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MXene-based nanozymes (recently called MXenzymes) have
emerged as promising candidates for environmental remedia-
tion, biomedical, (bio-)catalytic, and sensing technologies due to
their surface tunability, tailored electronic properties, remarkable
electrical conductivity, and high surface area. These materials
offer significant advantages over traditional enzymes, such as
enhanced stability, tunable catalytic activity, and multifunction-
ality. However, despite the increasing number of studies in this
field, critical challenges remain, including the long-term sta-
bility, the lack of studies on structure-activity relationships to
better understand the catalytic mechanisms, and the scalability
required for real-world applications. This mini-review provides a

1. Introduction

MXenes, a relatively new class of two-dimensional (2D) tran-
sition metal carbides, nitrides, and carbonitrides, have gained
significant attention due to their exceptional physicochemical
properties." First discovered at Drexel University in 201,
MXenes are derived from their parent MAX phases, which con-
sist of layered ternary carbides or nitrides with the general
formula M,.1AX,, where M represents an early transition metal
(such as Ti, V, Nb, Ta and Mo), A is an element from groups
13 or 14 (as Al or Si), and X denotes carbon and/or nitrogen.
By selectively removing the A element, a distinctive accordion-
like structure of M, 1X,T, MXene is obtained, characterized by
high surface area and tunable surface chemistry (T,). These
materials have been reported to possess outstanding elec-
trochemical features,”-°! exceptional mechanical properties, o™
and chemically versatile surfaces, ! making them suitable for
a kaleidoscope of possible applications, as in energy storage,®'*]
catalysis,!™ sensing,['®"! and biomedical technologies.'® This led
to their recognition as one of the top ten emerging technologies
in chemistry by IUPAC in 2024. Besides, in the case of MXenes
produced by selective etching of MAX phases using aqueous
solutions (typically, HF/HCI etching protocols), their inherent
hydrophilicity, coupled with tunable surface functional groups
(—OH, =0, —F), enhances their dispersibility in pure water and
aqueous solutions and expands further their applicability.
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comprehensive overview of the most recent advancements in
MXenzymes, focusing on the type of MXenes used, the reported
enzyme-like activity, and the role of the photothermal effects in
enhancing their catalytic performance. Moreover, key limitations,
such as oxidation susceptibility, biocompatibility concerns, and
the scarce in-depth mechanistic studies, are critically examined.
Last, the necessary steps to transition from proof-of-concept
studies to real-world applications are discussed. By addressing
the listed fundamental challenges, MXenzymes could represent
a valuable and effective alternative to natural enzymes used in
catalysis, medicine, and environmental science.

Parallel to the rise of MXenes, nanozymes have emerged
as powerful alternatives to biological catalysts."??! They are
generally defined as next-generation artificial enzymes based
on engineered nanomaterials that mimic the catalytic activ-
ity of natural enzymes. Since their discovery in 2007 by
Yan and coworkers,[»? nanozymes have demonstrated signifi-
cant advantages over traditional enzymes, including enhanced
activity and stability, scalability at a low cost, and greater
multifunctionality./! As a result, IUPAC named them one of the
top ten emerging technologies in chemistry in 2022. Indeed,
natural enzymes, notwithstanding their high specificity and
efficiency, are often limited by their sensitivity to environmen-
tal conditions such as extreme temperatures, pH fluctuations,
and denaturation over time.'”?°! Conversely, nanozymes can
offer robustness under harsh conditions and can be chemically
modified to enhance the final catalytic activity. These artificial
enzymes have been extensively used in various fields, including
biocatalysis, medicine, and environmental remediation.!®?"%>26]
For instance, they showed favorable chemical reactions in bio-
catalysis, akin to natural enzymes but with greater stability and
reusability.””? In the biomedical field, nanozymes have been
explored for potential biosensing platforms, antibacterial treat-
ments, and cancer therapy, where the ability to generate reactive
oxygen species plays a crucial role.?8-31 Additionally, nanozymes
have also been reported to be useful for pollutant degrada-
tion and water purification, offering sustainable solutions for
environmental challenges.[222628]

Recent advancements in nanozymes focus on their engi-
neering, catalytic mechanisms, and optimization strategies.””*!
As such, researchers have explored multienzyme-like properties,
biorthogonal nanozymes, single-atom catalysts, and machine
learning-assisted design, alongside with surface engineering
and defect engineering to enhance the final activity and
selectivity.”®] Among the wide array of nanomaterials inves-
tigated for enzyme-mimetic activity, MXenes have emerged
as particularly promising candidates due to their exceptional
surface and redox properties (Figure 1).[231-33]

Indeed, their high surface area, together with the abun-
dance of active sites for catalytic reactions, and their metallic
or near-metallic conductivity, can facilitate efficient electron
transfer, making them ideal for catalytic applications, such as
high-sensitivity electrochemical biosensing.** Furthermore, the
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adsorption of reactants like hydrogen peroxide, molecular oxy-

2404 gen, and biomolecules, thereby accelerating reaction kinetics.

2 The exposed transition metal atoms on the surface (e.g. Ti,

o 200 + V, Mo, and Nb), often in lower oxidation states, further act as

'§ catalytically active centers, capable of driving redox transfor-

= 160 mations through electron-transfer mechanisms,'26338! and the

4 chemically rich and functionalized MXene surface facilitates the

45 120 stable immobilization of metal nanoparticles or single atoms

5 (e.g., Pt, Fe, and Cu), forming composite materials. Additionally,

-g 80 MXenes can resist proteolytic cleavage, a major limitation of nat-

S ural enzymes, thereby extending their shelf life and operational
Z 401 stability in both biomedical and environmental settings.!

Hence, due to these peculiar characteristics, MXene-based

0- nanozymes (recently shortened as MXenzymes) can be highly

Figure 1. Histogram showing the number of scientific publications (original
articles and reviews) on MXenes-based nanozymes over time. Source:
Scopus, April, 2025.

surface terminations of MXenes can be precisely tuned, allow-
ing for optimization in various reaction environments. Their
hydrophilicity may also further support stable catalytic perfor-
mance, enabling robust charge transfer without the structural
degradation commonly observed in conventional nanozymes
during prolonged exposure.?>! Delving deeper into their sur-
face properties, the chemistry of surface terminations, defects,
the type of transition metal atoms, and the possible metal
doping determine the final catalytic mechanism. Surface ter-
minations directly modulate the electron density at catalytic
sites, tuning the Fermi level and the redox potential, thus
enabling the final enzyme-like activity. For instance, Wang
et al.*%! showed that O-rich surfaces enhance peroxidase activ-
ity, whereas F-terminations may suppress redox interactions.
Structural defects (such as vacancies, edge sites, or step dis-
continuities) create high-energy active sites that enhance the
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versatile and efficient, with potential applications spanning
from biosensing to disease diagnostics and environmental
remediation.[262831391 Continued research into their function-
alization, stability, and catalytic mechanisms will be crucial for
realizing their full potential in both fundamental science and
practical applications. However, the field still has many open
questions as, for instance, the somewhat ambiguous catalytic
mechanisms, MXenes' stability in physiological conditions, and
the presence of mainly proof-of-concept studies, which fail to
corroborate their effectiveness in real-world applications.

Therefore, in this mini-review, the recent progress in the
enzyme-mimetic properties of MXene-based nanozymes will be
thoroughly discussed, emphasizing the major reported achieve-
ments and highlighting the advantages associated with their
use. Nevertheless, a critical assessment of the current limitations
and future research directions will also be presented, suggesting
a path toward their practical implementation.

2. Types of MXenes Used in Nanozymes

Among the already documented MXenzymes, mainly Ti-
[33,38,39,40-42]

V-4 and Nb-based!??3'#48]  ones have

Dr. Yury Gogotsi is Director of the A.J.
Drexel Nanomaterials Institute, Dis-
tinguished University Professor and
Charles T. and Ruth M. Bach Professor
of Materials Science and Engineer-
ing at Drexel University. He received
his BS/MS (1984, metallurgy) and PhD
(1986, physical chemistry) from Kyiv
Polytechnic and a DSc degree from
the Ukrainian Academy of Sciences
in 1995. He works on 2D carbides and
nitrides (MXenes), which he discov-
ered with his students and collabora-
tors, and their applications in energy,
optoelectronics, communication, and
healthcare.

© 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH

QSUIOIT SUOWIO)) dANEAI)) d[qedl|dde oy £q POUIdAOS d1e SI[ONIE Y() 95N JO SN 10] AIRIqIT UIUQ AS[IA UO (SUOHIPUOD-PUL-SULI)/ WO KI[1M’ATRIqI[oul[uo//:sdiy) suonipuo) pue Swd [, ay1 39S "[$707/80/6¢] U0 A1eiqry aurjuQ A9[ipy ‘AISIoAIUN [oxa1(] Aq 0€L00ST0T 2199/2001 0 [ /10p/wod Kofim Kreiqioutjuo-adoina-Lnsiwayo//:sdny woly papeojumo( ‘1 ‘F0T ‘668£L981



Chemistry

Review Europe
ChemCatChem doi.org/10.1002/cctc.202500730 o Pabhing
a Vv Al < C ® T(O,OH,F)

e

HF Thermal
AR _etching
_ ~
TSN Exfoliation 800 °C

treatment o ==

In-situ 2
growth_ o=~

2L PdCl,> Pd@V,CT,-800

Figure 2. (a) Synthetic route of Pd-decorated V,CT,. (b—d) TEM and HAADF-STEM images together with elemental mapping of Pd@V,CT,. Adapted from

Ref. [45]. Copyright (2025), with permission from Elsevier.

been explored for their catalytic activities, often mimick-
ing peroxidase,’¥”! oxidase,*! or other enzyme-like electron
transfer processes.”®4°1 However, most of these studies inves-
tigated heterogeneous systems where MXene is coupled to
metal oxides and/or its surface is modified by noble metal
nanoparticles!26324050] or heteroatoms.>"

Similar to other applications, Ti-based MXenes (particularly
Ti;C,Ty) are the most widely explored as MXenzymes, with sev-
eral studies reporting their promising peroxidase- or oxidase
enzyme-mimicking behavior.’>>°! Even if the surface termina-
tions (—OH, —F, and =0) are reported to play a pivotal role in
shaping the final catalytic efficiency, this aspect is often over-
looked. Indeed, some studies attribute the high reactivity of
TisC, T, to its ability to help the electron transfer and generate
reactive oxygen species (ROS); however, the exact mechanism
is not fully understood. Besides, a structurally similar but less
explored Ti,CT, has also been explored for nonenzymatic cat-
alytic reactions.!®® Nevertheless, its rapid oxidation/hydrolysis
to TiO, limit its long-term usability, raising concerns about its
feasibility under practical conditions.

Other MXenes have also been investigated. Most studies
on V-based ones, such as V,CT,, revolve around their use as
supports for catalytic nanostructures rather than standalone
nanozymes.[>® Just recently, Liu et al.*! reported the synthe-
sis of porous V,CT, nanosheets loaded with Pd nanocubes, in
which MXene serves as a conductive scaffold for the noble metal
nanocatalyst, as shown in the TEM images of Figure 2. Even if
the enhanced enzymatic activity is often ascribed to the MXene
itself, a more critical perspective may suggest that the true cat-
alytic properties come from the noble metal nanoparticles, and
the role of V,CT, is less prominent. MXene’s high surface area

ChemCatChem 2025, 17, €00730 (4 of 13)

and electronic conductivity undoubtedly improve charge trans-
fer, but the direct role it plays in catalytic reactions remains
debated. Furthermore, the claimed antibacterial properties are
primarily linked to palladium catalytic activity rather than any
intrinsic behavior of V,CT,.

Only one study, reported by Feng et al.*®! in 2021, empha-
sized the use of V,CT, as a standalone nanozyme, exhibiting the
ability to mimic up to six natural enzymes, including superoxide
dismutase (SOD), catalase (CAT), peroxidase (POD), glutathione
peroxidase (GPx), thiol peroxidase (TPx), and haloperoxidase
(HPO). These findings might suggest that this MXenzyme pos-
sesses intrinsic catalytic activity beyond acting as a mere sup-
port. On the flip side, its long-term stability in physiological
environments remains uncertain since V-based MXene is prone
to oxidation.'®

Lately, the catalytic behavior of Nb-based MXenes has
also been elucidated. Nb,CT, has drawn attention to its
potential as MXenzyme, particularly in catalytic and sensing
applications.[3¥4748621 While studies remain limited, preliminary
findings suggest that its unique electronic properties and sur-
face chemistry may have a remarkable impact. Some studies
suggest that Nb,CT, exhibits peroxidase-mimicry, facilitating the
decomposition of hydrogen peroxide in a manner similar to
other transition metal-based nanozymes.”?! Other studies show
an amplified electroluminescence and a significant peroxidase-
like behavior when coupled with noble metal nanoparticles
(Ag-Au or Pd-Pt), suggesting promise as a sensing platform.!*’!
Nevertheless, as previously hinted for other MXenes, the key
question remains: is Nb,CT, intrinsically catalytic, or does the
observed catalytic behavior stem from material impurities, sur-
face defects, or cocatalysts? Furthermore, like other M,C MXenes,

© 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Table 1. Catalytic performance metrics of bioinspired nanozymes compared to the natural enzyme (horseradish peroxidase, HRP).
Enzyme/Nanozyme Type Enzyme-Like Substrate Kmn/mM Vinax/UM 57! Keat/s™! Specific Activity/ Ref.
Activity U mg™'

Natural enzyme (HRP) Peroxidase TMB/H,0, 0.43 8.23 2.50 250 [35]
Fes04 NPs Peroxidase TMB/H,0, 0.098 0.58 1.80 180 [35]
V,0s nanowires Peroxidase ABTS/H,0, 0.12 0.75 1.92 170 [64]
GO-COOH Peroxidase TMB/H,0, 0.45 0.62 175 160 [65]
Pt NPs Peroxidase/catalase TMB/H,0, 0.60 0.95 240 220 [66]
Fe-MIL-88NH, Peroxidase TMB/H,0; 0.084 0.68 1.85 175 [67]
MIL-53(Fe) Peroxidase TMB/H,0, 0.083 0.74 1.98 200 [68]
MXene TisGTy Peroxidase TMB/H,0, 013 0.72 210 210 [54]
Fe;0,@Tiz G T,-Au nanocomposite Peroxidase TMB/H,0, 0.12 0.75 1.92 170 [69]
Ag-Ti3C, Ty nanocomposite Peroxidase TMB/H,0, 0.15 0.80 2.10 200 [37]

Nb,CT, exhibits a certain degree of instability over time, espe-
cially in the presence of aqueous solvents, which may compro-
mise its catalytic performance in real-world applications over
extended periods.

Last, the available literature primarily reports evidence of its
redox activity and charge transfer properties, but with insuf-
ficient experimental and theoretical analyses, resulting in a
scarcity of mechanistic insights into the catalytic processes.

3. Enzyme-Like Catalytic Processes of
MXenzymes

Very recently, MXene-based nanozymes have been reported to
show enzyme-mimicking behavior, including peroxidase (POD),
oxidase (OXD), catalase (CAT), superoxide dismutase (SOD), glu-
tathione peroxidase (GPx), thiol peroxidase (TPx), and haloper-
oxidase (HPO)-like activities.?>*®) Despite MXenes’ intrinsic char-
acteristics, such as high conductivity and tunable surface chem-
istry, a deeper mechanistic evaluation has so far been lacking,
and rigorous experimental analysis integrated with theoretical
calculations is needed to enable their use in real-world catalytic
applications. Therefore, to provide guidelines for future pathways
in this field, it is essential to critically evaluate the mechanistic
insights that have been identified so far.

3.1. Peroxidase- and Oxidase-Like Activity

Peroxidase-like (POD) activity, associated with the concomitant
presence of hydrogen peroxide molecules, stands out among
the earliest and most studied MXenzyme behaviors.!%! Table 1
provides a side-by-side comparison of the POD-like catalytic
performance of some MXenzymes, traditional nanozymes (e.g.,
Fe;0,), and natural enzymes (e.g., horseradish peroxidase, HRP).
The metrics included in the table are the most representative
ones, such as the Michaelis—Menten constant (K;,,), the maximum
reaction rate (Vh.), the catalytic efficiency (K,), and the specific
activity. It is interesting to observe that MXenzymes have similar

ChemCatChem 2025, 17, €00730 (5 of 13)

performances to the well-known benchmark, that is, Fes0, NPs.
Moreover, unlike natural enzymes, MXenzymes and other bioin-
spired nanozymes exhibit better catalytic activity at elevated
temperatures (up to 60 °C-70 °C).5°!

Digging deeper, Wu et al.’®) demonstrated that histidine-
functionalized Ti;C, T, nanosheets exhibit significantly enhanced
peroxidase-like activity, which was attributed to their high
electron transfer efficiency and favorable adsorption of both
hydrogen peroxide and 3,3,55-tetramethylbenzindine (TMB)
substrates. The latter is the common substrate used in colorimet-
ric assays, as it is easily detectable when oxidized to its blue form
by the POD enzyme. Interestingly, the proposed spontaneous
switching of Ti sites’ valence state is hypothesized to catalyze the
concomitant reduction of H,O, and oxidation of TMB. Indeed,
the large specific surface area and, subsequently, the greater
number of active sites of Ti;s(,T, nanosheets can facilitate the
adsorption of TMB onto their surface, enabling the transfer of
unpaired electrons from the amino groups of TMB to the MXene.
Subsequently, the accumulated electrons enhance their transfer
to the nearby H,0, molecules. This results in the oxidation of
TMB and the concomitant reduction of H,O, to water. Moreover,
the spontaneous transition between oxidized and reduced states
of Ti enables the continuous catalytic cycle.

Very recently, Facure et all%3! deeply investigated a MXene-
based composite made of ZnO-Ce3;0,-TizC, T, that demonstrated
peroxidase-like activity for ascorbic acid detection, showing very
promising results (Figure 3), even if it is still characterized by
a slightly lower catalytic activity with respect to the bench-
mark Fe;O4-based nanozyme (limit of detection of 0.6 versus
0.2 umol L' in acetate buffer). Here, the authors claim that
the peroxidase-like behavior originates from a synergistic effect
between the MXene and the metal oxides, rather than from
the 2D material itself, as confirmed by the lack of improvement
when its amount is increased in the composite. Nevertheless,
the study did not go deep into the possible mechanism through
theoretical/experimental analyses.

Beyond peroxidase-mimicking activity, MXenes have also
shown oxidase-like behavior, generating reactive oxygen
species (ROS as O,) without requiring hydrogen peroxide.[“+*8]
This property may be highly attractive for antibacterial and
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Figure 3. (a) Schematic illustration of the preparation of (i) ZnO-Co304 nanofibers and (ii) Ti;C; Ty MXene. (b, ¢) SEM micrographs of ZnO-Ce;0,4-TisCTy
nanocomposite, where darker areas refer to MXene sheets. (d) Peroxidase-like activity of the MXenzyme and the colorimetric detection of ascorbic acid
based on TMB redox reaction. (e) Linear regression curve of ascorbic acid detection using the prepared MXenzyme (inset: photos showing the color
change by varying the AA amount from 2.5 to 100 pumol L™"). (f) Comparison of AA and possible interferents detection with the ZnO-Ce304-TisC,T, system.
Adapted from Ref. [63]. Copyright (2024), with permission from the American Chemical Society under a Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/).

pollutant degradation applications. However, the possible remain open, leading to uncertainties about its effectiveness
mechanism remains somewhat ambiguous. For instance, Jin  over time. Very recently, Huang et al.””! reported the synthe-
et al.’® pointed out the superior oxidase-like activity of Ti;C,T,-  sis of Ti;C,T,-based metal composites (M/MXenes, where M =
derived nanozyme, in which the key role was played by the Cu, Co, Ni, Zn, Fe, Mn) exhibiting multi-enzyme mimicry proper-
MXene-derived TiO, quantum dots rather than by the MXene ties. These materials demonstrated catalytic activities resembling
itself. Thus, once again, this raises a crucial concern: is the  peroxidase, catalase, ascorbic acid oxidase (AAO), superoxide dis-
observed catalytic activity an intrinsic property of the MXene, or  mutase, and laccase. Among the synthesized composites, the
is it an artifact of the oxidation reactions? In-depth experimental  copper-decorated MXenes showed the most robust catalytic per-
studies and theoretical calculations will be necessary to establish ~ formance, particularly in mimicking laccase activity. Thus, the
potential future directions. authors developed a colorimetric hydrogel sensor for detecting

and degrading phenolic pollutants, such as hydroquinone and

naphthalene-1,8-diol, exhibiting excellent stability and sensitivity

(with a limit of detection in the tens of nM range). As such, they
3.2. Multienzyme Mimicry underscored the potential of the engineered MXenzymes for

environmental remediation and sensor applications. Neverthe-
It is worth pointing out a significant study by Feng et al.“*! in less, the authors did not dive deeper into the Cu/TisC,T, catalytic
which authors reported a multi-enzymatic activity of Vo.CT, mim- machanism through theoretical simulations and/or experimental
icking up to six different natural enzymes (i.e., superoxide dis- analyses (as in situ spectroscopic techniques). Therefore, it is not

mutase (SOD), catalase (CAT), peroxidase (POD), glutathione per-  clear whether the MXene or the metal nanoparticles played the
oxidase (GPx), thiol peroxidase (TPx), and haloperoxidase (HPO), major role.

Figure 4). V,CT, showed impressive reactive oxygen species-

scavenging capability, protecting cell components against oxida-

tive stress through catalytic reactions. The reported remark-

able versatility was attributed to the MXene electron donation  3.3. MXenzymes Catalytic Enhancement by Photothermics

capability and strong surface interactions with reactive oxygen

species, evidenced by results obtained via electron paramag-  An emerging trend in MXene-based nanozymes is their inte-

netic resonance (EPR), X-ray photoelectron spectroscopy (XPS),  gration with photothermal therapy (PTT) to enhance the final

and infrared spectroscopy (FTIR) analyses. catalytic performance, especially in the biomedical field.387'7>!
Furthermore, unlike Ti-based MXenes, which predominantly  Actually, localized heating enhances the reaction rates, can

rely on electron transfer processes, V,CT, can catalyze redox activate multi-enzyme functions, and amplify ROS genera-

reactions through direct ROS scavenging. On the other hand, tion. The local heating generated by MXene absorption in

questions regarding its stability in physiological environments  the NIR region can accelerate catalytic redox reactions (e.g.,

ChemCatChem 2025, 17, €00730 (6 of 13) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH

QSUIOIT SUOWIO)) dANEAI)) d[qedl|dde oy £q POUIdAOS d1e SI[ONIE Y() 95N JO SN 10] AIRIqIT UIUQ AS[IA UO (SUOHIPUOD-PUL-SULI)/ WO KI[1M’ATRIqI[oul[uo//:sdiy) suonipuo) pue Swd [, ay1 39S "[$707/80/6¢] U0 A1eiqry aurjuQ A9[ipy ‘AISIoAIUN [oxa1(] Aq 0€L00ST0T 2199/2001 0 [ /10p/wod Kofim Kreiqioutjuo-adoina-Lnsiwayo//:sdny woly papeojumo( ‘1 ‘F0T ‘668£L981


https://creativecommons.org/licenses/by/4.0/

Chemistry
Europe

European Chemical
Societies Publishing

Review

ChemCatChem doi.org/10.1002/cctc.202500730

a SOD-like activity b CAT-like activity C POD-like activity d GPx-like activity

20, +2H"— 0,+H,0, 2H,0, — 2H,0+0,

20.

H,0,+TMB — TMBox +2H,0 H,0,+2GSH — GSSG +2H,0

0.49- 0.8

g 100 5 ~ | —Tra ——Control ——VC
g / 3 24| TPASHO, _0421——vgc = 307 & —o— Control
?80 g —— TPA+H,0,+V,C 3 .35 S0.6]
S e ¥ 18] TPAViC g™ o ] N T
‘g 5 e 8028 £0.5]
= &
5 g4 12 Sox £04]
ss0 Bora 203
3 6 < <
£ 0 £ . 0.07 0.2
- r .00 0.1
0 200 400 600 350 400 450 500 550 600 0 20 40 60 80 100 0 50 100150200 250
Concentration (ug/mL) Wavelength (nm) Time (s) Time (s)
e f GSH NADP*
e
s GR
GSSG NADPH

TMB GSH/Cysteine

V,C MXenzyme Treatment

Figure 4. (a) SOD-like, (b) CAT-like, (c) POD-like, and (d) GPx-like activity of V,CT, MXenzyme (3 replicates for each group). (e, f) Schematics of
enzyme-mimicking activities of V,CT,. (g) Sketch of ROS-scavenging activities of V,CT,-based MXenzyme showing multifunctionality: it catalyzes O, into
H,0, and O,, decomposes H,0, into O, and H,0, and removes “OH. Adapted from Ref. [46]. Copyright (2021), with permission from Springer Nature under
a Creative Commons Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/).

peroxidase-mimicking H,O, decomposition) by increasing kinetic
energy and reducing activation barriers.”! In addition, in com-
posite systems (e.g., Fes04-MXene and Pt-MXene), photothermal
activation not only enhances single-enzyme mimicry but can
also trigger sequential cascade reactions, thereby improving effi-
ciency in complex media such as tumor microenvironments or
biofluids.®! Furthermore, photothermal stimulation can improve
reactive oxygen species generation, which is crucial in antibac-
terial or cancer therapy contexts.””) Different approaches can be
used to optimize this combined strategy, as: i) the incorporation
of noble metals (e.g., Au and Pt) or semiconducting nanostruc-
tures that can improve the light absorption and photothermal
conversion efficiency; ii) the structure engineering since verti-
cally aligned or few-layered MXenes exhibit higher absorption
and heat dissipation control; iii) the tailoring of irradiation
parameters, for example by varying laser power, wavelength, or
exposure duration, thus offering stimulus-responsiveness.
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As such, it is worth noting the work reported by Zhu
et al.®®! in which they described a Pt-decorated Ti;C,T,-based
system that showed a significant increase in peroxidase-like
activity when irradiated with near-infrared (NIR-1l) light. This
enhancement was mainly attributed to a local temperature-
induced acceleration of catalytic reactions thanks to the MXene's
photothermal effect, suggesting that the MXenzymes could
be used in hyperthermia-amplified enzyme therapy. However,
authors also claimed that Pt nanoparticles are responsible for the
peroxidase-like activity, resulting in an efficient in situ catalytic
reaction of H,0, to reactive hydroxyl radicals.

On a similar note, He et al® demonstrated a dramatic
improvement in the catalytic activity of V,CT,-based nanozyme
through photothermal effects by decorating its surface with
platinum nanoparticles (Figure 5a). This platform displayed a
significant photothermal conversion efficiency (PCE) of around
60% under near-infrared (NIR-Il) irradiation, leading to an
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Copyright (2024), with permission from Wiley-VCHGmbH.

amplified oxidase- and peroxidase-like behavior (Figure 5b-d).
Authors attributed this photothermally boosted enzymatic per-
formance to the localized surface plasmon resonance (LSPR)
phenomenon of Pt NPs, which facilitated electron transfer
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and improved catalytic efficiency. Interestingly, they tried to
confirm the biocatalytic mechanism through density func-
tional theory (DFT) calculations, showing that Pt nanoparti-
cles do alter the electronic structure of V,CT,, lowering the

© 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH

QSUIOIT SUOWIO)) dANEAIY) d[qeat|dde oy Aq POUIdAOS d1e SI[OIE Y() oSN JO SA[NI 10 AIRIQIT UIUQ AS[IA\ UO (SUOIPUOD-PUB-SULI)/ W0 KI[IM ATRIqI[oul[uo//:sd)y) SuonIpuo)) pue SuLd [, 91 39S "[$707/80/6¢] U0 A1eiqry autjuQ A9[iAy ‘KIISIOATUN [9x1(] Aq 0€L00STOT 199/2001 0 [ /10p/Wod" Ao[Im KIRIqI[oUuI[U0’



Chemistry

Review Europe g
ChemCatChem doi.org/10.1002/cctc.202500730 Soomerpubiahng 8
3 <=y P Cerium Source ]
Sonication | Sonication [ [ Z
30min  # % 30min # <% pH=9 | < Overnight = &
- -— > -
Nb,C nanosheet - <% -

&h Live bacteria

*\’ Dead bacteria

Is, I
| & |
: _POD_y “oxtmB” |
<y |
H.0. -OH
<ffy CeO0,/Nb,C ll_ Fenton reaction | l
0 min 2 min 4 min_ 6 min 8 min 10 min 60 °C
b C 0 min 2min 4 min 6 min 8 min 10 min 60 °C
Ce0,/Nb,C + H,0,
Ce0,/Nb,C + H,0,
Ce0,/Nb,C

E. coli

Blank H,0, +H,0,

Ce0,/Nb,C CeO,/Nb,C

NIR (-)

NIR (+)

24.4°C

S. aureus

Figure 6. (a) Sketch of CeO,/Nb,C synthesis and its dual functionality. Infrared thermal images together with photos of (b) Escherichia coli and (c) S. Aureus
colonies, when treated by phosphate buffer saline (PBS) solution, H,0,, CeO,/Nb,C nanocomposite, and CeO,/Nb,C + H,0, under NIR irradiation. Adapted

with permission from Ref. [29]. Copyright (2023), American Chemical Society.

activation energy for hydroxyl radicals (‘OH) generation, which
plays a critical role in oxidative stress-mediated antibacterial
effects (Figure 5e-h).

Furthermore, in vivo tests corroborated the antibacterial effi-
cacy against methicillin-resistant S. Aureus infections. Combining
photothermal and chemodynamic therapy (PTT/CDT) resulted
in efficient bacterial eradication, thereby accelerating wound
healing and reducing inflammation (Figure 5i).

Last, it is worth mentioning the work conducted by Yuan
et al.”®! in which they described a Ce0,/Nb,CT, nanocomposite
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having dual functionality, as a peroxidase-like enzyme and as an
excellent NIR photothermal material (Figure 6a), thus showing an
80% bactericide performance. They also demonstrated that this
MXenzyme can accelerate the recovery of diabetic wounds of a
mouse when infected by different bacteria (Figure 6b,c), such as
E. Coli (Gram-negative bacteria) or S. Aureus (Gram-positive bac-
teria). The biosafety aspect was also discussed, achieving good
results in in vitro and in vivo studies.

Overall, these findings underscore the potential of pho-
tothermal energy to modulate and enhance the catalytic prop-
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erties of MXene-based nanozymes, expanding their final appli-
cability in antibacterial strategies and the medical field.

4, Critical Gaps and Current Challenges

A common trend is evident across all available studies: a general
lack of long-term stability investigations, in-depth mechanistic
studies, biocompatibility and biodegradability assessments, and
scalability issues. Without addressing these aspects, the potential
of MXenzymes cannot be properly evaluated.

One of the potential barriers to practical application is the
limited long-term stability, particularly in aqueous and biologi-
cal environments. Indeed, unlike traditional Fe;0, or CeO,-based
nanozymes, MXenes are susceptible to oxidation and hydroly-
sis in the presence of water molecules and oxygen, which lead
to a gradual loss of the catalytic behavior due to their con-
version into amorphous or crystalline oxides that can degrade
surface conductivity and disrupt active sites over time, especially
in biological or environmental settings. Moreover, terminations
such as —F and —OH can desorb or undergo ligand exchange
in complex fluids, altering surface reactivity and charge, which
in turn impact colloidal stability and enzyme-mimicking activity.
Alongside this, agglomeration and restacking pose a problem,
as delaminated MXene sheets tend to restack due to van der
Waals interactions, thereby reducing surface accessibility and
catalytic performance during long-term storage or repeated
use.””! Concerning the quantification of the degradation behav-
ior, TisGT,, which is the most widely studied MXene, may
degrade in water if it is nonstoichiometric, has a high concen-
tration of defects and a small flake size. Colloidal suspensions
of first-generation Ti3C,T, indeed showed up to 42% degrada-
tion after 5 days, 85% after 10 days, and complete oxidation
after 15 days at room temperature under ambient conditions,
converting predominantly to TiO,.1%! However, high-quality stoi-
chiometric Ti;G,T, can be stored in dilute aqueous solution for
at least a year®® |n addition, under accelerated conditions
(100% relative humidity, 70 °C). Ti;C, T, films may undergo signif-
icant conductivity loss and phase change unless stabilized.!®3! At
the same time, films stored in ambient air maintained metallic
conductivity over 5 years.®* On the contrary, Nb,CT, and, par-
ticularly, Nb,G5T, show improved oxidation resistance compared
to Ti-based MXenes. The oxidation rate can be modeled by first-
order kinetics, with the addition of antioxidants (e.g., ascorbic
acid) and low-temperature storage significantly extending their
shelf life.®>! Last, another MXene used in MXenzymes is V,CT,,
which is particularly unstable in its delaminated form. However,
Matthews et al.3! demonstrated that ion exchange and floccula-
tion can extend aqueous suspension shelf life from a few hours
to several months.

Hence, to address the long-term stability problem, several
stabilization strategies have already been explored, including
(i) the use of polymer coatings (chitosan, polyvinyl alcohol,
or polyethylene glycol); (ii) hybridization with other mate-
rials (as metal oxides MOFs, or silica shells to inhibit inter-
action with water and oxygen);|®06386-881 (ji) |ow-temperature
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and inert atmosphere storage (e.g, —80 °C, Ar-filled vials)
to suppress hydrolysis and oxidation reactions;®! (iv) use of
antioxidant additives (such as ascorbic acid) to scavenge reac-
tive oxygen species and delay oxidation onset;!®! (v) solvent
exchange protocols, including dispersion in ethanol or iso-
propanol, which can reduce oxidative degradation compared
to aqueous systems;'°% (vi) hydrogen annealing treatments of
MXene films to recover or enhance oxidation stability;!°? and (vif)
surface terminations control to decrease the degradation. Never-
theless, the drawback of MXene modification is the introduction
of additional complexity that may alter the final catalytic behav-
ior, making it difficult to unveil the role played by the MXene
itself. Using more stable M;C; or MsC, MXenes with the same
M element instead of thin and vulnerable M,C structures may
provide a solution. Also, a lifetime of MXenes can be greatly
improved by minimizing the point defects, increasing the flake
size, and controlling M:X stoichiometry.”®!

Additionally, once again, a concept that remains incom-
pletely understood is the intrinsic catalytic role of MXenes,
particularly in hybrid nanocomposites. Many studies focus on the
decoration or doping of 2D materials with noble metal nanopar-
ticles (Pt, Pd, Au, or Ag) and/or metal oxides (ZnO-Co30,,®
TiO,,1°8%1 or Ce0,!#2°%0]), yet fail to distinguish and unravel the
role of these materials. Hence, a proper, rigorous experimen-
tal/theoretical investigation to decouple the MXene activity from
that of the cocatalysts and/or of the surface defects/presence of
lattice impurities and to determine its standalone catalytic effect
is required.

Regarding the long-term cytotoxicity, particularly in the
biomedical field, multiple studies have confirmed that the cyto-
toxicity of MXenes is strongly dependent on dose, duration
of exposure, cell type, surface chemistry, and flake size. For
instance, Jastrzebska et al.®* showed that Ti;C,T, had mini-
mal cytotoxicity below 625 mg L™, with preferential toxicity
toward cancer cells due to ROS overproduction. Yet, Ti;C,T,'s
impact can vary across cell lines, and its cytotoxic effects may
accumulate with prolonged exposure. As far as it concerns the
immune response, an advanced immune profiling was reported
by Unal et al® Using flow cytometry and single-cell mass
cytometry on human immune subpopulations, it was revealed
that Ti;G, T, and other MXenes are generally bio- and immuno-
compatible. Interestingly, these MXenes suppressed monocyte
activation and reduced secretion of pro-inflammatory cytokines,
suggesting anti-inflammatory properties. However, such find-
ings require further validation across different biological systems.
Lastly, concerning the biodegradability and clearance, a recent
review!”! outlined that the biodegradability of MXenes varies
with composition. Ti-based MXenes (TisC,T,) exhibit limited in
vivo degradation, raising concerns over long-term retention
and bioaccumulation, particularly in reproductive organs. They
can be made biodegradable by introducing defects and non-
stoichiometry, which lead to hydrolysis, as described above.
Conversely, non-Ti MXenes (e.g., Nb,CT,, V,CT,, and Mo,CT,) are
emerging as more biodegradable alternatives with better bio-
compatibility profiles, showing promise in mitigating oxidative
stress and avoiding chronic toxicity. Studies have documented
that these materials undergo partial degradation and are cleared
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through hepatobiliary or renal routes, depending on surface
modifications and particle size.[*®!

Thus, to enhance safety profiles, several approaches can
be hypothesized as: i) surface functionalization with biocom-
patible polymers (e.g., PEG and dextran) that may reduce the
immune recognition and protein adsorption; ii) the engineering
of flake size and oxidation states to minimize toxicity; iii) phos-
pholipid bilayer coatings that mimic cell membranes, improving
hemocompatibility; and iv) core-shell encapsulation with silica or
protein cages, offering a more controlled exposure to biological
fluids.[°¢!

Last, when evaluating the potential for large-scale produc-
tion and real-world application of MXenzymes, several critical
factors must be considered, including the scalability of synthe-
sis and production costs. From a production standpoint, the cost
of MAX phase precursors (e.g., TisAlC; and Nb,AIC) is currently
moderate and it decreases as commercial availability expands.
Although conventional wet chemical etching methods (such as
HF- or HCl-based processes) remain widely used, they pose scala-
bility and safety concerns. In response, alternative green synthe-
sis approaches—including electrochemical, gaseous halogens,
and molten salt etching or direct synthesis—are emerging as
safer, more sustainable options for industrial-scale fabrication.!”!
Notably, the scalability of MXene synthesis has already been
demonstrated in pilot-scale settings for widely used materials,
such as Ti;G,T,. Techniques such as continuous-flow exfoliation,
roll-to-roll deposition, and freeze-drying have enabled the pro-
duction of multi-gram to kilogram scales. The successful printing
of MXene inks on biosensor substrates further highlights their
compatibility with industrial manufacturing workflows.!”” Fur-
thermore, compared to traditional enzymes, MXenzymes offer
several practical advantages that support their scalability. First,
their synthesis is simpler and more amenable to scale-up,
avoiding the need for complex biotechnological processes and
cold-chain logistics. Second, while MXenes may exhibit batch-to-
batch variability (e.g., in surface terminations or flake thickness),
these parameters can be more easily standardized post-synthesis
than the properties of biologically produced enzymes. Third,
MXenzymes exhibit superior shelf stability under ambient con-
ditions, eliminating the need for refrigerated storage, a major
limitation for enzyme-based kits in field applications. Last, while
initial synthesis costs may be non-negligible, industrial-scale
production using methods like ball milling and batch reactors
is feasible. This contrasts with natural enzymes, whose high
purity and activity often necessitate expensive expression sys-
tems, purification steps, and stringent quality control measures.
As such, a comprehensive assessment of all these aspects is
urgently required to determine the practical applicability of
MXenzymes.

5. Summary and Outlook
This mini-review highlights recent advancements in MXenzymes
with a critical focus on the current challenges and open ques-

tions. Nanozymes hold promise for advancements in several
cutting-edge fields, such as in biomedical applications, sens-
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ing, and environmental remediation. However, as research pro-
gresses, the still unresolved aspects must be unraveled. The
majority of the available literature remains at the proof-of-
concept stage, primarily focusing on qualitative demonstrations
of the material’s effectiveness rather than undertaking in-depth
systematic investigations.

As far as concerns the synthetic route to produce MXene,
which is strictly linked to surface tunability, other methods
should also be considered. Only limited studies have been
conducted on MXenes produced by molten salt synthesis, elec-
trochemical etching, or direct gas-phase synthesis.!®! These dif-
ferent routes could open new avenues, as the obtained 2D mate-
rials have diverse surface chemistries (the surface hydrophilic-
ity/hydrophobicity can be finely tuned), thus effectively slowing
down degradation while potentially lowering production costs.
In addition, the different synthesizing methods can also influ-
ence layer thickness, degree of delamination, as well as defects
density and exposed transition metal atoms, thus resulting in
potentially tailored catalytic properties.

Moreover, computational studies, combined with in-depth
experimental investigations of the enzyme-like catalytic mech-
anisms, are needed. Control experiments using only MXene
should be considered, and the results compared to those
obtained with nanocomposites or modified MXenes. Kinetic
studies (applying Michaelis—-Menten kinetics, turnover frequency,
and Arrhenius plots) performed with and without MXene surface
modifications will be useful to understand the structure-activity
relationship and to discern between simple electron transfer
and surface redox reactions. Additionally, high-resolution struc-
tural characterizations, such as atomic force microscopy (AFM),
will be useful for revealing layer thickness, defect density, and
surface roughness. XPS and electron energy loss spectroscopy
(EELS) will also be used to track oxidation states and local
coordination environments of metal atoms, which are key to
identifying active sites. Electron paramagnetic resonance (EPR),
combined with operando techniques such as X-ray absorption
spectroscopy (XAS), will be crucial in tracking possible reaction
intermediates and shedding light on the catalytic mechanism.

Rational engineering of defects and dopants will also be
fundamental: indeed, by introducing controlled vacancies, het-
eroatom dopants (e.g., N, S, and P), or single metal atoms, it is
possible to examine how such modifications alter catalytic path-
ways, especially in multi-enzyme systems. Also, a comprehensive
investigation of the type of MXene used (as Ti-, V-, and Nb-based
ones, but also Mo- or Ta-MXenes) could be useful to fully grasp
the possible role of the metal atoms and/or of defects and impu-
rities intrinsic to the 2D material itself, as well as its role in the
redox potentials and the intrinsic biocompatibility.

Besides, computational modeling (as DFT) and machine
learning to predict optimal MXene structures for enzyme
mimicry, model adsorption geometries, charge transfer pro-
cesses, and reaction energetics could also be useful. Particularly,
DFT-based identification of active sites is pivotal since low-
valence transition metal centers (e.g. Ti(ll) and Nb(IV)) can
serve as key redox-active sites, and O-terminated surfaces are
shown to facilitate the adsorption and dissociation of hydro-
gen peroxide more effectively than F-terminated ones, lowering
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the activation energy for peroxidase-like reactions. Furthermore,
regarding the charge transfer pathways, theoretical work sug-
gests that electron delocalization across the MXene basal plane
enables rapid charge redistribution during catalytic turnover.
The presence of surface defects and dopants modifies the
local density of states, thereby enhancing the catalytic electron
transfer pathways. Indeed, for multi-enzyme mimicry, DFT sim-
ulations of MXene-metal NPs systems have demonstrated that
the co-localization of distinct active centers allows for sequential
reactions, enabling different enzyme-like behaviors within the
same nanoplatform.[*°!

Finally, before potential implementation in real-world appli-
cations, MXenes' toxicity and their environmental impact must
be further investigated, for instance, through chronic toxicity
tests, standard protocols, biodegradability studies over a long
period of time, or lifecycle assessments. Additionally, recent stud-
ies reported their integration in hydrogels or microneedles for
drug delivery purposes. However, some challenges can also arise
here, as controlled degradation and biocompatibility must be
ensured, whereas immune activation must be avoided.

Hence, future research should focus on MXenzymes stabil-
ity, biocompatibility, scalability, mechanistic insights, and cat-
alytic enhancement, also through cross-disciplinary collabora-
tions, industry partnership, and consortia. By addressing these
fundamental challenges, MXene nanozymes could emerge as
powerful and versatile enzyme mimics with transformative
potential in healthcare, energy, and environmental remedia-
tion. Furthermore, by leveraging cross-disciplinary approaches
(machine learning), researchers can unlock new functional-
ities and drive MXene nanozymes toward groundbreaking
applications, expanding their use into clinical diagnostics and
implantable devices, engineering more hybrid multifunctional
platforms, and developing regenerative catalytic systems for
smart environments.

Acknowledgements

E.P. acknowledges the Italian Ministry of University and Research
(MUR), National Recovery and Resilience Plan (NRRP) — Mission
4 “Education and Research” - Investment 1.2 “Funding projects
presented by young researchers’, financed by NextGenerationEU,
project number SOE_0000117. E.P. also acknowledges the Univer-
sity of Milan, Research Support Plan - Line 4, project number
PSRL423EPARG_01. Y.G. was supported by the U.S. National Sci-
ence Foundation under grant CHE-2318105 (M-STAR CClI).

Open access publishing facilitated by Universita degli Studi
di Milano, as part of the Wiley - CRUI-CARE agreement.

Conflict of Interests
The authors declare no conflicts of interest.

Keywords: Enzyme catalysis - MXenes - MXenzymes
Nanozymes - Reaction mechanism

ChemCatChem 2025, 17, €00730 (12 of 13)

[1 Y. Gogotsi, Chem. Mater. 2023, 35, 8767-8770.

[2] A. Mohan Arjun, N. Shabana, M. Ankitha, P. Abdul Rasheed, Microchem.
J. 2023, 185, 108301.

[3]1 K. Matthews, T. Zhang, C. E. Shuck, A. Vahidmohammadi, Y. Gogotsi,
Chem. Mater. 2022, 34, 499-509.

[4] A. VahidMohammadi, J. Rosen, Y. Gogotsi, Science 2021, 372, eabf1581.

[5] B. Anasori, Y. Xie, M. Beidaghi, J. Lu, B. C. Hosler, L. Hultman, P. R. C.
Kent, Y. Gogotsi, M. W. Barsoum, ACS Nano 2015, 9, 9507-9516.

[6] M. Naguib, M. Kurtoglu, V. Presser, J. Lu, J. Niu, M. Heon, L. Hultman, Y.
Gogotsi, M. W. Barsoum, Adv. Mater. 2011, 23, 4248-4253.

[7]1 I. Hussain, F. Rehman, M. Saraf, T. Zhang, R. Wang, T. Das, Z. Luo, Y.
Gogotsi, K. Zhang, ACS Appl. Mater. Interf. 2024, 16, 38053-38060.

[8] M. P. Bilibana, Adv. Sens. Ener. Mater. 2023, 2, 100080.

[9] S. Jayakumar, P. C. Santhosh, S. Ramakrishna, A. V. Radhamani, J. Ener.
Stor. 2024, 97, 112741.

[10] C. Rong, T. Su, Z. Li, T. Chu, M. Zhu, Y. Yan, B. Zhang, F.-Z. Xuan, Nat.
Commun. 2024, 15, 1566.

[N K. L. Firestein, J. E. von Treifeldt, D. G. Kvashnin, J. F. S. Fernando,
C. Zhang, A. G. Kvashnin, E. V. Podryabinkin, A. V. Shapeev, D. P.
Siriwardena, P. B. Sorokin, D. Golberg, Nano Lett. 2020, 20, 5900-5908.

[12] M. Jiang, D. Wang, Y. H. Kim, C. Duan, D. V. Talapin, C. Zhou, Angew.
Chem.—Int. Ed. Engl. 2024, 63, 202409480.

[13] L. Tang, H. Yang, H. Wang, Y. Yang, X. Wang, G. Tang, D. Zeng, Ceram.
Int. 2024, 50, 21619-21629.

[14] F. Wang, S. Wang, F. Tian, F. Wang, X. Xia, Q. Zhang, Z. Pang, X. Yu, G.
Li, H. Y. Hsu, S. Hu, L. Ji, Q. Xu, Y. Zhao, X. Zou, X. Lu, Chem. Eng. J. 2023,
470, 144185.

[15] J. Zhang, Y. Zhao, X. Guo, C. Chen, C. L. Dong, R. S. Liu, C. P. Han, Y. Li,
Y. Gogotsi, G. Wang, Nat. Catal. 2018, 1, 985-992.

[16] X. Bai, D. Zhao, H. Song, H. He, J. Li, L. Hou, Z. Li, L. Sui, ACS Appl. Mater.
Interf. 2024, 16, 58060-58071.

[17] M. J. Loes, S. Bagheri, A. Sinitskii, ACS Nano 2024, 18, 26251-26260.

[18] N. and M. B. Vitale Flavia and Driscoll, in 2D Metal Carbides and Nitrides
(MXenes): Structure, Properties and Applications (Ed: Y. Anasori Babak,
Gogotsi), Springer International Publishing, Cham, 2019, 503-524.

[191 M. Bilal, N. Khalig, M. Ashraf, N. Hussain, Z. Bagar, J. Zdarta, T.
Jesionowski, H. M. N. Igbal, Colloids Surf. B Biointerf. 2023, 221, 112950.

[20] E. M. Hamed, F. M. Fung, S. F. Y. Li, ACS Sens. 2024, 9, 3840-3847.

[21]1 K. Huang, C. Hu, Q. Tan, S. Wy, S. Shabala, M. Yu, X. Sun, Environ. Sci.:
Nano 2025, 12, 98-120.

[22] M. Liang, X. Yan, Acc. Chem. Res. 2019, 52, 2190-2200.

[23] L. Gao, H. Wei, S. Dong, X. Yan, Adv. Mater. 2024, 36, 2305249.

[24] L. Gao, J. Zhuang, L. Nie, J. Zhang, Y. Zhang, N. Gu, T. Wang, J. Feng,
D. Yang, S. Perrett, X. Yan, Nat. Nanotechnol. 2007, 2, 577-583.

[25] S. Iravani, R. S. Varma, Nanomicro Lett. 2022, 14, 213.

[26] Y. Shi, Z. Liu, R. Liu, R. Wu, J. Zhang, Chem. Eng. J. 2022, 442, 136072.

[27] S. Zhang, H. Ruan, Q. Xin, X. Mu, H. Wang, X.-D. Zhang, Nanoscale 2023,
15, 4408-4419.

[28] C.-Y. Hsu, N. M. M. Alshik, I. Ahmad, S. Uthirapathy, S. Ballal, A. Singh,
S. Saini, K. K. Joshi, Nanoscale 2025, 17, 7697-7712.

[29] H. Yuan, X. Hong, H. Ma, C. Fu, Y. Guan, W. Huang, J. Ma, P. Xia, M. Cao,
L. Zheng, X. Xu, C. Xu, D. Liu, Z. Li, Q. Geng, J. Wang, ACS Mater. Lett.
2023, 5, 762-774.

[30] J.Lu, L. Song, S. Feng, K. Wang, Y. Mao, Y. Gao, Q. Zhao, S. Wang, Chem.
Eng. J. 2024, 481, 148270.

[31] M. Lian, K. Zhao, L. Chen, S. Shao, X. Xu, D. Chen, X. Qiao, Z. Zhang,
Biosens. Bioelectron. 2025, 273, 117155.

[32] M. Tang, Z. Yue, J. Li, T. Sun, C. Chen, ACS Appl. Nano Mater. 2023, 6,
14609-14616.

[33] R.Yu, J. Xue, Y. Wang, J. Qiu, X. Huang, A. Chen, J. Xue, J. Nanobiotech-
nol. 2022, 20, 9.

[34] U. Amara, I. Hussain, M. Ahmad, K. Mahmood, K. Zhang, Small 2023, 19,
1-38.

[35] R. Zhang, X. Yan, K. Fan, Acc. Mater. Res. 2021, 2, 534-547.

[36] W. Wang, Y. Yin, S. Gunasekaran, Biosens. Bioelectron. 2022, 218, 114774.

[37] Y. Chen, C. Rong, W. Gao, S. Luo, Y. Guo, Y. Gu, G. Yang, W. Xu, C. Zhu,
L.-L. Qu, J. Colloid Interf. Sci. 2024, 653, 540-550.

[38] Y. Zhu, Z. Wang, R. Zhao, Y. Zhou, L. Feng, S. Gai, P. Yang, ACS Nano
2022, 16, 3105-3118.

[39] R.Yang, S. Wen, S. Cai, W. Zhang, T. Wu, Y. Xiong, Nanoscale Horiz. 2023,
8, 1333-1344.

© 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH

QSUDOIT SUOWWO) dA1EAIY) d[qeordde oy £q POuIIA0S dIe SO[ONIE V() (OSN JO SN J0J AIRIqIT QUIUQ AD[IAN UO (SUOHIPUOI-PUB-SULID)/WOY" K[ 1A ATRIqIUI[UO//:ScdY) SUONIPUO) puB SWIS L oY S *[$707/30/67] U0 A1eiqr] auruQ Ad[ip ‘ANSIOAIUN [9X21(T A9 0EL00STOT2199/2001 0 1/10p/wod Kd[im K1eaqraurjuo-adoma-Ansiwayo//:sdpy woiy papeojumod ‘ST ‘F0T ‘668L981



Chemistry

Review Europe
ChemCatChem doi.org/10.1002/cctc.202500730 Soreties Publeting
[40] L. Yu, J. Chang, X. Zhuang, H. Li, T. Hou, F. Li, Anal. Chem. 2022, 94, [75] S. Pan, J. Yin, L. Yu, C. Zhang, Y. Zhu, Y. Gao, Y. Chen, Adv. Sci. 2020, 7,

[41]
[42]

[43]

[46]

[47]

[48]

[49]

[50

3669-3676.

S. Dai, M. Hu, W. Zhang, Z. Lei, Anal. Chim. Acta 2025, 1336, 343519.

F. Momeni, S. M. Khoshfetrat, H. Bagheri, K. Zarei, Biosens. Bioelectron.
2024, 250, 116078.

M. Talebi, K. Dashtian, R. Zare-Dorabei, H. Ghafuri, M. Mahdavi, F.
Amourizi, Anal. Chim. Acta 2023, 1247, 340924.

M. Lian, Y. Zhao, J. Zhao, W. Zhang, H. Zhang, D. Chen, Talanta 2023,
265, 124872.

J. Liu, Y. Xiong, T. Wu, X. Zhang, J. Zhao, S. Cai, W. Zhang, R. Yang, Appl.
Surf. Sci. 2025, 681, 161560.

W. Feng, X. Han, H. Hu, M. Chang, L. Ding, H. Xiang, Y. Chen, Y. Li, Nat.
Commun. 2021, 12, 2203.

F. Kareem, Y.-F. C. Chau, M. U. Ahmed, Int. J. Biol. Macromol. 2025, 287,
138476.

D. Liao, Y. Zhao, Y. Zhou, Y. Yi, W. Weng, G. Zhu, J. Food Measur.
Character. 2024, 18, 9223-9232.

J. Chi, P. Ju, F. Bi, S. Wang, T. Jiang, S. Wen, Y. Cai, X. Yin, M. Qiu, Adv.
Funct. Mater. 2024, 34, 2407201.

R. Manikandan, M.-J. Kim, H.-G. Jang, A. Mugunthan, C.-S. Kim, J.-H.
Yoon, J. Lee, K. W. Chung, S. C. Chang, Biosens. Bioelectron. 2025, 271,
17075.

X. Kang, Y. Li, Z. Duan, X. Shen, R. Fu, D. Fan, Chem. Eng. J. 2023, 476,
146420.

J. Huang, H. Gu, X. Feng, G. Wang, Z. Chen, ACS Appl. Nano Mater. 2022,
5, 15531-15538.

J. Guo, G. Wang, J. Zou, Z. Lei, Anal. Bioanal. Chem. 2023, 415, 3559-35609.
M. Li, X. Peng, Y. Han, L. Fan, Z. Liu, Y. Guo, Microchem. J. 2021, 166,
106238.

N. Huang, W. Sheng, Z. Jin, D. Bai, M. Sun, L. Ren, S. Wang, Z. Wang, X.
Tang, T. Ya, Microchim. Acta 2023, 190, 479.

[76]

771

[78]

[79]

[80]

(81

[82]

[83]

[84]

[85]

[86]

[87]

[88]

201901511.

T. Liao, Z. Chen, Y. Kuang, Z. Ren, W. Yu, W. Rao, L. Li, Y. Liu, Z. Xu, B.
Jiang, C. Li, Acta Biomater. 2023, 159, 312-323.

M. Amoozadeh, A. Zarepour, A. Khosravi, S.
FlatChem. 2025, 51, 100849.

X. He, Y. Lv, Y. Lin, H. Yu, Y. Zhang, Y. Tong, C. Zhang, Adv. Mater. 2024,
36, 202400366.

T. Habib, X. Zhao, S. A. Shah, Y. Chen, W. Sun, H. An, J. L. Lutkenhaus,
M. Radovic, M. J. Green, npj 2D Mater. Appl. 2019, 3, 8.

C. J. Zhang, S. Pinilla, N. McEvoy, C. P. Cullen, B. Anasori, E. Long, S.
H. Park, A. Seral-Ascaso, A. Shmeliov, D. Krishnan, C. Morant, X. Liu,
G. S. Duesberg, Y. Gogotsi, V. Nicolosi, Chem. Mater. 2017, 29, 4848-
4856.

T. S. Mathis, K. Maleski, A. Goad, A. Sarycheva, M. Anayee, A. C. Foucher,
K. Hantanasirisakul, C. E. Shuck, E. A. Stach, Y. Gogotsi, ACS Nano 2021,
15, 6420-6429.

T. Y. Ko, H. Ye, G. Murali, S. Y. Lee, Y. H. Park, J. Lee, J. Lee, D. J. Yun, Y.
Gogotsi, S. J. Kim, S. H. Kim, Y. J. Jeong, S. J. Park, I. In, Nat. Commun.
2024, 15, 3459.

Y. Lee, S. J. Kim, Y. J. Kim, Y. Lim, Y. Chae, B. J. Lee, Y. T. Kim, H. Han, Y.
Gogotsi, C. W. Ahn, J. Mater. Chem. A Mater. 2020, 8, 573-581.

A. Lee, M. Shekhirev, M. Anayee, Y. Gogotsi, Graph. 2D Mater. 2024, 9,
77-85.

I. J. Echols, D. E. Holta, V. S. Kotasthane, Z. Tan, M. Radovic, J. L.
Lutkenhaus, M. J. Green, J. Phys. Chem. C 2021, 125, 13990-13996.

T. Zahra, U. Javeria, H. Jamal, M. M. Baig, F. Akhtar, U. Kamran, Anal.
Chim. Acta 2024, 1316, 342880.

X. Zhuang, S. Zhang, Y. Tang, F. Yu, Z. Li, H. Pang, Coord. Chem. Rev.
2023, 490, 215208.

R. Xu, G. Wei, Z. Xie, S. Diao, J. Wen, T. Tang, L. Jiang, M. Li, G. Hu, J.

Iravani, A. Zarrabi,

[56] H. Gu, H. Li, G. Wang, J. Huang, B. Peng, J. Pei, S. Liu, L. Zheng, J. Fan, Alloys Compd. 2024, 970, 172656.
Z. Chen, H. Zhai, ACS Appl. Mater. Interf. 2023, 15, 26363-26372. [89] S. Huang, V. N. Mochalin, Inorg. Chem. 2022, 61, 9877-9887.
[57]1 G. Zhu, J. Hou, J. Xu, J. Li, C. Wang, Y. Yi, Anal. Chim. Acta 2024, 1329, [90] S. Seyedin, J. Zhang, K. A. S. Usman, S. Qin, A. M. Glushenkov, E. R. S.

343250.

Z. Jin, G. Xu, Y. Niu, X. Ding, Y. Han, W. Kong, Y. Fang, H. Niu, Y. Xu, J.
Mater. Chem. B 2020, 8, 3513-3518.

X. Wu, T. Chen, Y. Chen, G. Yang, J. Mater. Chem. B 2020, 8, 2650-2659.
V. Kumar, S. K. Shukla, M. Choudhary, J. Gupta, P. Chaudhary, S.
Srivastava, M. Kumar, M. Kumar, D. K. Sarma, B. C. Yadav, V. Verma,
Sensors 2022, 22, 5589.

N. Du, W. Weng, Y. Xu, Y. Zhou, Y. Yi, Y. Zhao, G. Zhu, Inorg. Chem. 2024,
63, 16442-16450.

J. Huang, M. Wang, X. Zhang, J. Tao, L. Lu, G. Qiao, G. Liu, J. Alloys
Compd. 2022, 923, 166256.

M. H. M. Facure, L. A. Mercante, Y. Gogotsi, D. S. Correa, ACS Appl. Nano
Mater. 2024, 8, 4291-4299.

X. Niu, B. Liu, P. Hu, H. Zhu, M. Wang, Biosensors (Basel) 2022, 12, 251.
Y. Song, K. Qu, C. Zhao, J. Ren, X. Qu, Adv. Mater. 2010, 22, 2206-2210.
J. Fan, J. J. Yin, B. Ning, X. Wu, Y. Hu, M. Ferrari, G. J. Anderson, J. Wei,
Y. Zhao, G. Nie, Biomaterials 2011, 32, 1611-1618.

(91

[92]

[93]

[94]

[95]

Yanza, R. T. Jones, J. M. Razal, Global Chall. 2019, 3, 1900037.

K. P. Marquez, K. M. D. Sisican, R. P. Ibabao, R. A. J. Malenab, M. A. N.
Judicpa, L. Henderson, J. Zhang, K. A. S. Usman, J. M. Razal, Small Sci.
2024, 202400150.

M. A. K. Purbayanto, D. Bury, M. Chandel, Z. D. Shahrak, V. N. Mochalin,
A. Wojcik, D. Moszczynska, A. Wojciechowska, A. Tabassum, M. Naguib,
A. M. Jastrzebska, ACS Appl. Mater. Interf. 2023, 15, 44075-44086.

A. M. Jastrzebska, A. Szuplewska, T. Wojciechowski, M. Chudy, W.
Ziemkowska, L. Chlubny, A. Rozmystowska, A. Olszyna, J. Hazard. Mater.
2017, 339, 1-8.

M. A. Unal, F. Bayrakdar, L. Fusco, O. Besbinar, C. E. Shuck, S. Yalcin,
M. T. Erken, A. Ozkul, C. Gurcan, O. Panatli, G. Y. Summak, C. Gokce, M.
Orecchioni, A. Gazzi, F. Vitale, J. Somers, E. Demir, S. S. Yildiz, H. Nazir, J.
C. Grivel, D. Bedognetti, A. Crisanti, K. C. Akcali, Y. Gogotsi, L. G. Delogu,
A. Yilmazer, Nano Today 2021, 38, 101136.

V. G. Gayathri, B. Richard, J. T. Chacko, J. Bayry, P. A. Rasheed, J. Mater.
Chem. B 2024, 13, 1212-1228.

[67] Y. L. Liu, X. J. Zhao, X. X. Yang, Y. F. Li, Analyst 2013, 138, 4526. [96] T. Fan, L. Yan, S. He, Q. Hong, F. Ai, S. He, T. Ji, X. Hu, E. Ha, B. Zhang,
[68] L. A, L. Li, C. Zhang, J. Fu, J. Jiang, Chem. - A Eur. J. 2013, 19, 15105-15108. Z. Li, H. Zhang, X. Chen, J. Hu, Chem. Soc. Rev. 2022, 51, 7732-7751.
[69] J. Fei, W. Yang, Y. Dai, W. Xu, H. Fan, Y. Zheng, J. Zhang, W. Zhu, J. Hong, [97] Z. Aghayar, M. Malaki, Y. Zhang, Nanomaterials 2022, 12, 4346.

X. Zhou, Microchim. Acta 2023, 190, 336.

H. Huang, Q. Yang, Y. He, G. Song, Microchem. J. 2025, 208, 112350.

C. Du, W. Feng, X. Dai, J. Wang, D. Geng, X. Li, Y. Chen, J. Zhang, Small
2022, 18, 2203031.

Z. Hao, Y. Li, X. Liu, T. Jiang, Y. He, X. Zhang, C. Cong, D. Wang, Z. Liu,
D. Gao, Chem. Eng. J. 2021, 425, 130639.

Y. Zhang, Y. Cheng, F. Yang, Z. Yuan, W. Wei, H. Lu, H. Dong, X. Zhang,
Nano Today 2020, 34, 100919.

A. Maleki, M. Ghomi, N. Nikfarjam, M. Akbari, E. Sharifi, M. A. Shahbazi,
M. Kermanian, M. Seyedhamzeh, E. Nazarzadeh Zare, M. Mehrali, O.
Moradi, F. Sefat, V. Mattoli, P. Makvandi, Y. Chen, Adv. Funct. Mater. 2022,
32, 202203430.

[98]

[99]

K. R. G. Lim, M. Shekhirev, B. C. Wyatt, B. Anasori, Y. Gogotsi, Z. W. Seh,
Nature Synth. 2022, 1, 601-614.

J. Guo, X. Zhu, B. Liang, X. Gu, C. Wu, A. Li, W. Li, Nano TransMed. 2025,
4, 100079.

Manuscript received: April 22, 2025
Revised manuscript received: June 4, 2025
Accepted manuscript online: June 10, 2025
Version of record online: July 3, 2025

ChemCatChem 2025, 17, €00730 (13 of 13)

© 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH

QSUIOIT SUOWIO)) dANEAI)) d[qedl|dde oy £q POUIdAOS d1e SI[ONIE Y() 95N JO SN 10] AIRIqIT UIUQ AS[IA UO (SUOHIPUOD-PUL-SULI)/ WO KI[1M’ATRIqI[oul[uo//:sdiy) suonipuo) pue Swd [, ay1 39S "[$707/80/6¢] U0 A1eiqry aurjuQ A9[ipy ‘AISIoAIUN [oxa1(] Aq 0€L00ST0T 2199/2001 0 [ /10p/wod Kofim Kreiqioutjuo-adoina-Lnsiwayo//:sdny woly papeojumo( ‘1 ‘F0T ‘668£L981



	t par 
elax MXene-Based Nanozymes: Current Challenges and Future Prospects
	1. Introduction
	2. Types of MXenes Used in Nanozymes
	3. Enzyme-Like Catalytic Processes of MXenzymes
	3.1. Peroxidase- and Oxidase-Like Activity
	3.2. Multienzyme Mimicry
	3.3. MXenzymes Catalytic Enhancement by Photothermics

	4. Critical Gaps and Current Challenges
	5. Summary and Outlook
	Acknowledgements
	Conflict of Interests


