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Nanozymes, nanostructured materials with exceptional catalytic performance, are recognized for their
unigue benefits over natural enzymes, including notably low fabrication costs and high chemical stability.
Emerging as a captivating frontier in nanozyme research, MXene-based composite material nanozymes
(MXzymes) have sparked intense research interest owing to their unique compositions and structural
features, which can be engineered to unlock their enzyme-mimicking catalytic prowess. This approach
opens groundbreaking opportunities for detecting biologically significant, food-related, and environmentally
crucial analytes. This review highlights the innovative fabrication methods of MXzymes, focusing on their
diverse nanozyme activity types reported thus far, including peroxidase-like and oxidase-like functionalities,
while unveiling the underlying catalytic mechanisms in detail. In addition, recent pioneering breakthroughs
Received Ist August 2025, in MXzymes are comprehensively reviewed, including catalytic signal amplification by MXzymes, which can
Accepted 30th September 2025 function as cutting-edge sensing platforms, as evidenced by colorimetric, smartphone-based,
DOI: 10.1039/d5en00710k chemiluminescent, electrochemical, and surface-enhanced Raman scattering-based analyses. Finally, the
promising potential applications of MXzymes and fundamental challenges associated with their scalability,

rsc.li/es-nano stability, and biocompatibility for MXzyme-based chemical/biomedical sensors are addressed.

Environmental significance

Antibiotics, heavy metals, pesticides, organic contaminants, food contaminants, and amino acids each impact the environment. Antibiotics from
agriculture and healthcare promote resistance and disrupt microbes. Heavy metals like Pb and Hg are poisonous, tenacious, and bioaccumulate. Pesticides
harm non-target species and contaminate soil and water. Organic pollutants such as OPs and dioxins are toxic, carcinogenic, and degrade slowly. Food
contaminants, including pesticide residues and plasticizers, enter ecosystems via waste. While amino acids are non-toxic, excess runoff can cause
eutrophication. Together, these substances threaten biodiversity, disrupt ecosystems, and highlight the need for strict monitoring and regulation to protect
health and the environment. This review article collects the sensitive detection of these substances via MXene-conjugated nanomaterial-based nanozyme
Sensors.

1. Introduction cyclodextrins,®  fullerenes,  polymers,”  porphyrins,®
dendrimers,” biomolecules,® and metal complexes.’

The past few years have seen explosive growth in enzyme-
like catalytic nanomaterials (nanozymes) since the discovery
in 2007 that peroxidase (POD)-like -catalytic features,
resembling natural POD-like horseradish peroxidase (HRP),
existed in magnetic nanoparticles (NPs)."” A nanozyme, a
nano-sized material (1-100 nm) with enzyme-mimicking
catalytic abilities, combines features of chemical and
biological catalysts,"” thus expanding their uses.'® Hundreds
of nanomaterials mimicking enzyme operations have been
reported for the eco-friendly industry, healthcare, and typical

Natural enzymes, bio-macromolecules with extreme
effectiveness and specificity for enzymatic reactions, play an
essential role in biological functions." However, their
applications have been hampered by poor stability, high
production cost, and labor-intensive purification. As
alternatives, artificial nanozymes were designed to overcome
these limitations in recent decades." Many efforts focused
on finding molecules to synthesize them, including
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produces amplified signals for quantitative determination
and allows flexible activity adjustment, nanozymes have lent
themselves to chemo-bio sensing.'*'”> With developments in
bio-/nano-catalysis, nano(bio) technology, machine learning,
and computational design, various 2D material-based
nanozymes have emerged using transition metal

dichalcogenide nanosheets,'® graphene,’”” metal-organic
frameworks (MOFs),"* and MXenes'® owing to their surface
area, conductivity, and active sites.

Since their discovery in 2011, MXenes, a family of two-
dimensional

transition-metal  carbides, nitrides, and
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carbonitrides, have gained interest due to their physical and
chemical characteristics (including electrical conductivity,
thermal conductivity, and configurable interlayer spacing)."’
The term “MXene” enables this 2D material to be
distinguished from graphene, encompassing both the MAX
phase and derived MXenes from the MAX phase.””*' The
chemical formula of MAX phases is M,;AX,, where “M”
denotes a transition metal, n = 1, 2, or 3, “A” is mainly a
grouping of III-IV elements, and “X” refers to C and/or N
(Fig. 1a). Chemical etching of the MAX phases' A-layers is the
primary method exploited for fabricating MXenes (Fig. 1b).*!
Thus, the attained MXenes have a 2D stacked arrangement
with a formulation of M,,,;X,T,, where M represents metals
(Mo, Nb, Ti, Ta, V, Hf, Cr, or Sc), X signifies N or C, and “T,”
denotes exterior functional groups (-F, -O, and -OH)
generated through synthetic etching.”®* With extensive
study on optical, mechanical, thermal, and magnetic
characteristics, MXenes have drawn interest from various
sectors, demonstrating promise in analytical sciences,
particularly in optical and electrochemical sensors.***
Owing to their unique physicochemical properties, Zhou L.
et al. developed chitosan-2D Ti3;C, nanocomposites as an
effective enzyme immobilization support for constructing
high-performance biosensors.>' Similarly, Yu Chen et al
reported a Fenton-reaction-based nano-catalytic system on 2D
Ti;C, nanosheets, employing photothermal conversion
nanoprobes to enhance cancer cell ablation efficiency.'
These works have inspired many subsequent studies on
MXzyme-based catalysis. Beyond sensing, MXenes have been
applied in catalysis, energy storage, photodetectors,
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Fig. 1 Chemical constituents of MXenes. (a) The elements involved in MXene preparation are denoted, with M, A, and X constituents marked in
three different colors. (b and c) Schematic illustration of the MXenes' synthetic processes by removing the A layer and different synthetic ways for

MAX phase materials to MXene synthesis.

environmental
delivery.”* >’

MZXenes' functions make them suitable supports for
nanozyme-based catalytic reactions.'®>" Their physicochemical
features enhance the chemical stability of supported NPs and
catalytic efficiency.”® The 2D MXene Ti;C, nanosheet-based
nanozyme has unique properties: (i) water dispersibility and
functionalization capability because of hydrophilic surface
groups such as -OH and -O, (ii) charge-carrier transport and
redox reactivity from exposed terminal Ti's valence states and
metallic conductivity, (iii) eco-friendly biocompatibility, and (iv)
Ti;C, NSs exhibit inherent POD-like action.”* Due to these
special characteristics, 2D MXenes are preferred over other
nanozymes, including graphene, MOFs, and transition metal
dichalcogenide nanosheets, in MXzyme sensors," > ¢!

Many reviews on MXene-based nanocomposites cover their
fabrication, characteristics, and applications in energy

remediation, nanozymes, and drug

conversion,**?! environmental monitoring,**
photodetectors,®® electrochemical sensors, information
technology,** > However, few papers have addressed the

biomedical potential of MXzymes; future investigations
should focus on thorough studies and evaluations for their
great potential in biomedicine, covering therapeutic
applications.*®*” While a review of MXzyme sensors for food
contaminants was recently published,® a comprehensive

4798 | Environ. Sci.: Nano, 2025, 12, 4796-4842

review of MXzyme sensors for detecting potent analytes
remains unreported.

This review summarizes recent advancements in MXene
nanocomposites with enzyme-like features for chemo-biosensors
of biological and toxic analytes (Scheme 1). Initially, we provide
an overview of MXenes' fabrication and functionalization
techniques. Next, we discuss the types of nanozyme properties
and catalytic mechanisms of MXenes. Subsequently, we examine
the benefits of nanozyme-based sensors in various strategies, i.e.
, conventional colorimetry, smartphone-assisted colorimetry,
fluorescence, chemiluminescence, electrochemiluminescence,
and surface-enhanced Raman scattering (SERS). We explore
nanozyme-mediated reactions and their application in analyte
detection. Lastly, we discuss the trailblazing sensing strategies
in this discipline, address technical limitations, and emphasize
their significance in advanced sensors and diagnostics. We
believe that this timely review with perspectives will advance our
understanding of nanozyme characteristics and the
development of novel nanomaterials with enzyme-mimicking
activities.

2. MXene synthesis

The M-X bond in MAX phases shows metallic, covalent,
and ionic characteristics. In contrast, the M-A bond is

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Schematic illustration of MXzyme sensors for highly potent analytes with their advantages.

metallic and more chemically reactive, allowing it to
break easily.>® Because of weaker M-A bonds compared to
M-X bonds, the A layers can be selectively etched from
MAX phase materials. Synthetic protocols from MAX
phase materials to MXene (Fig. 1c) are described as
follows.

2.1. Direct hydrofluoric acid etching

Notably, 2D MXenes were first exfoliated from MAX
precursors using 50% hydrofluoric acid (HF) by Naguib
et al. in 2011."° The Al layer was selectively detached
from the TizAlC, MAX phase at room temperature within
2 h reaction time. The prepared accordion-like MXenes
(TizC,T,) possessed termination groups (-F, -OH, and -O)
and defects at the surface, as shown in Fig. 2a. The
etching mechanism can be described by the following
reactions.

TizAIC, + 3HF = AlF; + 1.5H, + Ti;C, (1)
TizC, + 2H,0 = TizC,(OH), + H, (2)
Ti3C2 + 2HF = TigCZFZ + HZ (3)

According to eqn (1), the A element in the MAX
phase reacts with fluoride ions from HF, initiating the
removal of the M-X layer as described in reaction (2).
The surface transition metal then actively interacts with
water molecules or fluoride ions to develop an
exfoliated graphite-like structure, ie., MXene, terminated
with -O, -OH, or -F groups (eqn (2) and (3)). This

This journal is © The Royal Society of Chemistry 2025

etching process was subsequently extended to many
more MAX phases with diverse chemical compositions
to produce MXenes by selectively removing Al or Si
layers.**** In this context, Ti;AlIC, is used as a
representative example to illustrate the general principle
of direct HF etching, since it is the most extensively
studied MAX phase for MXene synthesis. Different
transition metals (e.g, Ti, Nb, V) provide unique
electronic  structures and redox properties, which
influence catalytic activity. Furthermore, the interaction
between the etching environment and the specific MAX
phase affects the termination ratio, further customizing
the catalytic properties.***' Therefore, although the
etching principle remains consistent, the nanozyme
activity of MXenes is not universal and is significantly
affected by the choice of MAX precursor and the
surface chemistry introduced during HF etching.

HF etching is common owing to its simplicity, versatility,
and high yield, but concerns about safety and environmental
impact persist because of its extreme toxicity and
corrosiveness.”> The aggressive etching conditions can
introduce defects, compromising the structural integrity and
quality of the resulting MXene. Therefore, controlling HF
concentration, reaction time, and temperature for each MAX
phase composition is crucial to ensure successful
transformation into MXene. HF etching typically produces
multilayered MXene with an accordion-like structure, where
adjacent MXene layers are connected by a combination of
van der Waals forces and hydrogen bonding.*® Consequently,
an extra delamination step is necessary to exfoliate these
multilayered MZXene structures into individual 2D
nanosheets.

Environ. Sci.: Nano, 2025, 12, 4796-4842 | 4799
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Fig. 2 (a) Illustration of the exfoliation process for TizAlC,, highlighting the replacement of Al atoms by -OH groups after HF treatment
[reproduced from ref. 40, with permission from John Wiley and Sons, copyright 2011]. (b) XRD patterns of samples etched using a LiF + HCl
solution. The pink trace represents multilayer TizC,T,, exhibiting a sharp and intense (0002) peak along with higher-order (000!) reflections
corresponding to a c-lattice parameter of 28 A and well-ordered stacking in the c direction [reproduced from ref. 47 with permission from
Springer Nature, copyright 2014]. (c and d) SEM images of TizAlC, and hydrothermally synthesized h-TizC, (16 h reaction time) [reproduced from
ref. 56 with permission from Elsevier, copyright 2018]. (e) Schematic of the HCl-assisted hydrothermal etching mechanism for fluoride-free Mo,-
CT, [reproduced from ref. 58 with permission from John Wiley and Sons, copyright 2021]. TEM photograph of (f) several delaminated flakes and
(9) a single TizNzT, flake (inset: the corresponding SAED pattern, confirming the hexagonal basal plane symmetry) [reproduced from ref. 59 with
permission from the Royal Society of Chemistry, copyright 2016]. (h) Replacement reaction between the MAX phase and late transition-metal
halides [reproduced from ref. 61 with permission from the American Chemical Society, copyright 2019]. (i) EDX analysis (line scan) of TizC,Br,
MXene [reproduced from ref. 62 with permission from the American Association for the Advancement of Science, copyright 2020]. (j) XPS full scan
spectrum of the pristine TizAlC, and the final TisC,T, [reproduced from ref. 65 with permission from John Wiley and Sons, copyright 2018]. Anodic
etching of bulk TizAlC, in a binary aqueous electrolyte: (k(i-iv)), the electrochemical cell setup, XRD patterns of TizAlC,, TizC,T,, and TizC,T,
MXenes, SEM images of TizAlC, and TizC,T, [reproduced from ref. 67 with permission from John Wiley and Sons, copyright 2018]. (l(i-vi)) Stability
of MXene: AFM images of MXenes after exposure to water, SEM image, and XRD patterns of fresh and ageing MXene flakes [reproduced from ref.
68 with permission from John Wiley and Sons, copyright 2021].
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2.2. In situ HF etching

To ensure safety and minimize environmental impact, an
alternative etching method was developed in 2014 by Ghidiu
et al. This approach uses a LiF + HCI mixture to form HF in
situ, enabling the selective etching of Al layers from the Tis-
AlC, MAX phase to synthesize Ti;C,T, MXene.*” The LiF +
HCI etchant is milder than HF, producing MXene flakes with
larger lateral dimensions and fewer defects. Etching with
metal halides results in intercalation between cations (such
as Li') and water molecules, leading to larger lattice
parameters in MXene crystals. Fig. 2b shows the XRD
patterns of multilayered Ti;C,T,, with sharp (000/) peaks
(pink trace). The lattice parameter was ¢ ~ 27-28 A greater
compared to the value (c = 20 A) obtained for HF-produced
TizC,T,. This increment was due to the intercalation of water
molecules and metal cations between hydrophilic and
negatively charged MXene sheets. The sample, after rolling
into a thick film (~40 um), preserved the same c-direction
peaks, but the major (110) peak was not seen, indicating
reduced order in non-basal directions.

This method has been extended to various fluoride salts,
including NaF, KF, CaF,, CsF, FeF;, NH,F, NaHF,, and
KHF,.*”° Replacing HCI with milder acids like H,SO, yields
similar etching behavior. Ti;C,T, synthesized using
ammonium bifluoride (NH,HF,) etchant had intercalations
of NH; and NH*" species, and its c-lattice parameter (~25 A)
was 25% larger than that of HF-derived Ti;C,T, films.”" The
optimal ratio (12:9 M) of LiF + HCI used in the minimally
intensive layer delamination (MILD) method eliminated the
need for additional delamination steps required in direct HF
etching. Manual shaking was sufficient to delaminate MXene
into single large flakes.”® This one-pot process combines HF
synthesis, etching, and intercalation into a single step. In situ
HF etching offers advantages over direct HF etching,
including larger lateral dimensions, lower defect
concentration, improved stability, and increased interlayer
spacing, due to intercalation of metal cations like K, Na’,
and NH*" between MXene layers.”®> While enabling milder
exfoliation, this method is time-consuming and limited to
specific MAX phase precursors for carbide and carbonitride
MXenes. The etching process can be difficult to control,
leading to over-etching and structural degradation. MXenes
produced via in situ HF etching have surface terminations
(-OH, -F, -O) dependent on etching conditions, often
resulting in non-uniform surface chemistry.

2D MXenes can be synthesized using hydrothermal
etching.”** Peng et al. produced TizC, and Nb,C through
hydrothermal etching using NaBF, and HCI at 180 °C. Under
reaction conditions, NaBF, reacts with HCI to create HF in
situ, which acts as the fluorine source for etching the parent
MAX phase. As shown in Fig. 2c and d, the Ti;AlC, precursor
appears as a solid structure, but after 16 h of hydrothermal
treatment, it transforms into a layered #7-Ti;C, structure,
indicating broken Ti-Al bonds between layers. Compared to
conventional HF-based etching, the hydrothermal approach

This journal is © The Royal Society of Chemistry 2025
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provides more efficient Al layer removal and increases
interlayer spacing in 2D Mxenes.”® Enhancing experimental
safety and producing 2D MXene nanosheets with greater -O
and -OH termination ratios and fewer defects are the two
main benefits of the in situ HF etching method. Nevertheless,
throughout the preparation process, cations (Li', Na', K,
etc.) will intercalate into MXenes' interlayers and are difficult
to remove from MXenes, potentially impairing the final
MXenes' hydrophilicity, catalytic activity, and electronic
conductivity.*>**** Thus, it will affect the nanozyme sensors.

2.3. Fluorine-free acid etching

Fluorine-free etching has emerged as a safer synthesis
approach that avoids the use of hazardous HF. Novel
fluorine-free techniques are being developed. Researchers
introduced thermal-assisted electrochemical etching using
diluted HCl to prepare V,CT,, Cr,CT,, and Ti,CT,
MXenes.*>”” A controllable HCl-assisted hydrothermal
etching method has been reported for Mo,Ga,C, using 12 M
HCI (40%) at 140 °C.>® The schematic process is shown in
Fig. 2e. The as-prepared Mo,CT, had high purity with only
-Cl and -O surface terminations and showed a layered
structure with slightly increased interlayer spacing. During
etching, concentrated HCI could inhibit oxidation, while
lower temperature or diluted HCl would decrease efficiency
and product quality.

2.4. Molten salt etching

Aqueous etching methods are effective for most Al-based
MAX phases at low temperatures, yielding hydrophilic
MXenes, but are unsuitable for nitride-based MAX phases. To
address this, a molten fluoride salt method was used by
mixing Ti,AIN; MAX with a fluoride salt mixture (1:1 ratio).
The salt mixture contained KF (59 wt%), LiF (29 wt%), and
NaF (12 wt%) corresponding to the ternary -eutectic
composition. Etching was performed at 550 °C for 30 min
under an argon atmosphere, producing Ti,N,;T, MXene. The
product was delaminated wusing tetrabutylammonium
hydroxide (TBAOH) to produce multilayer- and monolayer-
flakes of Ti,N;T, (T = -F, -0, or -OH).>® During etching, Al
layers were selectively removed while Ti-N bonds were
preserved, maintaining the layered hexagonal Ti,N; structure.
Fig. 2f and g show TEM photographs of Tiy,N;T, flakes. The
SAED of these flakes (inset in Fig. 1(g)) viewed normal to the
basal (002) plane confirms their single crystalline nature and
hexagonal symmetry (P6;/mmc) retention from the parent
MAX phase. The calculated lattice parameter (a ~ 2.9 A)
matches that of the original MAX precursor, indicating that
the in-plane structure remains unchanged after Al removal.®
Owing to ion intercalation during molten salt treatment and
water molecules between layers after delamination, the out-
of-plane lattice parameter (c) increases from 23 A to ~28 A.
This increase is smaller than that observed in previously
reported MXenes, like HF-etched Nb,C,T, (c-lattice parameter
~31 A), likely because of lower water content between

Environ. Sci.: Nano, 2025, 12, 4796-4842 | 4801
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Ti,N;T, layers. This molten salt etching is preferred for
MXenes with high formation energies and can be extended to
other MAX phases for preparing MXenes.

The nonaqueous molten salt method uses Lewis acidic
salts as etchants to synthesize MXenes without fluoride. In
this method, MAX phase precursors are modified at high
temperatures using transition metal halides in their molten
state, which act as strong electron acceptors. M. Li
demonstrated etching of the TizAlC, MAX phase in a molten
salt mixture of ZnCl,/NaCl/KCl under N, atmosphere.®* Zn*"
cations react with Al atoms in the MAX phase, converting
weakly bonded Al atoms into AI**. The reduced Zn atoms
intercalate between Ti;C, layers and occupy Al sites, creating
Ti;ZnC,, as shown in Fig. 2h. Excessive ZnCl, etches the
interlayer Zn atoms in the Ti;ZnC, MAX phase, producing
MZXenes. The reaction outcome depends on the molar ratio of
Al-MAX phase to ZnCl,. Because this approach is both
nonaqueous and fluoride-free, the surface of the resulting
ZnCl,-etched MXene is often terminated with —-Cl groups
instead of the typical -O, -OH, and -F groups. This approach
extends to other MAX precursors like TiAlC, Ti,AIN, and
V,AIC, resulting in MXenes with tunable surface
terminations. Using Cl/Br molten salts yields MXenes with
-Cl/-Br groups, shown by the EDX line scan in Fig. 2i,
revealing -Br terminations on the TizC,Br, surface.®” These
-Cl/-Br groups can be substituted with -O, -S, or -Se groups
using Li,O, Li,S, or Li,Se salts at high temperatures, while
LiH eliminates surface terminations. Active ionic compounds
readily replace surface terminations because of weak bonding
between halogen and transition metal atoms. This enables
substitution or elimination of terminations on the MXene
surface, offering versatile surface chemistry control. The
method is safer and suits more MAX precursors, though
resulting MXenes are less hydrophilic and require complex
experimental conditions.

2.5. Alkali etching

Alkali etching has become a secure and eco-friendly
technique for creating MXenes with -O and -OH surface
terminations, increasing their hydrophilicity. Despite
advantages, alkali-based synthesis of MXenes is challenging
as reactions occur spontaneously at high temperatures,
making oxidation control difficult at low concentrations.
MXenes produced via alkali etching show low stability
because -OH terminations accelerate oxidation. Alkali
compounds like KOH and NaOH were used at high
temperatures to remove Al layers, particularly in Ti;AlC,,
because of OH binding with Al atoms. The alkali-assisted
hydrothermal method, using NaOH and NaClO, offers a
fluorine-free alternative and forms TiO, in situ, preventing
TizC,T, layer stacking.®> MXene nanoribbons could be
synthesized via the hydrothermal method by etching Ti;AIC,
at 180 °C for 24 h in concentrated KOH solution (=<93.3
wt%).** Li et al. achieved multilayer Ti,C,T, (T = -O, ~OH)
MXene at 270 °C in 27.5 M NaOH solution with ~92 wt%
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purity.®> The synthesized TizC,T, shows a {002} plane spacing
of 24 A, which was larger than that of Ti;C,T, (20 A),
produced via HF-based methods, suggesting Na' ion
intercalation from concentrated NaOH solution. XPS data
confirmed reduced Al and Na contents in the final Ti;C,T,
product (Fig. 2j). The reaction temperature and alkali
concentration are crucial for forming hydrophilic MXenes
with high purity. However, these factors restrict large-scale
MXene production. Alkali etching works best on Al-
containing MAX phases because concentrated bases (NaOH
and KOH) react with Al layers in a specific way to produce
soluble aluminate species like [Al(OH),]. The Al “A-layer”
may be effectively removed due to its high solubility, which
yields the corresponding 2D MXene nanosheets. In contrast,
the MAX phase containing other A layers of Si, Ga, and Ge
generates extremely stable oxides or hydroxides (e.g., SiO,,
Ga,03) that are chemically resistant to dissolution under
alkaline conditions. Under alkali circumstances, these
compounds’ weak solubility and inertness restrict successful
2D MXene production and full etching.’* These point out
that the alkali etching technique works only for Al-
containing MAX phases, limiting broader MXene family
preparation.

2.6. Electrochemical etching

The electrochemical etching route shows promise for
selectively extracting nanolaminate materials from MAX
phase precursors. Sun et al. performed electrochemical
etching of the Ti,AIC MAX phase at 0.6 V (vs. Ag/AgCl) in a
three-electrode setup.®® Yang et al. introduced a fluorine-free
strategy using anodic corrosion of the Ti;AlC, Max phase in a
mild alkaline solution.®” The solution contains ammonium
chloride (NH,Cl) and tetramethylammonium hydroxide
(TMAOH) as a binary aqueous electrolyte. TizAlC, served as
both the anode and cathode. Cl" ions in the electrolyte
caused rapid Al corrosion in the anode, breaking Ti-Al
bonds. The XRD patterns showed the (002) peak of Tiz;AIC,
shifting to a lower angle, corresponding to an increase in
clattice parameter from 18.0 to 22.6 A, because of
termination groups and NH,OH molecule intercalation
between Ti;C,T, layers (Fig. 2k(i and ii)). The intercalated
NH,OH molecules open the etched Ti;C,T, anode edges,
facilitating further etching. The Tiz;AlC, anode etches fully
within 5 h under ambient conditions. The process yields over
90% monolayer or bilayer materials with lateral dimensions
above 2 um, larger than those for traditional HF etching
methods. SEM images show that electrochemically etched
Ti;C,T, remains tightly stacked with a multilayered structure,
unlike  accordion-like  HF-etched Ti;C,T, structures,
resembling bulk TizAIC, (Fig. 2k(iii and iv)). Al layer
dissolution and NH4OH intercalation produce Ti;C,T, flakes
(T = -O, -OH) up to 18.6 um with high yield (>90%) of
mono- or bilayer sheets. Electrochemical etching offers a
rapid route for fluorine-free MXene synthesis. However,
electrolytes require careful selection because of TMAOH

This journal is © The Royal Society of Chemistry 2025
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safety concerns, and reaction time and etching potential
significantly affect the final MXene structure.

2.7. Halogen etching

Halogens have been explored as etchants for the MAX phase.
Shi et al. demonstrated using iodine to etch TizAIC, in
anhydrous acetonitrile (CH3CN) at 100 °C, producing
accordion-like Ti;C,1..°® The product was treated with 1 M
HCl to eliminate the All; byproduct from the etching
reaction. The -I terminations were unstable and transformed
to -OH and -O groups in HCI solution, leading to oxygen-
rich Ti;C,T, (T = -OH, -O) MXene sheets with high yield
(71%), large lateral size (1.8 pm), and ultrathin structure (<5
nm). As shown in Fig. 2I(i-vi), the iodine-etched MXene
sheets maintained excellent structural integrity and showed
stability in water for over two weeks compared to fluoride-
terminated MXenes from traditional methods. This technique
needs expansion for synthesizing other MXenes, such as
V,CT,, Cr,CT,, etc.

2.8. Non-etching methods

The bottom-up technique can enable the fabrication of
defect-free 2D monolayer MXene crystals, unlike the top-
down method. Xu et al. synthesized large-area, ultrathin
Mo,C crystals through chemical vapor deposition (CVD) at
1085 °C.°® Methane served as the carbon source, while Cu/
Mo foil acted as the substrate. The Mo,C crystals were
nanometers thick with a lateral size of ~100 um and good
structural stability under ambient conditions. MAX and
MXene thin film composites were fabricated using a two-
step method involving ion beam sputtering.”® A low-energy
ion facility (LEIF) using heavy ions was developed. Low-
energy DC ion beam sputtering of elemental targets forms
uniform layers of mixed phases or multilayers of individual
phases; thermal annealing under vacuum enables diffusion
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and phase interactions to form desired composites. The first
Ti-based MAX and MXene carbide (Ti,SnC and Ti,C)
composite thin films were produced. However, MXenes
prepared by bottom-up methods typically lack surface
terminations and suffer from low yield and sophisticated
equipment requirements. The Y,CF, crystal, a stack of
MXene-like sheets with fluorine terminations, was directly
synthesized through solid-state reaction at high temperature
without air and water.”" The unit cell of the 3D crystal was
isostructural to MXene, but the layers are held together by
ionic bonds. The yttrium carbide layers were electrically
isolated by the fluorine layers, providing 2D-like electronic
transport properties to this 3D crystalline material.

MXenes' surface chemistry, structural integrity, and
effectiveness as nanozymes are all determined by their
synthesis process. For example, -O, -OH, and -F-terminated
surfaces are commonly produced by standard HF and in situ
HF etching; an excess of -F can impede electron transmission
and lower catalytic performance. On the other hand, fluoride-
free techniques, including halogen etching, electrochemical
etching, alkali, or molten salt, frequently provide O-rich
MXenes with better conductivity, redox activity, and
environmental durability, which makes them more
appropriate for catalytic and sensing applications (Table 1).
Furthermore, considerations of safety, scalability, and cost
vary widely across methods, with molten salt and in situ HF
approaches showing the greatest promise for real-world
applications.*>” Therefore, the choice of synthetic protocol
not only determines the characteristics of MXene but also
plays a crucial role in determining its long-term viability and
performance in nanozyme-based technologies.

3. MXzyme classifications

There are numerous ways to classify nanozymes. In their
work, M. Zandieh et al’®> divided nanozymes into two

Table 1 Comparison of MXene synthesis protocols, their influence on their properties, scalability, and limitations

Surface
Method Etching source  terminations = MXene features Scalability and limitations
Direct HF HF acid -F, -OH, -O High yield; generates stable multilayer Scalable yet risky because of HF handling,
etching MXenes; conductivity is decreased by F-rich safety, and sustainability problems

surfaces

In situ HF LiF/HCI, Tunable -O Improved hydrophilicity; enhanced interlayer  Safer than direct HF; moderately scalable;
etching NH,F/HCI /-OH/-F ratios spacing from ion intercalation properties depend on cation type
F-free acid HCI -Cl dominant, Controlled layer removal Safer than HF; termination control is
etching some -OH, -O limited
Molten salt KF, and NaF -0, some -F F-free MXenes; enhanced conductivity, Large-scale potential; requires high
etching thermal stability, and oxidation resistance temperatures and careful handling

Alkali etching NaOH and KOH -OH and -O

Produces MXenes with minimal -F; improved Limited to Al-containing MAX phases;
catalytic and electronic properties

harsh conditions; scalability still under

evaluation

Electrochemical Electrochemical -OH and -O Eco-friendly; control and precise etching; Low yield is not suitable for bulk

etching equipment rich, fewer -F  good for fine-tuning surface states production

Halogen etching I, -OH and -O Unique surface with good stability Challenging to synthesize and needs more
safety precautions

Non-etching CVD, and ion Customized High purity and tunable terminations Early processes; costly, difficult, and at

methods beam sputtering terminations

This journal is © The Royal Society of Chemistry 2025
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categories based on development history. The first decade
was dominated by type 1 nanozymes, which are catalysts or
enzymes immobilized on nanomaterials since 2004. Type 2
nanozymes, extensively studied in the past decade, are based
on the self-catalytic characteristics of inorganic nanomaterial
surfaces. MXzymes with catalytic activity can be divided into
three types: POD, oxidase (OD), and other -catalytic
nanozymes like catalase (CAT) and superoxide dismutase
(SOD).”»”* Hydrolases work like phosphatases, nucleases,
proteases, and other enzymes in catalyzing hydrolysis. CAT-
like and SOD-like nanozymes are less common in
colorimetric sensing as they are mainly used in biomedical
applications for removing reactive oxygen species (ROS) and
protecting cell membranes.””””® It is important to note that
CAT-like nanozymes exhibit relatively lower catalytic turnover
in the absence of high H,0, concentrations, which restricts
their applicability in typical biosensing environments.
Similarly, SOD-like activity is mechanistically more complex
and often requires precise superoxide generation and
detection systems, making it less suitable for straightforward
sensing platforms compared with POD- and OD-like
systems.”® Thus, POD-like and OD-like nanozymes are our
main investigation focus.”®””

In biosystems, oxidative enzymes POD and OD catalyze
substrate oxidation under mild circumstances by activating
H,0,/0,.*7° MXenes' large specific areas make them
suitable supports for enzymatic events, with physical and
chemical features enhancing supported NP stability and POD
catalysis.”® O, is the oxygen supply used by OD to catalyze
oxidation.*® Jin et al.”® hydrothermally treated Ti;C,T, MXene
to create TiO,-loaded carbon quantum dots (TiO,/C-QDs), an
active OD nanozyme, developing a quick colorimetric
technique for GSH identification. CATs and SODs are
antioxidant enzymes crucial in scavenging excess ROS and
preserving redox balance. These nanozymes catalyze O,
conversion into H,0, and O,, created by O, and H,O
breakdown and OH radical scavenging.***' Nb,C nanosheets
modified with polyvinylpyrrolidone (PVP) were created by
liquid-phase exfoliation, showing SOD-like features from
surface oxidation.*” Several MXene-based nanozymes exhibit
multiple enzymatic activities.**® V,C-based nanozymes
demonstrate six enzyme-like properties (SOD, CAT, POD, GPx,
TPx, and HPO), enabling biocompatibility and cytoprotection
against oxidative stress.>

4. Factors affecting MXzyme-based
sensors

MXzyme's enzymatic activity is influenced by its composition,
oxidation state, and surface structure. The inclusion of
transition metals like Nb and Ti in MXene could assist in
transferring electron activities, crucial for reaction catalysts.*®
The catalytic functionalities of MXene-based nanozymes can
be modulated by altering MXene components. MXzymes can
generate hybrids with improved catalytic activity.*”"*®
Additionally, MXene's layered structure offers a vast surface

4804 | Environ. Sci.: Nano, 2025, 12, 4796-4842

View Article Online

Environmental Science: Nano

area and improved catalytic activity. Because thinner
nanosheets provide more surface area and catalytically active
sites, the lateral dimension and thickness of MXene
nanosheets influence enzymatic activity. Altering electrical
characteristics and active site accessibility directly influences
enzyme functioning. MXzyme' catalytic activity can be
impacted by surface alterations, including functional groups
and surface charges.*® The synthesis conditions and chemical
treatment can accommodate various functional groups on
the MXene surface, including -O, -F, and -OH. The pH and
temperature regulate the catalytic activity of nanozymes
based on MXene.*® pH has a significant effect on catalytic
properties. The catalytic capabilities can be controlled using
photo-responsive technology. Under near-infrared (NIR)
irradiation, the catalytic capabilities of MXzymes increase
owing to high photothermal conversion efficiency in the NIR
range.’” MXene's enzyme-like activity can be enhanced by
considering and refining these enzymatic qualities.

5. MXzyme-based sensor
classification

Based on the enzyme mimic features and detection modes of
MXene supported nanostructured materials, various sensing
platforms such as colorimetric, smartphone assisted
colorimetric, fluorescence, chemiluminescence,
electrochemiluminescence, electrochemical, and SERS
sensors have been explored for the detection of a wide range
of analytes. The following sections will comprehensively
discuss these sensing systems in detail.

5.1. MXzyme colorimetric sensors

In chemical analysis, naked-eye visual analysis is a strong
method that determines substance concentration by
measuring  solution color intensity through color
absorption.*””*® Reliability, affordability, and convenience are
its main advantages, driving advancements in biomolecule
identification.®®® ELISA, which uses an enzyme to activate a
chromophore and produce a discernible color shift in
solution, is among the most widely used methods.”® This
change is visible to the naked eye or can be evaluated using a
spectrometer. This method is used for quick detection in
sensor technologies and is effective.”®> However, detection
sensitivity is limited by the low extinction coefficient of
organic chromophores, which presents a problem.

The following elements are typically included in
colorimetric observing mechanisms, depending on the kinds
of substances or reactions employed to fabricate colorimetric
Sensors:

(i) Target-induced changes in interparticle distance, size,
shape, or composition cause the plasmonic NPs (such as Ag
and Au NPs) to change color through surface plasmon
resonance (SPR).”">

(ii) Fluorescent on-off switching or photonic crystal color
changes in the direction of targets.”>**
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(iii) Catalyzed by natural enzymes, enzyme mimics,
synthetic enzymes, or nanozymes, the chromogenic reaction
of several substrates, including 3,3',5,5"-tetramethylbenzidine
(TMB)."

(iv) The direct or indirect production of colored products
or the colorimetric alteration of chromogenic agents brought
on by the targets through non-enzymatic processes.””

Enzyme mimic-based colorimetric sensors are recent
developments in this field.’”***® A substrate is converted by
nanozymes into an optically detectable product, producing a
quantifiable signal. Catalytic turnover, where a single
nanozyme speeds up many substrate-to-product conversion
events, causes signal amplification that increases recognition
sensitivity.””® Compared to conventional noncatalytic
AuNPs, nanozymes with intrinsic optical characteristics

Table 2 Nanozyme substrates are utilized for different analytical sensors
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provide increased detection sensitivity, improving the
detection limit by up to 10 times.’® The optical contributions
of nanozymes in colorimetric assays extend beyond catalysis.
An improvement in detection limit can significantly impact
assay diagnostic precision. Advancements are underway to
engineer nanozymes with superior optical features by tuning
their physical attributes (size, shape) and chemical
composition  (element  distribution).">?>'%°  Table 2
summarizes the substrates for these enzyme mimic catalyzed
reactions, which are chromogenic compounds.

5.1.1. Heavy metal ions. Globally, the environment is
polluted by heavy metal ions because of mining operations,
production,  subsurface  water  extraction, depleted
groundwater supplies, and unregulated factory waste.
Substances containing harmful metal ions (Hg**, Cr**, Cr®",

Substrate Product Colorimetric signal Detection platforms

H;C CH; B HsC CH, n TMB is colorless, Colorimetric, fluorescence, and SERS

oxidized TMB displays a sensors. Notably, these are further
Hzltl QO ;IHZ blue color developed to be operated by
H,N NH, smartphones
H;C CH,
H;C CH; H,C CH,
(TMB) HaN Q O R
| HC CcH; |

(TMBox)

% ¢
o0 e
) )

(ABTS) (ABTSox)
NH, @N\:(:[NHZ
NH, N? NH,
(OPD) (OPDox)

REeCaICees

0] (Resorufin)
(Amplifu red)
2 0]
\H o
NH o~
NH, O NH, O
3-Aminophthalate, (AP
(Luminol, (LH)) (3-Aminophthalate, (AP))
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Colorimetric and electrochemical
Sensors

Oxidized product
APTSox exhibits a green
color

Oxidized OPD has a
yellow color and shows
an emission around 550
nm

Colorimetric, smartphone, and
fluorescence sensors

Oxidized Amplifu red Fluorescence-based chemo-biosensors
displays fluorescence

maximum at 585 nm

LH is oxidized into AP,
which offers a
chemiluminescent
indicator

Chemiluminescent assays
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Pb*", etc.) will be distinguished."® For example, Pt NPs on
Ti;C,T, MXene nanoribbons (Ti;C,T, MXene NR) were
synthesized by the hydrothermal method to detect Hg>"
ions."® The nanozyme activity was suppressed by Hg>"
ions, while Pt-Hg amalgam formed, allowing for a POD-like
colorimetric detection technique with a 15 pM LOD
(Fig. 3a). A hydrogel-based sensor with smartphone
assistance was created, attaining a 26 pM detection limit.
Next, a DNA-encoded MXene-Pt nanozyme was developed
for sensitive colorimetric detection of Hg”" ions.'’?
Researchers used a DNA-mediated seed-growth technique to
overcome pristine MXenes' drawbacks. The POD activity of
these nanocomposites was inhibited by Hg>" because of its
binding and reduction to Hg® on the hybrid interface of Pt
NPs (Fig. 3b). Quick, high-throughput, point-of-care mercury
detection was enabled by the nanozyme's integration with a
centrifugal microfluidic device. Xun Zhou et al. explored a
Ti;C, Ty MXene NR hybrid decorated with self-reduced
AuNPs for POD-like colorimetric detection of Hg>" ions and
cysteine (Cys) (Fig. 3c).'®® They created the Ti;C,T, MXene
NR hybrid using the self-reducing characteristics of Ti;C,Ty
MXene. These NPs showed increased POD activity with
Hg>" ions as Au-Hg amalgam formed. TMB's oxidation was
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catalyzed, causing a visible transformation from colorless to
dark blue, while the absorbance spectral wavelength at 653
nm was enhanced (Fig. 3c(i and ii)). The reaction was
reversed by Cys's reducing qualities, returning the color to
its initial state. This sensor outperformed -earlier
colorimetric techniques with selectivity, sensitivity, and a
low detection limit for Hg** ions (0.054 nM). A
smartphone-based detection device was created for real-
time measurement of Cys and Hg>" ions. For hexavalent Cr
detection, Fe;O,@MXene quantum dots with enhanced
POD activity were reported.'® The hybrid material was
created using an ultrasonic technique and could catalyze
H,0, breakdown into reactive hydroxyl radicals. A
colorimetric sensor with a 0.26 uM detection limit was
created using Fe;O,@MXene quantum dots. The results
showed that Fe;O,@MXene quantum dots can be useful for
pollution detection and environmental monitoring.

5.1.2. Biothiols. Biothiols are molecules containing a free
thiol group, including glutathione (GSH), homocysteine
(HCy), and Cys. These thiols in appropriate amounts are
crucial for metabolic functions in living things. Owing to
their impact, sensitive sensing of thiols is important.'®> Mo
atom nanoclusters/N-Ti;C,T, MXzymes were fabricated for
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Fig. 3 MXzyme-based colorimetric detection of heavy metal ions. (a) Pt NPs on TizC,T, MXene nanoribbons (TisC,T, MXene NR) were synthesized
by the hydrothermal method and utilized to detect ng+ ions by POD activity [reproduced from ref. 101 with permission from Elsevier, copyright
2024], (b) DNA-encoded MXene-Pt nanozyme for highly sensitive colorimetric detection of Hg?* ions by POD activity [reproduced from ref. 102
with permission from Elsevier, copyright 2022], and (c) TizC,T, MXene NR hybrid decorated with self-reduced AuNPs for highly sensitive POD-like
colorimetric detection of Hg?* ions and Cys [reproduced from ref. 103 with permission from Elsevier, copyright 2023]. In (i) and (ii), the absorbance
spectral profile at 652 nm and colorimetric changes (Au/TizC,T, MXene NR + TMB + H,O,) with various concentrations of ng+ ions are

represented, respectively.
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sensitive colorimetric detection of GSH.'® By creating Mo
NCs/N-TizC,T, MXzymes with increased POD-like activity,
researchers found that they outperformed natural HRP
(Fig. 4a). The study showed that nitrogen doping and Mo
atom clusters increased catalytic efficiency by altering
electron-metal-carrier interactions. Furthermore, this work's
experimental and theoretical findings jointly indicate that N
doping reduces the strong bonds between OH groups and
Mo atoms, significantly enhancing the POD-like catalytic
activity of Mo NCs/N-TizC,T, MXzymes. The nanozyme
demonstrated stability and recyclability, allowing GSH
detection with a 0.29 uM detection limit. The process relied
on TMB oxidizing with H,0,, and colorimetric changes
correlated with GSH levels. The technique effectively
identified GSH with high sensitivity in biological fluids like
human serum and urine. Based on this concept, Wenjing
Wang's team established polydopamine-functionalized
MXene/Carbon Dots (CDs) for POD visual detection of GSH
in biological fluids with LOD 0.12 uM.'®” In a similar TMB-
based POD activity, J. Wang et al. reported visual detection of
GSH and H,0, by MXene@Fe;O, nanocomposites.'’® The
sensor showed selectivity in biological samples, with
detection limits of 0.4 mM for H,0O, and 0.5 mM for GSH.

Mo, . /N-Ti,.C,T.
TMB+H,0, ACs 32 X OXTMB+H ,0

oxTMB+GSH —» TMB+GSSH+2H"*

Absorbance
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Several MXene-supported nanozymes were demonstrated for
GSH quantification using TMB substrate-based POD
performance.'**'%% Another example is detecting biothiols
using POD-mimicking AgNPs on Ti;C,T, MXene nanosheets
(AgNPs@Ti;C,T, MXene NSs).''' These nanocomposites
showed enhanced POD-like activity, catalyzing OPD
oxidation with H,0,. This activity was reduced by biothiols,
enabling color-change-based detection. The method showed
linear ranges (50 nM to 50 uM for Cys, 10 nM to 250 uM
for HCy, and 10 nM to 50 uM for GSH) with low detection
limits (48.5 nM for Cys, 5.5 nM for HCy, and 7.0 nM for
GSH). The detection of Cys in diluted human serum
samples produced high recovery rates. TiO,-loaded carbon
quantum dots (TiO,/C-QDs) were created by Jin et al.”® by
hydrothermally treating Ti;C,T, MXene, and they
demonstrated a strong OD-like nanozyme activity (Fig. 4b).
Catalytic efficiency was increased by the creation of TiO,
nanoparticles anchored on conductive C-QDs, which offered
a large number of active sites and sped up electron
transmission. This hybrid nanozyme was used to provide a
quick colorimetric technique for detecting GSH (Fig. 4b(i)).
The oxidation of chromogenic substrates was catalyzed by
the oxidase-mimicking TiO,/C-QDs, resulting in a unique

YT | pr—
— +TMB+ 11
—reerer 0 O DD
8os GSH concatenations (uM)
E 0.6 o
5 |
2 04 25 M

800 500 550 600 650 700 750

600 700
Wavelength (nm) Wavelength

Fig. 4 MXzyme-based colorimetric detection of biothiols. (a) Mo atom nanoclusters/N-TizC,T, MXzymes based POD-like sensing of GSH
[reproduced from ref. 106 with permission from Elsevier, copyright 2024], (b) TiO,/C-QDs-TizC,T, MXene composite MXzyme based OD-like
sensing of GSH, and (i) and (ii) represent the OD-like behavior of the TiO,/C-QDs-TizC,T, MXene composite and sensitive detection of GSH at
increasing concentrations, respectively [reproduced from ref. 79 with permission from Royal Society of Chemistry, copyright 2020]. (c) OD-like
V,C MXzyme with antibacterial qualities for colorimetric sensing application of Cys [reproduced from ref. 112 with permission from Elsevier,

copyright 2023].
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color signal that was selectively quenched by the potent
reducing activity of GSH (Fig. 4b(ii)). This allowed for
sensitive and specific detection that is pertinent to
biological diagnostics. The fabrication of an OD-like V,C
MXzyme with antibacterial properties for colorimetric
sensing was discussed by Da Chen's research team.''> Using
intercalation and stripping, researchers constructed V,C
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demonstrated antibacterial action by producing ROS, which
stopped the growth of both Gram-positive and Gram-
negative bacteria. Based on this nanozyme, an OD-like
colorimetric sensor was developed, enabling sensitive
detection of Cys with a 30.0 nM detection limit.

5.1.3. Biological analytes and small molecules. H,O, is
utilized in various productions and can originate in biotic

MXene nanosheets that could accelerate TMB oxidation
without H,0,. The study showed the nanozyme activated
oxygen on the surface, causing structural changes that
enhanced catalytic effectiveness (Fig. 4c). V,C MXene

settings, water and air. Within certain levels, H,O, can be
hazardous to human health. For safety and diagnostic
reasons, determining its concentration is essential. A
heterostructure Au@Pt/Nb,C-MXene nanocomposite for
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Fig. 5 MXzyme-based colorimetric sensors for biologically important analytes. (a) Colorimetric and ratiometric fluorescence probe for detecting
UA by GSH-functionalized TizC,T, MXene QDs, and the inset shows colorimetric changes of nanozyme with different quantities of UA under
daylight and UV light [reproduced from ref. 115 with permission from Elsevier, copyright 2020], (b) POD-like activity-based colorimetric sensing
strategy for glucose using CuNPs/N-doped TizC,T, MXene hybrids [reproduced from ref. 119 with permission from American Chemical Society,
copyright 2022], (c) TisC,T, MXene/AuNPs heterostructure nanozyme-based detection of penicillin G and the possible sensing mechanism
[reproduced from ref. 125 with permission from Elsevier, copyright 2024], (d) TizC,T, MXene supported-Fe;O,@PDA-aptamer capture nanoprobe
for direct capture and detection of BC-CTCs [reproduced from ref. 128 with permission from Elsevier, copyright 2023], and (e) dendritic-like TizC,-
Tx MXene QDs@CuNi nanozyme-based colorimetric detection of glyphosphate, and the inset shows the colorimetric changes in the various
concentrations of glyphosphate [reproduced from ref. 133 with permission from Elsevier, copyright 2024].
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colorimetric identification of H,0, was developed based on
POD-like activity."** This nanocomposite was created using
interfacial electrostatic attraction to decorate Au@Pt core-
shell NPs on 2D Nb,C-MXene nanosheets. Owing to
synergistic electron transfer and photothermal effects, the
nanocomposite showed improved POD-mimicking activity,
accelerating TMB oxidation with H,0,. Kinetic investigations
following the Michaelis-Menten model showed high catalytic
affinity. The technique demonstrated promise for biosensing
applications when used to detect H,O, in biological samples.

The need for quick, sensitive, and consistent uric acid
(UA) detection has grown because of increasing cases of
conditions like osteoarthritis linked to abnormal UA levels.'™
Sensor materials have attracted interest owing to
affordability, ease of use, and electromagnetic interference
resistance. Research has focused on UA direct identification
for continuous monitoring and quick diagnosis. A “naked-
eye” colorimetric and ratiometric fluorescence probe using
GSH-functionalized Ti;C,T, MXene quantum dots was
developed.'™ The technique used uricase to oxidize UA,
yielding H,0, and allantoin, which oxidized OPD to
2,3-diaminophenazine. The UV absorption of oxOPD at 425
nm matched the fluorescence emission of GSH-Ti;C,T,
MXene QDs at 430 nm, enabling ratiometric UA
measurement and FRET (Fig. 5a). The probe showed stability,
selectivity, and a LOD of 125 nM. N and S co-doped Ti;C,T,
MXene nanosheets were developed for UA detection using
TMB oxidation.'’® Thiourea enhanced the material's POD-
like activity by improving active sites and electron transport.
The catalytic mechanism involved protonating TMB and
H,0, dissociation. The ZnO-Co;0, nanofiber/MXene
composite's POD-like colorimetric features detected ascorbic
acid (AA)."" The MXene-supported nanocomposite showed
rapid reaction kinetics and proved suitable for food analysis
through orange juice testing.

Glucose is the primary energetic source in our bodies and
is essential to metabolic processes. Diabetes prevalence is
rising in emerging nations because of economic growth and
urbanization. Insulin dosages can be modified to maintain
glucose levels within permitted limits and reduce
complications through accurate glucose assessment.’'® A
POD-like activity-based colorimetric sensing strategy for
glucose using CuNPs/N-doped Ti;C,T, MXene hybrids was
established."” CuNPs were anchored onto N-doped Ti;C,Ty
MXene through simple synthesis, producing a nanohybrid
with stable structures and significant catalytic power
(Fig. 5b). The oxidation of TMB with H,0, resulted in a blue
oxidized product with absorbance at 652 nm. The glucose
sensor showed excellent sensitivity, specificity, and reliability
with a LOD of 5 uM. It retained POD-like properties after a
month of storage. Similarly, Pt/Ti;C,T, MXzyme was applied
for glucose and GSH detection.'® The optimized Pt/Ti;C,Tyx
MXzyme showed POD-like activity 7.9 times higher than that
of Pt alone under NIR radiation, and six times higher in the
dark. Yu He's team reported Ti;C,T, MXene/Co nanosheet
hydrogel sensors for glucose recognition via smartphone-
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based point-of-care testing.'** The Ti;C,T, MXene/Co
nanosheet material catalyzed TMB by H,0,, producing a
blue-colored product. A sodium alginate hydrogel-embedded
Tiz;C,T, MXene/Co nanosheet sensor enables real-time
glucose measurement using RGB analysis and a smartphone
app. G. Yang's team developed a glucose-sensing method
through an immunoassay for IR-f detection using Ti;C,Ty
MXene's catalytic activity.”® These studies showed MXene-
based nanozymes' potential for rapid, portable glucose
sensing.

Cholesterol is necessary for human survival, but can pose
serious health risks when accumulated beyond certain
thresholds. Keeping cholesterol intake regulated is essential
for maintaining key physiological processes."*" Y. Chen et al.
described an Ag/Ti;C,T, MXzyme with boosted POD-
mimicking activity for antibacterial applications and
cholesterol sensing."*” The Ag/Ti;C,T, MXzyme produced by
in situ reduction indicated higher catalytic efficiency. Both
Gram-positive and Gram-negative bacteria were inhibited by
their conversion of H,O, into hydroxyl radicals, which
disrupted bacterial biofilms. The Ag/Ti;C,T, MXzyme's POD-
like activity was coupled with cholesterol oxidase to create a
TMB-based colorimetric biosensor. This sensing technique
showed accuracy when used to detect cholesterol in human
blood specimens. According to TMB oxidation, Y. Li et al
reported an MXene-supported CuS nanozyme for cholesterol
sensing.'*

5.1.4. Antibiotic compounds. Antibiotics have gained
interest as novel organic contaminants because of their
widespread use and possible adverse effects.'** Penicillin G,
an antibiotic used to treat bacterial infections in animals,
can contaminate animal products when used excessively.
Consuming foods tainted with antibiotics can lead to
accumulation and health risks. For penicillin G detection, a
colorimetric sensor using Tiz;C, T, MXene/AuNPs
heterostructure ~ with  catalase-mimic  activity = was
developed.'* This nanocomposite catalyzed TMB oxidation
with H,0,, producing a greenish-blue color at 652 nm.
Penicillin G suppressed this response, enabling sensitive
detection with an LOD of 7.51 nM. The tests worked on
food samples, notably milk, with good recovery rates and
showed high selectivity against other antibiotics. The
authors suggest that penicillin G molecules could adsorb
onto Au through hydrogen bonding and Au-S interactions
in acidic environments, based on known interactions
between Au and ampicillin, and hydrogen bonding between
TiO, and penicillin G (Fig. 5c¢). This adsorption may block
Ti;C,T,/AuNPs' active sites, inhibiting TMB oxidation and
color change. Using the Ti;C,T, MZXene/AuNPs
nanocomposite TMB-based POD-like colorimetric sensing of
ampicillin in plasma samples was reported by Wanqing
Yue's research group.'®® Sulfur atoms in ampicillin formed
Au-S bonds with the nanocomposite, reducing catalytic
function and causing color fading for detection. Kanamycin
(KA), an aminoglycoside antibiotic, treats Gram-negative
bacterial infections. A colorimetric biosensor using oxygen-
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terminated few-layered Ti;C,T, MXene nanosheets as POD-
mimic nanozyme was developed for kanamycin detection.'*’
OFL-Ti;C,T,MXene nanosheets catalyzed TMB oxidation
with H,0,, causing a bluish-green color change. Adding
kanamycin prevented this reaction, causing color fading.
This created a sensitive biosensor with a 15.28 nM-46.14
uM dynamic range and 15.28 nM detection limit. The
research explained kanamycin's antibacterial action through
its inhibitory effect on POD-like activity.

5.1.5. Cancer cells and pathogens. The most prevalent
malignancy worldwide is breast cancer (BC), and migrating
tumor cells (CTCs) are trustworthy indicators for harmless early-
stage breast cancer screening. Isolating BC-CTCs from human
blood samples and detecting them sensitively using portable
gadgets remains challenging.*® Feng Li et al. established the
Ti;C,T, MXene supported-Fe;O,@polydopamine  (PDA)-
aptamer capture nanoprobe for direct capture and detection
of BC-CTCs."® A 2D core-shell structured multifunctional Ti;C,-
T, MXene@Au@Pt nanozyme was developed by integrating an
efficient photothermal nanomaterial with POD-like -catalytic
activity. This nanozyme catalyzed the oxidation of TMB to
produce oxTMB, which subsequently interacted with Ti;C,T,
MXene@Au@Pt to amplify the photothermal signal and enhance
the detection sensitivity. The Fe;0,@PDA-P1 capture nanoprobe
attached to the cell surface in the presence of BC-CTCs through
specific recognition. After magnetic separation, Ti;C,T, and Tis-
C,T, MXene@Au@Pt-P2, @Au@Pt-P3 were found on the BC-
CTC surface. Fe;0,@PDA-P1 was liberated from the captured
BC-CTCs by strand displacement reaction with P4, as shown in
Fig. 5d. The sensor enabled sensitive identification of BC-CTCs
in blood specimens with a LOD of 50 cells per mL and high
specificity. This revealed a non-surgical detection method for
breast cancer that is sensitive and user-friendly.

Hepatitis B virus (HBV) infection is linked to human
hepatitis disorders, including chronic hepatitis, liver
fibrosis, cirrhosis, and hepatoma. Researchers introduced a
CRISPR-Cas12a-based colorimetric biosensor using the
DNA-modulated POD-mimic activity (TMB) of TizC,T,
MXene-Ag/Pt nanohybrids.">® A colorimetric reaction
occurred when Cas12a enzyme triggered ¢rans-cleavage with
HBV DNA, breaking down the DNA probe and inhibiting
the nanohybrid's catalytic activity. The biosensor tested
human serum samples with excellent sensitivity and sub-
picomolar LOD. A smartphone-based platform enabled
real-time, visible detection suitable for field use.*® This
work demonstrated sensitive viral DNA detection by
combining CRISPR technology with nanozymes. Wenhai
Wang et al developed a dual-mode aptasensor for
detecting Vibrio parahaemolyticus (V.P.) using Pt, phenyl
boric acid (PBA), and a ferrocene-modified Ti;C,T, MXene
nanoprobe (PBA-Fc@Pt@Ti;C,T, MXene)."** The aptasensor
collected  bacteria using an aptamer-functionalized
electrode, combining colorimetric and electrochemical
detection. The PBA-Fc@Pt@Ti;C,T, MXene nanohybrid
formed a sandwich complex, catalyzing TMB oxidation
with H,0, to generate visible and electrochemical signals.
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Detection limits were 30 CFU mL™" in colorimetric mode
and 5 CFU mL™" in electrochemical mode. The platform
could detect other diseases by changing the aptamer,
offering a versatile tool for pathogen screening.

5.1.6. Pesticides. Most commonly employed in agriculture,
organophosphorus pesticides (OPs) can be hazardous to
human health and food safety because of their residues.
Monitoring OP amounts in food samples is crucial.
Distinguishing between OP species with comparable
chemical structures remains difficult."*" The synthesis of
Prussian blue (PB)-Ti;C,T, MXene hybrid nanocomposites
(PB@Ti3C,T, MXene) enabled dual-functionality for H,O,
and pesticide (malathion) detection.”*®> The PB@Ti;C,T,
MXene hybrid showed strong POD-like activity of TMB for
colorimetric detection of H,O, with an extensive linear range
and sensitivity. An acetylcholinesterase (AChE)-modified
PB@Ti;C,T, MXene hybrid electrode was developed for
malathion recognition. Applied to actual food samples, it
demonstrated  outstanding  stability, selectivity, and
repeatability. Ke Chu's research group developed dendritic-
like Ti;C,T, MXene QDs@CuNi via the hydrothermal method
for glyphosate detection.*® The Ti;C,T, MXene QDs@CuNi
nanocomposites showed greater POD-like activity of TMB,
catalyzing H,0, decomposition and generating ~OH radicals.
Upon glyphosphate interaction, the blue color disappeared
(Fig. 5e and inset).

According to theoretical calculations, the interaction
between CuNi bimetal and MXene quantum dots, which
promoted H,0, activation, caused the high catalytic
efficiency. Using this strategy, Ti;C,T, MXene-supported
nanostructured materials showed POD-like catalytic
performance for detecting dipterex, astaxanthin, and
guanosine 5-monophosphate.’** 3¢ MXzyme-based
colorimetric sensors primarily use Ti-based MXenes, limiting
their usefulness. Exploring Mo, V, and Nb MXenes may reveal
improved catalytic activity, permanency, and discrimination,
expanding detection applications. These alternate MXenes
have diverse electronic structures and surface chemistries,
which may improve sensitivity and detectability. Extending
beyond Ti-based MXzymes can revolutionize colorimetric
sensing, enabling next-gen, quick, cost-effective detection
systems in environmental and biomedical areas.

5.2. MXzyme-based smartphone-integrated colorimetric sensors

Using colorimetry, which compares or measures the color
depth of colored substances, one can ascertain the
concentration of the targets based on the chromogenic
reaction of colored compounds.*”**° Colorimetric sensors
operating on smartphones can be exploited away from a lab
to satisfy critical requirements, such as on-site monitoring
and clinical testing. By adjusting parameters and accessories,
researchers can maximize colorimetric image quality, which
correlates with detection sensitivity."* This smartphone
sensor can recognize various colors, determine object hues,
and assist visually impaired or color-blind people. Colors are
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captured by a smartphone camera after generation.'*' After
converting the image to color values like red, green, and blue
(RGB), finding the ideal mathematical connection follows. In
smartphone colorimetric technology, 0,0,0 and 255,255,255
signify absolute white and black. Smartphone technology is
more useful than computer programs as it requires no data
transmission and is easily accessible on phones.'**'*
Commercial apps like home-grown, Color Picker, and Color
Grab, built for iOS and Android, serve as examples.® Most
colorimetric sensors based on nanozymes rely on
colorimetric fluctuations visible to the naked eye. However,
subtle color variations cannot be seen by the naked eye.'*?
Smartphones have examined MZXene-supported composite
materials using enzyme-mimic colorimetric sensing to
maintain detection accuracy. Colorimetric study depends on
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factors like ambient light intensity, label-to-background
contrast, and human visual perception alongside NP optical
properties.  Portable detectors increase measurement
reliability and reduce subjective interpretation.

One endogenous plasma component considered as a
possible cardiac biomarker is hypoxanthine (1,7-dihydro-6H-
purin-6-one, Hx), which is generated after the ATP breakdown
process. After 15 minutes of heart ischemia, the blood's Hx
content rises, making it more responsive to acute myocardial
infarction than conventional protein indicators. As a result,
Hx is a perfect fit for cardiac indicators that will help detect
acute myocardial infarction early and treat it quickly.'** In
light of this, a Cu nanocluster (CuNC)-decorated TizC,T,
MXene nanosheet composite with tetra-enzyme mimic
activities for detecting Hx with the assistance of a
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Fig. 6 MXzyme-based smartphone colorimetric detection of potent analytes. (a) CuNC-decorated TizC,T, MXene nanosheet composite with tetra
enzyme mimic activities for detecting Hx with the assistance of a smartphone [reproduced from ref. 145 with permission from Elsevier, copyright
2022], (b) (i) and (ii) represent the synthesis and nanozyme activity for smartphone colorimetric sensing of Hx by using the Co(OH),/TizC,T, MXene
nanocomposite and sodium alginate hydrogel embedded Co(OH),/TizC,T, MXene nanocomposite, respectively [reproduced from ref. 146 with
permission from Springer Nature, copyright 2022], (c) (i) Nb,CT,@PdPt nanozyme based POD mimic activity based sensing of OPs, (ii) preparative
protocol for the hydrogel, and (iii) smartphone-based sensing of OPs with the corresponding calibration plot [reproduced from ref. 149 with
permission from Springer Nature, copyright 2024], (d) synthesis and POD activity based smartphone colorimetric sensing of OA [reproduced from

ref. 155 with permission from Elsevier, copyright 2025].
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smartphone was developed and is displayed in Fig. 6a.'*®
Ascorbic acid oxidase (AAO), POD, (CAT), and SOD mimic
activities were demonstrated by the (CuNC)-decorated Ti;C,T,
MXene nanosheets; the synergistic impact increased
catalytic efficiency. This sensing study developed a quick,
smartphone-supported colorimetric Hx sensing technique
that achieved a LOD of 0.25 pM and a detection range of
5-200 pM. Using a smartphone app, the sensor converted
discernible color changes into numerical RGB values,
enabling real-time Hx monitoring in aquatic products.
Enhanced electron transfer was identified as the catalytic
mechanism of the POD-mimic activity instead of the
production of hydroxyl radicals. According to the study's
findings, CuNC-decorated Ti;C,T, MXene nanosheets offer
a portable, quick, and affordable sensing platform for
applications involving food safety. The next example is the
development of a Co(OH),/Ti;C,T, MXene nanocomposite
with triple-enzyme mimic activities, including OD, POD,
and CAT, for the smartphone-integrated colorimetric
detection of Hx."*® A sodium alginate hydrogel was used to
embed the Co(OH),/Ti;C,T, MXene nanocomposite,
resulting in a hydrogel-assisted detecting device for on-time
sensing of Hx (Fig. 6b). This investigation established that
Hx was catalyzed by xanthine oxidase (XOD) to yield H,O,,
which reacted with TMB in the presence of the Co(OH),/
Ti;C,T, MXene nanocomposite, producing a visible blue
color at a wavelength of 650 nm. The researchers also
utilized sodium alginate hydrogel, a colorimetric signal as
an indicator for Hx detection, which was further integrated
with a simple smartphone. Rapid Hx quantification was
made possible by the smartphone-based detection
approach, which achieved a LOD of 0.2 uM and a linear
range of 5-250 uM. High selectivity, stability, and
repeatability were demonstrated by the sensor, and its
practical usefulness was confirmed by real sample analysis
in aquatic products. Using a similar TMB oxidation,
Xuemin Zhou's research group developed a smartphone-
aided colorimetric detection of glucose based on the Fe;-
O,@MXene-Au nanocomposites with high  POD-like
activity.'*” With a high recovery rate, it was able to identify
glucose in human whole blood samples. Furthermore, a
portable detection technology based on agarose hydrogel
was created for real-time analysis, enabling glucose
quantification using a smartphone. This Fe;O,@MXene-Au
nanocomposite-based nanozyme glucose biosensor
demonstrated a linear range from 0 to 1.4 mM and a LOD
of 0.11 mM.

Although the widespread use of organophosphate
pesticides (OPs) has seriously harmed both human health
and the environment, it is still very difficult to identify them
on-site and with high effectiveness."*® In this connection, a
colorimetric detection method for OPs using Nb,CT, MXene
is integrated with a PdPt nanozyme and hydrogel for
smartphone-assisted analysis. Using a self-reduction
technique, the Nb,CT,@PdPt nanozyme was produced and
demonstrated potent POD-like activity.'*® According to this
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work's findings, the Nb,CT,@PdPt nanozyme's catalytic
activity = was  suppressed in  the  presence  of
acetylcholinesterase (AChE) and acetylcholine chloride
(ATCh), but it was restored upon exposure to OPs, enabling
extremely sensitive detection (Fig. 6c(i)). The established
glyphosphate distinguishing platform attained a linear range
of 1.0 ng mL™" to 1.0 pg mL™" with a LOD of 0.419 ng mL™".
The hydrogel-based sensor provided a practical and portable
detection approach by increasing stability and enabling real-
time analysis through smartphone images. Nb,CT,@PdPt
nanozyme, working together with a smartphone-based
platform, was found to be an efficient, inexpensive, and
quick on-site monitoring tool for food safety applications
(Fig. 6c(ii and iii)). Furthermore, Ti;C,T, MXene modified
with platinum nanoparticles was utilized for the detection
of pesticide-like chloramphenicol (CAP) in animal-derived
foods."® Based on this AChE activity, a Pd-Pt bimetallic-
modified MXzyme was developed for the highly sensitive
portable device (paper and smartphone) integrated
colorimetric detection of AChE inhibitors, which are critical
in Alzheimer's disease (AD) treatment.’® For real sample
analysis, a paper-based sensor device was created,
facilitating quantitative detection using a smartphone. The
technique effectively identified AChE inhibitors in
pharmaceutical tablets and extracts from medicinal plants,
exhibiting great sensitivity, specificity, and stability. It is
well known that Hg®>" ions are highly toxic. For the
detection of Hg>" ions, a smartphone-assisted fluorescence
and colorimetric method was developed for on-site detection
of Hg>" and CI” using the oxidase-like activity of Au-Hg
alloys on Au/Cu/Ti;C,T, MXene nanosheets.’>> Upon adding
Hg>" ions, Hg-Au alloys catalyzed OPD oxidation, producing
a fluorescence signal at 570 nm, permitting turn-on
detection of Hg>* ions. Then, the introduction of CI°
quenched the fluorescence of 2,3-diaminopenazine, allowing
turn-off detection of ClI". A smartphone-based colorimetric
analysis further facilitated on-site monitoring. The Au/Cu/
Ti;C, Ty, MXene nanosheet-based approach enhanced
environmental sensing applications. Furthermore, metal-
carbon showed POD activity of TMB-based nanozymes and
is also utilized for the smartphone-assisted colorimetric
detection of pyrophosphate anions.'”® This work illustrated
the growing use of nanozymes with POD-like activity in
pyrophosphate  synthesis and will accelerate the
development  of wuseful sensors while ensuring
environmental safety. The main toxin responsible for
diarrheal shellfish poisoning is okadaic acid (OA), which is
extremely dangerous to human health."® To detect OA, a
smartphone-assisted colorimetric aptasensor was developed
for the ultrasensitive detection of OA using DNA-encoded
porous TizC,T, MXzymes (Apt-P-Ti;C,T, MXene)."”> The
porous Ti;C,T, MXene was synthesized via microwave
combustion, creating unsaturated Ti center edges and
residual Mn>", which enhanced the POD-like catalytic
activity of TMB. A detectable colorimetric shift resulted from
the presence of OA, which decreased Apt-P-Ti;C,T, MXene's
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catalytic effectiveness, which was integrated with a portable
smartphone (Fig. 6d).

By achieving great sensitivity, mobility, and real-time
detection, these research works did away with heavy
laboratory equipment. Smartphone imaging strengthened its
role in next-generation biosensors by enabling quick and
affordable  analysis for environmental monitoring,
diagnostics, and food safety. Real-time detection will be
transformed by future developments in smartphone-assisted
MXene-based biosensors, which will combine multi-target
sensing, IoT connectivity, and Al-driven analytics for
unmatched precision in environmental monitoring, food
safety, and healthcare. Enhanced nanozyme engineering and
miniaturized platforms will drive ultra-sensitive, portable
diagnostics, enabling rapid, cost-effective, and data-driven
decision-making on a global scale.

5.3. MXzyme-based luminescence sensors

Among the different analytical approaches, the fluorescence
spectral technique is a good choice for the detection of
potential analytes because of its simple setup, good spectral
resolution, efficiency, 100-fold higher sensitivity than
colorimetric approaches, and excellent specificity.'>*™>®
Chromogenic compounds have been utilized as substrates in
the majority of nanozyme tests because they can react to
modify wavelength in the visible range (350 nm to 800 nm).
As a chromogenic substrate, TMB is most frequently used in
colorimetric nanozyme sensors.'>® Tragically, the lack of
fluorescence in this molecule led scientists to hunt for
alternative chemical substrates."**™*®*  Fluorescent and
luminous signals are necessary for some applications, like
bioimaging. In this regard, both OD and POD enzymes most
frequently utilize Amplex red (AR) as a fluorogenic
substrate.'®® At neutral pH, its oxidation product, resorufin,
exhibits a bright orange fluorescence peak at 585 nm;
however, the fluorescence yield sharply declines at decreasing
pH. The second of these fluorescence nanozyme substrates is
O-phenylenediamine (OPD). It is a naturally occurring
aromatic diamine. OPD is catalytically oxidized by hydroxyl
radicals formed when H,0, peroxidase is reduced, resulting
in the formation of 2,3-diaminophenazine, which is highly
fluorescent. OPD is excited with a wavelength of 365 nm, and
its maximum emission intensity is reported at wavelength 4 =
568 nm.'®>'®* OPD's primary drawback is associated with the
nonspecific character of its oxidation. OPD is simply oxidized
not only by H,O, but also by other oxidizing agents.
p-Luciferin and luminol molecules were frequently utilized in
bio and chemiluminescence, respectively.'>®

The basic process that produces an analytical signal is
used to classify nanozyme-based fluorescence sensors. The
first class includes fluorescence sensors in which the
chemical relationship between the potential analytes and the
catalytic substrate affects the emission maximum intensity.
These sensors frequently support cascade catalytic events by
using both natural enzymes and nanozymes. Enzymes such
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as glucose oxidase, uricase, and choline oxidase adjust H,O,
generation, which in turn disturbs the emission signal
variation.'®*'®* The second group comprises fluorescence
sensors where fluorescence is dictated by the direct interface
between the impact analytes and nanozymes. The analytes
can interact with catalytic nanostructured materials,
fluctuating their enzyme-like activity.'®® The interaction
between the nanozyme and the analyte can boost or reduce
the fluorescence of the nanozyme itself. Furthermore, the
analyte could influence enzyme mimetic performance
through interactions with the reaction's intermediate
products.'®® The third group includes nanosensors in which
the  analyte-catalytic ~ product interactions  modify
luminescence. The analyte uses an “on-off-on” process to
restore light emission after quenching agents are frequently
added.'®”'*® Nanozymes pre-functionalized with recognition
molecules (such as aptamers or antibodies) produce
luminescence proportionate to analyte binding in the fourth
category of bio-specific nanozyme sensors.

The previously stated chromogenic compounds serve as
substrates for nanozymes that resemble OD and POD activity-
based fluorescence sensors. Similarly, such substrates can be
modified for luminescence-based detection by the use of
different nanozymes, such as metal nanoparticles, metal
oxide nanoparticles, carbon-based nanomaterials, MXene,
graphene, and metal-organic frameworks.'®®*"’>  The
detection of various ions, chemicals, and proteins is made
possible by these nanozymes, either by themselves or in
combination with recognition molecules such as aptamers
and antibodies.'® Since the majority of fluorescent
nanozyme systems function via oxidation reactions, they are
extremely vulnerable to antioxidants, which can considerably
reduce the oxidation of Iluminescent substrates.'®
Furthermore, the surface properties of nanozymes affect their
catalytic activity, which enables the selective detection of
analytes by activity modulation. The creation and use of
nanozymes based on composite materials developed from
MXene have garnered much attention to date.'¢®'7*174
Therefore, nanozymes are used based on composite materials
obtained from MXene in chemical and biological sensing
through luminescent transduction.

As a potent antioxidant that is soluble in water, ascorbic
acid (AA) can lessen the harm that ROS does to DNA, lipids,
and proteins. However, diarrhea, urinary tract stones, and
stomach irritation can readily result from consuming
excessive amounts of AA.'”> Therefore, developing efficient
methods for measuring AA in actual samples is essential. For
the selective detection of AA, J. Huang et al created a
fluorescence-based sensor by incorporating Cu nanoparticles
(CuNPs) into  nitrogen-doped  TizC,T,  (N-TizC,Ty)
MXzyrnes.176 Because of the CuNPs/N-Ti;C,T,
nanocomposite’s potent ascorbic acid oxidase (AAO)-like
catalytic activity (Fig. 7a), AA was oxidized to dehydroascorbic
acid (DHAA), which then interacted with OPD to generate a
fluorescent molecule. This mechanism enabled a sensitive
detection method of AA with a linear range of 5-150 pM and
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Fig. 7 MXzyme-supported fluorescence sensors for potent analytes. (a) CuNPs/N-TizC,T, nanocomposite's potent AAO-like catalytic activity-
based fluorescence detection of AA, and (i) and (ii) sensitive and selective detection of AA, respectively [reproduced from ref. 176 with permission
from the American Chemical Society, copyright 2023]. (b) DNAzyme-ferrocene-modified TizC,T, MXene/Au nano bipyramid/antimicrobial peptide-
based sensing of food-borne pathogen [reproduced from ref. 178 with permission from Elsevier, copyright 2023].

a LOD of 0.437 uM (Fig. 7a(i)). This research showed its
excellent specific detection of AA (Fig. 7a(ii)). Furthermore,
the MXzyme efficiently produced ROS, inhibiting the growth
of cancer cells while posing little threat to healthy cells.
While theoretical studies demonstrated how nitrogen doping
can improve the material's performance, advanced
characterization techniques verified the material's structural
integrity and catalytic effectiveness. Through ROS-mediated
cytotoxicity, this research showed the dual utility of CuNPs/
N-Ti;C,T, for biomedical applications, providing a promising
strategy for both AA sensing and cancer therapy.

As a major global public health concern, foodborne
microorganisms in human food cause dangerous and deadly

4814 | Environ. Sci.: Nano, 2025, 12, 4796-4842

infectious illnesses, including fever, diarrhea, and even
death.”” At this point, scientists constructed a dual-signal
biosensing approach for the quick screening and quantitative
identification of the common foodborne pathogen Vibrio
parahaemolyticus (V.P.)."”® The signal probe was a DNAzyme-
ferrocene-modified Ti;C,T, MXene/Au nano bipyramid/
antimicrobial peptide (MAADF) nanocomposite, which
combined fluorescence and electrochemical detection. When
it interacted with V.P,, a sandwich immunocomplex
developed on the sensing electrode, allowing for the
production of a fluorescent signal for visual screening
through a catalytic click reaction and an electrochemical
signal for accurate quantification from the ferrocene
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component (Fig. 7b). The accuracy of detection was greatly
increased by the integrated cross-reference correction. The
biosensor demonstrated a low detection limit of 6 CFU mL™
and a wide detection range of 10-10° CFU mL™'. High
specificity, stability, and reproducibility were displayed by the
created sensor, which also showed little interference from
other microorganisms. Additionally, real seafood samples
were used to validate its efficacy, and good recovery rates
were obtained. This strategy provided benefits like dual-mode
precision, on-site applicability, and quick reaction as
compared to traditional techniques. According to this study's
findings, this biosensor offered a viable and effective way to
identify foodborne pathogens, and by altering the capture
probes, it might be further tailored to additional bacterial
targets.

Aflatoxin B1 is extensively found in agronomic products
(such as corn, peanuts, soybeans, etc.) and nutrition."”® The
World Health Organization's cancer research department has
classified AFB1 as a Class I carcinogen, making it one of the
most dangerous mycotoxins with exceptionally high cancer
risk, genetic mutation, fetal harm, and other toxicities,
posing a serious threat to human health."® The food
industry needs to develop affordable, portable, rapid,
accessible, and ultrasensitive approaches for AFB1 detection
immediately. To detect AFB1 in peanuts with high sensitivity,
the X. Li research group created a multimodal biosensor
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based on Ti;C,T, MXene-based nanozymes.181 Fluorescence-
quenching Ti;C,T, MXzymes with POD-like activity were
created and functionalized using an AFB1-specific
fluorescein-labeled aptamer (Fig. 8a). By using colorimetric,
fluorescence, and smartphone-based detection techniques,
this sensor was able to achieve LODs of 0.09 ng mL™", 0.61
ng mL™', and 0.96 ng mL™", respectively. The fluorescence
detection relied on the quenching effect of Ti;C,T, MXene on
the carboxyfluorescein-labeled (ssDNA-FAM)-aptamer, which
was reversed upon AFB1 binding. The POD-like activity of Ti,-
C,T, MXene, which oxidized TMB and produced a color shift
regulated by aptamer binding to AFB1, served as the basis for
the colorimetric assay (Fig. 8a). The smartphone mode used a
calibration model to translate color intensity into AFB1
quantities. The described sensor exhibited great stability over
seven days and outstanding selectivity against probable
interferents. Analyzing spiked peanut samples confirmed its
accuracy and demonstrated its practical usefulness,
producing recoveries exceeding 102%. This sensing protocol
highlighted the potential of Ti;C,T, MXene-based nanozymes
for multiplexed toxin quantification and underlined the need
for further improvements to enhance stability for long-term
storage under ambient conditions. The same research group
established the improvement of a novel biosensor based on
V,C MXzyme materials (V,C MNs) for the detection of AFB1
in peanuts.’® Using 6-carboxyfluorescein-labeled aptamers
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Fig. 8 MXene-supported fluorescence sensors for potent analytes. (a) Synthesis and TizC,T, MXene-based nanozymes for the multimodal
detection of AFB1 [reproduced from ref. 181 with permission from Elsevier, copyright 2023]. (b) Artificial neural networks are involved in V,C
MXzyme materials (V,C MNs) for detecting AFB1 in peanuts [reproduced from ref. 182 with permission from Elsevier, copyright 2024]. (c) POD-like
activity of TizC, MXene/AuPt nanozymes based sensing of carbosulfan [reproduced from ref. 187 with permission from Elsevier, copyright 2025].
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(ssDNA-FAM), the researchers altered V,C MNs with
exceptional suppression of fluorescence and POD-like
function to produce a sensor called V,C@ssDNA-FAM. This
sensor demonstrated high sensitivity with an LOD of 0.0477
ng mL™" in fluorescence mode and 0.2789 ng mL™' in
colorimetric mode (Fig. 8b). In addition, a detection platform
utilizing artificial neural networks (ANNs) was created to
examine colorimetric and fluorescence signals, with detection
limits of 0.6845 ng mL ™" and 0.0905 ng mL™", respectively. In
addition, a detection platform utilizing artificial neural
networks (ANNs) was created to examine colorimetric and
fluorescence signals, with detection limits of 0.6845 ng mL™
and 0.0905 ng mL™", respectively. Through automated data
analysis and a decrease in false positives and negatives, the
ANN-based method improved accuracy (Fig. 8b). The study
emphasized the sensor's potential in food safety applications
by highlighting its higher accuracy when compared to current
techniques. This investigation recommended that the
combination of nanomaterials and artificial intelligence (AI)
could transform toxin detection in food, offering a real-time,
intelligent, and highly sensitive method for ensuring food
safety.

Metals having large atomic weights and high relative
densities that can be hazardous to living things and the
environment, even at trace levels, are known as heavy metals.
Lead (Pb>* ions) is one of the most pervasive and harmful
environmental contaminants on the globe. One heavy metal
with a reputation for harming both the environment and
human health is Pb*" ions."**'®" The industrial use of Pb>*
ions has increased dramatically in recent years, highlighting
the critical need for effective measuring techniques. H. Jin
and co-workers examined a dual-mode biosensor using
bifunctional Ti;C,T, MXene@PtPd NPs for sensing Pb*" ions
in environmental and food specimens.’®® Researchers
synthesized Ti;C,T, MXene@PtPd NPs with luminescence
quenching and POD-like activity, participating in nanozyme
recognition and magnetic separation for accurate detection
of Pb>* ions. The colorimetric and fluorescence modes
exhibited LOD values of 23 pM L and 74 pM L7,
respectively. Real sample analysis confirmed the biosensor's
dependability, demonstrating recoveries ranging from 95.4%
to 111.1%. The investigation demonstrated the sensor's
utility in food safety monitoring by highlighting its reliability,
strength, and affordability. This investigation demonstrated
the sensor's utility in food safety monitoring by highlighting
its reliability, strength, and affordability. The dual-mode
approach reduces ambient interferences and increases
selectivity, making it a promising advancement in the
detection of Pb** ions. The detection method depended on
catalytic signal amplification and nanozyme recognition. The
DNAzyme split its substrate strand in the presence of Pb>",
producing single-stranded DNA that then merged with a
luminously tagged sensor to recover fluorescence.
Concurrently, the POD-like activity of the Ti;C,Ty
MXene@PtPd NPs catalyzed the oxidation of TMB in the
colorimetric mode, resulting in a visible color change. Both
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sensing modes were able to function independently thanks
to magnetic isolation, which decreased background
interference and improved detection accuracy. Ti;C,T, MXene
played a crucial role in analyte sensing by acting as a
fluorescence quencher via Forster resonance energy transfer
(FRET) and a nanozyme with POD-like catalytic activity.

Because of its great effectiveness and brief residual time,
carbosulfan (CBS) is one type of carbamate pesticide
frequently employed in farming to control pests. The safety
of food and human health is seriously threatened by CBS
residues in fruits, vegetables, and water resulting from abuse
or excess.'®® Consequently, the protection of the environment
and human health greatly depends on the precise and
reliable identification of CBS. Z. Lei reported a specific and
sensitive naked-eye visual approach for sensing CBS based on
its hydrolysis behavior and the POD-like activity of TizC,
MXene/AuPt nanozymes.'®” Because it breaks down into
poisonous  carbofuran, CBS, a common carbamate
insecticide, offers a serious health concern. Rapid detection
is difficult with traditional detection methods because they
need costly equipment and intricate sample preparation.
Using a one-step self-reduction method, this strategy
produced Ti;C, MXene/AuPt nanozymes with increased
catalytic activity. In an acidic environment, CBS hydrolyzed
and generated thiol linkages that coupled with Pt atoms to
prevent Tiz;C, MXene/AuPt nanozymes from catalyzing
(Fig. 8c). Using a technique based on color that tracked the
oxidation of OPD, this inhibition was used to detect CBS.
This technique proved a wide linear range (0.5 ng mL™ to 5
ug mL™), a LOD of 0.342 nM, and brilliant discrimination
against interfering constituents. Real lake water samples were
used to confirm the technique's viability, and the results
showed reasonable recoveries. In contrast to traditional
assays that rely on acetylcholinesterase (AChE), the advantage
of the AChE-free method is enhanced specificity, decreased
expenses, and streamlined detection. This study offered a
new approach for creating nanozyme-based colorimetric
sensors for various toxicants and demonstrated the potential
of Ti;C, MXene/AuPt nanozymes for environmental utility
and pesticide residue analysis.

Cyanobacteria create a class of secondary metabolites
called microcystins (MC-LR), which have cyclic heptapeptide
sequences and can seriously impair both human and animal
health.'®® Consequently, the WHO established that 1 pg L™
is the maximum permitted tolerable limit of MC-LR in
drinking water."®® Thus, the development of trustworthy
techniques for the sensitive and precise detection of MC-LR
is imperative. Z. Lei's research group reported the POD-like
activity of TizC, MXene nanosheets (Ti;C, NSs) and their
utility in an aptasensor for sensing MC-LR, a toxic
cyanobacterial metabolite.'”® Through a variety of tests, the
catalytic mechanism of Ti;C, NSs was investigated, and it
was discovered that the production of reactive species, such
as holes and superoxide anion radicals, and electron transfer
accelerated by nanozymes controlled their activity. Kinetic
investigations were used to extensively describe the POD-like
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activity, revealing Michaelis-Menten kinetics. According to
the study, ssDNA prevented substrates from reaching the
nanozyme surface, thereby inhibiting the POD activity of
Ti;C, NSs. Utilizing this property, a label-free colorimetric
aptasensor was designed for MC-LR detection, engaging an
MC-LR-specific aptamer that adsorbed onto Tiz;C, NSs,
suppressing their catalytic activity. The aptamer-nanozyme
interaction caused a detectable drop in the OPD colorimetric
signal upon binding to MC-LR, making quantification
possible. The sensor exhibited a broad linear detection range
(0.01-60 ng mL™"), a LOD value (6.5 pg mL™"), and high
selectivity against potential interferents. Real water samples
that had been tampered with were utilized for validating their
practical use, and recoveries ranging from 97.2% to 102.1%
were obtained.

Serum overexpression of thrombin (TB) is a crucial
biomarker linked to many illnesses with high rates of
morbidity and death.'® Current TB detection methods are
laborious, necessitate complex equipment, and involve
lengthy sample preparation processes, all of which prolong
detection times and raise procedure costs."”> Clinical
interventions begin with an early and easily accessible
diagnosis at the point of care, particularly in nations with
limited resources. Y. Guo and colleagues'®® synthesized
Tiz;C, MXene nanosheets (TizC, NSs) with intrinsic POD-
like activity and used them for colorimetric, label-free
protein (TB) detection. Researchers discovered that TizC,
NSs could catalyze oxidation events by imitating POD
enzymes and that the adsorption of single-stranded DNA
(ssDNA) greatly increased their catalytic activity. This
development was attributed to improved substrate (OPD)
affinity and electrostatic interactions between ssDNA and
the Tiz;C, NSs. Based on these results, this team created a
biosensing method for identifying biomolecules. Aptamer-
modified Tiz;C, NSs saw a decrease in catalytic activity
following thrombin binding, enabling TB measurement in
a colorimetric biosensor built using TB as an analyte. In
real blood samples, the sensor performed satisfactorily and
showed a linear detection range of 10 pM to 10 nM. From
outcomes, the authors confirmed that Ti;C, NSs are stable,
reasonably priced, and highly sensitive nanozymes for
biosensing applications. This study demonstrated how
Ti;C,-based biosensors can integrate particular aptamers to
detect a variety of biomolecules. Ti;C,/V,C MXene acted as
a significant character as a nanozyme with POD-like
action, aiding fluorescence and naked-eye visual approach-
based detection approaches. For CBS quantification, Ti;C,
MXene/AuPt nanozymes catalytically oxidized OPD, with
CBS hydrolysis impeding the chemical response, leading to
a computable color variation. In AFB1 determination,
Ti;C,/V,C MXene played as both a luminescence quencher
and a POD mimic, allowing multimodal detection through
aptamer interactions. An aptamer adsorbed onto the
surface of Tiz;C, hindered its catalytic activity for MC-LR
recognition, and target binding further reduced the signal.
Across all fluorescence sensing studies, the aptamer-
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binding ability, high surface area, and catalytic activity of
MXene allowed for the sensitive, economical, and selective
detection of harmful substances in food and
environmental samples. Table 3 summarizes various
MXene-conjugated nanostructured materials used in
nanozyme-based optical sensing, particularly for detecting
important or biologically/chemically relevant analytes.
Furthermore, Table 3 highlights the nanozyme activity,
target analyte, LOD, linear range, and MXene role in this
sensing approach, providing valuable insights for future
research and development.

5.4. MXzyme-based chemiluminescence sensors

Chemiluminescence (CL) is a phenomenon that occurs when
a species' excited state electronically emits light during a
chemical reaction process. In simple terms, when more than
one chemical is combined and reacts, some of them, like
reactants or intermediates, can be triggered by oxidation to
generate a high-energy intermediate that can break down or
transfer its energy to fluorescence probes before returning to
the ground states and emitting light spontaneously."* 7 In
contrast to luminescence, which is instigated via the
absorption of light (photons), CL does not necessitate an
external light source excitation, discontinuing interference
from light scattering and background emission from the
sample  matrix."”®  Additionally, its optical  signal
interpretation offers a good signal-to-noise ratio, and its
ability to identify high-impact analytes is high. The CL test
works by launching a computable association between the CL
readout signal and the analyte concentration.’”® This
technique also incorporates a biomolecular recognition-
based investigation that employs substantially biologically
active materials, including DNA, enzymes, antibodies, or
antigens, as recognition elements. CL systems act as
indication transducers, qualifying the alteration of specific
biological reaction identifications into quantifiable CL
signals to detect the concentration of target
biomolecules.'*>*” Thus, the construction of CL signals is
crucial for the accurate and sensitive recognition of a
particular analyte.

In the history of CL, initially, in 1877, a chemical reaction
involving lophene and H,O, in an alkaline medium produced
luminescence that was utilized for army soldiers' lights."*’
An essential factor in the development of CL as a useful tool
in analytical chemistry was the synthesis of the CL reagent
3-aminophenylhydrazine (luminol) in 1902 and the discovery
of its CL behavior in alkaline environments in 1928.°° In
1935, the reaction between lucigenin substance (N,N-
dimethyldiacridinium nitrate) and H,0, revealed the
lucigenin CL behavior.>*" However, the aforementioned CL
signal is relatively weak and transient, and early CL research
has advanced slowly, with few significant applications. CL
signal pathways can principally be categorized into two
categories: direct and indirect CL signals. In a direct CL
signal, a CL compound undergoes oxidation, forming a high-
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Table 3 Summary of MXene conjugated nanostructured materials for nanozyme-based optical sensing of potential analytes

Nanozyme
Material activity/substrate  Role of MXene Analyte Linear range LOD Ref.
DNA-Ti;C,T, MXene/Pt POD/TMB Catalytic booster Hg>* 5-50 nM 9 nM 102
Ti;C,T, MXene/AuNPs POD/TMB Reducing agent and Hg>" 0-2.0 pM 0.054 nM 103
catalyst
Fe;0,/Tiz;C, QDs POD/TMB Catalytic booster cr®* 0-60 uM 0.26 uM 104
Mo NCs/N-Ti;C,T, MXene POD/TMB Catalytic supporter GSH 1-150 pM 0.29 uM 106
TizC,T, MXene/carbon dots POD/TMB Catalytic booster GSH 0.3-20 uM 0.12 uM 107
Ti;C,T,@Fe;04 nanocomposites POD/TMB Catalytic booster GSH 0.5-10 uM 0.5 uM 108
Ti;C,/Pt hybrids POD/TMB Synergistic catalyst GSH 0.4-7 pM 8.9 nM 109
Au/Pt/Ti;C,Cl, nanocomposite POD/TMB Structural and catalytic GSH 50-10 000 uM 10.24 uM and 110
base and 0.1-20 uM 0.07 M
Ti3C,T, MXene/AgNPs POD/OPD Catalytic supporter GSH 10 nM-50 pM 7 nM 111
Ti;C,T, MXene/AgNPs POD/OPD Catalytic supporter Cys 50 nM-50 pM 48.5 nM 111
Ti;C,T, MXene/AgNPs POD/OPD Catalytic supporter HCy 10 nM-250 uM 5.5 nM 111
Ti;C,T, MXene/AuNPs POD/TMB Reducing agent and Cys 0-100 uM 0.03 uM 103
catalyst
V,C MXene OD/TMB Catalyst Cys 0.1-15 pM 30 nM 112
Au@Pt/Nb,C-MXene nanocomposite POD/TMB Conductive materials H,0, 0.3-2.75 M — 113
GSH-Ti;C,T, MXene QDs OD/OPD Nanoprobe Uric acid 1.2-75 uM 125 nM 115
N, S, doped-Ti;C,T, MXene sheets POD/TMB Active nanozyme Uric acid 1-400 uM 0.19 M 116
CuNPs/N-doped TizC,T, hybrids POD/TMB Catalytic booster Glucose 5-300 pM 5 uM 119
Ti3C,/Pt hybrids POD/TMB Synergistic catalyst Glucose 0.04-0.5 pM 0.85 uM 109
MXene-Ti;C,/Co nanosheets POD/TMB Sensing matrix and Glucose 0.01-0.1 mM 0.001 mM 120
catalyst support
Ti;C,T, MXene/Ag POD/TMB Catalytic supporter Cholesterol 2-800 uM 0.6 uM 122
MZXene-Ti;C,/CuS POD/TMB Catalytic supporter Cholesterol 10-100 pM 1.9 uM 123
Ti;C,T,/AuNPs heterostructure Catalase/TMB Catalytic supporter Penicillin G 35.05-584 nM 7.51 nM 125
Ti3C,T, MXene/AuNPs POD/TMB Catalytic supporter Ampicillin 0.005-0.5 pg 1.1ngmL™" 126
mL™"
Oxygen terminated Ti;C,T, sheets POD/TMB Catalyst Kanamycin 15.28 nM-46.14  15.28 nM 127
uM
Prussian blue-Ti;C,T, hybrid POD/TMB Catalyst surface Malathion 1 fM-1 nM 1fM 132
Dendritic-like Ti;C, QDs@CuNi POD/TMB Catalytic enhancer Glyphosphate 0-100 uM 1.13 M 133
Ti;C,T, nanoribbons@AuPt POD/TMB Catalytic supporter Dipterex 1ngmL'-1ug  0.479 ng 134
mL™ mL™
Cu NPs@N-Ti;C,T, nanozyme POD/TMB Electron mediator Astaxanthin 0.01-50 uM 0.015 uM 135
CuNC-decorated Ti;C,T, MXene Tetra enzyme Catalytic supporter Hypoxanthine 5-200 pM 0.25 uM 145
nanosheets activity/TMB
Co(OH),/Ti;C,T, MXene Multi nanozyme  Catalytic supporter Hypoxanthine 5-250 pM 0.2 uM 146
nanocomposite activity/TMB
Fe;0,@Ti;C,T,~Au nanocomposite OD/TMB Composite formation Glucose 0-1.4 mM 0.11 mM 147
supporter
Nb,CT,@PdPt nanozyme POD/TMB Reducing agent and Glyphosphate 1ngmL'-1pg  0.419 ng 149
catalyst supporter mL™" mL™"
Ti3C,Ty MXene/PtNPs POD/TMB Catalytic carrier Chloramphenicol 0.0125-1.0 ug — 150
kg™
Au/Cu/Ti;C, nanosheets OD/OPD Detection platform Hg™ 8.0-200.0 nM 0.8 nM 152
Au/Cu/Ti;C, nanosheets OD/OPD Detection platform Ccl” 5.0-350.0 uM 27 nM 152
DNA-encoded porous Ti;C, nanozyme  POD/TMB Porous nature Okadaic acid 10-1000 ng mL™"  0.38 ng mL™" 155
CuNPs/N-Ti;C,T, nanocomposite OD/OPD Fluorescence enhancer Ascorbic acid 5-150 uM 0.437 uM 176
DNAzyme-ferrocene-modified Ti;C, T, OD/OPD Signal mediator Food pathogen ~ 10-10° CFUmL™ 6 CFUmL™" 178
MXene/Au nano bipyramid
Ti;C,T, MXene labelled with Multimode/TMB  Nanozyme support Aflatoxin B1 0.10-400 ng mL™" 0.61 ng mL™" 181
SSDNA-FAM
ssDNA-FAM labelled V,C MXene POD/TMB Signal amplifier Aflatoxin B1 0.1-500 ng mL™"  0.0477 ng 182
mL™"
TizC, T, MXene@PtPd NPs POD/TMB Fluorescence quencher Pb*" ions 0.5-1000 nM 74 pM 185
Ti;C, MXene/AuPt nanozymes OD/OPD Catalytic substrate Carbosulfan 0.5-5000 ng mL™"  0.342 nM 187
Ti;C, MXene nanosheets POD/OPD Catalytic activity Microcystins 0.01-60 ng mL™" 6.5 pgmL™" 190
modulator
Ti;C, MXene nanosheets POD/OPD Intrinsic catalyst Thrombin 10-1000 pM 10 pM 193

energy chemiexcited intermediate. These intermediates emit
light as they change to their ground state. Examples of direct
CL systems include luminol and luciferin, which are readily
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fluorophores or photosensitizers, in the indirect CL signaling
process. A neighboring acceptor molecule is excited to a
higher energy state during this procedure by the
chemiexcited intermediate, transferring its energy to it
(Fig. 9a). As it returns to its ground state, the excited
fluorescent molecule releases energy in the form of light.
This kind of energy transfer is known as CL resonance energy
transfer (CRET) (Fig. 9a).>0*2%

Nanoparticles used in CL amplification systems have
received immediate attention since the advent of
nanozymes,”***°> which are nanomaterials having enzyme-
like activity. This is because of their advantages, which
include being more stable, easily obtained, inexpensive, and
controlled. By utilizing the distinct features of different nano-
structured materials, materials with nano sizes can be

Excited state

C* energy

Ground state
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deployed as high catalyst levels for the measurement of CL
signals, improving sensitivity and lowering detection
limits.?°® This makes it possible to use these novel nano-
sensing platforms to create a high-sensitivity CL system for
biological analysis. To date, the MXzyme-based CL assay has
been getting more attention and utilized for the detection of
potential analytes. Won-Yong Lee's research group®”’
examined a new electrode strategy for attractive luminol-
based electrogenerated CL (Fig. 9b). The researchers
developed a glassy carbon (GC) electrode modified with a 2D
Ti;C,T, MZXene-Nafion composite material. A crucial
development for biological and physiological applications,
this Ti;C,T, MZXene-Nafion composite material showed
strong electrocatalytic activity toward H,0O, oxidation and O,
reduction processes, leading to markedly enhanced cathodic

@ MXene ¢ luminol @ Ag “ H,0, ’ GSH

Fig. 9 (a) Schematic illustration of the formation of the CL mechanism. MXzyme-based CL sensors for important analytes. (b) Glassy carbon (GC)
electrode modified with a 2D TizC,T, MXene-Nafion composite material [reproduced from ref. 207 with permission from Elsevier, copyright 2023],
(c) PB/TizC,T, MXene nanocomposite-based CL detection of UA [reproduced from ref. 208 with permission from Elsevier, copyright 2024], and (d)
Ag/MXene nanozymes for efficient CL sensing of UA and GSH [reproduced from ref. 211 with permission from Royal Society of Chemistry,

copyright 2024].
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CL emissions in neutral solutions. This study explored the
CL-based sensing of H,0,, obtaining a detection limit of 3.1
nM and a linear range from 10 nM to 1 mM. The bare and
TizC,T, MXene-Nafion composite material-modified GC
electrodes were outstripped by this electrocatalytic
performance. Efficient H,O, quantification in human serum
samples, with recovery rates ranging from 98.8 to 104.7%,
confirmed the practical applicability. Tests of long-term
stability showed that the signal intensity was retained for
three weeks at 75.3%. The results, as mentioned above,
highlight the potential of the Ti;C,T, MXene-Nafion
composite material in the development of stable and
sensitive biosensors for environmental and clinical utility.

Xiangjuan Zheng and co-workers reported a novel
approach to biosensing through the synthesis of Prussian
blue/Ti-based MXene (PB/Ti;C,T, MXene) nanocomposites.>*®
The investigators employed the oxidase-like features of the
PB/Ti;C,T, MXene nanocomposite to remove the necessity
for H,0,, a common oxidant in conservative CL systems
(Fig. 9c). The PB/Ti;C,T, MXene nanocomposite, acting as
both a reducing agent and nanocarrier, significantly raises
the CL intensity when mixed with luminol. This allowed for
the sensitive detection of uric acid (UA) within a linear range
of 0.2-30 uM and a detection limit of 0.19 uM. The sensor
exhibited excellent specificity, reliability, and stability,
successfully detecting UA in diluted human serum with
recoveries ranging from 98.59% to 104.04%. This work
followed an oxidase nanozyme-based pathway to produce
ROS by triggering dissolved oxygen, which afterward oxidizes
the substrate and finishes the whole reaction. The PB/Ti;C,T,
MXene nanocomposite catalyzed the reaction,
electrocatalytically generating ROS from dissolved oxygen and
reacting with just luminol to generate a powerful CL signal
without needing H,O, (Fig. 9c). Furthermore, when the
concentrations of UA increase in the PB/Ti;C,T, MXene
nanocomposite-luminol combination, the added UA can
react with ROS. Its CL signal drops when the ROS is used up,
allowing for the successful detection of UA. The study
highlighted  the  potential of PB/Ti;C,T, MZXene
nanocomposite-based materials in the biosensing of UA,
offering a greener and more efficient alternative for clinical
diagnostics. This work marked a significant advancement in
the development of sensitive, cost-effective, and eco-friendly
biosensors.

The human body contains two common biomolecules,
GSH and UA, which, depending on their levels, are essential
for physiological function.>*>*’® Due to the biological
potential of both biomolecules, early recognition of UA and
GSH levels in biological fluids is crucial for public health. By
integrating silver nanoparticles (AgNPs) with Tiz;C, MXene
nanosheets, Xiluan Yan's research group reported an
invention of Ag/MXene nanozymes for efficient CL sensing.”"!
The Ag/MXene composites, which were created via an in situ
self-assembly technique, demonstrated potent POD-like
activity by accelerating the production of ROS from H,O,.
The synergistic actions of AgNPs and Ti;C, MXene greatly
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increased the CL intensity, allowing for the very sensitive
quantification of UA and GSH (Fig. 9d). These biosensors'
linear detection ranges for GSH and UA were 50 nM-20 uM
and 1 mM-35 uM, respectively, with LOD as low as 0.83 nM
and 0.37 pM. The production of ROS, such as hydroxyl
radicals and singlet oxygen, as important reaction
intermediates, was validated by mechanistic investigations.
Additionally, the sensor demonstrated exceptional stability
and selectivity, successfully identifying GSH and UA in
human blood serum samples. This work demonstrated the
prospective use of MXzyme composites in CL applications
and offered a strong biosensing platform.

5.5. MXzyme-based electrochemiluminescence sensors

In recent years, electrochemiluminescence (ECL) sensing
devices have become increasingly popular, leading to notable
advancements in chemo and biosensors. The utility of
advanced signal amplification approaches is crucial to the
progress of high-throughput ECL sensors, which will usher in
an entirely new phase of sensitive analysis. ECL is the term
for light emitted by excited luminophores as a result of
electrochemical reactions occurring at an electrode's
surface.>’>*"® ECL has become an eminent signal
transduction system utilized broadly in various eras thanks
to its distinct merits, which embrace the lack of a
requirement for external light sources, exact control over the
spatiotemporal nature of light, low background interference,
and exceptional sensitivity.”**”>'> Target monitoring of
potential analytes has become a significant use for ECL
Sensors.

Research on ECL has been ongoing since the mid-1960s,
when Kuwana, Hercules, Bard, and others began the first
investigations on the subject. As a result, ECL (bio)sensors
are now a potent analytical tool in the modern world.**®">*®
Next, higher detection sensitivity in ECL sensing platforms
resulted from the introduction of MXene into the ECL
sensing field in 2018.>'° Because of its resistance to
excitation light sources and dispersed light, ECL has
attracted a lot of interest in clinical diagnostics. Since
[Ru(bpy);]*" has outstanding ECL efficiency, exceptional
biocompatibility, and chemical stability, it is commonly
utilized in ECL-based sensing systems.>?°>*> Nevertheless,
[Ru(bpy)s]*" has a high-water solubility, which limits the ECL
property and makes immobilization on the electrode surface
difficult. Many nanocarriers have been researched to address
this problem and increase the stability and [Ru(bpy)s;]*'-
efficacy.>*>*>* However, because of their ability to efficiently
catalyze the production of hydroxyl radicals, POD mimetic
nanozymes have garnered much study interest.”*>*** Under
certain reaction settings, it has been established that
different metal nanoparticles (MNPs), including Pt, Pd, Ag,
and AuNP, may imitate a broad range of enzymes, including
CAT, POD, and OD.*****® However, the combined activity of
two or more MNP components within the same nanozyme
makes the hybrid nanosystem-based nanozyme a clear
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advantage for biosensing applications.>”” More significantly,
as compared to biological enzymes, nanozymes frequently
have better catalytic activity. They work better because of
their reduced size, which increases the surface area
accessible to enzymatic action. They work better because of
their reduced size, which increases the surface area
accessible to enzymatic action.

Later, a variety of ECL sensors for bioanalysis were created
using MXenes and MXene-based composite materials. The
catalytic activity of nanozymes, which resembles an enzyme,
is combined with the sensitive light-emitting mechanism of
ECL to create nanozyme-based ECL.>'®?*® Nanozymes expand
electron transport, raise fluorescence efficiency, and catalyze
the construction of ROS to progress signal amplification.
MXzymes' ECL combines ECL technology with the
remarkable  catalytic  capabilities of MXene-derived
nanozymes. Because of their high conductivity and adjustable
surface chemistry, MXenes catalyze the production of reactive
species and facilitate electron transport, which improves the
amplification of ECL signals.>'*?*®?*° This cutting-edge tactic
is commonly applied for super-specific and stable
quantification in environmental monitoring and biosensors.

A  new dual-mode electrochemical (EC) and
electrochemiluminescence (ECL) biosensor was developed by
Bin Wang et al. for the ultrasensitive and real-time detection
of H,0,, a crucial cancer biomarker.*** Polycrystalline
manganese oxide nanoflowers (MnONFs) were self-assembled
on delaminated Ti;C, MXene nanosheet surfaces, leveraging
their collaborative interface to improve catalytic efficiency,
electron transfer, and stability. The hollow layered structure
of Ti;C, MXene offered a high surface area and a conductive
pathway, while MnONFs supplied abundant active sites for
H,0, oxidation. This composite Tiz;C, MXene@MNOFs
allowed rapid H,0, determination, attaining an EC linear
range of 0.05-650 uM and an ultrasensitive ECL limit of
detection of 0.45 nM. This fabricated sensor demonstrated
exceptional specificity and anti-interference capabilities in
complex  biological  environments and  effectively
differentiated cancer cells from normal cells by detecting
H,0, effluxes induced by ascorbic acid stimulation. It
successfully monitored as few as 20 cancer cells in 1 mL,
exhibiting remarkable sensitivity, reproducibility, and
stability over extended periods. The integration of EC and
ECL readouts minimized false positives and negatives,
improving diagnostic accuracy. The study highlighted the
potential of this dual-mode sensing platform for early cancer
detection, offering a reliable, non-enzymatic alternative for
real-time monitoring of ROS. These advancements addressed
the limitations of traditional methods, including single-
readout systems and complex preparation processes, paving
the way for broader applications in biomedical diagnostics
and therapy.

One of the most common cancers in men is prostate
cancer, and the sensitive marker for detecting prostate cancer
is prostate-specific antigen (PSA). To provide a precise and
sensitive detection technique for PSA ultra-sensitivity
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detection, Chuanping Li and colleagues discovered the
fabrication of a highly efficient ZIF-67@Ti;C, MXene-based
ECL biosensor.>*" Here, researchers established the use of
ZIF-67@Ti;C, MXene as a co-reaction accelerator and
improved ECL efficacy by up to 830% via the specific
production of hydroxyl radicals and singlet oxygen. The
biosensor effectively detected PSA with an improved detection
limit of 0.91 pg mL™', leveraging a plasmonic NH,-MIL-
88@Pd nanozyme for signal amplification. This study
emphasized the incorporation of MXene's conductivity and
ZIF-67's stability, offering a super-specific sensing platform
for cancer biomarker detection, stability, and excellent
sensitivity.

To the best of our knowledge, non-small cell lung
cancer*®> is the primary cause of lung cancer-related
mortality globally. A tumor marker linked to lung cancer,
cytokeratin-19 fragment (CYFRA21-1),>** is primarily detected
in the cytoplasm of tumor cells originating from epithelial
cells, including lung and esophageal cancer. In the normal
population, it has a reference value of 0-3.3 ng mL™". Thus,
there is some clinical utility for CYFRA21-1 in the treatment,
identification, and effectiveness assessment of different
kinds of lung cancer. Xian Ren et al. demonstrated the
development of an ECL immunosensor for CYFRA 21-1
recognition, employing Ti;C,T, MXene@TiO,-MoS, hybrids
as co-reactive catalysts and luminol@Au@Ni-Co nanocages
as probes.*** These state-of-the-art nanozyme hybrid
materials helped efficient H,O, putrefaction and boosted
ECL signal production. The developed sensor established a
linear range of 0.1 pg mL™ to 100 ng mL ™", with a LOD of
0.046 pg mL™', displaying outstanding sensitivity. The
incorporation of Ti;C,T, MXenes's high conductivity and
MoS,'s catalytic features aided stable, repeatable, and specific
CYFRA 21-1 identification analysis, even in complex
biological matrices. The strategy offered a strong foundation
for the early identification of lung cancer (Fig. 10a).
Additionally, this strategy offered a strong foundation for the
early identification of lung cancer.

In one of the more recent articles, researchers explored
Ti;C,-based MXzymes for enhancing ECL glucose biosensing,
employing bromophenol blue (BPB) as a co-reaction
accelerator and transporter.235 Delaminated Ti;C,-based
MXzymes with BPB enabled high loading of luminol and
glucose oxidase (GOx), decomposing H,0, to produce
hydroxyl radicals, which discriminate ECL signals
meaningfully (Fig. 10b). The device demonstrated
outstanding rigidity, specificity, and consistency in human
serum, with a detection range of 0.1 to 40 000 uM and a LOD
of 0.02 uM. Superior sensitivity was attained by minimizing
radical breakdown through the proximity of the hydroxyl
radicals and the luminophore's upshots. Furthermore, this
research effort opened a new door for more sophisticated
biosensor designs in clinical diagnostics by demonstrating a
potential glucose detection platform.

The broad-spectrum antibiotic chloramphenicol (CAP) has
been utilized extensively in the farming of animals because
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Fig. 10 MXene-supported material-based ECL sensors for the different analytes. (a) TizC,T, MXene@TiO,-MoS, hybrids as co-reactive catalysts
and luminol@Au@Ni-Co nanocages as an ECL probe for the detection of CYFRA 21-1 [reproduced from ref. 234 with permission from American
Chemical Society, copyright 2024], (b) TisC,-based nanozyme for ECL glucose biosensing [reproduced from ref. 235 with permission from Elsevier,
copyright 2024], (c) CoS,/sulfur-doped TizC,-based nanozyme for the detection of CAP [reproduced from ref. 239 with permission from Elsevier,
copyright 2023], and (d) synthesis and nanozyme activity of Nb,CT,-stabilized Au-Ag alloy NPs integrated into ZIF-8 frameworks for the detection
of biomarkers [reproduced from ref. 224 with permission from Elsevier, copyright 2025].

of its good antibacterial action and affordable cost.>*®

However, CAP residues in the environment would make their
way into the human body via the food chain and cause major
negative reactions and side effects, for example, aplastic
anemia, gastric intolerance, and marrow suppression.**”***
Thus, it is essential to create a straightforward, affordable,
highly sensitive, and selective CAP monitoring approach. To
detect CAP in real water samples, Zilian Zhang et al
discovered a novel ECL aptasensor for detecting CAP,
utilizing a luminol-dissolved oxygen (DO) system enhanced
with cobalt sulfide (CoS,)/sulfur-doped Ti;C,-based MXzymes
and micro-nano bubbles (MNBs).*** The CoS,/sulfur-doped
Ti;C,-based MXzymes acted as a co-reaction accelerator,
significantly improving the reduction efficacy of DO and
generating ROS for enhanced ECL performance (Fig. 10c).
The ECL signal was further amplified by the addition of
MNBs, which raised the DO concentration and ROS
generation. Notably, this tackle confirmed an 8.7-fold
perfection in ECL signal intensity in contrast to orthodox
luminol-DO systems, with a sensing range from 0.1 fM to 10
pM and an ultra-LOD of 105 fM. The aptasensor
demonstrated outstanding  selectivity, stability, and

4822 | Environ. Sci.: Nano, 2025, 12, 4796-4842

repeatability, and it was successfully used to analyze real-
world samples such as milk, tap water, and pond water.
However, this sensing protocol demonstrated the potential of
CoS,/sulfur-doped Ti;C,-based MXzymes and MNBs to alter
ECL sensing by eliminating the need for H,0,, opening the
door for more practical, biocompatible, and sensitive
biosensors in the monitoring of food and environmental
safety.

A rather uncommon and varied class of malignancies,
neuroendocrine tumors (NETs) develop from specialized
cells dispersed throughout the body. Despite being
somewhat uncommon, they can be difficult to diagnose and
treat properly.**° The most adopted biological indicator in
medical studies for NET identification is chromogranin A
(CgA). Because of this, it is an asset for enhancing the
knowledge and diagnosis of these intricate cancers.**' To
detect CgA in human serum and saliva, F. Kareem and his
colleagues described a dual-mode immunosensor that
practices Nb,CT,-stabilized Au-Ag bimetallic nanoparticles
(BiMNPs) integrated into ZIF-8 frameworks."”® This first
study uses Nb-based MXzymes rather than Ti-based
MXzymes in this part. Moreover, Nb,CT, has better
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electrochemical stability than TizC,T,, which results in
enhanced electrochemical sensing capabilities.**> Nb,CT,
MXene acted as a reducing and stabilizing agent for
synthesizing BiMNPs, which demonstrated excellent POD-
like activity and enhanced ECL performance in the
Ru(bpy);*"/TPrA system.”*" The ECL signal was greatly
enhanced, and colorimetric detection by TMB oxidation was
made possible by the ZIF-8 framework's wide surface area
and ease of biomolecule immobilization (Fig. 10d). The
immunosensor exhibited a wide linear detection range
(0.001-1000 pg mL* for ECL, 0.1-4000 ng mL™" for
colorimetry) and ultra-low detection limits (0.11 fg mL™ for
ECL, 100 pg mL™" for colorimetry). Its remarkable recovery
rates from the analysis of real-world human serum and
saliva samples confirmed its great selectivity, repeatability,
and stability. The work demonstrated the Nb,CT, MXene-
stabilized BiMNPs@ZIF-8 nanohybrid's capacity for precise
and sensitive biomarker identification, providing a viable
platform for the diagnosis of neuroendocrine tumors and
the monitoring of psychophysical stress (Fig. 10d). In all the
systems, the catalytic generation of ROS, like hydroxyl
radicals, is used to enhance ECL signals. The 2D stacked
MXenes' thin nanosheets feature a lot of surface functional
groups and surface area. This feature makes them extremely
versatile for the quantification of a wide range of
biomolecules by allowing conductivity tweaks and
customized alterations aimed at biomolecules.**®> When
combined with other nanostructured materials, MXene's
unique capabilities work in concert with the unique
qualities of the combined nanomaterials to produce often
better performance than when the components are used
alone.?”” The incorporation of MXene's high conductivity
and nanostructured materials’ catalytic features/electron
transporters highlights the importance of catalytic efficiency
and ROS generation in enhancing the detection process.
These species played a pivotal role in CL or ECL reactions,
amplifying the signal intensity for sensitive analyte
detection.

5.6. MXzyme-based electrochemical sensors

Research on electrochemical sensors has been one of the
most investigated analytical topics. Electrochemical sensors’
ability to recognize specific target analytes of attention hangs
deeply on the electrode's materials and/or receptors.>*****
Most potential target analytes interacting with electrode-
deposited  materials and/or electrode receptors in
electrochemical sensors can produce a response that is
possibly deciphered into computable electrochemical signals
that designate the analyte dosage level. The quick reaction
time, combinatorial features, and potential of portable (even
wearable) measurement devices are some of the benefits of
electrochemical alternative sensing
techniques.>*®**” They can also be made smaller and more
affordable. By using  biomarker-specific  reactions,
electrochemical  biosensors use the principles of
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electrochemistry to convert biological processes into
quantifiable electrical signals.**®**° The targeted potentially
specific biomarkers (e.g.,, cancer biomarkers) might be
detected precisely and quantitatively thanks to this
electrochemical signal, which would be proportionate to their
concentration.>®®  Lightning-fast, ~immediate  fashion,
accurate, long-lasting, and inexpensive high-impact analyte
detection is made possible by the incorporation of
nanozymes into electrochemical sensors. When compared to
natural enzymes, nanozymes offer several advantages, such
as increased robustness and durability, cost-effectiveness,
adaptable catalytic characteristics, and strong electrical
conductivity.”>***  Generally ~speaking, there are two
approaches to disseminating the mechanisms of action of
electrochemical sensors based on nanozymes. The first uses
catalytic reactions mediated by nanozymes to generate or
amplify electrochemical signals, while the second uses
catalysis to produce or activate electroactive chemicals that
are relevant to the target and employed as electrochemical

signals.”®® Examples of electrochemical methods for
biomarker detection include amperometry,
electrochemiluminescence  (ECL),  photoelectrochemistry
(PEC), impedometry (electrochemical impedance

spectroscopy; EIS), and various voltammetry methods, such
as square wave voltammetry (SWV), linear sweep voltammetry
(LSV), differential pulse voltammetry (DPV), and stripping
voltammetry (SV). In general, these electrochemical sensing
techniques operate as follows:

(i) An antibody that resembles a tracer receptor is labeled
with an electroactive species, like nanozymes.

(ii) The receptor becomes entrenched on the electrode's
surface after binding with the analyte.

(iii) Applying a voltage and assessing the current,
resistance, and luminescence that is induced at the electrode
allows one to determine the amount of the desired analytes.

In essence, the labeled electroactive species undergo a
redox reaction when the voltage is applied, producing an
electrical signal that represents the amount of the receptor-
bound analytes.”®®  Furthermore, the coating of
nanostructured materials enhanced the electrochemical
catalytic performance. Because of their versatility, MXenes
can be effectively customized by integrating metal, metal
oxide, or carbon-based nanoparticles, which makes it
possible to rationally build effective MXene composites.
MXenes were often designed by carefully choosing the X and
M components, as well as surface terminal groups, to
improve their physio-chemical performances and attain
desired properties. Given that MXenes excellently trap
enzymes on their surface, enabling efficient electrical
communication between the electrode and the protein
backbone of enzymes, they were initially utilized as an
immobilization matrix of natural enzymes. Thus, MXene has
been identified as a substrate that facilitates rapid electron
transfer, resulting in enhanced electron kinetics and greater
susceptibility ~of electrochemical sensors based on
enzymes.”*>>* It was recently found that MXenes can mimic
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the catalytic activity of natural enzymes such as CAT, SOD,
OD, and POD, usually by effectively relating with other
catalytic nanostructured materials.*®*® Based on this, the
mimic features of MXene-supported composite materials
have been applied in electrochemical sensors for the
detection of potential analytes.

5.6.1. Heavy metal ions. It is commonly acknowledged that
heavy metal pollution is a worldwide environmental issue
brought on by a variety of industrial processes, including
agricultural products, the electroplating process, mining,
etc."® Because of their severe poisoning and biological
accumulation impact, heavy metal ions are considered to be
among the most harmful contaminants. The detrimental
effects of mercury ions (Hg>" ions) on living things are widely
recognized.””® The increase in the concentration of Hg>" ions
in the environment is an important issue, even with the
efforts of many regulatory authorities.>”* This demands the
fabrication of alternative and effective approaches for use in
examinations, along with the quantification and
identification of Hg*" ions in the environmental matrix. For
instance, Hg2+ ion-stimulated Ti;C,T, MXene nanoribbons in
conjunction with Au nanozyme activity were used in the most
recently published research to produce a highly sensitive
homogeneous voltametric sensing method for Hg>" ion
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detection in environmental samples with an excellent
recovery rate.>®®> The researchers synthesized the Ti;C,T,
MXene@Au nanohybrid through a self-reduction process and
investigated its nanozyme properties. The nanohybrid
material was discovered to have mild POD-like activity, which
was greatly increased when Hg?* ions were present. This
resulted in the effective oxidation of colorless substrates into
colored products (Fig. 11a). The foundation of a unique
homogeneous voltammetric sensing technique was the
substantial reduction current shown by the oxidation product
of OPD, which was linearly connected with the concentration
of Hg?" ions. In contrast to traditional DPV electrochemical
techniques, this method achieved great sensitivity and
quantification without requiring electrode change. This
sensing  investigation also  optimized experimental
conditions, achieving a low detection limit of 17.0 pM and a
broad linear detection range of 0.4 nM to 2.0 pM.
Additionally, this sensing strategy opened up a promising
new door for heavy metal ion electrochemical detection using
nanozymes, which could expand the range of environmental
monitoring applications.

5.6.2. Emerging organic contaminants. Organic molecules
derived from humans are employed daily in many different
industries around the world, including food, medications,
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Fig. 11 MXzymes for electrochemical sensors for hazardous analytes. (a) TizC,T, MXene nanoribbons in conjunction with Au nanozyme activity-
based DPV detection of Hg?* ions [reproduced from ref. 255 with permission from Elsevier, copyright 2023, (b) a self-assembled phosphorene/Tis-
C,T, MXene nanohybrid electrode based on nanozyme applied in the multimodal detection of NAA in agricultural/food samples [reproduced from
ref. 265 with permission from Elsevier, copyright 2021], and (c) cobalt-doped 2D TizC,T, MXene nanosheets with POD-like characteristics as a
novel homogeneous electrochemical sensing of OPs [reproduced from ref. 269 with permission from American Chemical Society, copyright 2022].
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surfactants, insecticides, and agricultural chemicals. These
substances are categorized as emerging organic
contaminants (EOCs) when discovered in the environment in
undesired or harmful concentrations.>>® These substances so
contaminate the downstream surface water. Agricultural
runoff and livestock farms can also quickly contaminate
surface water. Our contemporary concerns about EOCs,
however, are not limited to the ecosystem; they also include
the deterioration of supplies of drinking water, which may
eventually affect human health.”>” As a result, the EOCs'
basic sensing strategy is extremely important.

Ochratoxins (OTs) are thermostable fungal secondary
metabolites that damage kidneys, suppress immunity, and
have mutagenic and carcinogenic effects. OT contamination
can occur before or after harvesting, as well as during food
processing, packing, distribution, and storage.>*® Among the
different OTs, ochratoxin A (OTA) poses a serious risk to both
human and animal health.?”® For the detection of OTA, a
signal-on/off paper-based electrochemical aptasensor that
combines Pt@NiCo-layered double hydroxide (LDH)
nanozyme for signal amplification with MXene-Au as a
sensing substrate was developed.**® In situ reduction was
used for generating the MXene-Au composite, which offers a
robust and highly conductive platform for electrode
fabrication. MXene-Au composite-supported Pt@NiCo-LDH
nanozyme, possessing POD-like activity, catalyzed the
oxidation of OPD in the presence of H,0,, producing a strong
electrochemical signal in the “signal on” state. When OTA
was introduced, the aptamer selectively attached itself to it,
which caused the aptamer-cDNA complex to dissociate and
release the Pt@NiCo-LDH nanozyme. This put the sensor in
the “signal off” condition and reduced the DPV signal. The
aptasensor  outperformed traditional ~OTA detection
techniques with a low detection limit of 8.9 fg mL™ and a
broad detection range of 20 fg mL™" to 100 ng mL™. This
study demonstrated the potential of MXene-based
electrochemical aptasensors for quick, accurate, and
economical OTA detection, providing a viable point-of-care
testing (POCT) instrument for applications including food
safety. Based on the POD-like activity of AgNPs, combined
N-doped Ti;C,T, MXene was utilized for the detection of
H,0,.>%° This work highlighted the challenges associated
with AgNPs' agglomeration, which diminished their catalytic
activity, and demonstrated that nitrogen doping improved
the conductivity and catalytic efficiency of the Ti;C,T, MXene
substrate. The findings of the study highlighted the
importance of carrier modification for better nanozyme-
based sensors by showing that the combined impacts of
nitrogen-doped MXene and AgNPs increased electrochemical
sensing performance.

Due to their harmful effects, phenolic compounds (PCs),
which are abundant in both the natural environment and
human life, represent a serious risk to human health.**
Consequently, the development of robust, efficient, and
trustworthy PC detection techniques is required. For
example, strong adsorption between the hydroxyl group of
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PCs and oxygen atoms on the MXene surface allowed the
researchers to establish the catalytic properties of Ti;C,T,
MXzymes, proving their effectiveness in the oxidation of
phenolic substances.”®> Through the integration of MXene
with alkaline phosphatase for electrochemical signal
improvement, a cascade catalytic amplification technique
(1-naphthyl phosphate substrate) was created, allowing for
the detection of the BCR/ABL fusion gene, a crucial
biomarker for leukemia diagnosis, using an ultrasensitive
biosensor. This sensor demonstrated excellent specificity,
stability, and reproducibility, with a detection limit of 0.05
fM. The biosensor's clinical application was demonstrated
when it successfully identified the fusion gene in human
serum. Next, the development of a robust biosensing
platform wusing Ti;C,T, MXzymes was applied for the
ultrasensitive detection of phenol.>®* To build a mediator-
free electrochemical biosensor, this sensing investigation
used MXene as a matrix to immobilize tyrosinase, an enzyme
that can catalyze phenol oxidation. The biosensor exhibited a
broad linear detection range (0.05-15.5 uM), a low detection
limit of 12 nM, and high sensitivity (414.4 mA M™). This
sensor maintained high enzymatic activity throughout time
and showed outstanding repeatability, reproducibility, and
stability. Overall, these studies underscored the potential of
Ti;C,T, MXene in electrochemical biosensing, organic
synthesis, and environmental applications, paving the way
for advanced nanozyme-based analytical tools.

A common phyto-regulator (plant growth regulator) made
from naphthalene, a-naphthalene acetic acid (NAA), can be
found in harvests to increase their protein and fat content.
Nevertheless, NAA poses a risk to human health since it can
remain in agricultural products by absorbing environmental
contaminants; dishonest traders even use it to produce
rootless soybean sprouting. Thus, it is essential to create a
new, sensitive, quick, easy, and affordable technique to
identify the trace level of NAA in agricultural land settings
and agricultural commodities utilizing wireless intelligent
portable devices for the fortification of nutriment and agro-
product protection, as well as ecological contamination
monitoring.>®* In this regard, a new method employing a
portable wireless nanozyme sensor was developed to detect
ultra-trace quantities of NAA, a plant growth regulator.”®® A
self-assembled phosphorene/Ti;C,T, MXene nanohybrid
electrode was designed in this sensing experiment on a
flexible  laser-induced  porous  graphene  substrate,
guaranteeing  excellent ambient  stability, effective
electrochemical, colorimetric, and wireless responsiveness in
real samples (Fig. 11b). This sensor achieved a low detection
limit of 1.6 nM and a broad linear range (0.02-40 uM)
through the use of LSV for NAA detection. Furthermore, a
machine learning approach based on artificial neural
networks was used for intelligent data interpretation,
increasing dynamic range and accuracy. According to the
results of the suggested sensing investigation, this highly
sensitive, quick, and affordable sensor offered a viable
platform for identifying hazardous materials in agriculture.

Environ. Sci.: Nano, 2025, 12, 4796-4842 | 4825


https://doi.org/10.1039/d5en00710k

Published on 02 October 2025. Downloaded on 5/14/2026 9:51:59 PM.

Critical review

The main purpose of organophosphorus pesticides (OPs)
is to keep insects away from farms. Since the utilization of
OPs in many farming processes has increased significantly,
it is now crucial to precisely track their concentration levels
to safeguard ecosystems and the supply of food.
Nonetheless, OPs are categorized as extremely harmful
chemical substances by the WHO.**°?%® Given their
ubiquitous use and toxicity, simple, fast, and highly
sensitive procedures must be designed, for example, using
cobalt-doped 2D Tiz;C,T, MXene nanosheets with POD-like
characteristics as a novel homogeneous electrochemical
sensing technique for the detection of organophosphate
pesticides (OPs).”*® A considerable reduction current is
produced by stimulating the oxidation of OPD into an
electrically active product, describing exactly how this sensor
operates. By blocking acetylcholinesterase (AChE) activity,
the system illustrated a distinct reaction to thiol chemicals,
enabling selective OP detection, preventing thiol production,
and reestablishing the POD-like action of cobalt-doped 2D
Tiz;C,T, MXene nanosheets (Fig. 11c). Electrochemical
measurements confirmed the sensor's sensitivity, yielding a
detection limit of 0.02 ng mL™" with a broad linear range.
This sensing protocol emphasized the potential of cobalt-
doped 2D Ti;C,T, MXene nanosheet-based homogeneous
electrochemical sensors for more precise, rapid, and cost-
effective pesticide residue monitoring. Based on the same
AChE activity, chitosan functionalized Ti;C,T, MXene
nanocomposites were applied for detecting OPs, particularly
malathion.”® The researchers established that biosensors
exhibited a linear detection range between 10 fM and 10
nM, with a LOD of 3 fM. The combination of chitosan
boosted biocompatibility and enzyme stability, while the
high conductivity and large surface area of Ti;C,T, MXene
nanosheets enhanced electron transfer. Furthermore, using
a similar concept like AChE action, self-reduced Au-Pd
bimetallic nanoparticles on ultrathin Ti;C,T, MXene
nanosheets were fabricated for the sensing of paraoxan.””’
Effective AChE immobilization on a screen-printed electrode
(SPE) was completely attainable by the excellent
conductivity, catalytic activity, and stability of the Au-Pd
bimetallic nanoparticles. This sensor worked by identifying
the paraoxon-induced suppression of AChE activity, which
was measured using DPV. Under optimized experimental
settings, the DPV sensor unveiled an extensive linear
detection range (0.1-1000 ug L™) and an ultra-LOD of 1.75
ng L'. The promise of MXene-based nanocomposites as
affordable, sensitive, and environmentally benign substrates
for pesticide tracking in food and environmental samples
was highlighted by these OP sensing investigations, opening
up opportunities for more widespread uses in
environmental analysis and biosensing.

5.6.3. Biomolecules. Demonstrating the significance of
many biomolecules, including protein, uric acid, biomarkers,
cholesterol, glucose, ascorbic acid, bacteria, fungus, and
deoxyribose, DNA/RNA detection in human bodies is highly
crucial. These molecules showed the illnesses brought on by
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excess or shortage of these biomolecules.””* As an example,
2D Tiz;C,T, MXene nanosheets have been utilized for the
detection of Mycobacterium tuberculosis (M. tuberculosis) using
a 16S rDNA biomarker.>”* In this sensor, the target 16S rDNA
fragments were selectively hybridized with peptide nucleic
acid (PNA) capture probes that were mounted on an AuNPs
nanogap network electrode. By connecting with the target
DNA's phosphate groups, zirconium-cross-linked 2D Ti;C,T,
MXene nanosheets bridged the nanogap and produced a
detectable change in conductance, improving signal
transduction. This biosensing technique exhibited a LOD of
20 CFU mL™" and a short detection time of 2 hours, making
it extremely efficient for fast tuberculosis diagnosis.
Additionally, the EIS signal completely validated this work
and demonstrated outstanding stability, reproducibility, and
great specificity, effectively differentiating M. tuberculosis
from other bacterial species. The postulated biosensor
presented its promise for use in healthcare by providing a
straightforward, affordable, and extremely sensitive substitute
for current diagnostic methods such as PCR, SPR, and ELISA
in the initial identification of tuberculosis. Y. Chen's research
group explored the development of a nanozyme-based
electrochemical aptasensor for tuberculosis (TB) diagnosis,
combining conductive AuNP self-assembled  Ti;C,T,
MXene@hemin with strong metal-support interactions.>”®
Due to its improved charge transfer and catalytic
characteristics, the AuNP self-assembled Ti;C, T,
MXene@hemin composite has been reported to have elevated
POD-like activity. Specialized Mycobacterium tuberculosis
ESAT-6 antigen aptamers were used in this sandwich-format
biosensing technique for amperometric detection. It achieved
a detection range from 100 fg mL™ to 50 ng mL™", with a
LOD as low as 2.36 fg mL ™, outstripping marketable ELISA
test kits in specificity (100% vs. 20.59%) and investigative
precision (AUC of 0.987 vs. 0.596). Clinical testing using
serum samples from controls and TB patients validated the
endurance, preference, and repeatability of the sensor. The
aptasensor nanozyme amplification approach produced
results that markedly increased sensitivity, providing a viable
tool for clinical applications, including early and precise TB
diagnosis.

Gliotoxin (GTX), the most famous example of an
epidithiodioxopiperazine mycotoxin, has drawn a lot of
attention during the past 20 years. The health of humans
and animals is seriously threatened by it, as it has a wide
variety of proapoptotic effects on different types of cells in
diverse species, including humans, primates, rats, pigs, fish,
and insects.””* Consequently, a practical method for sensing
GTX must be established to monitor safety and aid in the
early recognition of fungal infections, particularly invasive
aspergillosis. For instance, a label-free electrochemical
biosensor for the specific detection of GTX by DNA
nanostructure/Tiz;C,T, MXene nano complexes was
developed.””” It explained how phosphate-titanium
coordination was used to immobilize tetrahedral DNA
nanostructures (TDNs) onto Ti;C,T, MXene nanosheets,
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obviating the requirement for expensive DNA alterations. The
high conductivity and huge surface area of the Ti;C,T,
MXene nanosheets improved signal amplification and
electron transport. This biosensor was successfully fabricated
with the help of EIS and CV techniques, which exhibited a
linear range from 5 pM to 10 nM, with a LOD of 5 pM.
Reliable detection was ensured by the great selectivity of this
GTX sensing technology against potential interferents, such
as proteins and mycotoxins. Furthermore, this study found
that combining MXene and TDNs allowed for a selective,
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ultrasensitive, and economical method of gliotoxin detection,
underscoring its potential for wider wuses in clinical
diagnostics and mycotoxin monitoring. In addition, a
summary of electrochemical MXene conjugated material
based potential sensors for important analytes is given in
Table 4. MXene-based nanohybrids boost nanozyme sensor
performance in chemiluminescence,
electrochemiluminescence, electrochemistry, and SERS,
offering high sensitivity and a dynamic linear range for target
analytes.

Table 4 Summary of MXene-coupled nanostructured materials for nanozyme-based chemiluminescent, electrochemiluminescent, electrochemical,

and SERS sensors for important analytes

Nanozyme
Material activity/substrate ~ Role of MXene Analyte Linear range LOD Ref.
Ti;C,T, MXene-Nafion composite OD/Luminol Catalytic enhancer H,0, 10 nM-1 mM 3.1 nM 207
PB/Ti;C,T, MXene nanocomposite OD/Luminol Reducing agent Uric acid 0.2-30 uM 0.19 uM 208
and carrier
Ag/MXene nanozymes POD/Luminol Catalytic GSH 50 nM-20 uM 0.83nM 211
supporter
Ag/MXene nanozymes POD/Luminol Catalytic Uric acid 1-35 uM 037 uM 211
supporter
Nb,CT,-stabilized Au-Ag bimetallic POD/Ru(bpy);>"/ Catalytic Chromogranin A 0.001-1000 pg 0.11 fg 224
nanoparticles POD/TMB supporter mL™" mL ™"
Ti;C, MXene@MNOFs POD/Luminol Signal amplifier H,0, from cancer cells 0.05-650 uM 0.45nM 230
ZIF-67@Ti;C, MXene POD/Luminol Catalytic enhancer Prostate-specific — 091 pg 231
antigen mL™*
Ti;C,T, MXene@TiO,-MoS, hybrids POD/Luminol Electron mediator Cytokeratin-19 0.1 pg mL'-100 0.046 pg 234
fragment ng mL™" mL ™"
Bromophenol blue with delaminated POD/Luminol Catalytic Glucose 0.1-40 000 uM 0.02 uM 235
Ti;C, accelerator
CoS,/sulfur-doped Ti;C, MXene POD/Luminol Conductive Chloramphenicol 0.1 fM-1. pM 105 fM 239
material
Ti;C,T, MXene@Au nanohybrid OD/OPD Catalytic enhancer Hg>" 0.4-2000 nM 17 pM 255
MXene-au composite-supported POD/OPD Catalytic Ochratoxin A 20 fg mL™'-100 8.9 fg 259
Pt@NiCo-LDH supporter ngmL™ mL™"
N-Doped Ti;C,T, MXene combined POD Catalytic promoter H,0, 260
AgNPs
Ti;C,T, MXzymes POD/1-naphthyl Catalyst BCR/ABL fusion gene 0.2 fM-20 nM 0.05fM 262
phosphate
Ti;C,T, MXzymes Catalase/tyrosinase Electron carrier Phenol 0.05-15.5 uM 12 nM 263
Phosphorene/Ti;C,T, MXene nanohybrid ~ OD Catalyst stability ~ a-Naphthalene acetic 0.02-40 uM 1.6 nM 265
enhancer acid
Cobalt-doped 2D Ti;C,T, MXene POD/OPD Nanozyme catalyst Paraoxon 0.05-50 ng mL™"  0.02ng 268
nanosheets mL™"
Chitosan functionalized Ti;C,T, MXene POD/acetylcholine  Catalytic Malathion 10 fM-10 nM 3 fM 21
nanocomposites supporter
Ultrathin Ti;C,T, nanosheets/Au-Pd POD/acetylcholine Catalytic Paraoxon 0.1-1000 pg L™"  1.75ng 270
BMNPs supporter L
AuNP self-assembled Ti;C, Ty POD/TMB Catalytic Tuberculosis 100 fg mL™'-50  2.36 fg 273
MXene@hemin composite supporter ng mL ™' mL™
DNA nanostructure/Ti;C,T, MXene OD Catalyst booster Gliotoxin 5-10000 pM 5 pM 275
nano complexes
Ti;C,T, MXene nanosheets POD/horseradish ~ Nanozyme catalyst Prostate-specific 0.1-50 ng mL™"  0.031ng 276
antigen mL ™"
Ti;C,T, MXene/Ag,S combined POD Catalytic MicroRNA-155, a cancer 1-10 000 fM 0.83 fM 277
with CDs decorated with Au@Ag supporter biomarker
core-shell nanozymes
TizC, T, MXene@AuNPs OD/thionine Catalytic Creatinine 0.4-5000 pg 0.03 ng 279
supporter mL™" mL ™"
Tiz;C,T, incorporated Fe atom-based POD/TMB Catalytic support  Ascorbic acid 10 %to 10° M — 288
single-atom nanozymes Uric acid
Melatonin
GSH
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5.6.4. Cancer biomarkers. One of the most urgent global
health concerns is cancer, a diverse collection of diseases
characterized by unregulated cell proliferation and
development.>®® It has been shown that cancer biomarkers
such as prostate-specific antigen (PSA), carcinoembryonic
antigen (CEA), cancer antigen 125 (CA-125), and mucinl
(MUC1) are useful in the diagnosis of cancer. Crucially,
cutting-edge technologies that provide great selectivity,
sensitivity, and accessibility are needed for their precise and
prompt detection.***>*° As an example, TizC,T, MXene
nanosheet-modified immune sensing electrode devices were
utilized for the detection of PSA.>’® To increase detection
sensitivity, this study used a tyramine-enzyme amplification
technique in conjunction with an interdigitated micro-comb
electrode. To fabricate the immunosensor, anti-PSA
antibodies were immobilized on electrodes coated with Ti;C,-
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T, MXene nanosheets. AuNPs functionalized with HRP and
secondary antibodies served as signal transducers. 4-Chloro-
1-naphthol was extracted by enzymatic biocatalysis, which
produced an insulating layer that changed the local
capacitance and increased detection precision. This PSA
detection tactic established a detection range of 0.1-50 ng
mL™ and a LOD of 0.031 ng mL™", showing strong specificity
and reproducibility. Additionally, there was a strong
correlation between the sensor's performance in human
serum samples and marketed PSA ELISA kits. Additionally,*””
it was reported that 2D Ti;C,T, MXene/Ag,S composites
combined with carbon dots decorated with Au@Ag core-shell
nanozymes exhibited significant levels of POD-like activity.
These composites were utilized for the electrochemical PEC-
based detection of microRNA-155, a cancer biomarker. Target
microRNA-associated bipedal DNA enabled the opening of a
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Fig. 12 MXene composite material-based nanozyme sensors for cancer biomarkers. (a) PEC-based sensors for microRNA. In (i) and (i), preparation
methods for hairpin probe (S1)-conjugated Au@Ag@CDs and multifunctional signal amplification strategies, based on 2D TizC,T, MXene/Ag,S
composites, Ag@Ag@CDs, and target microRNA-induced formation of triple helix molecules on the electrode, were exemplified, respectively
[reproduced from ref. 277 with permission from Elsevier, copyright 2022]. (b) Synthetic protocol of the cDNA-Fc/TizC,T, MXene probe and the
formation of the cDNA-Fc/TizC,T, MXene/Apt/Au/GCE aptasensor for MUC1 detection [reproduced from ref. 278 with permission from Elsevier,

copyright 2020].
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hairpin probe (S1) to produce triple helix molecules by
immobilizing S1 onto the 2D Ti;C,T, MXene/Ag,S surface.
Following this, the carbon dots decorated with Au@Ag core-
shell NPs coupled with the S2 probe were added to the
biosensing platform, acting as a POD-like nanozyme and
multipurpose signal amplifier (Fig. 12a). Using the 2D Ti;C,-
T, MXene/Ag,S nanozyme-based approach, target microRNA-
155 was linearly identified with a LOD of 0.83 fM over a wide
range of 1-10000 fM. F. Zhang's research team reported a
competitive electrochemical aptasensor based on a cDNA-
ferrocene/Ti;C,T, MXene probe for detecting the breast
cancer biomarker mucinl (MUC1).>’® Notable for their
excellent electrical conductivity and extensive surface area,
Ti;C,T, MXene nanosheets were employed as transporters for
the cDNA-ferrocene (cDNA-Fc) probe. The aptasensor was
fabricated by immobilizing an MUC1 aptamer on an AuNP-
modified glassy carbon electrode (Au/GCE) via Au-S bonding,
forming Apt/Au/GCE. The complementary cDNA-Fc probe was
then attached to the Ti;C,T, MXene surface, creating the
cDNA-Fc/Ti;C,T, MXene probe, which hybridized with the
aptamer to form the final ¢cDNA-Fc/Ti;C,T, MXene/Apt/Au/
GCE aptasensor. This reaction scheme is displayed in
Fig. 12b. The cDNA-Fc/Ti;C,T, MXene probe was removed
from the electrode via a competitive recognition process
upon the introduction of MUC1, lowering the electrical signal
that was linked with the concentration of MUC1. This
aptasensor was monitored by SWV and EIS. This sensor
exhibited a wide linear detection range (1 pM to 10 mM) and
a low detection limit (0.33 pM), demonstrating high
sensitivity. The findings demonstrated the MXene-based
aptasensor's potential for clinical diagnostic applications by
showing that it offered an early breast cancer detection
method that was sensitive, selective, and economical. In
addition, molecularly imprinted polymer (MIP) and a bio-
mimic nanozyme using Tiz;C,T, MXene@AuNPs have been
applied for the detection of creatinine.”’” To refine its
synthesis and surface functions, clarify the catalytic
mechanisms, and realize its applications, more research
studies are needed. The development of MXene and its
composite-based nanozymes is still in its early stages.
Superactive MXzymes would need to be carefully designed
and developed, and their successful integration with simple
detection methods would be necessary for their broad use.
MXzyme may develop into a strong contender for
electrochemical biosensing of cancer biomarkers as a result
of these initiatives.

5.7. MXzyme-based SERS sensors

The ongoing development of sensor technology is necessary
to meet the growing requirement for a secure and
dependable approach in metabolic sensing. Surface-
enhanced Raman spectroscopy (SERS) has become one of its
most anticipated tools for sensitivity and identification or
detection in biomedical and agri-food applications in the
past 20 years. SERS is distinct and adaptable among
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spectroscopy methods because it circumvents the intrinsic
sensitivity limit of Raman spectroscopy, which produces
vibrational “fingerprint” spectra of molecules.**°%* The
pyridine Raman spectra on polished Ag were originally
observed in 1974, although the investigators were unaware
that these spectra were the result of any novel, increased,
or unexpected events at the time.*®* SERS is, at its most
basic, a method of greatly boosting the signal from the
weak but substantially enriched Raman scattering
technique.”®®  Although scientists have used several
techniques, such as electronic resonance intensification
and triggered Raman processes, to improve the
effectiveness of Raman scattering, SERS provides the most
notable amplification of the Raman signal.”®>**® Because
of the significant improvement, single molecules are now
frequently detected at their most complicated level.*®
Furthermore, SERS is a superb method for characterizing
a limited number of molecules that are attached to or
close to nanostructured material surfaces.**°

Biologically important compounds, such as melatonin
(ME), AA, UA, GSH, and tea polyphenols (TP), are five
antioxidants that are directly linked to human disorders. Free
radicals can be captured and neutralized by these
antioxidants in the human body. An excess of these
antioxidants will result in oxidative stress and many
diseases.”®” Thus, it is very desirable to develop appropriate
sensing techniques for these antioxidants. P. Yin's research
group investigated the development of Ti;C,T, incorporated
Fe atom-based single-atom nanozymes (Fe-SA/Ti;C,T,) as
efficient alternatives to natural enzymes for the detection of
five different antioxidants by the SERS method.”®® By
stimulating the oxidation of TMB by colorimetric reactions,
these materials showed inherent POD-like activity. By
stimulating the oxidation of TMB by colorimetric
reactions, the Fe-SA/Tiz;C,T, material showed inherent
POD-like activity. Density functional theory (DFT)
simulations verified the spontaneous dissociation of H,O,
and the generation of hydroxyl radicals, whereas X-ray
absorption fine structure (XAFS) studies verified electron
transport between Fe and Ti;C,T, via Fe-O-Ti ligands.
Furthermore, Fe-SA/Ti;C,T,-based nanozyme was utilized
as a SERS substrate for sensing oxidized TMB (TMB'),
accomplishing noteworthy indicator magnification. This
method made it easier to distinguish between five
antioxidants, including AA, UA, GSH, ME, and TP, depending
on the degree to which they inhibit free radical reactions.
Furthermore, all five antioxidants were found to have a broad
detection range of 10™® to 10~ M. This sensing analysis
opened the door for the use of Fe-SA/Ti;C,T, in biochemical
sensing by demonstrating its potential as an efficient and
discriminating platform for antioxidant detection (Table 4). In
the Fe-SA/Ti;C,T,-based nanozyme, Ti;C,T, MXene played a
crucial role as a support material for Fe single-atom
nanozymes. Through the use of Fe-O-Ti ligands, electron
transport between Fe atoms and the substrate was made
easier by the highly conductive and chemically robust
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platform that the MXene matrix offered. Additionally, Tis-
C,T, subsidized the POD-like catalytic activity of Fe-SA/Tis-
C,Ty-based nanozyme by boosting the impulsive
dissociation of H,0, and helping the production of
hydroxyl radicals. Furthermore, Ti;C,T, enhanced the SERS
signal response, permitting the specific sensing of
antioxidants by magnifying the signals of oxidized TMB
(TMB"). As a result, TizC,T, MXene greatly improved the
activity of Fe-SA nanozymes in antioxidant sensing
applications by acting as a structural, electrical, and
catalytic booster.

6. Conclusions

Undoubtedly, nanozymes have been increasingly popular
in recent years due to their enzyme-mimicking ability,
chemical stability, and low fabrication cost. Particularly,
MXzymes have been recognized as one of the
representative nanozymes that have yet to be developed
from a material point of view. In this review, we first
briefly summarize the synthesis of MXenes and their
unique characteristics. The enzyme-like capabilities of
MXene materials with their flexible physicochemical
features  have  found  applications that include
environmental engineering and catalytic synthesis. In
particular, it is indisputable that MXzymes can lend
themselves to sensing technologies. In addition, MXzymes
manifested as POD, ODs, CAT, and SOD agents, and
function in multi-enzyme mimic reactions. Different types
of nanozymes incorporated into 2D MXene
nanocomposites, the sensing mechanisms of MXzyme-
based sensors, and the factors affecting nanozyme activity
were discussed. Multiple investigations have shown that
MXzymes can serve as core building blocks for biosensors
that detect high-impact analytes due to their superior
enzyme-mimicking ability, high electrical conductivity, high
surface area, and customizable surface chemistry.
MXzymes have been exploited for the analysis of a wide
range of chemical and biological analytes in various
sensing platforms such as colorimetric, smartphone-
assisted, fluorescent, chemiluminescent,
electrochemiluminescent, electrochemical, and SERS.
Dealing with comprehensive details of the MXzymes, this
review aims to provide insights into a strong basis for
future research and pathways to solutions to challenges
encountered in sensing applications.

Future perspectives

Although research into design, synthesis, and performance
has significantly advanced over the past decade, the use of
MXzymes for biochemical sensing and monitoring is still at a
relatively early-stage. Their future development in this area
depends on several key factors. Creating MZXene-based
nanomaterials with precise sizes, uniform thickness, and
high durability remains difficult. Additionally, it is crucial to
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develop effective techniques for scalable production using
environmentally friendly chemicals. Future research on
MXene-based catalysts should focus on improving their
catalytic efficiency and addressing current deployment
challenges. Potential strategies include designing hybrid
MXene composites with metals, carbon materials, or
polymers for better stability and conductivity, as well as
surface modifications through heteroatom doping or defect
engineering to enhance activity and selectivity. Progress in
their practical application will also require more cost-
effective and scalable manufacturing methods, improved
oxidation resistance, and deeper mechanistic understanding
via in situ characterization. They must also possess excellent
dispersibility for various uses.

The effects of MXenes on the environment and human
health must be carefully considered as they advance toward
practical biosensing applications. By reducing negative
effects, surface functionalization with polymers or
biocompatible ligands like antioxidants may enhance safety
profiles. It is also crucial to comprehend their ecological fate,
which  includes  persistence, bioaccumulation, and
environmental modification. The implementation of MXene-
based biosensors will be safer and more sustainable with the
development of green synthesis techniques and regulatory
norms.

Future studies will focus on elucidating the environmental
stability, biodegradation, and biocompatibility of MXene-
based nanomaterials, as these characteristics are currently
mostly unknown. According to recent research, harmful
effects like oxidative stress and inflammatory reactions may
be brought on by the surface chemistry and possible metal
ion release of V-, Mo-, and Nb-based MXenes. These results
highlight how crucial it is to conduct thorough toxicological
analyses to guarantee safe use.”®**°° However, the great
catalytic potential of V-, Mo-, and Nb-based MXenes beyond
the comparatively safer Tiz;C, MXene could be utilized for
novel applications if these toxicity issues are properly
addressed. The availability of diverse surface chemistries and
electrical properties of these alternative MXenes may benefit
high sensitivity and binding flexibility for sensing
applications. Beyond Ti-based MXzymes, this exploration
may transform sensing strategies and open the way for next-
generation, rapid, economical, and extremely effective
detection systems in the biological and environmental
domains.

While the majority of the current MXene-based nanozymes
catalyze redox reactions, it is worthwhile to discover new
types of catalytic activities due to their enzyme-mimicking
ability and structural versatility. Further developments may
enable MXenes to replicate their structures as well as
functions towards multifunctional designs with the aid of
advanced molecular engineering and nanotechnology. These
developments would increase the potential of MXzymes in a
variety of disciplines, including biochemical detection.

The inherent chemical stability of MXzymes that allows
sensing techniques to be realized in a portable scheme, even
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in challenging circumstances, can be further optimized for
smartphone-assisted =~ MXene-based  biosensors.  This
smartphone-assisted platform may revolutionize the real-time
monitoring format that enables multi-target sensing, IoT
integration, and artificial intelligence-powered analyses as
the next-generation sensors for health care and
environmental monitoring.

The commercialization of nanozyme-based sensors for
potential analytes remains slow due to challenges in
translating lab research into practical technologies.
Achieving high sensitivity and specificity in complex
biological and environmental matrices is crucial for
quantifiable relevance. Nanozymes have promising real-
world applications due to their remarkable stability,
affordability, and adjustable features. Still, large-scale
manufacture and severe clinical validation are vital for
biomarkers.  Cost-effective =~ manufacturing and close
multidisciplinary cooperation between scientists, business
executives, and legislators will be necessary for future
developments. By integrating advanced approaches, these
sensors can revolutionize health care and environmental
monitoring. As the investigation intensifies, nanozyme-
based sensing technology will become a vital tool for early
disease detection, enhancing healthcare, and precision
environmental monitoring. Breakthrough developments in
healthcare and other fields will be made possible by
minimizing the gap between proof-of-concept and
commercial reality. We strongly believe that this
comprehensive review will be a good starting point for
future research into MXzyme sensors for high-impact
analytes.
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