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ABSTRACT
MXene is a rapidly emerging group of two-dimensional (2D) multifunctional nanomaterials, draw-
ing huge attention from researchers of a broad scientific field. Reporting the synthesis of MXene
was the following breakthrough in 2D materials following the discovery of graphene. MXene is
considered the most recent developments of materials, including transition metal carbonitrides,
nitrides, and carbides synthesized by etching or mechanical-based exfoliation of selective MAX
phases. MXene has a plethora of prodigious properties such as unique interlayer spacing, high ion
and electron transport, large surface area, excellent thermal and electrical conductivity, exceptional
volumetric capacitance, thermal shock, and oxidation resistance, easily machinable and inherently
hydrophilic, and biocompatibility. Owing to the abundance of tailorable surface function groups,
these properties can be further enhanced by surface functionalization with covalent and non-cova-
lent modifications via numerous surface functionalization methods. Therefore, MXene finds their
way to a plethora of applications in numerous fields including catalysis, membrane separation,
energy storage, sensing, and biomedicine. Here, the focus is on reviewing the structure, synthesis
techniques, and functionalization methods of MXene. Furthermore, MXene-based detection plat-
forms in different sensing applications are survived. Great attention is given to reviewing the
applications of MXene in the detection of biomolecules, pathogenic bacteria and viruses, cancer
biomarkers food contaminants and mycotoxins, and hazardous pollutants. Lastly, the future per-
spective of MXene-based biosensors as a next-generation diagnostics tool is discussed. Crucial
visions are introduced for materials science and sensing communities to better route while investi-
gating the potential of MXene for creating innovative detection mechanisms.
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1. Introduction

2D materials are crystalline materials known as single-layer
materials. The interactions among atoms in 2D materials are
stronger in the 2D plane (where electrons are free to move)
than those in the thickness direction.[] Due to the prodi-
gious atomic structure, high specific surface area, and novel
electronic,[] optical, and mechanical[1] properties of 2D
materials, leading to several promising applications, they
attracted a great deal of the global attention. Furthermore,
this attention has significantly increased since the mechan-
ical exfoliation of graphene monolayer (single atom thick)
that was first reported by Novoselov et al. in 2004.[] After
the successful production of graphene single-layer and other
2D materials were formed by exfoliation.[2–4] Among 2D
materials, MXene is the most advantageous materials due to
high electrical conductivity which is important for enhanc-
ing the heterogeneous electron transfer rate. MXene is the
2D materials which is composed from carbide or nitride of
transitional element where Ti and C in the case of Ti3C2Tx;
and Ti, Mo, C in the case of double transition metal

carbides; unlike graphene which consist of only one type of
element; i.e., Carbon. The presence of multiple elements is
advantageous in heterogeneous catalytic reaction due to
their different affinities toward the target biomolecules.
Similarly, MXene can be dispersed in common solvents such
as water, ethanol, dimethylformamide, N-methyl2-pyrroli-
done and others; with high stability from few days up to
several weeks. The dispersion stability of MXene can be fur-
ther improved by functionalization, as reported in a
recent study.

Titanium Carbide (Ti3C2) is a recent 2D material well-
known as MXene. It is an inorganic compound composed
of thin layers of transition metals of carbonitrides, carbides,
and nitrides and was first presented by Naguib et al. in
2011.[5] The formation of 2D Ti3C2 nanosheets, conical
scrolls, and multilayer structures was first achieved by exfoli-
ation of Ti3AlC2 in hydrofluoric acid (HF), that is, alumi-
num (Al) atoms are replaced by a hydroxyl (OH) as a result
of reacting with HF followed by the breaking of the H-
bonds, and finally the separation of the MXene single-layer
at room temperature.[5] Ti3AlC2 is a member of a large class
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of materials that compose more than 150 families of poly-
crystalline ternary nitrides and carbides identified as the
MAX phases.[6] Therefore, the introduction of Ti3C2 paved
the road for the production of many other 2D materials.
MAX phases have a common formulation of Mn þ 1AXn,
where n¼ 1, 2, or 3, M is a transition metal, A is an ‘A
group’ (mainly 13 and 14) element such as aluminum or
silicon, and X is either carbon (C) or nitrogen (N).[7,9]

Normally, MXene are produced by etching or exfoliation
from a 3D precursor of the MAX phase compound. To
obtain two-dimensional layers of MXene, a single layer from
the MAX phase material is selectively removed by a chem-
ical reaction called intercalation followed by
delamination.[10]

MXenes possess remarkable properties such as biocom-
patibility,[11] large surface area, unique interlayer spacing,
high ion and electron transport, excellent conductivity (both
thermal and electrical), thermal shock and oxidation resist-
ance, exceptional volumetric capacitance, easily machinable
and inherently hydrophilic.[12] Owing to the abundance of
tailorable function groups presence on their surface such as
oxygen, fluorine, hydroxyl, and chloride, these properties
can be further enhanced by surface functionalization with
covalent and non-covalent modifications via numerous sur-
face functionalization methods such as self-assembly,[13] in
situ polymerization,[14] electrostatic assembly,[15] hydrother-
mal approach[16] and heat and milling treatment.[17]

Therefore, MXene find their way to a plethora of applica-
tions in numerous fields such as catalysis,[18] membrane sep-
aration,[19] energy storage,[20] sensing,[21] and
biomedicine.[22]

Despite their brief journey, MXene have shown promis-
ing potential as highly sensitive and selective detection tools
for broad detection applications.[23] Large surface area, bio-
compatibility, drug loading capacity, and nontoxicity are
among the overwhelming number of outstanding properties
of MXene that paved the road for their use in advanced
sensing applications.[24,25] The literature revealed that
MXene are promising candidates for the immobilization of
protein and enzyme, promoting low detection limits, super-
ior selectivity, and sensitivity.[26] Furthermore, it was
reported that MXene-based electrochemical sensors offer
outstanding detection characteristics when biological recep-
tors are immobilized on the MXene surface-modified
electrodes.[27]

The antibacterial properties of MXene have been investi-
gated and reported.[28] Rasool et al. described the antibacter-
ial activity of two-dimension MXene (Ti3C2Tx)
suspension.[29] They found that single and layered Ti3C2Tx

flakes in colloidal solution displayed a greater antimicrobial
property on both E. coli and B. subtilis when compared
with a well-known antibacterial agent (graphene oxide).
Recently, the sensing capabilities of MXenes against CoVID-
19 were reviewed and reported.[30] Moreover, Li et al. inves-
tigated the sensing capabilities of MXene against the differ-
ent concentrations of antigens from both 2019-nCoV and
influenza virus by developing a low-cost MXene-graphene
field-effect transistor (FET) detector integrated into a

microfluidic channel, receiving viruses in solution.[31] The
developed platform displayed a low detection limit, out-
standing sensitivity, rapid-responding performance, and a
high signal-to-viral load ratio.

Among the broad applications of MXenes, cancer diagno-
sis via detecting cancer biomarkers by using MXene-based
sensors has drawn a great deal of the attention of the scien-
tific community. Lately, the synthesis of amino silane-func-
tionalized MXene (Ti3C2) nanosheets by minimally intensive
layer delamination method was investigated and reported.[32]

The developed label-free ultrasensitive electrochemical bio-
sensor was used for cancer cell detection applications. The
amino group functionalized MXene offered a reliable base
for cancer bio-receptor covalent immobilization toward the
detection of cancer biomarkers (carcinoembryonic antigen)
found in numerous kinds of cancers for instance colorectal,
lung, ovarian, pancreatic, breast, and liver cancers.
Furthermore, Sadiq et al. reported MXene (Ti3C2)-based
biosensor to accurately detect PGE2 and 8-HOA in A549
lung cancer cells with outstanding selectively, high-to-noise
ratio, and exceptional sensitivity.[33]

MXene-based electrochemical biosensor as tools to sense
food contaminants, mycotoxins, toxic elements, hazardous
pollutants, and environmental pollutants were studied and
reported.[34,35] The developed electrochemical sensor proved
to be a promising sensing system for environmental and
food safety applications and further displayed excellent
selectivity, stability, reproducibility, and repeatability.
Furthermore, MXene-based aptasensor for detecting the dif-
ferent types of mycotoxins were studied and reported.[36]

In the current work, we focus on examining the struc-
ture, synthesis methods, and functionalization techniques of
MXene. Moreover, MXene-based detection platforms in a
wide range of sensing applications are survived.
Furthermore, the application of MXenes in detecting biomo-
lecules, pathogenic bacteria and viruses, cancer biomarkers,
food contaminants, and mycotoxins is reviewed in detail.
Finally, perspectives for the future of MXene-based biosen-
sors as a next-generation diagnostics tool are discussed.

2. Synthesis and functionalization of MXene

Currently, there are more than seventy distinct MAX phases
were generated and over twenty MXenes were produced.
The fundamental idea of MXene production is to eliminate
the element ‘A’ from MAX phases where ‘M’ is an early
transition metal, ‘A’ is an element from ‘group A’ (generally
group 13 and 14), and ‘X’ referrers to either C or N.[12,37]

Various etching methods were developed for MXene syn-
thesis. M. Naguib and coworkers first developed the hydro-
gen fluoride (HF) etching method for the synthesis of
MXene from the MAX phase. In a Ti3AlC2 MAX phase, Al
was extracted by HF, and Ti3C2Tx (where T represents a
surface functional group -OH, -O, -F), MXene, was synthe-
sized.[38] M. Naguib and coworkers also synthesized
Ti3AlCN, (Ti0.5, Nb0.5)2AlC, Ta4AlC3, (V0.5, Cr0.5)3AlC2,
and Ti2AlC following the same process.[12]
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The Traditional HF etching method suffers from a major
disadvantage; a strong acid solution causes surface defects
and lowers the yield.[39] To avoid this, Ghidiu and cow-
orkers developed an improved method by using a mixture
of a milder acid solution of HCl and fluoride salt (LiF, KF,
NaF, CaF).[40] Furthermore, A mixture of FeF3/HCl was
introduced by X. Wang and coworkers.[41] More etching
techniques were developed and offered milder etching con-
ditions, shorter sonication time, higher exfoliation yield,
fewer flaws, and improved surface quality.[37,42] Halim and
coworkers demonstrated a method using NH4HF2 as an
etchant for Titanium Carbide based MXene (Ti3C2).

[43]

Additional bifluoride salts (NaHF2, KHF2) were suggested
by A. Feng and coworkers for the synthesis of titanium car-
bide-based MXene.[5]

For nitride-based MXene, the fluoride-based etching
method was not effective, therefore, P. Urbankowski and
coworkers introduced a new etching method by using LiF,
KF, and NaF (LiF:NaF:KF ¼ 29:12:59 weight ratio) molten
salt to remove Al from the MAX phase.[44] They produced
titanium nitride (Ti4N3Tx) based MXene from the titanium
aluminum nitride (Ti4AlN3) MAX phase. S. Yang and cow-
orkers established a fluorine-free electrochemical method for
titanium aluminum carbide-based (Ti3AlC2 MAX phase)
with a 90% yield.[45] They used NH4Cl and TMASO (tetra-
methylammonium hydroxide) as an electrolyte acting as an
etchant. Aside from the acid-based etching, a method using
alkaline solution (NaOH) was established by T. Li and cow-
orkers for MXene synthesis.[46] J. Xuan and coworkers also
used organic alkaline solution (TMASO) as etchant.[47]

Alhabeb and coworkers developed a new process for the
large production of MXene from the silicon base MAX
phase (Ti3SiC2).

[48] They used a mixture of HF and oxidant
(H2O2, persulfate, permanganate, HNO3, O3) for removing
silicon to produce MXene.

MXene nanosheets offer a large surface area with an
abundance of functional groups (such as oxygen, fluorine,
hydroxyl, and chloride) present on their surface, allowing
easier surface functionalization to modify their conductive
properties and further bind to biological molecules.[23,49]

Owing to the presence of hydroxyl group on MXene surface,
simple, tunable, and robust surface modification using silane
chemistry made possible allowing the deposition of a large
range of functional groups for further immobilization of
biomolecules.[50] The immobilization capacity and sensing
properties of MXene can be enhanced after successful func-
tionalization. The negatively charged MXene is functional-
ized by positively charged molecules.[51] The surface
functionalization and modification can be done by following
physical absorption and electrostatic attraction improving
the bioreceptor absorption capability of MXene. A.
Koyappayil and his coworkers developed b-hydroxybutyrate
dehydrogenase linked MXene nanocomposite for sensing
b-hydroxybutyrate.[52] To prepare the nanocomposite,
MXene was mixed with the enzyme and functionalized by
using bovine albumin serum (BSA), NADþ, and glutaralde-
hyde (GA). The surface of MXene has been modified DNA,
or oligonucleotide such as aptamer, antibody by

functionalizing MXene with different crosslinker to attach
thiol, amino or carboxylic group on MXene.[53] Covalent
immobilization, physical adsorption, and electrochemical
adsorption are the most commonly used technique to
immobilize bio-receptors on the surface of MXene in which
covalent immobilization is more preferable for attachment
of DNA or nucleotide on MXene.

3. Application of MXene-based biosensor

MXene is one of the latest explored advanced materials
applied in sensing and biosensing area after extensive util-
ization of different 2D materials such as carbon-based mate-
rials, metal oxide materials and other layered materials.
MXene is used in biosensor fabrication to amplify the signal
(electrical or Optical) of biosensor due to its prominent
features such as extraordinary surface chemistry, excellent
conducting properties, biocompatibility, and easy functional-
ization and immobilization of biological receptors.
Numerous MXene based biosensing approaches have been
developed for sensing pathogenic bacteria and viruses, bio-
molecules, food contaminants, infectious diseases bio-
markers, environmental hazardous organic pollutant and
pesticides providing electrical or optical signal. Based on the
electrical or optical signal the MXene based biosensors are
classified into electrochemical or optical biosensor. In elec-
trochemical biosensor, the targeted substances can be
detected with presence of target specific bioreceptor such as
DNA, RNA, Aptamers, Nucleic acids, Proteins, Enzymes,
etc. The MXene based electrochemical biosensor can be
designed by immobilization the selective bioreceptor. The
bioreceptors produce electrochemical signal by interacting
target molecules and MXene enhance the signal into greater
magnitude. On the hand, the optical signal (change in color,
reflective index, light intensity) is found after interaction of
bioreceptor and specific targets is amplified by MXene due
to its unique optical properties in MXene based
optical biosensor.

In this section, application of MXene in development of
electrochemical or optical biosensor for detecting biomole-
cules, pathogenic bacteria and viruses, food mycotoxins, can-
cer biomarkers, and environmental hazardous pollutants.

3.1. Sensing biomolecules

Biomolecules have an important role in human routine
activities and disease resistance, particularly for tiny biomo-
lecules with high reducibility’s, such as glucose, cholesterol,
ascorbic acid, neurotransmitter, glutamate, dopamine, and
uric acid.[54] They serve a crucial function in the mainten-
ance of human health. As a result, it is critical to be able to
identify these biomolecules simply and quickly to monitor
human health.[55] Traditional methods for monitoring bio-
molecules include high-performance liquid chromatog-
raphy,[56] spectrometry,[58] and colorimetry.[59] However,
these methods have some drawbacks such as being time-
consuming, requiring expensive reagents, calling for complex
extraction procedures, and demanding intensive training.[60]
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Recently, biosensors become favorable for detecting biomo-
lecules due to their unique characteristics such as high
selectivity, sensitivity, accuracy, compatibility and stability,
low cost, and less time-consuming.[61–64] To enhance the
performance of biosensors, different metals, metal oxides,
carbides, nitrites nanoparticles, and structural nanosheets are
integrated into the fabrication of biosensors. Among these
nanomaterials, MXene provides several effective surface sites
suitable for the immobilization of bioreceptor enhancing the
selectivity, stability, sensitivity, and accuracy of the
biosensor.[23]

Rakhi and her team introduced Au/MXene composites-
based biosensing system for detecting glucose.[65] In that
work, the biosensor was fabricated by incorporating glucose
oxidase (GDx) on the surface of an electrode functionalized
with Nafion solubilized Au/MXene nanocomposite. The
developed biosensor provided a linear amperometric
response with a glucose concentration ranging from
0.1–18mM and a LOD of 5.9 lM. The selectivity of the bio-
sensor was confirmed by examining the common electroac-
tive interfering compound such as Dopamine, Uric acid, and
Ascorbic acid. In another work, Sun et al. proposed a sensi-
tive electrochemiluminescence (ECL) biosensor for monitor-
ing glucose in fruits, human serum, and sweat samples.[66]

To construct the biosensing platform, GDx was immobilized
on the surface of the glycine functionalized nanoplatform of
TiO2 nanowires on Ti3C2 MXene. The ECL biosensor can
detect glucose in a wide concentration range of
12mM–20 nM with a LOD of 1.2 nM. Monitoring choles-
terol levels is essential for human health because unstable
cholesterol levels cause serious health problems. To explore
simple, sensitive, effective tools for monitoring cholesterol,
T. Xia et al., developed a Ti3C2Tx MXene-based enzymatic
electrochemical biosensing platform for the detection of
cholesterol.[51] This research team fabricated the biosensor
by immobilizing the cholesterol oxidase (ChOx) enzyme on
the electrode surface by using chitosan and MXene as sup-
porting materials for attaching the enzyme as schematically
shown in Figure 1(A). The developed ultrasensitive biosen-
sor provided an excellent linear relationship in a concentra-
tion range of 0.3–4.5 nM with a LOD of 0.11 nM. To

develop MXene based biosensor to detect neurotransmitters,
F. Shahzad et al., proposed an MXene-based electrochemical
biosensor for sensing dopamine (DA).[68] The proposed bio-
sensor offered a wide window for the detection of DA
(0.015–10mM) with a LOD of 3 nM. Additionally, Li et al.,
introduced an electrochemical biosensing platform for sens-
ing another neurotransmitter, epinephrine (EP).[67] To fabri-
cate the biosensor, Ti3C2Tx MXene and reduced graphene
oxide (rGO) were mixed to form MXene-rGO (GMA), and
next GMA was transferred on the surface of ITO as shown
in Figure 1(B). The biosensor provided a linear current
response with an EP concentration range of 1–60 lM and
LOD of 3.5 nM. Recently, A. Koyappayil et al. presented
b-hydroxybutyrate dehydrogenase decorated MXene nano-
sheet-based biosensor for the identification of b-hydroxybu-
tyrate.[52] The proposed biosensor provided a wide range of
linearity (0.36 to 17.9mM) with a LOD of 45 lM. A list of
MXene-based biosensor developed for sensing biomolecules
along with a comparison of their analytical performance is
summarized in Table 1.

3.2. Sensing pathogenic bacteria and viruses

Pathogenic bacteria and viruses are the main sources of pan-
demic diseases and human death worldwide.[72,73] Rapid and
early-stage identification of viruses and pathogenic bacteria
is essential for selecting proper diagnosis and reducing the
complexities of diseases, managing and controlling the
spreading efficiency of the bacteria and viruses.[74] Recently,
COVID-19 provided a valuable example showing the essence
of early-stage detection in controlling the spread of infection
disease.[75] Thus, researchers are actively working on devel-
oping an effective diagnostic tool for the rapid and early
detection of viruses and pathogenic bacteria.[76] Diverse
technologies are applied to identify bacteria and viruses such
as the bacterial culture method,[77] enzyme-linked immuno-
sorbent assay,[78] real-time PCR, and real-time RT-PCR.[,79]

But these methods have disadvantages such as being time-
consuming, requiring expensive reagents, calling for complex
extraction procedures, and demanding extensive training.[60]

Recently, biosensors become favorable for detecting

Figure 1. (A) The fabrication process of Chit/ChOx/Ti3C2Tx modified glass carbon electrode and a proposed reaction mechanism of cholesterol at the surface of the
functionalized glass carbon electrode. Reprinted from [51] with permission: Copyright # 2021 Elsevier B.V. (B) Illustration of preparing GMA/ITO modified electrode
and the electrochemical sensing of EP. Reprinted from [67] with authorization: Copyright # 201Elsevier B.V.
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microorganisms owing to their unique characteristics such
as high accuracy, sensitivity, selectivity, compatibility and
stability, low cost, and less time-consuming.[63,64,80–82]

Several receptors are used to fabricate biosensors for the
detection of microorganisms such as DNA, aptamer, anti-
gen-antibody complexes, enzymes, and proteins providing
the output in the form of electrical or optical signals. Due to
the outstanding electrical and optical properties of MXene,
it is a suitable candidate for biosensing applications includ-
ing sensing pathogenic bacteria and viruses.[83] MXene is an
effective material for developing biosensors due to its exclu-
sive properties of high electric conductivity, easier incorpor-
ation ability of discrete functional groups, and excellent ion-
intercalation characteristic, thus becoming suitable for the
fabrication of biosensing platforms. MXene provides numer-
ous effective sites for the immobilization of bioreceptor on
its surface enhancing the selectivity, stability, sensitivity, and
accuracy of the biosensor.[23] Figure 2 shows the fabrication
principle of MXene-based biosensor for viruses and patho-
genic bacteria.

As an effort toward developing of MXene based biosensor
for the identification of viruses, Chen and his research team
recently introduced a DNA functionalized MXene-based
chemoresistive biosensor for selective and quick sensing of
the nucleocapsid gene of SER-CoV-2 (SER-CoV-2 N gene)
(W. Y. Chen et al. 2022). In that work, the biosensing plat-
form was fabricated by noncovalent adsorption of the probe
DNA molecule and 2D Ti3C2Tx MXene. In that sensing
platform, the conductance of the sensing channel was
increased after hybridization of complementary SER-CoV-2
N gene with probe ssDNA on the surface of MXene, how-
ever, no response was found for non-complementary targets
(SER-CoV-1 N gene and MER-CoV N gene) suggesting high
selectivity of the biosensor. Figure 3(A) shows the detection
principle of the SER-CoV-2 N gene by using the sensing
platform of DNA functionalized MXene. The biosensor

showed LOD below 105 copies/ml in saliva similar to the
result of RT-PCR.

Most recently, an aptamer-based SPR biosensing platform
was constructed to detect the SER-CoV-2 N gene.[85] To
fabricate the biosensor, N-gene-targeted N58 aptamer was
immobilized on thiol-modified niobium carbide-based
MXene quantum dots. The biosensor displayed a linear rela-
tionship for the detected signal virus with the logarithm
value of N-gene concentration of 5� 10�2–100 ng m/L with
LOD of 4.9 pg m/L. The electrical conductivity of MXene
improves when combined with different metal-organic
frameworks (MOF). Lately, Y. Wang introduced an imid-
azole metal-organic framework (ZIF-8) combined with
Ti3C2Tx MXene-based electrochemical electrochemilumines-
cence (ECL) biosensor for screening human immunodefi-
ciency virus-1 (HIV-1).[86] To fabricate the biosensor, a
particular aptamer was attached to the surface of Ti3C2Tx/
ZIF-8/GCE, and further ssDNA functionalized conductive
carbon black along with magnetic nanoparticles (MNPs)
were immobilized on the surface of the aptamer modified
electrode. The ECL signal was risen by enhancing the con-
centration of HIV-1 protein while being linear in the con-
centration range of 1 fM–1 nM with a LOD of 0.3 fM. X.
Peng et al., explored a fluorescent sensor for monitoring
human papilloma virus-18 (HPV-18) infection in a real sam-
ple.[87] The transducer of the sensing platform was fabri-
cated by the combination of ultrathin MXene nanosheets,
dye-labeled ssDNA probe, and exonuclease III (Exo III). The
pioneer research team demonstrated the ability of the pro-
posed sensing platform in detecting HPV picomolar levels
and further demonstrated a linear response at HPV ssDNA
concentration range of 0.5 nM–50 nM.

Recently, a wide group of scientists become interested in
fabricating MXene-based diagnostic tools for monitoring
pathogenic bacteria. Zhang et al. applied for the first time
the MXene-based biosensing strategy in the determination

Table 1. List of MXene-based biosensor developed for sensing biomolecules.

Sensing matrix

Bio-
recognition
element

Biosensing
technique Target analyte

Sensing performance

Ref.Linear range LOD Sensitivity

GODx/Au/MXene/
Nafion/GCE

Enzyme Electrochemical
biosensor

Glucose 0.1 to 18mM 2.6 lM 4.2
lAmM�1 cm�2

[65]

GODx/glycine-TiO2-
Ti3C2/GCE

Enzyme Electrochemical
biosensor

Glucose 20 nM to 12mM . nM – [66]

Chit/ChOx/Ti3C2Tx/GCE Enzyme Electrochemical
biosensor

Cholesterol 0.3 to 4.5 nM 0.12 nM 132.66
lA nM�1 cm�2

[51]

Ti3C2/DNA/Pd/Pt@GCE DNA Electrochemical
biosensor

DA 0.2 to 1000 lM 27 nM – [69]

Ti3C2Tx/GCE sensor – Electrochemical
biosensor

DA 0.015 to 10 mM 1nM – [68]

GMA/ITO – Electrochemical
biosensor

EP 1 to 60 mM 1.2 nM 3.74
lA.
lM�1�cm�2

[67]

Au-PCB/Ru/MXene-
b-HBD-NADþ-GA-BSA

Enzyme Electrochemical
biosensor

b-hydroxybutyrate 0.36 to 17.9mM 42mM 0.480
lA
mM�1 cm�2

[52]

GCE/PtNP@MXene-
Ti3C2Tx/Chi/GluOx/Chi

Enzyme Electrochemical
biosensor

L-glutamate 10–110 lM 0.45lM 1.5906 nA/
(lmol/L)

[70]

MIP/d-Ti3C2T/
MWCNTs/GCE

– Electrochemical
biosensor

Amyloid-b
protein b

0.36 to 17.9mM 47lM – [52]

LOx/Pt/PANI/MXene Enzyme Electrochemical
biosensor

Lactate 0.005 to 17.9mM 2lM – [71]
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of Mycobacterium tuberculosis (M. tuberculosis).[88] To con-
struct the biosensor, peptide nucleic acid (PNA) was used as
a capture probe of specific targets, and zirconium-linked
Ti3C2 MXene was used as a signal enhancer. The M. tuber-
culosis-specific target biomarker hybridized with PNA was
immobilized on the gold surface of the electrode and the
conductance of the modified electrode was enhanced after
the interaction of conductive MXene with the target bio-
markers. The developed biosensor showed high discrimin-
ation ability in the detection of Escherichia coli (E. coli),
Pseudomonas aeruginosa (P. aeruginosa), M. tuberculosis,
Mycobacterium smegmatis (M. smegmatis), Staphylococcus
aureus (S. aureus), BCG vaccine, and 6th-time reusability.
Wang et al. developed an accordion-like Ti3C2Tx MXene-
based electrochemical DNA biosensor for the detection of
Helicobacter pylori.[89] The developed biosensor was able to
detect the complementary target DNA at less than femtomo-
lar concentration level. In another work, W. Wei et al. pro-
posed an MXene-based double-mode ECL-SERS
immunoassay to detect Vibrio vulnificus (VV).[84] In the
proposed biosensor, signal tags of ECL (ABEI) and specific
VV antibody (Ab2) were immobilized on the surface of
multifunctional MXene (R6G-Ti3C2Tx@AuNRs) as displayed
in Figure 3(B). The biosensor can determine 102 CFU/mL

VV in the SERs method and 1 CFU/ml in the ECL method.
A list of the MXene-biosensors developed for the sensing of
bacteria and viruses is summarized in Table 2.

3.3. Sensing cancer biomarkers

The early detection of cancer biomarkers in the human
body along with utilizing the most precise and quick
method is currently in demand.[90] At this point, the analyt-
ical development is possible if the biosensor is modified
with a signal tag bio-recognized biomarkers such as antibod-
ies, enzymes, deoxyribonucleic acid, ribonucleic acid, cancer
cells, nucleic acid probes, or other biomolecules.[91] Herein,
an interaction between sensor surface molecules and target
biomarkers is usually converted to measurable electrical or
optical signals. In recent advances, MXene-based 2D nonma-
terial, brought a new perspective to the field of healthcare
due to its higher detection sensitivity[92] in electrochemical,
mass-sensitive, and optical bio-sensing.

Medetalibeyoglu et al. demonstrated an alternative, sig-
nificant, good selective, and stable, SERS immunosensor for
detecting carcinoembryonic antigen (CEA) in plasma sam-
ples for the early differentiation of malignant and innocent
biomarkers.[93] The research group designed a 2D

Figure 2. Systematic sensing mechanism of MXene-based biosensor for detection of viruses and pathogenic bacteria.

Figure 3. (A) Schematics illustrating the operation of ssDNA/Ti3C2Tx detectors for the sensing Covid-19 nucleocapsid (N) gene. Reprinted from (W. Y. Chen et al.
2022) with authorization: copyright # American Chemical Society; (B) Schematic diagram of the dual-mode ECL/SERS immunosensor for VV. Reprinted from [84]
with authorization: Copyright # 2021 Elsevier B.V.
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MoS2NFs@AuNPs labeled with 4-marcaptobenzoic acid as a
CEASERS tag. Furthermore, the magnet-supported substrate
SERS was made by Fe3O4@Au nanoparticles modified with
delaminated Ti3C2TX MXene like Fe3O4NPs@AuNPs/d-
Ti3C2TX MXene and was used to detect CEA. This sand-
wich-type immunosensor showed a linear response, high
selectivity, and recovery value of 1� 10�4–100.0 ng m/L,
0.033 pg m/L, and around 100%, respectively. Additionally,
Wu et al. claimed an efficient amino-functionalized surface
plasmon resonance (SPR) N-Ti3C2-MXene biosensor for the
sensing of CEA by signal amplification strategy.[94] In that
study, the monoclonal anti-CEA capture antibody was cova-
lently immobilized with amino silane functionalized Ti3C2-
MXene nanosheet. Similarly, the polyclonal anti-CEA detec-
tion antibody (Ab2) was immobilized with staphylococcal
protein A (SPA) decorated N-Ti3C2-MXene-hollow gold
nanoparticles surface. The response signal was shown by the
growth of Ab2-conjugated SPA/HGNPs/N-Ti3C2-based
MXene sandwich nanostructure on the surface of SPR. This
immunosensor showed a linear detection limit and range
of0.15 fM and 1� 10�3–1� 103 PM, respectively. M.
Sharifuzzaman et al. established for the first time a low-cost
detection of Apo-A1 and NMP 22 bladder cancer biomarker
by a one-pot dual 2D immunosensor.[95] MXene-Ti3C2Tx

nanosheets (MXNSs) were electrodeposited at a constant
potential. Next, antibodies were bonded on the MXNSs sur-
face in the ionic medium of 4-amino-1-(4-formyl-benzyl)
pyridinium bromide. MXNSs and antibody-bonded MXNSs
displayed precise LOD values of 0.3 and 0.7 pg m/L, respect-
ively. The research group observed that the micro dual inte-
grated modified electrode yielded 7 times higher redox
current than bare. Medetalibeyoglu et al. reported on the
detection of prostate-specific antigen (PSA) by an immuno-
sensor where GCE was modified by AuNPS/ATPGO along
with PSA antibody 1 (Ab1).

[96] Furthermore, signal amplifi-
cation PSA antibody2 (Ab2) was labeled on delaminated
MXene-gold nanoparticles (d-Ti3C2TXMXene@AuNPs).
These both modified electrodes were characterized by con-
ventional analytical tools and other validation methods

showing a linear response range and LOD of
1� 10�2–1.0 pg/mL and 3.0 fg/mL, respectively.
Additionally, Wu et al. applied surface plasmon resonance
analytical assay for point of care bio affinity assay without
fluorescent or enzymatic labeling[97] to assess the presence
of CEA in human serum for cancer screening and early
detection. In that study, the staphylococcal protein A modi-
fied Ti3C2-MXene/AuNPs composites were immobilized and
oriented with ferrocene of monoclonal anti-CEA antibody
(Ab1) as capture. Similarly, for signal amplification, a sand-
wich complex was formed by introducing multiwall carbon
nanotubes-PDA-silver nanoparticles-polyclonal anti-CEA
antiboady2. Above all, modified electrodes have a dynamic
linearity range and limit of detection of 2� 10�16–2� 10�8

M and 0.07 fM, respectively.
Wang et al. presented the first real demonstration of the

TNF-a cancer marker, responsible for various cancer bio-
markers and inflammatory disease detection.[98]

Furthermore, they concluded that the TNF-a cancer marker
has a better absorption coefficient enhancing the lowest
reflection and leading to phase singularity and great lateral
shift (>340mm). This plasmonic biosensor is made with a
novel integration of atomic level Ge2Sb2Te2 layer and plas-
monic substrate for the capture of antibodies. Additionally,
they developed a MoS2 antibody-modified substrate used as
a signal enhancer with the capability of detecting the lowest
molecular level of TNF-a cancer marker and 10–15 molL�1

limit of detection. Cheng et al. reported on lung cancer-
causing, cytokeratin fragment antigen 21-1 (CYFRA21-1),
which is measured as a signal tag (TB-Au-COF).[99] They
have used a covalent organic framework of toluidine blue
(TB) and AuNPs doped modified electrode as a substrate
enhancer. The modified immunosensor has high sensitivity
composites combination with Au-Ti3C2Tx used to catch
antibodies TB-Au-COF for signal unit and secondary anti-
bodies. The detection of the CYFRA21-1 marker in the real
sample displayed a dynamic linear response range and limit
of detection of 0.5–1.0� 104 pg/mL and 0.1 pg/mL, respect-
ively. Additionally, S. Kumar et al. chose a preferable

Table 2. A list of MXene-based biosensors for the sensing of viruses and bacteria.

Sensing matrix

Bio-
recognition
element

Biosensing
technique Targeted analyte

Sensing performance

ReferenceLinear range LOD Detection time

AptN58/Nb2C-SH
QDs/Au

Aptamer SPR biosensor SER-CoV N gene 5� 10�2 to
100 ng m/L

4.9 pg mL�1 – [85]

ssDNA/Ti3C2Tx DNA probe Chemoresistive
biosensor

SER-CoV-2 N gene 105 to 109

copies/mL
105 copies/ml – (W. Y. Chen

et al., 2022)
dsDNA/CCB/MNP/

aptamer/Ti3C2Tx/
ZIF-8/GCE

Aptamer ECL biosensor HIV-1 1 fM to 1 nM 0.3 fM – [86]

P/T/Exo-III/Ti3C2 NS DNA probe Fluorescent
sensor

HPV-18 0.5 nM to 50 nM. 100 pM – [87]

rpDNA/tDNA/BSA/
cpDNA/Ti3C2Tx/
Au/GCE

DNA probe Electrochemical
DNA biosensor

Helicobacter pylori 10�11 to 10�14 M 1.6� 10�16 M – [89]

AuNPs-PNA/target
DNA/Ti3C2 MXene

PNA probe electrochemical
sensor

M. tuberculosis 1� 102 to
1� 108 CFU
m/L

20 CFU m/L 2 h [88]

R6G-Ti3C2Tx@AuNRs-
Ab2/ABEI

Antibody Immunosensor VV 102 to 108 CFU
m/L (SERS)
1 to 108 CFU
m/L (ECL)

10 CFU m/L
1 CFU mL�1

– [84]
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detection of CEA in which hexaammineruthenium
([Ru(NH3)6]

3þ) redox probe was prepared by minimally
intensive layer delaminated Ti3C2-MXene nanosheet with
amino silane (with APTES) immobilizing bio-receptor (anti-
CEA).[32] This biofunctionalized immunosensor has
1� 10�4–2000 ngm/L linear dynamic range and 37.9
mAng�1mLcm�2 sensitivity per decade showing a better per-
formance than previously reported 2D nanomaterials modi-
fied electrode. Zhang et al. proposed CuAu-layered double
hydroxide (LDH) multifunctional Ti3C2-MXene-based
immunosensors with excellent conductivity rendering elec-
tron movement between interchangeable anions for the
detection of CEA.[100] The proposed immunosensor dis-
played a wide detection range of 1� 10�4–80 ng/mL and the
lowest current of detection at 33.6 fg/mL(SWV), and 45.4
fg.mL�1 (i-t), reflecting excellent analytical capability. Tian
et al., prepared ferrocene(Fc)-modified HDNA2 N-carboxy-
methyl chitosan/Mo2C biosensors to capture hairpin DNA1
and hairpin DNA2 in the presence of miRNA-21.[101] By
monitoring the Fc redox signal, miRNA-21 was detected as
a strand displacement reaction. The fabricated chitosan/
Mo2C multifunctional amine groups nanocomposite has a
strong affinity to the DNA probe with a linear range of
1.0 FM–1.0 nM, and LOD of 0.34 fM. In addition, Wang
et al. demonstrated an aptasensor for the detection of breast
cancer biomarker, Mucin1 in [102]. The MXene(Ti3C2) sur-
face was fabricated with complementary DNA and Fc
(cDNA-Fc/MXene) and later Micin1 was bound with Au-S

linkage. In this detection mechanism, the decrease of the
electrical signal between the detach rate of cDNA-ferrocene/
MXene probe-Mucin1 complex and the corresponding bind-
ing signal was measured. The developed sensor offered a
dynamic linear range of 1.0 pM–10mM and a LOD of
0.33 pM, thus suitable for clinical diagnosis applications.
Moreover, Yang et al. reported on the immobilization of
captured DNA by forming Au-S bonding on the surface of
AuNPs/Ti3C2 MXene nanocomposite and methylene blue
(MB) modification on the 3 ends of the C-DNA.[91] A dou-
ble-stranded structure was formed in the presence of
miRNA-155 and C-DNA. Next, during the reaction, ds-
DNA was formed between miRNA-155 and C-DNA by base
pairing. Furthermore, several C-DNA was released at differ-
ent experimental conditions increasing the peak current dif-
ferences. Overall, the developed biosensor showed desirable
stability, reproducibility, specificity, LOD of 0.35 fM, and lin-
ear response range of 1.0 fM–10 nM. Figure 4 shows a sche-
matic illustration of the developed biosensor.

Similarly, duplex-specific nuclease (DSN)-based AuNPs/
MXene—for reliable detective signal amplification biosensor
was introduced by Mohammadniaei et al., where multiple
microRNAs were detected by the one-step process in the
real sample for RNA-21 and microRNA-141.[] A large num-
ber of DNA probes were immobilized on dual screen-
printed electrode of (Ti3C2Tx-AuNPs) by bonding with S-
Au. This method reduced the detection (assay) time to
80minutes for signal amplification to render the

Figure 4. Schematic diagram illustrating the miRNA-155 biosensor fabricated on AuNPs modified Ti3C2 (MXene) nanocomposite designed with Exo III-leveled cas-
cade target method. Individuals are (a) Au-Electrode, (b) AuNPs functionalizedTi3C2 (MXene) modified Au-Electrode, (c) C-DNA immobilized AuNPs functionalized
Ti3C2 (MXene) modified Au-Electrode, (d) BSA/C-DNA immobilized AuNPs functionalized Ti3C2 (Mxene) modified Au-Electrode, (e) miRNA-155/BSA/C-DNA immobi-
lized AuNPs functionalized Ti3C2 (MXene) modified AuE, (f–h) Exo III/miRNA-155/BSA/C-DNA immobilized AuNPs functionalized Ti3C2 (MXene) modified
Au-Electrode.
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physicochemical properties. The developed 96-well biosensor
device displayed an outstanding sensitivity at 204 and 138
aM of detection limit showing excellent biosensing capacity.
Additionally, Hroncekova et al., fabricated a highly sensitive
sarcosine oxidase enzyme-modified electrode on 2D Ti3C2Tx

MXene/chitosan nanocomposite, detecting sarcosine, a pros-
tate cancer biomarker, was detected in a real urine sam-
ple.[103] This protein-modified biosensor has excellent
operational parameters supported with chitosan and charac-
terized by atomic force and scanning electron microscopies.
The developed protein biosensor had a response time of
2 seconds, recovery indexing of 102.6%, detection limit of
18 nM, and a linear response up to 7.8 mM.

Furthermore, Nagarajan et al. reported a successful modi-
fication of the flavin adenine dinucleotide (FAD)-Ti3C2Tx

adhesion immobilized electrode to overcome poor electron
transfer properties.[104] They found the modified FAD elec-
trode to be dependent on pH level, stable at �0.455V, and
showed an electro-catalytic H2O2 reduction at �0.47V.
Here, the developed electrochemical biosensor showed a lin-
ear response range of 5 nM–2 mM when detecting H2O2 in
ovarian cancer cells, detection found linearity. In the pres-
ence of interfering molecules, the selectivity of the modified
electrode was comparatively as high as 0.125mA nM/cm2. A
list of the reported MXene-modified biosensors along with
their performance parameters such as detection limit, linear
response range, and the target biomarkers are summarized
in Table 3.

3.4. Sensing food contaminates/mycotoxins

As the global population continues to increase, the demand
for food safety also increases. Screening the quality of agro-
products is an effective strategy for assuring global food
safety.[106] Several contaminants are found in agro-products
including mycotoxins, gliotoxin, endotoxin, microorganisms,
exosomes, pesticides, antibiotics, and heavy metals. Among
those, mycotoxins and gliotoxins are the most poisonous
and chemically stable compounds which are found in vari-
ous genera of filamentous fungi.[100] Typically, mycotoxins
can grow on a variety of crops and food-related items such
as grains, nuts, maize apples, dried fruits, cereals, and spices

under warm, damp, and humid conditions. Several health
effects such as cancer and immune deficiency are caused by
mycotoxin and thus threatened humans, animals, and live-
stock.[107,108] Recently, various types of mycotoxins were
identified including patulin (PAT), citrinin (CIT), aflatoxin
(AF), zearalenone (ZEN), and ochratoxin (OTA), T-2 toxin,
and fumonisins-B1/B3 (FB1-FB3). Generally, it can be
exposed directly or indirectly and cannot be easily removed
from food items.[109] Similarly, gliotoxin is a type of myco-
toxin that contains sulfur, belongs to a group of naturally
produced peptides (piperazine-2,5-dione), and is considered
one the most toxic metabolite produced by few species of
fungi such as Aspergillus fumigatus causing severe problems
to the environment.[110]

A reliable and sensitive identification strategy is required
to ensure food safety against mycotoxins/gliotoxins. Various
conventional methods were used to identify the food con-
taminants such as thin-layer chromatography, gas chroma-
tography, high-performance liquid chromatography, mass
spectrometer, and gas and liquid chromatography-mass
spectrometers.[111] However, some drawbacks were formu-
lated by using these conventional methods including requir-
ing a variety of assay steps, demanding skill manpower, and
calling for tedious pretreatment. Therefore, it is urgently
required to introduce a prompt, novel, convenient, sensitive,
reliable, and stable detection technique to ensure the effect-
ive detection of mycotoxin contaminants.[112] Meanwhile,
biosensors with MXene-based nanomaterials were signifi-
cantly explored for the detection of food contaminants dur-
ing the last decade. Owing to its outstanding physic-
chemical properties, MXene is considered one of the super-
ior materials that are widely used in the development of bio-
sensors.[26] Researchers focused recently on the development
of MXene-based biosensors for food contaminants screening
applications. A schematic diagram illustrating the structure
of MXene nanomaterials-based biosensor for sensing food
contaminants in agro-products is demonstrated in
Figure 5.[100]

Aflatoxin (AF) is a well-known and most toxic, mutage-
nicity, carcinogenic, and teratogenicity mycotoxin present in
many natural agricultural foods, and includes AFB1, AFB2,
AFG1, AFG2, AFM1, and AFM2.

[113] The maximum content

Table 3. List of reported MXene-modified biosensors along with their performance.

Electrode Target biomarker

Sensing performance
Reference

LOD Linear range

Anti-CEA/Fe3O4 NPs@Au NPs/d-Ti3C2TX CEA 0.033 pg mL�1 0.0001–100.0 ng mL�1 [93]
N-Ti3C2-MXene/HGNPs/SPA/Ab2 CEA 0.15 fM. 0.001–1000 pM [94]
MXNSs-AFBPB-film-modified DIDlE Apo-A1 and NMP 22 0.3 and 0.7 pg mL�1 0.1 pg mL�1 to 50 ng mL�1 ) [95]
d-Ti3C2TX MXene@AuNPs/Ab2 PSA 3.0 fg mL�1 0.01–1.0 pg mL�1 [96]
Ti3C2-MXene/AuNPs/SPA CEA 0.07 fM 2� 10�16–2� 10�8 M [97]
Ge2Sb2Te5 with plasmonic substrate TNF-a 10–15 M 10 fv–10 mv [98]
GCE/Au-Ti3C2Tx/Ab1/BSA/CYFRA21-1/Ab2-TB-Au-COF CYFRA21-1 0.1 pg�mL�1 0.5–1.0� 104 pg�mL�1 [99]
Anti-CEA/f-Ti3C2-MXene/GC CEA 37.9 mAng�1mLcm�2 0.0001–2000 ngmL�1 [32]
Ti3C2@CuAu-LDH-Ab2 CEA 33.6 fg/mL and 45.4 fg/mL 0.0001–80 ng/mL [105]
GCE/NCS/Mo2C nanosheet/p-DNA/HDNA1&HDNA2-Fc microRNA-21 0.34 fM 1 fM–1 nM [101]
cDNA-Fc/MXene/Apt/Au/GCE MUC1 0.33� 10�3nM 0.001–1.0� 104 nM [102]
Exo III/miRNA-155/BSA/C-DNA/AuNPs/Ti3C2 MXene/AuE microRNA-155 0.35 fM 1.0 f.M–10 nM [91]
AuNP@MXene/Au-ssDNA miR-21 and miR-141 204 aM and 138 aM 500 aM–50 nM
SOx/MXene-Chi/GCE sarcosine 18 nM 7.8mM–18 nM [103]
FAD/Ti3C2Tx/GCE H2O2 0.7 nM 5 nM–2 mM [104]
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of AFB1 in cereal foods is 2.00 ppb from the total content of
AF (4.0 ppb) and is thus considered as most toxic.[114] Wu
et al. developed a ratiometric SERS aptasensor for detecting
AFB1 in agricultural food. The loaded AFB1 aptamer was
modified using AuNPs followed by 4,40-Vinylenedipyridine
as the trigger is shown in Figure 6(A). The extensive SERS
hot spots and the MXene nanosheets were formed by the
chelation and hydrogen bonding between the aptamer and
MXene. The experimental results revealed a linear concen-
tration range of 1� 10�3–100 ng m/L and LOD of 0.6 pg m/
L suggesting the proposed sensor (AuNPs/Mxene SERS sub-
strate) has a great potential for the detection of AFB1 in
food contents.[113] Ochratoxin (OTA) is another type of
mycotoxin present in agro-products and can cause hepatop-
athy in both humans and animals. The maximum content of
OTA in cereal foods is 5.00 ppb, and thus it is very difficult
to detect OTA from agricultural products.[116] Zheng et al.
developed a ratiometric SERS aptasensor for the reprodu-
cible and sensitive detection of OTA.[115] The synthesized
Au-Ag NPs showed strong amplification and stable SERS
activity with the assistance of 2-mercaptobenzoimidazole-5-
carboxylic acid (MBIA). The stable and unique MXene
nanosheets were fabricated with Au-Ag NPs and that mostly
depended on the reaction between hydrogen bond and the
chelation of OTA aptamer as shown in Figure 6(B). In opti-
mal conditions, the proposed immunosensor indicated a lin-
ear response in a concentration range of 0.01–50 nM with
LOD of 1.28 pM to detect AFB1. Additionally, the developed
biosensor was applied to red wine samples with good recov-
ery range of 93.31–97.44% with a relative standard deviation
of 2.65% to detect OTA. A secondary metabolite mycotoxin
causing acute and chronic toxicity and found in a variety of
soil fungi are known as T-2 toxin.[100] Lately, researchers
had a greater interest to detect T-2 toxins using various
nanomaterials such as carbon nanotubes (CNTs), gold nano-
particles (AuNPs), and up conversion nanoparticles
(UCNPs), multi-wall carbon nanotube (MWCNT), magnetic

nanoparticles (MNPs), and single-wall carbon nanotube
(SWCNT). The development of AuNPs and SWCNTs-based
immunosensor was studied for the detection of T-2 toxin.
The complementary DNA (cDNA) and the T-2 aptamer
were combined with MNPs, and UCNPs, respectively, and
formed a hybrid aptamer conjugate.[117] A 3D stem-loop
structure was fabricated through a bounding T-2 aptamer.
They observed that the electrochemical signal reduced with
decreasing the number of T-2 antibodies and anti-mouse
secondary antibodies, respectively. The experimental results
revealed a good linear response in the concentration range
of 0.1–100 ng mL�1 for sensing T-2 toxin. Additionally, the
developed detector was applied in real food samples and
found a good recovery range of 95.97–104.00% which indi-
cates the great potential of the proposed sensor for detecting
T-2 toxin in food contents. The well-known vomitoxin,
known as deoxynivalenol (DON), is found in Fusarium gra-
minearum and F. culmorum. MXene sheets synthesized by
selective etching of aluminum (Al) was incorporated into an
immobilized tailor-made DON aptamer biosensor as pre-
sented in Figure 6(C).[36] FESEM and XPS indicated the
etching on the MXene layers and further the composition of
Ti-Fx and TiO2 as a result of the substitution of Al into O
and F endings. The developed sensor showed a linear rela-
tionship (1 fg m/L–1 ng m/L) and the limit of detection of
1.0 fg m/L. The developed DON aptasensor displayed an
outstanding selectivity against deoxynivalenol when com-
pared with other mycotoxins such as zearalenone and ochra-
toxin. The proposed sensitive sensor proved to effective
biosensor to detect DON in food and feed samples.

Additionally, gliotoxin is another toxic metabolite found
in a few species of fungi such as the growth of aspergillus
fumigatus causes serious problems to human health and ani-
mals. Recently, MXene-based electrochemical biosensor for
sensing gliotoxin attracted the attention of several research
groups. Wang et al. reported on the modified MXene nano-
sheets-based DNA electrochemical biosensor to detect

Figure 5. Schematic diagram of MXene-based nanomaterial biosensor for the detection of food contaminants.[100]
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gliotoxin.[110] Firstly, the MXene nanosheet surface was
immobilized with tetrahedral DNA (TDNs) nanostructures
through the chemical reaction of the phosphate group of
DNA and the titanium. The modified DNA probes exhibited
good conductivity that enhanced the electron transfer
between the electrode surface and the electrochemical spe-
cies. Therefore, a unique and efficient TDN-based electrode
containing target molecules were fabricated generating
strong electrochemical signals as shown in Figure 6(D). It
was observed in optimal conditions that the developed elec-
trochemical sensor demonstrated a wide linear range of
5 pM–10 nM with a limit of detection of 5 pM. Furthermore,
the sensitive Mxene-based electrochemical biosensor was
tested in human serum samples with a good recovery
(96.3–115%) recording a new detection system for sensing
other mycotoxins.

3.5. Sensing hazardous environmental pollutants

Around our surrounding environment, there are so many
hazardous materials. The U.S. Environmental Protection
Agency (EPA) reported 187 pollutants emitted from
vehicles, various industrial sectors, and other mobile sour-
ces.[] The long-term effects and chronic diseases associated
with this environmental pollution cause worldwide public
health problems. This poisoning has several adverse health
impacts such as cancer, including lung, kidney, bone, and
stomach; harm to the nervous system and brain; birth
defects; irritation to the eyes, nose, and throat; coughing

and wheezing; impaired lung function; harm to the cardio-
vascular system; and reduced fertility.[118–123]

Hazardous environmental pollutants are a major draw-
back of modern civilization, and thus there are global urgent
demands for their detection, reduction, and gradual elimin-
ation. There are many reported methods for the detection of
hazardous environmental pollutants including atomic
adsorption spectrometry,[124] and inductively-coupled
plasma mass spectrometry,[125] inductively-coupled plasma
atomic emission spectrometry.[126] Furthermore, recent tech-
niques are using colorimetric, fluorometric or electrochem-
ical methods.[127–129] Additionally, electrochemiluminescence
and photoelectrochemical detectors were used as evolution-
ary electro-analysis techniques offering substan-
tial progress.[27]

These conventional sensing techniques demand huge
instrumentations and are not appropriate for in-situ and
online identification. Alternately, quartz-enhanced laser pho-
toacoustic spectroscopic (QE-LPAS) technology emerged
recently as one of the most powerful techniques for the
detection of hazardous materials in environmental and med-
ical sciences,[130] however, they are expensive method. As
earlier discussed, there are extraordinary developments in
nanotechnology and nano-science, and numerous nanomate-
rials were reported for electrochemical sensing applications.
Furthermore, MXene nanostructures have lately attracted
plenty of interest in the identification of hazardous materi-
als.[131,132] Different detection methods incorporating
MXene compounds for the detection of hazardous materials

Figure 6. Schematic diagram of (A) AuNP dimers/MXene-based surface-enhanced Raman spectroscopy aptasensor for the identification of AFB1,
[113] (B) Au-Ag

Janus NPs modified MXene-based aptasensor for the identification of ochratoxin,[115] (C) Ti3C2-MXene immobilized aptasensor for the detection of DON,[36] and (D)
TDN/MXene based modified biosensor for the identification of gliotoxin.[110]
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were reported such as electrochemical biosensors, electro-
chemical non-biosensors, electrochemiluminescence sensors,
photoelectrochemical sensors, and flexible sensors.[27] Here,
we focus mainly on MXene-based biosensors used for the
detection of hazardous materials.

A pioneer work (not MXene-based biosensor) describing
an enzyme-based biosensor developed by Lia et al. for the
detection of hydrogen peroxide, a hazardous material, via
easy and effective enzyme immobilization (Lia et al., 1996).
They reported on the immobilization of horseradish perox-
idase in a silica sol-gel matrix on a carbon paste electrode.
By using an amperometric method, the operating potential
of the working electrode, mediator concentration and pH
level, and thermal stability, led to an optimal analytical per-
formance along with a linear calibration for H2O2 in the
range of 2.0� 10�5–2.6� 10�3 M.

A desirable electrochemical response of the reduction of
H2O2 in the range of 1–1170 lM was demonstrated by a
TiO2-G nanocomposite-based biosensor, synthesized by
hydrolysis of titanium tetraisopropoxide (TTIP) in a col-
loidal suspension of GO and in-situ hydrothermal treat-
ment.[133] At room temperature, the direct electrochemistry
and electrocatalysis of hemoglobin ionic liquid, 1-Butyl-3-
methylimidazolium hexafluorophosphate, chitosan, and
TiO2-graphene nanocomposite modified GCE was examined
in this report.

Liu et al. first reported on the detection of NaNO2 utiliz-
ing MXene-Ti3C2 composite in a mediator-free biosen-
sor.[134] A. In this report, MXene-Ti3C2 facilitated the direct
electron transfer of Hb, and the biosensor displayed a wide
linear range of 0.5–11,800 lM for sensing NaNO2 with a
low detection limit of 0.12 lM. Thus, it is evident that the
developed sensor can be a promising choice for effective
enzyme immobilization in environmental analysis.

Exposure to organophosphorus (OP) pesticides (highly
toxic) is considered hazardous as it sometimes causes health
issues. Acetylhydrolase biosensors based on transition metal
carbides (MXenes) nanosheets and chitosan were developed
and reported[135] for the detection of OPs. The electrochem-
ical behavior of the AChE/CS-Ti3C2Tx/GCE biosensor was
investigated by CV and EIS showing a detection limit of
0.3� 10�14 M. Owing to the outstanding biocompatibility,
no-toxicity, film-forming ability, the developed biosensor

showed acceptable reproducibility, satisfactory stability, and
anti-interference ability. As environmental contaminants are
routinely released into the atmosphere forming organophos-
phate pesticides (OPs) that find their way to agricultural
activities. Song et al. designed a promising biosensor, AChE-
Chit/Ti3C2/Au NPs/MnO2/Mn3O4/GCE for the detection of
Ops.[136] Under the optimal conditions, the designed biosen-
sor had a very low limit of detection of 1.34� 10�13 M, and
further, the feasibility of the developed biosensor for sensing
methamidophos in real samples was proven with outstand-
ing recoveries (95.2%–101.3%). Most recently, a similar
report was published on the detection of toxic elements,
Paraoxon, with a great low limit of detection.[137] A sum-
mary of MXene-biosensors along with performance is pre-
sented in Table 4.

4. Advantages and shortcoming of MXene
based biosensor

The popularity of MXene in biosensing application has
arisen from its excellent bio-compatibility and electro-optical
properties. Owing to good biocompatibility and abundant
anchoring sites, MXene based biosensor’s transducer can be
loaded proteins, enzymes, nucleic acids easily which is the
main advantage of MXene-based biosensor for sensing pros-
pects. The excellent electro-optical properties of MXene
become helpful for translating the bio-signals into desired
optical or electrical signal. Those properties are very import-
ant to developed for fabrication of ultrasensitive, stable bio-
sensor for detection of bio-analytes. However, the
shortcoming of MXene based biosensor includes damages of
analytes during analysis, time consuming methods of
MXene synthesis, complex to characterize MXene on the
transducer surface. The characterizing techniques Scanning
electron microscope (SEM), X-ray photoelectron spectros-
copy (XPS), nuclear magnetic resonance spectroscopy
(NMR), neutron scattering, X-ray atomic pair distribution
function (X-ray PDF), scanning transmission electron
microscopy (STEM) are used to characterized MXene on the
transducer surface but they still understood the surface ter-
mination poorly.

Table 4. Detection performance of MXene-biosensors for hazardous materials.

MXene-biosensor Analytes Methods

Sensing performance

ReferencesLOD Linearity range Reproductivity

Hb in Chit-
[bmim]PF6-TiO2-
Gr/GCE

H2O2 Amperometric 0.3
lM

1–1170
(lM)

95%/20 days [133]

Nafion/Hb/MXene-
Ti3C2/GCE

NaNO2 Cyclic
voltammograms
(CVs)

0.12
lM

0.5–11,800
(lM)

Stable & reproducible [134]

AChE/CS-Ti3C2Tx/GCE Organophospho-
rous
pesticides (OPs)

Cyclic
voltammetry (CV)

0.3� 10�14 M 1� 10�14–1� 10�8 M 85.39%/20 days [135]

AChE-Chit/Ti3C2/Au
NPs/MnO2/
Mn3O4/GCE

Methamidophos Differential pulse
voltammetry
(DPV)

1.34� 10�13 M 10�12–10�6 M 80.7%/21 days [136]

Ti3C2Tx/Au-Pd/
GA/AChE

Paraoxon Amperometric 1.75 ng.m L�1 0.1� 1000 lg.mL�1 95%/7 days [137]
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5. Future perspective of MXene-based biosensor as
a next-generation diagnostics tool

Recent studies on the fabrication of biosensing platforms by
using MXene-based nanocomposite revealed that MXene is
one of the best candidates among nanomaterials for upgrad-
ing biosensing technology. MXene is a promising 2D mater-
ial for the development of wearable biosensors as the next-
generation diagnostics tool. Designing new MXene based
skin inspired sensors other than titanium carbide with large
tunable strain, high sensitivity, high stretchability and low
device dimension to be easily integrated into wearable nano-
electronics is highly challenging. Advancements in wearable
strain sensors will lead to detect ultra-weak pressure such as
artery pulses or other low strain physical stimuli.
Mechanism optimization of such wearable strain sensors will
be highly beneficial for studying human motion, robotic sys-
tems and prosthetic devices. So, MXene-based wearable bio-
sensors are still in the early phases of development, and
more improvement is necessary for potential realization for
actual routine applications. The major challenges to be
solved for developing MXene-based wearable biosensing
technology are the low stability of MXene in an oxygenated
solvent, the difficulties in producing MXene on large scale,
and the surface defects and cytotoxicity of MXene. So, it is
critical to solve technological difficulties for commercializing
MXene-based wearable biosensors as a next-generation diag-
nostic tool. The next generation of diagnostic tools should
focus on (1) expanding sensing devices to a wide panel for
tracking human health conditions at the molecular level, (2)
monitoring biomolecules at very low concentrations, and (3)
producing safe and reliable diagnostic platforms. By obtain-
ing improvements in fabrication techniques, surface func-
tionalization, and integration capabilities, this sector is
projected to further improve. In the future, the continuation
in advancing the research for innovative nanostructures, sur-
face modification strategies, or synthesis methodology will
serve as the foundation for commercializing MXene nano-
composites in the development of enhanced wearable elec-
trochemical biosensing technologies.

6. Conclusion

Developing ultra-sensitive and ultra-selective biosensors is
one of the most prominent challenges facing the advance-
ment of sensors for biomedical applications. During the last
decade, various 2D materials were proposed to develop bio-
sensors with superior sensitivity and selectivity. Owing to its
overwhelming phenomenal properties and the plethora of
tailorable surface function groups, MXene is among the best
2D materials for the development of biosensors with high
performance and excellent sensitivity, and outstanding
selectivity. Here, we shed light on the structure, synthesis
techniques, and functionalization methods of MXenes.
Additionally, MXene-based detection platforms in different
sensing applications are survived. An emphasis had been
made on reviewing the applications of MXenes in the detec-
tion of biomolecules, pathogenic bacteria and viruses, cancer
biomarkers food contaminants and mycotoxins, and

hazardous pollutants. Lastly, the potential of using MXene-
based biosensors as a next-generation diagnostics tool is dis-
cussed. Furthermore, the potential of MXenes for developing
innovative detection mechanisms is explored by providing
visionary approaches for materials science and sensing
communities.
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