biosensors, elec-
trochemical non-biosensors, electrochemiluminescence
sensors, photoelectrochemical sensors and flexible sen-
sors.

2 Unique Characteristics of MXene

The unique characteristics of MXene (Ti3C2 is the mostly
used MXene) compared to other 2D materials make it be
increasingly utilized in the construction of electrochemical
sensors. These unique characteristics can be summarized
as follows.
1. MXene has an obvious advantage of high electrical

conductivity which is crucial for accelerating the
heterogeneous electron transfer rate in comparison
with other 2D materials. This excellent conductivity
property is one of the most important bases for it to be
applied in electrochemical sensors.

2. It is easy to synthesize MXene with a satisfactory
solution dispersibility and stability. This is crucial for
the fabrication of electrochemical sensors because the
most used approach for the preparation of modified

electrodes is drop-casting which requires preparation
in advance of the well dispersed coating solution.

3. MXene is a powerful substrate material as inks for
printing applications [25]. The printing and pre/post-
patterned coating methods represent a whole range of
simple, economically efficient, versatile, and eco-
friendly manufacturing techniques for devices. Printing
can allow for complex 3D architectures and multi-
functionality that are highly required in various
applications. Therefore, with the introduction of
MXene, printing/coating could be developed toward a
more powerful device fabrication tool as well as for
industrialization.

4. Based on its high stretch ability and biocompatibility,
MXene can be a powerful substrate for the fabrication
of flexible conductive platforms that can be used to
develop wearable electrochemical sensors [26], which
are urgently required for health care monitoring and
clinical analysis.

5. The 2D layered structure and the unique surface with
abundant chemical groups give MXene a strong
potential to be combined with a variety of functional
materials or biomolecules for different analytical
purposes. Various MXene-based nanostructures exhib-
ited different and colorful properties [27] which are
conductive to the design of electrochemical sensors or
devices with different functions, especially to the new-
type ECL or PEC sensors.

6. The biocompatibility of MXene with biomolecules like
enzymes, proteins and nucleic acids and especially the
non-toxic nature make it excellent carrier in biosensors
or biomedical applications.

7. The unique photothermal conversion ability of MXene
make the dual-model detection strategy possible in the
design of electrochemical sensors [28] which broaden
the signal strategies of electrochemical sensors.

3 Application of MXene in Electrochemical Sensors

The unique characteristics of MXene render it promising
material for electrochemical sensors. And with the
increasing attention to MXene, we can say that the
application of MXene in electrochemical sensors is in the
ascendant. Now, we will review electrochemical sensors
based on MXene from Nov. 2014 to Mar. 2021 dividing
them into different types, as electrochemical biosensors,
electrochemical non-biosensors, electrochemilumines-
cence sensors, photoelectrochemical sensors and flexible
sensors. We will not introduce every work, but these
MXene based electrochemical sensors are all listed in the
Table 1. and Table 2.

3.1 Electrochemical Biosensors

3.1.1 Enzyme-based Biosensors

Direct electron transfer (DET) between enzymes and
electrodes is cardinal for the construction of electro-
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chemical biosensors [61]. MXene possess numerous dis-
tinct properties, for instance large specific surface area
and outstanding electrical conductivity, therefore the
introduction of MXene could possibly be as an efficient
pathway to facilitate DET [61]. Ti3C2 is the first MXene
to be applied in the fabrication of electrochemical sensors,
and the first electrochemical sensor based on Ti3C2 is an
enzyme-based biosensor fabricated in 2014 for the
detecton of H2O2 [29]. The Ti3C2 MXene was used to
immobilize the enzyme hemoglobin (Hb) which not only
showed good enzyme immbilization ability but also
provided a favorable microenvironment for the protein to
retain its activity and stability. Moreover, the direct
electron transfer of Hb was facilitated, demonstrating that
immobilizing enzymes onto the surface of Ti3C2 MXene is
an efficient way to fabricate mediator-free enzyme-based
biosensors. Attempts to immobilize other enzymes like
acetylcholinesterase (AChE) [103] and tyrosinase [104]
onto the surface of Ti3C2 MXene were also conducted.
Their works indicated that Ti3C2 MXene with large
specific surface area, good biocompatibility, hydrophilic
surface and excellent metallic conductivity is indeed a
good candidate as an excellent immobilization matrix for
fabricating enzyme-based biosensors.

To further improve the performance of enzyme-based
biosensors based on Ti3C2 MXene, the strategy of
combining Ti3C2 MXene with other functional materials
especially various nanomaterials into composite has been
adopted by many researchers. For example, TiO2 nano-
particles (NPs) were modified on the Ti3C2 MXene by
Wang, F. et al. to further enhance the active surface area
available for protein adsorption, and retain enzymatic
stability and activity [105]. Their fabricated Hb-based
biosensor exhibited a better detection performance
toward H2O2 with the limit of detection (LOD) of 14 nM
compared to the one without TiO2NPs. Besides, a glucose
oxidase (GOx)-based biosensor based on Au/Ti3C2

MXene nanocomposite was fabricated by Rakhi, R. B.
et al. for the detection of glucose [33]. The introduction of
Au NPs bring the Au/Ti3C2 MXene nanocomposite with
unique electrocatalytic properties due to their synergistic
effects. And the prepared GOx/AuNPs/Ti3C2/Nafion/
GCE biosensor displayed a relatively high amperometric
sensitivity of 4.2 μAmM� 1 cm� 2 and a LOD of 5.9μM
toward glucose. Also, Zhou, L. Y. et al. [106] used an
Ag@Ti3C2 nanocomposite as nanocarrier for AChE and
fabricated a malathion biosensor. Song, D. D. et al. [21]
also fabricated a AChE-based biosensor for the determi-
nation of organophosphorus pesticides (OPs) methamido-
phos. Their biosensor was based on a three-dimensional
(3D) MnO2/Mn3O4/MXene/AuNPs composite (Figure 1)
possessing a low LOD of 0.134 pM toward methamido-
phos. Wang, G. X. et al. [107]. assembled a dual-enzyme
biosensor for the detection of inosine monophosphate
(IMP). In their work, Ti3C2 MXene was combined with
Au@Pt nanoflowers to obtain a good catalytic ability, and
then with two enzymes (5’-nucleotidase and xanthine
oxidase) immobilized on. The prepared biosensor showedT
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a LOD of 2.73 ng/mL toward inosine monophosphate in
meat

For glucose biosensing, the toxic intermediate product
(H2O2) generated during the enzymatic glucose oxidation
often inhibits the activity of GOx in practical applications
[60]. To tackle this issue, Wu, M. et al. [60] developed a
hybrid Ti3C2/poly-L-lysine (PLL)/glucose oxidase (GOx)
nanoreactor (Figure 2) that could catalyze the cascade
reactions of glucose oxidation and the intermediate H2O2

decomposition. The Ti3C2 MXene was found having the
ability to catalyze the decomposition reaction of H2O2,
and with the loaded GOx a cascade reaction in glucose
decomposition was formed. The Ti3C2/PLL/GOx nano-
reactors with superior catalytic performance were depos-
ited on glassy carbon electrode to construct a glucose
biosensor with a LOD of 2.6 μM.

Conventional HF etching synthesis method of MXenes
may bring some obstructions for their biosensing applica-
tions [62]. For example, due to excessive use of HF acid

the F� residues on the surface of MXenes are prone to
release HF during the hydrolysis reactions or electro-
chemical reactions, and the potential toxicity of HF would
relatively reduce the enzyme activity or cause a significant
damage to the normal cells in vivo. Also, HF-etched
MXenes are susceptible to oxidation under ambient
environment or during the oxygen evolution reaction
(OER) process, severely affecting the stability and
effectiveness of MXenes in biosensing process. Therefore,
safe, robust, and fluorine-free synthesis methods for
producing stable and biocompatible MXene nanosheets
are essentially required. Song, M. et al. [62] constructed a
fluoride-free Nb2C/acetylcholinesterase (AChE)-based bi-
osensor for the detection of phosmet. They synthesized
the 2D fluoride-free Nb2C MXene nanosheets through an
electrochemical etching (E-etching) exfoliation route
(Figure 3) and the obtained fluoride-free Nb2C showed
good chemical stability, low cytotoxicity, high porosity,
large surface area and enhanced conductivity which were
beneficial to the stabilization of enzyme activity and the
promotion of electrochemical activity. The constructed
Nb2C/AChE-based biosensor realized a LOD down to
144×10� 12 M (0.046 ng/mL) for phosmet. In the mean-
time, their work also showed that Nb2C based biosensor
system outperformed the counterpart of V2C and Ti3C2

due to its excellent metallic properties with near-zero
energy bandgap. Expect for the above, Zhao, F. et al. [63]
proposed a disposable electrochemical AChE-based bio-
sensor for the detection paraoxonin, using nanocompo-
sites Ti3C2/Au� Pd as the functional platform. They
prepared bimetallic nanoparticles (Au� Pd NPs) by self-
reduction on the surface of ultrathin Ti3C2 nanosheets.
With the combination of disposable screen-printed elec-
trode (SPE) the fabricated AChE-based biosensor ex-

Fig. 1. Illustration of the formation of MnO2/Mn3O4 composite (A), MXene/Au NPs (B), the fabrication process of AChE-Chit/
MXene/AuNPs/MnO2/Mn3O4/GCE biosensor for methamidophos assay. (Reprinted from [21] with permission: © 2019 Elsevier B.V.)

Fig. 2. Schematic illustration of the Ti3C2-PLL-GOx nanoreactor.
(Reprinted from [60] with permission: © 2020 Elsevier Inc.)
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hibited a dynamic range from 0.1 to 1000 μg/L, as well as
a low LOD of 1.75 ng/L. The AChE-based biosensor was
successfully applied for paraoxon detection in pear and
cucumber samples.

Ti3C2 MXene can also be developed to be a compo-
nent of conductive substrate in other electrode systems
apart from glassy carbon electrode (GCE). A Ti3C2/
graphene oxide (Ti3C2� GO) nanocomposite was synthe-
sized and applied for the fabrication of inkjet-printed
hydrogen peroxide (H2O2) biosensor [31]. Their work
demonstrated that the printable Ti3C2� GO nanocompo-
site was an excellent sensing platform for electrochemical
determination. Besides, a nanocomposite consisting of
platinum particles, polyaniline and Ti3C2 MXene (Pt/

PANI/MXene) was used to modify a screen-printed
carbon electrode (SPCE) to obtain the biosensor for both
hydrogen peroxide and lactate [50]. The prepared SPCE
provided a LOD of 1.0 μM toward H2O2. And after
lactate oxidase immobilization, the lactate assay was
performed by amperometry obtaining a LOD of 5.0 μM
toward lactate. The biosensor could be used for the
determination of lactate in milk samples with high
stability and reliability.

3.1.2 Immunosensors

The earliest immunosensor based on MXene was fabri-
cated in 2019 for the detection of prostate-specific antigen

Fig. 3. Schematic for exfoliation and delamination process of Nb2AlC MAX phase via electrochemical etching and the enzyme
inhibition effect for phosmet detection by HF-free Nb2CTx/AChE based biosensor. (Reprinted from [62] © 2020 The Authors.
Published by Wiley-VCH GmbH).

Fig. 4. Preparation of the CuPtRh/NH2-Ti3C2 Ab2 label. (Reprinted from [22] with permission: © 2019 American Chemical Society).
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(PSA) [108]. Then, Dong, H. et al. [22] fabricated a
sandwich-type immunosensor for the detection of cardiac
troponin I with the use of a nanocomposite (CuPtRh/

NH2-Ti3C2) consisting of trimetallic hollow CuPtRh cubic
nanoboxs (CuPtRh CNBs) and few layered ultrathin
ammoniated Ti3C2 (NH2� Ti3C2) (Figure 4). NH2� Ti3C2

Fig. 5. Preparation procedure of PCT/BSA/Ab1/AuNPs/d-S-Ti3C2TX MXene/GCE. (Reprinted from [65] with permission: © 2020
Elsevier B.V.)

Fig. 6. Schematic diagram of the aptasensor fabrication based on PPy@Ti3C2Tx/PMo12 for the OPN detection, including (I) the
preparation of the PPy@Ti3C2Tx/PMo12 hybrid, (II) the aptamer immobilization, (III) the OPN detection, and (IV) the electrochemical
signal out. (Reprinted from [56] with permission: © 2019 Elsevier B.V.)
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was selected as support material for CuPtRh CNBs and
the secondary antibodies (Ab2), and the prepared CuPtRh
CNBs embedded in NH2-Ti3C2 acted not only as a spacer
to prevent the NH2� Ti3C2 layer from irreversibly restack-
ing but also as a connector to fix more Ab2, through stable
Pt� N and Rh� N bonds. The CuPtRh CNBs/NH2� Ti3C2 as
an Ab2 label possessed high catalytic activity to the

reduction of H2O2 therefore significantly amplifying the
immunosensor’s signal. The designed immunosensor
showed a LOD of 8.3 fg/mL. Also for the detection of
PSA, Medetalibeyoglu, H. et al. [66] utilized a self-
assembled delaminated MXene-gold nanoparticles (d-
Ti3C2TX MXene@AuNPs) composite to label PSA Ab2 as

Fig. 7. Schematic diagram of the Ti3C2Tx@FePcQDs-based aptasensor for detecting miRNA-155, including (i) the preparation of
Ti3C2Tx@FePcQDs nanohybrids, (ii) the immobilization of aptamer, (iii) the hybridization of miRNA-155 with cDNA, and (iv)
different electrochemical signal output. (Reprinted from [23] with permission: © 2020 Elsevier B.V.)

Fig. 8. Synthetic route of MXene/CNHs/β-CD-MOFs and the sensing strategy for CBZ. (Reprinted from [72] with permission: © 2020
Elsevier B.V.)
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signal amplification. The obtained LOD was 3.0 fg/mL
better than the above mentioned one (31 pg/mL).

Besides, Medetalibeyoglu, H. et al. [65] constructed a
sandwich type electrochemical immunosensor for the

detection of procalcitonin (Figure 5). In their work,
delaminated sulfur-doped MXene (d-S-Ti3C2 MXene)
modified glassy carbon electrode (GCE) including AuNPs
was utilized as immunosensor platform to increase the

Fig. 9. Schematic illustration of the preparation and application of alk-Ti3C2/N-PC/GCE. (Reprinted from [73] with permission: © 2020
Elsevier B.V.)

Fig. 10. Schematic illustration for the preparation of MIP/MXene/NH2-CNTs/GCE and the adsorption mechanism in the imprinted
cavity. (Reprinted from [75] with permission: © 2020 Elsevier B.V
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amount of PCT Ab1, and carboxylated graphitic carbon
nitride (c-g-C3N4) was used to label PCT Ab2 as signal
amplification.

3.1.3 Aptasensors

To date, thousands of DNA and RNA aptamers that bind
to specific targets have been selected, including small

molecules, proteins, peptides, bacteria, virus, and live cells
[109]. And electrochemical aptasensors are widely ex-
plored due to the advantages of simplicity, fast response,
low cost, recyclability, and miniaturization [110]. The first
aptasensor based on MXene was constructed by anchor-
ing RNA aptamers on the surface of a PPy@Ti3C2/PMo12

composite (PPy, polypyrrole; PMo12, phosphomolybdic
acid) to detect osteopontin (OPN) by an impedimetric

Fig. 11. The construction strategy of ratiometric ECL sensor (A); The preparation of the labled-Ab2 (B). (Reprinted from [88] with
permission: © 2020 Elsevier B.V.)

Fig. 12. The possible ECL mechanisms of the sensor without and with Ti3C2 MXenes-Au NPs� Ab2 nanoprobe. (Reprinted from [88]
with permission: © 2020 Elsevier B.V.)
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method [56] (Figure 6). In the presence of OPN, the OPN
aptamer strand immobilized over PPy@Ti3C2/PMo12 hy-
brid could form a G-quadruplex with OPN, hampering
the used redox probes to access the electrode surface.
Their aptasensor exhibited a low LOD of 0.98 fg/mL.

Also, Duan, F. et al. [23] developed an impedimetric
aptasensor based on a novel zero dimensional (0D)/2D
nanohybrid of Ti3C2 nanosheets decorated with Fe
phthalocyanines quantum dots (FePc QDs) to sensitively
detect miRNA-155 (Figure 7). The Ti3C2/FePcQDs nano-
hybrid acted as a nanocarrier for anchoring the comple-
mentary DNA (cDNA)-targeted miRNA-155. The Ti3C2/
FePcQDs-based aptasensor displays superior sensing
property for the miRNA-155 detection without the use of
labeled probe or any electrochemical indicators, giving
the detection limit of 4.3 aM within the miRNA-155
concentration ranging from 0.01 fM to 10 pM. The con-
ductance change could also be used for the design of
electrochemical sensor.

Zhang, J. L. et al. [68] constructed an conductometric
electrochemical sensor by using the Ti3C2 MXene as the
signal amplified transduction material for the Mycobacte-
rium tuberculosis (M. tuberculosis) detection. After the
hybridization between the capture probe peptide nucleic
acid (PNA) and the specific fragment of 16S rDNA on
the substrate of PNA-AuNPs nanogap network electrode,
the target fragments were directly linked with conductive
Ti3C2 MXene by strong interactions between zirconium-
cross-linked Ti3C2 MXene and phosphate groups of the
target fragments. The linking of Ti3C2 MXene to the
hybridized target fragments would bridge the gaps of the
interrupted AuNPs in the nanogap network electrode and
forming the conductive connection to cause the change in
conductance between the electrodes. The LOD of
proposed method was 20 CFU/mL.

Besides, Wang, H. Y. et al. [69] fabricated a compet-
itive cDNA� Fc/MXene/Apt/Au/GCE aptasensor based
on a cDNA� Fc/MXene probe to detect the breast cancer
marker Mucin1 (MUC1). When the detection was con-

Fig. 13. Schematic illustration of the dual-mode biosensor for exosomes detection. (Reprinted from [28] with permission: © 2019
Elsevier B.V.)

Fig. 14. Schematic illustration of the ECL immunosensor. (Reprinted from [89] with permission: © 2020 Elsevier B.V.)
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ducted, a competitive process happens between the
cDNA� Fc/MXene probe and MUC1, which makes
cDNA� Fc/MXene probe detach from the sensing elec-
trode, resulting in a decrease in electrical signal. The
proposed competitive electrochemical aptasensor gave a
wide linear range of 1.0 pM-10 mM and a LOD of
0.33 pM.

There were also some other aptasensors based on
MXene, such as MoS2@Ti3C2Tx MXene hybrid-based one
for sensitive and rapid quantification of thyroxine (T4)
[71], AuNPs/Ti3C2 MXene three-dimensional nanocompo-
site based one for for sensitive miRNA-155 detection [67],
and Prussian Blue (PB)/Ti3C2 hybrid based one for
exosomes detection [70]. They are all listed in the Table 2.

3.2 Electrochemical Non-biosensors

MXene could also be applied in the fabrication of
electrochemical non-biosensors without immobilizing en-
zymes. The first electrochemical non-biosensor based on
pristine Ti3C2 MXene was fabricated in 2018 for the
detection of drinking water contaminant BrO3

� [38] in

which the Ti3C2 MXene acting as signal enhancing matrix
and reducing agent showed unique electrocatalytic prop-
erties towards effective BrO3

� reduction. After that, two
Ti3C2 MXene modified GCE electrochemical sensors
similar with the first one were fabricated for the detection
of pesticide carbendazim [111] and neurotransmitter
dopamine [112]. In the former, the redox of carbendazim
with lower overpotentials was achieved compared to the
graphene-based sensor [113]. The latter achieved a robust
sensitivity with a LOD of ~3 nM for dopamine detection
in real samples.

Introducing the MXenes into other electrode system
like graphite composite paste electrode (GCPE) [51] and
screen-printed electrode (SPE) [114] were also be tried.
The MXene/GCPE electrochemical sensor was fabricated
for the detection of adrenaline. And it is the first time to
introduce Ti2C MXene into the electrochemical sensing
system. The prepared sensor achieved a LOD of 9.5 nM
and could be further employed in the detection of
adrenaline in pharmaceutical samples with 99.2–100.8%
recoveries. The MXene/SPE electrochemical sensor was
developed for the simultaneous voltammetric determina-
tion of acetaminophen (ACOP) and isoniazid (INZ). The
Ti3C2 MXene showed excellent electrocatalytic activity
toward the oxidation of ACOP and INZ compared with
bare SPE in 0.1M H2SO4, and the separated oxidation
peak potentials ensured simultaneous detection of the
targets. The prepared sensor achieved LODs of 0.048μM
and 0.064mM for ACOP and INZ respectively.

Besides, the Ti3C2 MXene were also integrated into
various composites or hybrids with other materials or
molecules for different specific analytical purposes, such

Fig. 15. (A) Preparation process of Ti3C2Tx MXenes, TiO2/Ti3C2Tx nanosheets, and TiO2/Ti3C2Tx/Cu2O composites. (B) Charge transfer
and glucose sensing mechanism over the TiO2/Ti3C2Tx/Cu2O PEC system under visible light irradiation. (Reprinted from [24a] with
permission: © 2020 Elsevier B.V.)

Fig. 16. The photograph of fabricated MXene paper with excel-
lent flexibility. (Reprinted from [98] with permission: © 2019
Elsevier B.V.)
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as NiO/Ti3C2 hybrid for non-enzymatic H2O2 sensing [32],
three-dimensional porous Ti3C2/NiCo-LDH nanocompo-
site (Nickel-Cobalt layered double hydroxide) for non-
enzymatic glucose sensing [34], Au NPs/Ti3C2 composite
for the sensitive detection of nitrite [115], Pd@Ti3C2

nanocomposite for the rapid and real-time detection of l-
cysteine (l-Cys) [53], Mn3(PO4)2/Ti3C2 composite synthe-
sized using adenosine triphosphate (ATP) as a template

for amperometric detection of superoxide anions O2
*�

from HepG2 cells [39], self-assembled Ti3C2/MWCNTs
(multi-walled carbon nanotubes) nanocomposite for elec-
trochemical simultaneous detection of hydroquinone
(HQ) and catechol (CT) [54], as well as methylene blue
(MB)/Cu NPs/Ti3C2 composite ratiometric electrochemi-
cal detection of piroxicam [116]. In these works, the Ti3C2

Fig. 17. (A) Fabrication sequences of the proposed flexible Ti3C2Tx/MWNTs/Au/PET electrode. (B) Modification process of the
working electrode. (C) Working mechanism for heavy metal detection. (Reprinted from [24b] with permission: © 2020 American
Chemical Society)
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MXene all showed great performance for the fabrication
and operation of electrochemical sensors.

MXene is inclined to restack due to the hydrogen
bonding and van der Waals interactions between the
MXene sheets, which could cause a sharp decrease in the
active surface area, further restraining its electrochemical
performance [72–73]. To compensate for this shortcom-
ing, Tu, X. L. et al. [72] introduced carbon nanohorns
(CNHs) to acted as the spacer and synthesized Ti3C2/
CNHs nanocomposites (Figure 8). The layered structural

MXene/CNHs offered high conductivity, superior cata-
lytic activity and more channels for diffusion of ions.
Based on the nanocomposites, they fabricated a carbenda-
zim electrochemical sensor with low limit of detection of
1.0 nM. Besides, Huang, R. M. et al. [73] introduced
MOF-5-NH2-derived nitrogen-doped porous carbon (N-
PC) as the spacer to prevent Ti3C2 MXene sheets from
restacking and fabricated an alk-Ti3C2/N-PC electrochem-
ical sensor to detect hydroquinone (HQ) and catechol
(CT) in industrial wastewater (Figure 9). Apart from the

Fig. 18. a) Schematic illustrating the exploded view of the wireless, battery-free, flexible, microfluidic/electronic system. b, c) The
lithography and etching process is used to make the flexible antenna and circuits. d) Encapsulation of flexible circuits with PDMS. e)
The microfluidic system. f) A very light and small size (diameter: 3.3 cm) circular patch sensor system. g) Wireless NFC sensor and
smartphone communication in real-time. h) Electronics design, measurement strategy, and complete system. i) Measuring the
electrolyte losses from athletes’ sweat could help health professionals plan personalized water and electrolyte replacement strategies.
(Reprinted from [100] with permission: © 2020 Elsevier B.V.)
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combination of N-PC for the restacking of Ti3C2, they
gave an alkaline intercalation treatment to the Ti3C2

MXene sheets because the surface of alkalization-interca-
lated MXene may offer abundant � OH groups, which
were more likely to sense HQ and CT based on hydro-
gen-bond interaction. The alk-Ti3C2/N-PC electrochemical
sensor for the detection of hazardous HQ and CT showed
LODs of 4.8 nM and 3.1 nM for HQ and CT respectively
with a wide linear range from 0.5 μM to 150 μM.

Selectivity is a bottleneck that plagues the application
of electrochemical sensors in tracking measurements and
molecularly imprinted polymers can be viewed as a
modified material that enhances selectivity of sensors with
specific recognition property, low cost and short synthesis
time [75]. Ma, X. et al. [75] developed a selective and
sensitive electrochemical sensor for fisetin detection
based on hierarchical porous Ti3C2 MXene/amino carbon
nanotubes (MXene/NH2-CNTs) composite and MIP (Fig-

ure 10). The Ti3C2 MXene/NH2-CNTs composite was
prepared by self-assembly of negatively charged Ti3C2

flakes and positively charged NH2-CNTs. The amino
functionalized CNTs not only owned good conductivity,
but also had positive electricity on their surface which
could act as interlayer spacers to avoid the aggregation of
Ti3C2 MXene. The fabricated MIP/Ti3C2 MXene/NH2-
CNTs/GCE showed a high analytical performance for
fisetin determination with a LOD of 1.0 nM.

There are also many other advances in the MXene-
based electrochemical non-biosensors. For the real-time
and in-situ detection of H2O2 secreted from living cells,
Dang, Y. et al. [74] fabricated a electrochemical biosensor
based on PB NPs intercalated Ti3C2 nanosheets (PB NPs/
Ti3C2) obtaining a low limit of detection (0.20 μM) to
H2O2. And besides the prepared PB/Ti3C2 showed negli-
gible cytotoxicity to normal fibroblast cells at all tested
time points and concentrations, validating its potential

Fig. 19. Schematic illustration and photos of the HIS paper. (a) Schematic illustration of the fabrication of HIS paper. (b) Structural
anatomy of HIS paper. (c, d) Contact angle tests on hydrophobic and hydrophilic regions of the HIS paper. (e, g) Photographs of the
foldable HIS paper. (Reprinted from [102] with permission: © 2020 Elsevier B.V.)
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application in living cell concerned fields. For the
detection of sulfadiazine, Kokulnathan, T. et al. [77]
synthesized Ti3C2/BN nanocomposites and fabricated a
Ti3C2/BN-modified electrode as the electrochemical cata-
lytical sensor showing a trace-level limit of detection
(3.0 nM). Kalambate, P. K. et al. [78] developed an
electrochemical sensor for the detection of ifosfamide
(IFO), acetaminophen (ACOP), domperidone (DOM),
and sumatriptan (SUM) based on self-assembled MXene/
MWCNT/Chitosan nanocomposite thin film and got
LODs for IFO, ACOP, DOM, and SUM of 0.00031,

0.00028, 0.00034, and 0.00042 μM, respectively. Other
various analytes like uric acid (UA) and folic acid (FA)
[79], NO2

� [80–81], 4-nitroquinoline N-oxide (4-NO) [85],
Pb2+ and Cd2+ heavy metal ions [82–84], hydrazine [86]
and dopamine [87] are all listed in the Table 2. The Nb-
based MXene [117] and V-based MXene [76] for electro-
chemical sensing have also been concerned.

Fig. 20. A) Schematic illustration of the customized electrolyte bath and the electroMXenition process. B) Standard single-masked UV
photolithography and etching procedures to fabricate DIDμE. C) Mapping of the sensor, an optical image of the real sensor, and
FESEM images of the top and cross-sectional views of the interdigitated patterns. (Reprinted from [97] with permission: © 2020 Wiley-
VCH GmbH)

Fig. 21. Schematic diagram representing the whole assay procedure for multiplex and concurrent detection of miR-21 and miR-141.
(Reprinted from [101] with permission: © 2020 Elsevier B.V.)
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3.3 Electrochemiluminescence Sensors

The first ECL sensors based on the Ti3C2 MXene was
constructed in 2018 [118] by Fang, Y. F. et al. The Ti3C2

MXene has a negatively charged surface due to the
existence of � F and � OH/=O surface groups, which make
it much favorable for Ru(bpy)3

2+ immobilization via
electrostatic attraction. And the utilization of Ti3C2

MXene not only allowed the composite film to have much
higher conductivity, but also enhance the adsorption
amount of Ru(bpy)3

2+. The as-proposed Ru/MXene
sensor showed a stable and excellent ECL performance
and was used for the label-free single-nucleotide mis-
match discrimination in human urine. After that, a
sensitive ECL biosensor was developed for the detection
of exosomes using aptamer modified Ti3C2 MXene as the
ECL nanoprobe [119]. The prepared ECL biosensor
obtained a LOD of 125 particles/mL, which was over 100
times lower than that of conventional enzyme-linked
immunosorbent assay (ELISA) method.

Huang, W. et al. [91] utilized the Ti3C2 MXene nano-
sheets as carriers to graft Ru(bpy)2(mcpbpy)2+ (bpy=2,2’-
bipyridine, mcpbpy=4-(4’-methyl-[2,2’-bipyridin]-4-yl)
butanoic acid) obtaining 2D ultrathin Ru-complex-grafted
MXene nanosheets (Ru@MXene). In their work, Ru-
(bpy)2(mcpbpy)2+ acted as both an ECL luminophore and
an intercalation molecule achieving surface functionaliza-
tion and delamination of multilayered Ti3C2. They used
the Ru@MXene to construct an ECL sensor for the
determination of MUC1, which displayed a low LOD of
26.9 ag/mL.

Just like other electroanalysis methods, false errors
may occur in electrochemiluminescence sensing resulting
from some external environmental changes, such as the
coreactant concentration, temperature, pH, etc, and in
order to overcome these limitations, many ECL ratiomet-
ric assays have been proposed For the detection of the
clinical biomarker carcinoembryonic antigen (CEA),
Shang, L. et al. [88] developed a sandwich dual-potential
ratiometric ECL sensor using luminol as single lumino-
phore based on graphene-ionic liquid-platinum (GR-IL-
Pt) composites as matrix to immobilize the Ab1 and Ti3C2/
AuNPs hybrids as platform to load the Ab2 (Figure 11).
During the cyclic potential scanning, luminol exhibited
ECLcathodic and ECLanodic on GR-IL-Pt composites and
Ti3C2/AuNPs hybrids at different potentials, respectively
(Figure 12). And the ratio of anodic ECL to cathodic
ECL (ECLanodic/ECLcathodic) increased with the concentra-
tion of CEA, realizing sensitive ratiometric detection of
CEA. The developed ECL sensor exhibited a sensitive
detection toward CEA, with a low LOD of 34.58 fg/mL.

MXene also has excellent superior photothermal
conversion efficiency, and this property has been utilized
by researchers to develop a photothermal amplification
strategy for ECL sensors [89]. Fang, D. et al. [28]
constructed an ECL and photothermal dual-mode bio-
sensor for the determination of exosomes by utilizing a
Ti3C2 MXene-black phosphorous quantum dots (BPQDs)

probe (Figure 13). The Ti3C2 MXene was utilized as
supporter to immobilize BPQDs and Ru(dcbpy)3

2+. The
Ti3C2 MXene and BPQDs both possessed extraordinary
photothermal properties, and were utilized to construct
the ECL and temperature dual-mode sensor. For ECL
detection, the sensor showed a LOD of 37.0 particles/μL,
while for photothermal detection, the temperature in-
crease (ΔT) was linearly correlated with the logarithm of
exosomes concentration in the range from 1.1×102 to
1.1×107 particles/μL. They also [89] constructed a photo-
thermal amplified cathodic ECL immunosensor based on
a probe of Nb2C MXene immobilized ZnO quantum dots
(QDs) for thyroglobulin detection (Figure 14). Nb2C
MXene was employed as scaffold to load ZnO QDs,
Ru(bpy)3

2+ and Ab2, and acted as temperature controller
to increase the electrode surface temperature by convert-
ing laser energy into heat. The ECL intensity strength-
ened gradually with Tg concentration increased in the
range from 1 fg/mL to 10 ng/mL at the electrode surface
temperature at 40 °C, but in a narrower range (0.1 pg/mL
to 1 ng/mL) when the electrode surface temperature was
changed to 25 °C. This result successfully demonstrated
the photothermal amplified strategy could improve the
ECL sensor’s sensitivity.

3.4 Photoelectrochemical Sensors

The first MXene-based PEC sensor was based on a Ti3C2

MXene/Cu2O heterostructure for the detection of glucose
[35]. The Ti3C2 MXene/Cu2O composite showed excellent
PEC performance and sensitive photoelectric response to
glucose with a LOD of 0.17 nM. After that, a TiO2 inverse
opal photonic crystals (IOPCs)/Ti3C2 quantum dots
(QDs) composite film was prepared for the detection of
glutathione [120]. The TiO2 IOPCs/Ti3C2 composite film
could have photocurrent effect from 280 to 900 nm, and
the internal power conversion efficiency could reach to
26% at 350 nm. These results both show the great
potential of Ti3C2 MXene in the PEC sensors.

A controlled oxidation of MXene is able to create
transition metal oxide particles on sheets of MXene and is
an efficient way to alter the surface properties of MXene
[93]. Soomro, R. A. et al. [92] constructed a photoactive
heterojunction comprising of in-situ grown TiO2 from
few-layer thin Ti3C2 nanosheets in conjunction with
visible-light active lysine functionalized BiVO4 nanopar-
ticles. The obtained TiO2/Ti3C2/BiVO4 heterojunction,
based on its in-situ hybrid configuration, exhibited an
ideal interfacial arrangement capable of supporting high
photocatalytic redox-activity with minimum interfacial
recombination. They fabricated a PEC biosensor with this
heterojunction to detect soluble CD44 protein realizing
an extremely low LOD of 0.000014 ng/mL.

Han, F. et al. [93] developed a one-step process of
TiO2 particles grown on MXene sheets by hydrogen
peroxide (H2O2) oxidation of Ti3C2 under heat treatment
to fabricate Ti3C2-TiO2 composites. Based on the
Ti3C2� TiO2 composites they established a PEC sensor to
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evaluate ascorbic acid (AA) and its interaction with other
antioxidants including gallic acid (GA), vitamin E (VE),
epigallocatechin (EGC), epigallocatechin gallate (EGCG)
and proanthocyanins (PC). They found that there was
obvious antioxidant synergism between AA and other
antioxidants, because AA with the low redox potential
could reduce other antioxidants radical to promote
regeneration, improving the overall antioxidant perform-
ance. As a result, they successfully applied the prepared
PEC sensor to determine the antioxidant capacity of
health product of grape seed and vitamin C&E.

For glucose detection, Chen, G. et al. [24a] fabricated
a Z-scheme TiO2/Ti3C2/Cu2O heterostructure and em-
ployed it as a photocathode to construct a self-powered
PEC sensor (Figure 15). The artificial indirect “Z-
scheme” system was exploited through binding two semi-
conductors (two separated photosystems (PS)) with
electron mediators. In their work, the TiO2 NPs were
in situ generated on the Ti3C2 nanosheets by ethanol
thermal treatment of the Ti3C2 MXene and the Z-scheme
TiO2/Ti3C2/Cu2O heterojunction was prepared by hybrid-
izing with the narrow bandgap semiconductor Cu2O. The
Z-scheme TiO2/Ti3C2/Cu2O heterojunction exhibited
superior PEC performance than TiO2/Ti3C2 and Cu2O and
based on which the TiO2/Ti3C2/Cu2O PEC sensor for
glucose showed a remarkable low LOD of 33.75 nM with
a wide range of 100 nM to 10 μM.

Besides, Soomro, R. A. et al. [94] constructed an in-
situ engineered heterojunction using partially-oxidized
Ti3C2 sheets and photo-active NiWO4 nanoparticles. The
designed TiO2/Ti3C2/NiWO4 PEC platform was applied
for the detection of PSA with a LOD down to 0.15 fg/mL.
Yuan, C. et al. [95] proposed a g-C3N4/Ti3C2 composite as
a photoelectrochemical sensing material for the detection
of ciprofloxacin (CFX) and the PEC sensor showed a
LOD of 0.13 nM with a dynamic range from 0.4 to
1000 nM. Jiang, Q. Q. et al. [96] constructed a PEC sensor
for Hg2+ detection on the heterojunction between Ti3C2

MXene and BiVO4 semiconductor through simply spin-
coating the single-layer Ti3C2 onto the surface of BiVO4

film. The PEC sensor displayed a wide linear range from
1 pM to 2 nM with the limit of detection down to 1 pM
and also exhibited satisfactory accuracy and repeatability
in practical sample water, the Yangtze River water.

3.5 Flexible Electrochemical Sensors and Others

Flexibility plays crucial roles in the application of paper
substrate for constructing advanced implantable biomed-
ical devices and miniaturized lap-on-a-chip devices when
applying in the assay of real samples [98]. Different from
traditional rigid sensing platforms, flexible sensing plat-
forms could facilely form good interface with the
curvature of soft biological materials such as cells or
human skin, which can promote significantly improved
detection performance of biological signal molecules, such
as the pressure-based electrochemical flexible sensors
[99,121]. Flexible sensors are seriously affected by inter-

face materials. The introduction of MXene has been
proved to be effective way.

Yao, Y. et al. [98] fabricated a kind of flexible
biomimetic Ti3C2 MXene paper with noble metal nano-
particles (Figure 16). The obtained hybrid Ti3C2 MXene
papers, showing outperforming electrocatalytic activities,
satisfactory biocompatibility, excellent stability and flexi-
bility, were able to serve as high-performance extracellu-
lar biosensing platforms for the sensitive monitoring of
superoxide (O��2 ) secreted by living cells. The amperomet-
ric response to 0.5 μM O��2 at the widest bending angle
(90°) after 50 continuous bending times could keep 80.1%
of that at original state indicating that the Ti3C2 MXene
paper exhibited satisfactory performance towards bend-
ing-induced mechanical stress. Zhao, S. F. et al. [99]
fabricated a Ti3C2/Mn3(PO4)2 based flexible electrochem-
ical sensor for real-time and quantitatively monitoring
O��2 released from human lung cancer cells. They de-
signed a Mn3(PO4)2 based biomimetic enzyme by inter-
racially assembling 2-D Mn3(PO4)2 and Ti3C2 MXene
nanosheets into a 2-D/2-D heterostructure. The 2-D
nature of the two components with strong interfacial
interaction synergistically enabled the heterostructure an
excellent flexibility with retained 100% of the response
when to reach a bending angle up to 180°, and 96% of the
response after 100 bending/relaxing cycles. The fabricated
sensor achieved a low LOD of 1.63 nM.

Besides, Hui, X. et al. [24b] fabricated a flexible
electrochemical sensor based on a gold electrode modified
with Ti3C2 MXene and multiwalled carbon nanotubes
(MWCNTs) for the detection of copper (Cu) and zinc
(Zn) ions (Figure 17). The MWCNTs were incorporated
as the anti-pile layers and spacers to mitigate the
aggregation problem between the Ti3C2 layers and to
expose more surface area and active sites of Ti3C2 layers.
Compared with the stripping current measured in the
normal state, the peak current changed by approximately
1.3, 0.6, and 1.9% at the bending degrees of 70, 45, and
30°, respectively, and even after several times (n=55) of
bending. Owing to its small size and portability, their
proposed Ti3C2/MWCNTs-modified Au/PET sensor could
achieve on-site heavy metal analysis and could be applied
to homecare smart heavy metal monitoring systems or
other clinical medicine studies.

There were also some attentions being focused on
wearable biosensors for measuring biomarkers in body
fluids like sweat, tears and saliva to reflect the physio-
logical state of the body [100]. Zhang, S. et al. [100]
developed an ultra-high sensitive, flexible, wireless,
battery-free, and fully integrated (no external analysis
equipment) electrochemical sensing patch system, includ-
ing a microfluidic-sweat collecting unit, for the on-site
monitoring of the Kþ concentration in human sweat
(Figure 18). And in order to on-site detect potassium
concentration in human sweat, the flexible electrochem-
ical sensor was integrated and assembled with a low-
power radio frequency (RF) energy harvesting battery-
free near field communication (NFC) wireless patch

Review

www.electroanalysis.wiley-vch.de © 2021 Wiley-VCH GmbH Electroanalysis 2021, 33, 1827–1851 1847

Wiley VCH Freitag, 30.07.2021

2108 / 206543 [S. 1847/1851] 1

www.electroanalysis.wiley-vch.de


system to wirelessly transmit measurements to a smart-
phone. The smartphone was used as an RF power source
to wirelessly activate NFC electronic systems and receive
sensing data from the device. An application developed
based on an android studio software program was used to
display the detection Kþ concentration values. At the
same time, a microfluidic channel was integrated with the
electrochemical sensor patch to efficiently collect sweat
on human skin surface and mitigate the sensor surface
contamination problem. The fabricated sensor measured
the Kþ concentration of human sweat with a high
sensitivity 173 mV/dec with a high linear range from 1 to
32 mM. Li, M. et al. [102] designed a highly integrated
sensing (HIS) paper by employing Ti3C2 as the active
materials and foldable all-paper substrates as sweat
analysis patch, which integrated a signal processing system
that was able to simultaneously detect lactate and glucose
for real-time analysis of sweat (Figure 19). The different
functional areas of HIS paper were printed on paper
substrate, followed by folding it into three-dimensional
structure and attributed to the well-designed 3D diffusion
path as well as hydrophilic effect of paper substrates.
Human sweat could be efficiently collected and rapidly
diffuse along vertical direction from the human-device
interfaces. A dual-channel electrochemical sensor that
could simultaneously detect glucose and lactate with
sensitivity of 2.4 nA/μM and 0.49 μA/mM respectively was
produced based on the HIS paper by them. The low cost
and convenient HIS paper has the potential for practical
application of non-invasive electrochemical sensors and
wearable bioelectronic products.

In the fabrication of various electrochemical sensing
devices, arranging nanomaterials into a particular position
on a patterned electrode with controlled architecture,
morphology, and thickness is a most challenging issue
[97]. For obtaining large-scale and high-quality MXene
nanosheets thin films, Sharifuzzaman, M. et al. [97]
reported a green, facile, and cost-effective one-pot
deposition mechanism of Ti3C2 nanosheets (Figure 20).
They demonstrated that Ti3C2 nanosheets can be precisely
and uniformly deposited on different sensing electrodes at
room temperature within a few minutes via electroplating
technique using a DMSO suspension with colloidal Ti3C2

nanosheets as an electrolyte. Ti3C2 nanosheets disperse
completely and were highly stable in DMSO solvent. The
redox reaction in the colloidal Ti3C2 nanosheets solution
under the effect of a constant applied potential generated
an electric field, which drives the nanoparticles toward a
specific electrode interface so that they were catholically
electroplated. By this method, they fabricated a mini-
aturized Ti3C2-AFBPB-film-modified dual interdigitated
microelectrode (DIDμE) label-free immunosensor for the
simultaneous and multiplexed detection of bladder cancer
biomarkers detection (Apo-A1 and NMP 22) with the
help of a task-specific ionic liquid (TSIL), 4-amino-1-(4-
formyl-benzyl) pyridinium bromide (AFBPB). The devel-
oped dual immunosensor demonstrated lower LODs
(0.3 pg/mL and 0.7 pg/mL, respectively).

Besides, for the specific, sensitive and rapid detection
of multiple miRNAs in total plasma, Mohammadniaei, M.
et al. [101] casted Ti3C2 MXene which modified with 5 nm
gold nanoparticles (AuNPs) on a dual screen-printed gold
electrode to host vast numbers of DNA probes as a
multiplex biosensor for miR-21 and miR-141 (Figure 21).
The biosensor showed substantial LOD of 204 aM and
138 aM for miR-21 and miR-141 respectively. And they
fabricated a 96-well adaptive sensing device successfully
profiling cancer plasma samples. This device could be
upgraded for quantification of more analytes to become a
prosperous device for point of care (POC).

4 Conclusions and Prospects

MXene has shown great application potential in electro-
chemical sensors, and many electrochemical sensors based
on MXene have been developed including electrochem-
ical non-biosensors, electrochemical biosensors, electro-
chemiluminescence sensors and photoelectrochemical
sensors. In addition, MXene holds great promise in the
conductive substrate preparation for various electrode
systems, especially for various patterned electrode. This
paves the way for the development of various advanced
electrochemical sensing devices such as flexible and
wearable sensors for non-invasive body fluid monitoring,
and miniaturized detection devices for practicably deter-
mination.

For the application of MXene in electrochemical
sensors in the future, we think there are several directions
that can be further studied. (1) For biosensors, MXene
are usually applied as a carrier of biomolecules, and the
immobilization of biomolecules onto the surface of
MXene are generally realized by the assistance of Au
nanoparticles or by electrostatic adsorption, we think the
direct chemical coupling between biomolecules and
MXene is more valuable considering the stability of
biocomposites and the abundant surface chemistry of
MXene. It means that the functionalization of the surface
of MXene like amination or carboxylation is an important
subject. Noteworthily, the electrochemical etching (E-
etching) exfoliation route is very interesting [62]. The
simultaneous realization of chemical group functionaliza-
tion and exfoliation of MXene by electrochemical route is
very attracting. (2) The good photothermal conversion
efficiency of MXene open the door of the application of
new sensitivity enhancement strategy. We think this
strategy is very promising and could be adopted in other
type electrochemical sensors in addition to ECL sensors
[28,89]. (3) For photoelectrochemical sensors and flexible
sensors, the structure of heterojunctions and composition
of conductive and sensing film are decisive. More
combinations could be explored. In a word, with MXene
as a powerful right hand, more advanced electrochemical
sensors can be expected in the future.
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