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MXenes, with their good biocompatibility, excellent photovoltaic properties, excellent physicochemical
properties, and desirable bioactivity, have broad application prospects in the field of tissue regeneration.
MXenes have been used in a wide range of applications including biosensing, bioimaging, tumour/infec-
tion therapy, bone regeneration and wound repair. By applying bioactive materials to modify the surface
of MXenes, a series of multifunctional MXene-based nanomaterials can be designed for different bio-
medical applications to achieve better therapeutic effects or more desirable biological functions. This
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paper reviews the existing studies on MXene-based bioactivities, surface modification strategies and bio-
medical applications. Finally, the challenges, trends and prospects of MXene nanomaterials are discussed.
We expect that more and more well-designed MXene-based biomaterials will have a wider range of bio-
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1. Introduction

The rapid development of tissue engineering and regenerative
medicine has placed higher demands on nanomaterials,
requiring nanoparticles with excellent cytocompatibility,
mechanical, electrical, optical and magnetic properties.” Two-
dimensional (2D) nanomaterials are a new class of nano-
materials with sheet-like structures with lateral dimensions
greater than 100 nm and thicknesses typically less than 5 nm.>
With the vigorous development of nanoengineering materials
and nanofabrication technology, various 2D nanomaterials
such as graphene, graphene oxide, layered double hydroxide
(LDH), and ultrathin black phosphorus (BP) nanosheets have
emerged and have become a hot spot for research.>® 2D nano-
materials are of interest in biomedical fields such as drug
delivery, combination therapy, bioimaging, tissue engineering
and biosensing due to their ultrathin structure, high specific
surface area, unique optoelectronic properties and extraordi-
nary mechanical properties.®””®

MXene is a novel multifunctional 2D lamellar material
developed by Naguib et al® It contains transition metal car-
bides, nitrides and carbon-nitrides with metallic conductivity
and hydrophilicity, with the structural formula M,,,1 X, T, (M =
transition metal, X = carbons or nitrides, T = terminal group
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medical applications, thus providing favourable information for the clinical translation of nanomedicine.

(e.g. -0, -OH or -F))."® Compared with other 2D nano-
materials, MXenes’ rich functional groups and high reactivity,
excellent mechanical properties, electronic properties, electri-
cal conductivity and hydrophilicity, antioxidant properties,
and biological properties make them fascinatingly attractive in
biomedical fields; they have broadband absorption and light-
harvesting properties in the near-infrared (NIR) region, cover-
ing both the first and second NIR biological windows, as well
as strong photothermal conversion capabilities, with great
potential for photothermal therapy (PTT) and photoacoustic
imaging (PA)."™"? In addition, the high specific surface area of
MXenes and the abundant functional groups on the surface
can provide opportunities for surface modification of MXenes,
which is very conducive to expanding the biological functions
of MXenes.">'* So far, the cutting-edge research on MXene-
based biomaterials with various attractive physicochemical
properties and biological functions has attracted increasing
attention from the nanomedical science community.">*®

In this review, we will firstly introduce the properties pos-
sessed by MXene-based biomaterials in the field of regenera-
tive medicine, including biocompatibility, antioxidant, anti-
inflammatory, optical, and antimicrobial properties, and
tissue regeneration-promoting properties. Then, we will
discuss the existing studies on the bioactive surface-modifi-
cation strategies of MXenes, which are specifically classified
into small molecules, macromolecules, nanoparticles, and
surface polymerisation modification strategies. Afterwards, we
will present the latest research advances in MXene-based bio-
materials for applications in bioimaging, cancer therapy, infec-
tion treatment, wound repair, bone regeneration and other
biomedical fields. Finally, we will summarise the challenges
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and future prospects related to MXene-based biomaterials in
the biomedical field. Overall, by gaining a deeper understand-
ing of the bioactivities, surface modification strategies, appli-
cation potentials, and problematic challenges associated with
2D MXene nanosheets, we will be able to continue to facilitate
clinical translation for the benefit of human health.

2. Bioactive properties for
regenerative medicine

MXene-related biomaterials have the advantages of large
specific surface area and abundant surface functional groups,
as well as excellent electronic, optical, mechanical, and
physicochemical properties, which give them considerable
potential for a variety of biomedical applications. In this
section, the properties exhibited by MXenes, such as biocom-
patibility, antioxidant, anti-inflammatory, photothermal, anti-
microbial, and tissue regeneration-promoting properties,
which are mainly applied in the fields of tissue repair, tumor
therapy, bio-imaging, and drug delivery, will be described in
detail.

2.1 Biocompatibility

Good biocompatibility is essential to ensure that MXenes can
safely exert their therapeutic effects inside and on the surface
of living organisms long term, so the biocompatibility of the
designed MXene-based nanocomposites is crucial for their
application in biomedical fields. Most MXenes exhibit concen-
tration-dependent cytotoxicity, with good cytocompatibility at
low concentrations and excessive concentrations leading to
cytotoxic side effects. Our research team found that Ti;C,T,
MXene exhibited good cytocompatibility with normal cells
such as adipose stem cells (ADSC), mouse myoblasts (C2C12),
mouse macrophages (RAW264.7), mouse fibroblasts (L929),
and human umbilical venous endothelial cells (HUVECs), and
maintained 90% of the cellular activity at a concentration of
up to 200 pg mL~'.'7"'® Interestingly, in a comparative in vitro
cytotoxicity assay using MTT assay to investigate the in vitro
cytotoxicity of layered Ti;C,T, MXene on two cancer cells (A549
and A375) and two normal cells (MRC-5 and HaCaT), MXenes
were found to have a higher toxic effect on tumor cells than on
normal cells.’® This may be attributed to the fact that the pro-
duction of reactive oxygen species (ROS) exceeds the threshold
level of oxidative stress in cancer cells, leading to apoptosis.
The cytotoxicity of MXenes is mainly related to two mecha-
nisms: ROS generation and direct exposure.”® The entry of
MXenes into the cell results in the generation of ROS, which
cause protein and DNA damage leading to cell death. Another
mechanism of MXene toxicity is due to strong adhesion
between MXenes and cell membranes, where MXenes and cell
membranes interact directly through ionic interactions, hydro-
phobicity, van der Waals forces, and receptor-ligand binding,
which leads to membrane instability and loss of cellular integ-
rity. In addition, MXenes demonstrated superior blood com-
patibility of graphene oxide in whole-blood tests.”* Current
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research advances suggest that MXenes exhibit a relatively
favorable safety profile in vivo, with toxicity in vivo dependent
on dose, treatment duration, and mode of administration. For
example, in an in vivo study in which a mouse model was
injected with 2 mg kg™ of modified MXene (Ti;C,-DOX
nanosheets), no liver or kidney damage, inflammatory
response, or tissue necrosis was observed in experimental
animal sections.?” In a neurotoxicity and motility assay using a
zebrafish embryo model, Ti;C, was found to have almost negli-
gible toxicological effects on muscle and neuronal activity in
zebrafish embryos at a concentration of 50 pg mL™*.** To
further improve the biocompatibility and bioavailability of
MXenes, researchers have modified the surface properties by
coupling MXenes with biopolymers to reduce their toxicity.
Studies have reported that modification of some biocompati-
ble materials (e.g;, PEG, PLGA, PVP, chitosan, poly-L-lysine,
sericin protein, polydopamine, etc.) on the surface of MXenes
can effectively improve the biocompatibility of MXenes.>* For
example, after intravenous administration of 20 mg kg™ of
modified MXene (Nb,C-PVP nanosheets) to 4T1 ruffled tumor-
bearing mice, no significant weight loss or tissue damage was
detected in any of the major organs, demonstrating that the
Nb,C-PVP nanosheets were safe and biocompatible at the
doses tested in vivo.'* However, there are limited studies on
the toxicity of MXenes in vivo, very few of which involve animal
models, and to date, toxicity studies of MXenes in human
models and clinical trials remain unknown. MXene materials
exhibit good biocompatibility in biomedical applications but
need to be surface modified to reduce their toxicity to ensure
their safety and efficacy.

2.2 Antioxidant property and biocatalysis

There exists an oxidative and antioxidant balance in biological
organisms, but when subjected to adverse external stimuli this
balance is disrupted in favor of an oxidative state, where exces-
sive ROS are generated or accumulated within the organism,
thereby exceeding the antioxidant capacity of the cells or
tissues, resulting in a state of oxidative damage to bio-
molecules (e.g., proteins, lipids, DNA, etc.), which may lead to
a series of more serious diseases. Therefore, the antioxidant
properties of biomaterials can add another highlight to their
applications in biomedical fields. Currently, several studies
have reported the excellent antioxidant capacity of MXenes,
which exhibit superior antioxidant capacity than most artificial
materials and natural compounds. For example, Ti;C,T, effec-
tively scavenged O,”, °‘OH, 1,1-diphenyl-2-picrylhydrazyl
radical (DPPH’) and 2,2'-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) radicals (ABTS").>® Another study showed that
Ti;C, T, effectively scavenged ROS in M1-type polarized macro-
phages.'” For the treatment of oxidative stress-related diseases,
researchers have proposed a therapeutic strategy of applying
nano-enzymes (a new generation of man-made enzymes),
which have the advantages of high catalytic activity, stability,
cost-effectiveness, and ease of synthesis, etc., and MXenes have
also demonstrated their potential as nano-enzymes in a
number of studies.>® Feng et al. reported a two-dimensional
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vanadium carbide (V,C) MXene nano-enzyme (MXenzyme)
that mimics up to six naturally occurring enzymes, including
superoxide dismutase (SOD), catalase (CAT), peroxidase (POD),
glutathione peroxidase (GPx), thiol peroxidase (TPx), and
halogen peroxidase (HPO).”” Based on these enzyme mimetic
properties, the constructed V,C MXenzyme was not only highly
biocompatible but also effective in alleviating ROS-mediated
inflammation and neurodegenerative diseases. In another
study, it was reported that two-dimensional V,C MXene could
be used as a multi-enzyme mimetic for the treatment of
ischemic stroke in vivo.”® The antioxidant properties of
MXenes are closely related to their unique structure, and the
process of their function in the organism actually utilizes
MXenes to catalyze the occurrence of redox reactions. The
abundance of functional groups on the surface of MXenes,
such as -F, -OH, -O, etc. not only increases their reactivity, but
also the presence of these functional groups provides MXenes
with an active site for interacting with biomolecules, which is
essential for the initiation and conduct of catalytic reactions.
During biocatalysis, these functional groups can be used as
intermediates of the reaction or be directly involved in the
reaction, thus accelerating or modulating the reaction rate.
The M,,+;1X,, layered structure in MXenes, which is formed by
alternating weak van der Waals forces, gives them a unique
advantage in biocatalysis.>® This layered structure easily reacts
with free radicals, similar to the interaction of the active center
of an enzyme with a substrate, and can facilitate specific bio-
chemical reactions. In biocatalysis, this structural property of
MXenes can mimic the active site of enzymes in nature, thus
effectively catalyzing specific biochemical reactions. In
addition, MXene, as an electron-rich nanomaterial, can easily
form pairs with electron-deficient free radicals, a property that
is particularly important in biocatalysis. MXenes can react
with free radicals through electron transfer, thus neutralizing
the activity of free radicals and reducing the damage of bio-
molecules by oxidative stress. In summary, the biocatalytic
mechanism of MXenes are closely related to their structural
properties, which show great potential for mimicking enzyme
activity, neutralizing free radicals and protecting biomolecules
from oxidative damage in biocatalytic processes.

MXenes exhibit excellent antioxidant capacity and biocataly-
tic potential due to their unique structure and abundant func-
tional groups, which can effectively neutralize free radicals
and protect biomolecules from oxidative damage, providing a
new strategy for the treatment of oxidative stress-related
diseases.

2.3 Anti-inflammatory property

The excellent antioxidant properties of MXenes lays the foun-
dation for their anti-inflammatory properties. Fewer studies
have been reported on the performance of MXenes, mainly
focusing on the Ti;C,T, type of MXene. Li et al. found that
Ti;C,T, could down-regulate the expression of M1i-type
markers such as IL-1§ and TNF-a, and further quantitative flow
cytometry analysis showed that the MXene could effectively
reduce the expression of CD86 protein, an M1-type macro-
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phage marker.'”” Another study reported that MXene/HAP-
coated surfaces with micro-fold morphology significantly
affected macrophage polarization and promoted a shift in the
macrophage to an anti-inflammatory, pro-healing M2 pheno-
type.>® To further improve the anti-inflammatory properties of
MXenes, researchers managed to improve the anti-inflamma-
tory properties of MXenes by modifying a number of mole-
cules with anti-inflammatory activity on MXene nanosheets.
For example, researchers coated epigallocatechin gallate
(EGCG)/Fe metal polyphenol nanodots on small-sized Ti;C,T,
MXene nanosheets (MXene@EGCG); this is a naturally occur-
ring polyphenol with anti-inflammatory properties, and the
nanosheets showed good anti-inflammatory ability to reduce
inflammation triggered by photothermal therapy (PTT).*
Another work reported a method of loading rhizopodophyllin
(Phl) onto MXene nanosheets, and the anti-inflammatory
effects of Phl and MXene were able to eliminate inflammation
induced by PTT scavenging of ROS.*! In addition, a
MXene@polydopamine-cryptotanshinone (MXene@PDA-CPT)
nanosystem was developed.?* After incubation of macrophages
with MXene@PDA-CPT nanosheets, it was able to significantly
increase the expression level of IL-10 and down-regulate the
cellular level of TNF-a, and the loadability of cryptotanshinone
further extended the mitigating inflammation effect of this
system. However, the current research on the anti-inflamma-
tory properties of MXenes is still mainly focused on Ti;C,T,,
with less research on the anti-inflammatory properties of other
classes of MXene, and the research on the related anti-inflam-
matory mechanism needs to be further deepened. MXenes,
especially Ti;C,T,, exhibited significant anti-inflammatory
effects due to their excellent antioxidant properties, which
were further enhanced by binding anti-inflammatory mole-
cules, but the anti-inflammatory potential and mechanisms of
other types of MXenes still need to be explored in depth.

2.4 Optical property

As an emerging 2D material, MXenes have excellent optical
properties (including light absorption, emission, and scatter-
ing) which play a critical role in their biomedical applications.
MXenes exhibit strong absorption properties over a broad spec-
tral range from UV-visible to near-infrared, allowing them to
exhibit high absorption in the first (650-1000 nm) and second
(1000-1350 nm) biological windows, which distinguishes them
from conventional photothermal materials, and which is why
they have unlimited potential for deep tissue photoacoustic
imaging (PAI) and PTT.>® MXenes’ strong light absorption and
localized surface plasmon resonance (LSPR) effect are the
driving forces behind their photothermal conversion.’*??
MXenes exhibit better photothermal performance than most
materials, e.g., gold nanorods have a photothermal efficiency
of 21%,%® graphene oxide has a photothermal efficiency of
24.6%,”” and MXenes’ superior photothermal conversion
efficiency can reach about 50% under certain conditions.** As
the first reported MXene-based photothermal agent, Tiz;C,
nanosheets have shown considerable PTT efficacy in vivo. A
study reported that the solution temperature of Tiz;C, can
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reach 57 °C after irradiation for 6 min at a relatively low con-
centration (72 ppm) with a photothermal conversion efficiency
of 30.6%, which suggests that Ti;C, nanosheets can efficiently
and rapidly convert near-infrared light into thermal energy,
and could be used as a durable photothermal agent for cancer
PTT.*>® The extinction coefficient of Ti;C, nanosheets
measured at 808 nm was 25.2 L g”' ecm™", which was higher
than that of GO nanosheets (3.6 L g~' cm™). Tantalum
carbide (Ta,C;) is another MXene material with high photo-
thermal conversion efficiency, which could also be used for
PTT treatment of bacterial infected wounds. Ta,C; nanosheets
could be used for the treatment of diabetic wounds infected
with drug-resistant bacteria as the temperature could be
rapidly increased to 60-70 °C by irradiation at a concentration
of 400 pg mL™" for 10 min.** In addition, niobium carbide
(Nb,C), the latest MXene material, also has a very high photo-
thermal conversion efficiency of 36.4% and 45.65% at 808 nm
and 1064 nm, respectively, under near-infrared light.*’
Attractively, MXene-based quantum dots (QDs) can achieve a
certain amount of luminescence under specific wavelengths of
excitation (currently mainly UV-blue excitation), which is
achieved by MXene QDs utilizing surface defects and size
effects to induce quantum confinement.*' Xue et al. prepared
photoluminescent Ti;C, MXene quantum dots (MQDs) by a
simple hydrothermal method.** The photoluminescence exci-
tation (PLE) spectra of MQDs showed two sharp peaks at
250 nm and 320 nm, and the MQDs were found to be readily
taken up by the cells through the process of endocytosis after
co-incubation with macrophage cells for 4 h, and their cell
confocal images showed bright blue and green and red colors
at 405, 488 and 543 nm excitation, respectively, demonstrating
that MQDs have great potential as polychromatic cell imaging
reagents. More and more researchers have found that MXene
QDs have luminescence properties, such as Ti,N, V,N, Nb,C,
Ta,C; and so on.**** However, further studies on the emission
color, luminescence efficiency and mechanism of MXenes are
still needed. In general, the optical properties of MXenes
mainly depend on the structure and type of M and X sites as
well as the stoichiometry of the surface termination groups.*®
Therefore, we can prepare MXenes with different compo-
sitions, structures, and surface terminations as a means of
modulating the optical properties, such as light absorption,
emission, and scattering, and thus promote their diverse appli-
cations in biomedical fields.

MXenes show great potential in the fields of photothermal
therapy, photoacoustic imaging, and polychromatic cellular
imaging due to their excellent optical properties, but their
luminescence mechanism and performance optimization still
need to be further investigated.

2.5 Antibacterial activity

Bacterial infections are a major cause of global health issues
and are becoming the second leading cause of death world-
wide (after ischemic heart disease). Bacterial infections can be
caused by the release of harmful substances (toxins), direct
invasion of tissues, or a combination of both, which can
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further impede wound healing and cause great suffering to the
patient, and the global misuse of antibiotics has led to severe
bacterial resistance. Therefore, effective antimicrobial activity
without bacterial resistance is the ideal target for the appli-
cation of bioactive materials in the antimicrobial direction.
Due to their structural characteristics and excellent photother-
mal properties, MXenes have become a hot research topic in
the antibacterial field. Currently, researchers have summarized
the antibacterial mechanism of MXenes as physical damage,
induced oxidative stress, as well as photothermal and photo-
dynamic therapy.”” On the one hand, the hydrophilic and
anionic nature of the MXene’s surface enhances the inter-
action with the bacterial cell membrane, and the rough
surface or sharp edges of MXenes cause physical damage to
the bacterial membrane. In the study of Rasool et al. it was
found that when E. coli and B. subtilis were treated with 100 pg
mL™" of Ti;C,T, for 4 h, SEM observed severe membrane
rupture and cytoplasmic leakage in both bacteria, and the anti-
bacterial rate was 97.70 + 2.87% and 97.04 + 2.91%, respect-
ively.* Pandey et al found that Nb,C,T, and Nb,C;T,
nanosheets could kill more than 90% of E. coli and S. aureus at
120 pg mL~".*° SEM and TEM images clearly showed that the
nanosheets caused pore formation and partial disruption of
the cell wall/cytoplasmic membrane upon entering the cells,
which led to the efflux of the contents of the cells, resulting in
the death of the bacteria. Interestingly, this antimicrobial
capacity of MXenes shows a dependence on nanosheet size
and treatment time, with smaller sized nanosheets tending to
enter the bacteria more readily and disrupt cytoplasmic com-
ponents by physical penetration or endocytosis.>® On the other
hand, MXenes induce oxidative stress by inducing the pro-
duction of ROS, which can cause damage to bacterial proteins,
lipids, DNA and RNA. MXenes typically have a negative zeta
potential, excellent electrical conductivity, and an abundance
of electronic properties, which contributes to their affinity for
cell surfaces and ease of formation of chemical reactions, and
MXenes can form conductive bridges with lipid bilayers to
cause ROS production, leading to bacterial death.*® Zheng
et al. found that the MXene group produced 1.8-fold higher
ROS than the control group, and further performed a lipid per-
oxidation assay and found that the MXene group was able to
oxidize the bacterial membranes at a rate 1.3-fold higher than
the control group.”® The results of this study suggested that
MXene could induce oxidative stress through the production
of ROS, which could cause damage to bacterial membranes. In
most studies, MXenes tended to enhance their photocatalytic
activity by preventing electron/hole recombination through the
available surface-terminal groups and excellent electrical con-
ductivity. For example, few-layer Tiz;C,T, generated much
higher ROS compared with multi-layer Ti;C,T, nanosheets.>?
However, the most attractive strategies for MXene antimicro-
bials are PTT and photodynamic therapy (PDT), which are
innovative approaches against drug-resistant bacteria and are
highly dependent on the excellent photoactivation properties
of MXenes. MXenes have excellent photothermal properties,
converting light energy into heat and causing membrane
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rupture, protein denaturation and irreversible damage in bac-
teria. Qu et al. found that 50 pg mL™" of MXene irradiated with
808 nm laser for 10 min (0.75 W cm™2) showed strong antibac-
terial activity against E. coli, S. aureus, and MRSA, with an anti-
bacterial rate of more than 99%.'® On the other hand, MXenes
also possess photodynamic antibacterial properties, which can
transfer energy to the surrounding oxygen molecules after
receiving light, generating ROS and thus destroying the
internal structure of bacteria. In a study using 1,3-diphenyliso-
benzofuran (DPBF) as a ROS-trapping agent, after irradiation
with a 532 nm laser (20 mW) for 30 min, a decrease in absor-
bance at 417 nm was found in the MXene group, demonstrat-
ing that it produced singlet oxygen ('0,).>* After irradiation
with a xenon lamp (150 mW cm™?), it showed good antibacter-
ial activity against E. coli and S. aureus. This good antibacterial
activity was attributed to the synergistic effect of the MXene’s
photothermal and photodynamic forces.

MXenes have shown strong potential in the antibacterial
field due to their unique physical and chemical properties,
providing a new strategy for antibacterial therapy by effectively
combating bacteria, especially drug-resistant bacteria, through
a variety of mechanisms such as physical damage, induced oxi-
dative stress, as well as photothermal and photodynamic
therapy.

2.6 Surface structure and promotion of tissue regeneration

MXenes have a large surface area and porosity, which can
promote cell adhesion, proliferation and infiltration, which
makes them also show infinite potential in promoting tissue
regeneration, and more and more studies have reported that
MXenes can promote the regeneration of tissues such as blood
vessels, muscles, bones, skin and nerves.'>* Compared with
other 2D nanomaterials, the unique surface chemical groups
-OH and -O of the MXene family endow them with high
hydrophilicity as well as reactivity, providing more potential
for surface functionalization. Compared with graphene’s
smoother surface, their rough surface microstructure and
interlayer spacing promote adhesion and delivery of proteins
and nutrients, properties that greatly increase the chances of
cell adhesion and ultimately affect tissue repair and regener-
ation.>® In addition, the conductive properties of MXenes
enable electrical stimulation, which shows promise in enhan-
cing the soft tissue healing process.’® For example, Li et al.
reported that MXene, which has electrical conductivity pro-
perties, promotes vascular and skeletal muscle regeneration
through the upregulation of myosin heavy chain (MHC) and
vascular endothelial growth factor (VEGF) expression.'” In
another study, it was reported that the conductive MXene-PCL
nerve-guiding catheter delivered physiological neuroelectric
signals, induced angiogenesis, and stimulated nerve regener-
ation.”” MXene-based scaffold materials can provide a favor-
able microenvironment for osteoblast attachment, prolifer-
ation and differentiation. For example, it has been reported
that photoactivation of MXene can also regulate the osteogenic
differentiation of adipose-derived stem cells (ADSC) through
the ERK signaling pathway by activating heat shock protein 70
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(HSP70) and enhancing bone tissue repair.'® However, the
current research on MXenes promoting tissue regeneration
remains at a superficial level, and future work is expected to
explore the mechanism of action of MXenes promoting tissue
regeneration in depth.

Due to their unique surface structure and physicochemical
properties, MXenes have shown great potential in promoting
the regeneration of various tissues such as blood vessels,
muscles, bones, skin and nerves, but further in-depth studies
are needed to reveal their specific mechanism of action in pro-
moting tissue regeneration.

3. Bioactive surface strategies

As a new type of 2D nanomaterial, MXenes have many advan-
tages over ordinary 2D nanomaterials, such as large specific
surface area, extreme thinness, good biocompatibility, rich
surface functional groups, and excellent electronic, mechani-
cal, and physicochemical properties, etc. Numerous scientific
researchers have carried out in-depth investigations on
MXenes and realized the corresponding applications.
However, MXenes still have some drawbacks in vivo, such as
their slow degradation, poor dispersibility in water and the
presence of some toxicity, and there are limitations to their
excellent performance while meeting the requirements of
various applications. Therefore, surface modification and
functionalization of MXene-based materials are necessary to
improve their performance and give them new functions.®
Fortunately, MXene-based materials are rich in surface end-
group functionalities that impart hydrophilicity to MXenes. By
controlling the surface end groups, surface active initiators,
small molecules, and polymers as active sites for covalent
binding, we can achieve flexible surface modification,
functionalization, and scalable processing of MXenes to
enable new functionalities such as drug loading.”® Regarding
the chemical surface functionalization of MXenes, we next
present aspects of bioactive small molecules, bioactive macro-
molecules, bioactive nanoparticles, and surface polymeriz-
ation-induced bioactivity of modified MXenes and surface
functionalization methods used to prepare them (Table 1).

3.1 Bioactive small molecules

By modifying the surface of MXenes with various small mole-
cules, this method can effectively enhance their performance
characteristics such as mechanical stability, electrical properties
and solution stability, which are easy to manipulate and in-
expensive. Among them, the coupling agent is an important
choice to prevent the structural degradation caused by spon-
taneous oxidation of MXenes on one hand, and improve their
dispersion and interfacial bonding with polymer matrix on the
other.®® Riazi et al. reported amine functionalization of the
Ti;C,T, MXene surface with [3-(2-aminoethylamino)-propyl]tri-
methoxysilane (AEAPTMS), and the functionalization changed
the MXene surface charge from —35 mV to +25 mV at neutral
pH, which made it possible to prepare self-assembled mem-
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Table 1 Summary of recent research on MXenes surface modification strategies for biomedical applications
Bioactive surface MXene
strategies composition Functionalized components Bioactive property Applications Ref.
Bioactive small TizC,Ty [3-(2-Aminoethylamino)-propyl] Adsorbing or desorbing protons, Cross-linked conductive 61
molecules trimethoxysilane (AEAPTMS) PH responsive composites, dye adsorbents,
membranes and drug carriers
TizC,Ty C11E¢ Ion transport, thickness- Biosensing, catalysis, filtration 62
independent electrochemical
performances
Nb,CT, Deionized water/ethanol-based Electromagnetic wave (EMW) EMW-absorbing material 64
solvothermal treatment absorbing
TizC, 3-Aminopropyltriethoxysilane Immobilized bio-receptor Cancer biomarker, biosensor 65
(APTES)
TizC,oTy APTES PH stability, thermal stability and Enzymes 94
reusability
TizAlC, Ethylenediamine Detecting and showing for cellular Biocompatibility nanoprobe 66
imaging
TizC,Ty APTES, thioketal, DOX, and Antibacterial activity, photothermal  Drug delivery, antibacterial 67
polydopamine (PDA) properties, sensitive ROS/pH materials
response
TizC,Ty Au, polyethylene glycol (PEG) and pH-Responsive drug release, Drug delivery platform and 14
DOX photothermal stability, biosafety cancer treatment
TizC, Ty GOX, DOX and PEG Photothermal capability, CAT-like Anti-cancer system 95
activity
Bioactive Nb,C Polyvinyl pyrrolidone (PVP) Photothermal conversion, enzyme- ~ PTT and cancer treatment 40
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branes in situ, and also confirmed the presence of mixtures of
differently oriented AEAPTMS and the presence of both proto-
nated and free amine groups on the Ti;C,T, surface.®" The avail-
ability of free amine groups on the surface enables the fabrica-
tion of cross-linked conductive MXene/epoxy composites, dye
adsorbents, high-performance membranes and drug carriers. In
order to improve molecular interactions and thus enhance the
filling symmetry, Xia et al. introduced nonionic surfactant hexa-
ethylene glycol monododecyl ether (Cy,E¢) on the surface of
TizC, MXenes (CyEs@Ti;C,). In the Ci,Es@TizC, composite,
strong hydrogen bonds were formed between the -O or -F
groups on the surface of MXene and the ~-OH groups of C;,Eq.*
In addition, Lei et al. reported the one-step preparation of sulfo-
nic acid-based functionalized MXene (named Ti;C,-SOsH) by

NaF 5% NaOH
HCl

TiC,Tx MXene TiyC, solution of
base intercalation
“"\N/(I:O\.\-/“”
b o

Methylene blue
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the direct reaction of diazonium salts with TizC, flakes
(Fig. 1A).** Due to the introduction of the anionic sulfonic acid
group, this provides a new method for the preparation of func-
tionalized MXenes and can be extended to the preparation of
other functionalized MXenes with good design properties and
performance. Nb,CT,, MXene was further processed by a simple
one-step solvothermal/hydrothermal method by Jin et al
Accordingly, the interlayer space and surface functional groups
of Nb,CT, MXene were enhanced, which significantly improved
the EM wave absorption performance.®® The solvothermal/hydro-
thermal treatment of Nb,CT, MXene was carried out using the
low-toxicity solvents ethanol (Et) or deionized water (DI) instead
of N,N-dimethylformamide (DMF). The results showed that
Nb,CT, treated with Et as solvent absorbed EMW better.

Fig. 1 Strategies for functionalizing MXenes with bioactive small molecules. (A) The scheme for the preparation of pristine TisC, and TizC,-SO3H.%®
Reproduced from ref. 63 with permission from Elsevier, copyright 2019. (B) Schematic representation of the functionalization of the TizC,-MXene
surface using APTES.® Reproduced from ref. 65 with permission from Elsevier, copyright 2018. (C) Synthesis process for MXene and MXene@Au
nanosheets and surface modification of MXene@Au using thiol polyethylene glycol aldehyde chains (SH-PEG-CHO), and the subsequent surface
doxorubicin (DOX) loading.** Reproduced from ref. 14 with permission from Elsevier, copyright 2022.
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Small molecules were chemically introduced on the
surface of monolayer/multilayer MXene (Ti;C,) nanosheets
with amino groups, and the resulting functionalized MXene
nanosheets could be used as platforms for immobilization of
different biomolecules. Kumar et al. synthesized ultrathin
TizC,-MXene nanosheets by a minimally enhanced layer dela-
mination method and homogeneously functionalized with
aminosilane (F-Ti;C,-MXene) to provide covalent binding to
immobilized bioreceptors (anti-CEA) for label-free, ultra-
sensitive cancer biomarker (carcinoembryonic antigen, CEA)
detection (Fig. 1B).°® They investigated the effects of different
redox probes on the electrochemical behavior of F-Ti;C,-
MXene and found that ammonium hexamine-mineral
([Ru(NH3)e]**) was a more ideal redox probe for biosensing.
The prepared biofunctionalized Ti;C,-MXene opens a new
window for the development of highly sensitive DNA,
aptamer, enzyme, antibody, and cellular biosensors based on
MXene, and can be further used for drug delivery appli-
cations. Meanwhile, MXenes have strong absorption of light
in the wavelength range of 300-900 nm, which can burst the
fluorescence of fluorescent groups by fluorescence resonance
energy transfer (FRET) and can be used as highly efficient
and broad-spectrum fluorescence bursting agents by combin-
ing with specific small molecules. Luo et al. investigated and
prepared a biocompatible nanoprobe of N-Ti;C, quantum
dots (N-Ti;C, QDs) based on MXene for the detection of intra-
cellular glutathione.®® Based on non-radiative electron-hole
annihilation, N-Ti;C, quantum dots acted as fluorescence
reporters and iron (Fe®*) acted as bursters. When N-Ti;C,
QDs/Fe’* nanoprobes acted on cancer cells MCF-7, abundant
GSH in the cancer cells could reduce Fe** to Fe?", thus restor-
ing the fluorescence of N-Ti;C, QDs, and the N-Ti;C,
quantum dots/Fe** nanoprobes might provide a new pathway
for imaging-guided accurate cancer diagnosis.

There have also been numerous studies on DOX-functiona-
lized MXenes for tumor therapy. Zhang et al. used hydrofluoric
acid etching and TBAOH intercalation to obtain well-dispersed
MXene with small lateral dimensions.®” Functionalized
MXene-TK-DOX@PDA nanoparticles have remarkable photo-
thermal conversion properties and high photothermal stabi-
lity, and exhibit sensitive ROS- and pH-responsive behaviors
in the presence of H,0, at pH = 5.5, which controls the local
release of DOX and effectively reduces the premature release
of the drug. The new MXene nanoparticles were designed for
chemotherapeutic drug-targeted delivery with good anti-
microbial activity, which provided a promising drug delivery
strategy in the biomedical field and enriched the family of
antimicrobial materials. In another study, Liu et al. reported
the synthesis of an MXene@Au-PEG drug delivery platform
for the highly loaded chemotherapeutic drug Adriamycin
(DOX) with near-infrared (NIR) laser-triggered and pH-
responsive drug release modes (Fig. 1C)."* In in vivo and
in vitro experiments, the MXene@Au-PEG-DOX system exhibi-
ted good photostability, thermal stability and histocompat-
ibility. In addition, based on the good photothermal conver-
sion ability of Au particles and MXene, this system had a
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synergistic effect of photothermal ablation and chemotherapy
in tumor treatment. The passive targeted release property of
MXene@Au-PEG delivery platform also enhanced the cellular
uptake of DOX at the tumor site, thus improving the
efficiency of the drug.

By modifying the surface of MXenes with small molecules,
it is possible to significantly enhance their performance in
terms of mechanical, electrical, and solution stability, and to
expand their applications in biomedical fields such as drug
delivery, biosensing, and tumor therapy.

3.2 Bioactive macromolecules

In the past decades, macromolecular surface modification
technology has rapidly developed into a key driver of bioma-
terials innovation, and polyphenolic components, vitamins,
alkaloids, proteins, peptides, and so on, have attracted much
attention as material surface modification components due
to their excellent bioactivities. Therefore, many studies have
also been conducted to modify the surface of MXenes with
bioactive macromolecules to further enhance their biological
properties.

Some synthetic polymers, such as polyethylene glycol (PEG)
and polyvinylpyrrolidone (PVP), are suitable for surface modifi-
cation of MXenes.®® PVP is often used for surface modification
of MXene materials to improve their stability. Lin et al
explored a new ultrathin 2D niobium carbide (Nb,C) MXene as
a new type of phototherapeutic agent, and ultrathin transverse
nano-Nb,C nanosheets had excellent near-infrared photother-
mal properties with very high photothermal conversion
efficiency and ideal photothermal stability. The Nb,C
nanosheets were further surface modified to prepare
Nb,C-PVP colloidal solutions, which greatly improved the bio-
compatibility and physiological stability of the nanosheets,
with no significant toxicity in vitro and in vivo.** Liu et al.
developed an interfacial enhancement strategy to construct
versatile, superelastic and lightweight 3D MXene structures by
bridging individual MXene sheets with polyimide macro-
molecules.®® The resulting lightweight aerogels were superelas-
tic with large reversible compressibility, excellent fatigue resis-
tance (1000 cycles at 50% strain), 20% reversible stretchability
and high electrical conductivity of ~4.0 S m™'. The excellent
mechanical flexibility and electrical conductivity make the
aerogel promising for applications in damping, microwave-
absorbing coatings and flexible strain sensors. More interest-
ingly, the material exhibited excellent microwave absorption
properties at 9.59 GHz. Ling et al. prepared Ti;C,T,/polymer
composites by blending Ti;C,T, MXene with charged poly
(dienyldimethylammonium chloride) (PDDA) or electrically
neutral PVA. The prepared composites were flexible with high
electrical conductivity.”® The tensile strength of TizC,T,/PVA
composites was significantly improved compared with pure
Ti;C, Ty or PVA films. This study is the first step in exploring
the potential of MXene in polymer-based multifunctional
nanobiocomposites for applications such as wearable elec-
tronics, electrochemical actuators, and radio frequency
shielding.
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In addition, many natural macromolecules can also be used
for MXene surface modification. Sodium alginate (SA) is a
linear polysaccharide copolymer derived from seaweed. As a
natural biomaterial, SA is potentially an ideal candidate for
polymer matrices, being abundant, environmentally friendly
and having excellent mechanical properties, while SA pos-
sesses oxygen-containing functional groups (-OH, -COO, and
=0), which can potentially facilitate the formation and ter-
mination of hydrogen bonding with MXenes. Shahzad et al.
employed SA to perform a 45 pm-thick Ti;C,T, thin film
surface modification to show 92 dB EM shielding efficiency
(>50 dB for 2.5 pm film), which is the highest EM shielding
efficiency of any synthetic material of equivalent thickness pro-
duced to date.”’ In addition, the natural polymer soybean
phospholipid (SP) has also been widely used for surface modi-
fication of MXenes as an economical modifier to improve the
cycling stability of MXenes and enhance the material pene-
tration. Lin et al reported that MAX-ceramic biomaterials
exhibited unique functionalities for cancer photothermal abla-
tion after being stripped into atom-thick (MXene) ultrathin
nanosheets (Fig. 2A).*®* The SP-modified Ti;C, nanosheets
showed good biocompatibility and may be of interest in explor-
ing MXene-based ceramic biomaterials for biomedical appli-
cations. Silk fibroin (SF) is a natural fibrous protein composed
of various amino acids such as tyrosine, glycine and alanine. It
has both hydrophilic and hydrophobic blocks with abundant
reactive groups and can form different secondary structures
such as p-sheet and random curls through hydrogen bonding.
Therefore, SF can form attractive interactions with MXenes
through electrostatic interactions, hydrophobic interactions
and hydrogen bonding. Li et al. prepared a novel electrically
conductive MXene-based hydrogel by introducing SF-modified
MXene (MXene-SF) into a polyacrylamide (PAM) network.”” It
was shown that the SF coating on the surface of MXene could
greatly improve its stability, and also induce the formation of
various noncovalent interactions between MXene-SF and PAM
chains to enhance its adhesion properties. The high conformal
adhesion and low interfacial impedance enabled the hydrogel
bioelectrode to precisely monitor weak electrophysiological
signals. Hyaluronic acid (HA) is a linear polysaccharide chain
containing N-acetylglucosamine and glucuronic acid that is
sensitive to ROS such as hydrogen peroxide, superoxide rad-
icals and hydroxyl radicals. Its oxidative instability can be
solved by using HA-modified MXene. Guo et al. designed and
fabricated an MXene-based hybrid network containing hya-
luronic acid (HA) and hyperbranched polysiloxane (HSi) mole-
cules (Fig. 2B).”*> Notably, the presence of hyaluronic acid
molecules limited the oxidation of MXene sheets without alter-
ing their infrared invisibility properties, which is superior to
that of other water-soluble polymers, while HSi molecules
could act as highly efficient cross-linking agents to produce
strong interactions between MXene sheets and hyaluronic acid
molecules. The optimized MXene/HA/HSi composites provided
excellent mechanical flexibility, good water/solvent resistance
and long-term stable thermal camouflage for reliable long-
term infrared stealth. Another biocompatible natural macro-
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molecule, bovine serum albumin (BSA), was attached to
W, 33C-MXenes through van der Waals forces and hydrogen
bonding interactions to improve the colloidal stability of the
nanosheets, and this work provides an example of i-MXenes
being tailored for biomedical applications through combina-
torial and structural design on atoms (Fig. 2C).”*

Modification of the MXene surface by bioactive macro-
molecules not only enhances its biocompatibility and stability,
but also expands the applications of MXenes in biomedical
fields, such as drug delivery, tissue engineering, antimicrobial
activity and biosensors.

3.3 Bioactive nanoparticles

MXenes have a unique two-dimensional planar structure that
provides a suitable substrate for simple decoration of various
0D functional nanoparticles, resulting in versatile 0D/2D com-
posites. To extend the versatility of MXenes, anchoring mag-
netic nanoparticles (e.g., Fe;0;, MnO,) on the surface of
MXenes enables the integration of diagnostics and combi-
nation therapy. Liang et al. reported the triggering of Fenton-
based nanocatalytic reactions on 2D titanium carbide (Ti5C,)
MXenes nanosheets and as a photothermal conversion nano-
agent to further synergistically improve the efficiency of nano-
catalytic cancer cell killing.”” The nano-enzymes Fe;O4 nano-
particles and natural glucose oxidase (GOD) were encapsulated
on Tiz;C, MXenes as nanocarriers for composite nano-systems
and as photothermal conversion nano-agents (Fig. 3A). The
loaded GOD catalyzes the generation of a large number of
hydrogen peroxide molecules from glucose phagocytosed by
tumors, Fe;0, nanoparticles further catalyze the generation of
sufficient hydroxyl radicals to kill the cancer cells, and the
TizC, MXene substrate further enhances and accelerates this
catalytic reaction under NIR-triggered photothermal conver-
sion. Liu et al. reported the in situ growth of iron oxide nano-
particles (IONPs) on Ta,C; MXenes by co-precipitation.”® The
obtained composite Ta,C3;-IONPs combines the enhanced MR
imaging capability of IONPs and the photothermal effect of
Ta,C; MXenes for efficient cancer therapy. Although MXenes
have excellent hydrophilicity, they have insufficient colloidal
stability due to severe aggregation and precipitation in
complex physiological media. Dai et al. developed for the first
time a versatile but highly efficient “redox-induced growth”
(RH-IG) method for in situ growth of MnOx nanosheets (MnO,/
TizC,) on the two-dimensional Tiz;C, MXene surface, which
can be used for effective tumor diagnosis and treatment.””
They also proposed a surface engineering strategy based on
using a two-dimensional tantalum carbide (Ta,C;) MXene for
in situ growth of manganese oxide nanoparticles on the Ta,Cj
MXene surface by triggering a redox reaction between the redu-
cing MXene surface and the strongly oxidizing MnO,-(MnO,/
Ta,C3) (Fig. 3B).”® The integrated MnO, component endows
the composite MXenes nanosheets with tumor microenvi-
ronment (TME)-responsive  T1-weighted MR imaging
capability.

Various metal nanoparticle/MXene hybridizations have
been reported many times, especially Au nanoparticles. Wen
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Fig. 2 Strategies for functionalizing MXenes with bioactive macromolecules. (A) Schematics of surface modification of exfoliated TizC, nanosheets
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et al. reported a simple strategy to construct Au@TizC,T, and the in situ reduction of Au precursors on Tiz;C,T, sub-
heterostructures with enhanced photothermal antimicrobial strates.”” A series of Au@TizC,T, nanocomposites was
effect by utilizing the reducing activity of Ti;C,T, NSs itself, obtained by adjusting the Au/Ti feed ratio without adding any

This journal is © The Royal Society of Chemistry 2025 Nanoscale, 2025, 17, 4854-4891 | 4863


https://doi.org/10.1039/d4nr04260c

Published on 02 January 2025. Downloaded on 10/30/2025 7:20:41 PM.

Review

View Article Online

Nanoscale

TPAOH /
HF etching intercalation Centrifugation
P

& B
o s

ol
. oy Ta,AIC, Ta,C,
=~/ |-

’QQM"W
HF etching F—— sonication

'- + : it
@3’“@" .
N R

@ A ©
Ry g ¥4 GOD IONPs HF ctchlng Sonlcatlon
3 ﬁ loading PEGylation deposition »
» @ TaAIC, yored Ta,C, n.c,
MIG nanoplatform MXene-IONPs@PEG MXene-IONPs MXene on , on
. ¢ MnO, SPmod-ﬂcauon
[ e ¢ @ a v %27 TeaoH u —— *
\’ Ti,C, layer ' Al lay \/// Ta,C, nanosheets MnO/Ta,C, nano: MnOTa,C,-SP nanosheets
B [
w T,C, nanosheet ° IONP NH,-PEG ?‘: GOD ~ Ta,C, layer ~ Allayer 4@ MnO, Soybean phospholipid
TPAOH
HF etching 3 intercalation 3 Centrifugation -
— —_— —_ -%
T,C .
Ti,C,T Bi,S,/Ti,C,T,
- PEGylating
PR N TR
, "B 4 NS
bl d. Amide bond NG Amide bond {
B o \ =2
"' GAW,@BSA \‘(‘: N
av
BSA CAW @RTLC
modification s

L4
‘).l

. é’ Dialysis 0@0 ) Heating
s.® » u"',- by L

o
’ Al layer =

o o Sodium

Gadolinium 1 Acetic 3, Sodum o Sodium
tungstate e chioride Y add W acetate chloride

QT @C OBi

oS .T(OOHF)

Fig. 3 Strategies for functionalizing MXenes with bioactive nanoparticles. (A) Schematic illustration of the successive synthetic procedures of 2D
TisC, MXene and MIG nanoplatforms for in vivo synergistic photothermal-enhanced nanocatalytic cancer therapy.”> Reproduced from ref. 75 with
permission from American Chemical Society, copyright 2019. (B) The scheme of the synthetic procedure for Ta;Cs and MnO,/Ta,C3-SP composite
nanosheets, including HF etching, sonication exfoliation, in situ redox reaction between Ta,Cz nanosheets and postintroduced KMnO,, and sub-
sequent surface SP modification.”® Reproduced from ref. 78 with permission from American Chemical Society, copyright 2017. (C) Schematic illus-
tration for the synthesis of GdW;0@TizC, composite nanosheets, including chemical exfoliation of MAX-phase TizAlC, ceramic to produce TizC,
MXene and further surface functionalization with GdW;, POM nanoclusters.®> Reproduced from ref. 85 with permission from Tsinghua University
Press, copyright 2018. (D) Crystal structure of TisC,T,, Bi,Sz and TisC,T,/Bi,Ss after structure optimization.2® Reproduced from ref. 86 with per-
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surfactant. The photothermal conversion efficiency and stabi-
lity of the composite were improved due to the LSPR effect of
Au NPs’ interaction. Under 660 nm laser irradiation, more
than 99% of Gram-positive S. aureus and Gram-negative E. coli
were efficiently killed due to the synergistic effect of intrinsic
physical damage and photothermal ablation. This work pre-
sents the potential of multifunctional Au@Ti;C,T, hetero-
structures for fighting drug-resistant bacteria by photothermal
treatment. Tang et al. synthesized multifunctional two-dimen-
sional core-shell structures of Ti,C;@Au nanocomposites for
imaging-guided cancer therapy via a seed-growth method.*
The stability and biocompatibility of Ti,C;@Au nano-
composites were significantly enhanced and their optical

4864 | Nanoscale, 2025, 17, 4854-4891

absorbance in both NIR-I and NIR-II bio-windows were greatly
enhanced. The nanocomposites were successfully applied in
photothermally enhanced RT through mild photothermal
effects and good synergistic effects were realized. Wang et al.
successfully prepared MXene Ti;C,T, nanosheets mixed with
Au nanoparticles (AuNPs@Ti;C,T,) via electrostatic inter-
actions and systematically investigated them for plasma-
enhanced catalysis.®" The experimental results showed that the
plasma MXene-based heterostructure could further enhance
the catalytic activity of MXene effectively. Au-TiO,@Ti,C was
synthesized by Wojciechowski et al. using isopropanol as a
reducing agent and Ti(O;-Pr), and Au®" ions as precursors with
stirring for 2 days.?” Geng et al. constructed Ti;C,/Pt hybrids
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with synergistically enhanced catalytic activity.®®> TEM images
of Ti;C, nanosheets and Ti;C,/Pt with different Pt loadings
showed that the lateral sizes of the prepared layers of Ti;C,
were between 100 nm and 300 nm, and the particles dispersed
on the Ti;C, sheets could be clearly seen after the deposition
of Pt NPs. Although Ti;C, does not possess oxidase and peroxi-
dase-like activities, it can greatly and selectively enhance the
peroxidase-like activity of Pt nano-enzymes. NIR irradiation
can further specifically enhance the peroxidase-like activity of
Ti;C,/Pt. This catalytic enhancement is due to the combined
effect of the strong interfacial electronic effect and the unique
photothermal effect of Ti;C,, which provides an effective
means for the introduction of ideal carriers to improve the
catalytic activity and selectivity of the nano-enzymes, and has a
certain value of reference for the design of efficient nano-
enzymes. However, these methods typically involve a multi-
step process, are lengthy, and wuse surface stabilizers/
reducers.®*

Polyoxometalates (POMs) can be used for MXene surface
modification. In a study, Ti;C, MXenes were functionalized by
GdW,y-based POMs (Fig. 3C).*> The hybrid Ti;C, MXenes had
the enhanced CT/MR imaging capability of POM in multi-
modal imaging-guided PTT. Bi,S; nanorods were grown in situ
on the surface of Ti;C,T, nanosheets.®® The results showed
that the combination of Ti;C,T, with n-type Bi,S; promoted
the separation and transfer of photogenerated charges, which
accelerated the interfacial charge transfer in the photocatalytic
process, increased the ROS yield, and was effective in eliminat-
ing bacterial infections (Fig. 3D). In addition, mesoporous
silica nanoparticles (MSN), CeO, nanoparticles, etc. can also
be used for MXene modification.®”*

MXenes, as a unique two-dimensional material, form multi-
functional 0D/2D composites by combining with 0D functional
nanoparticles, and exhibit a wide range of potential appli-
cations in biomedical fields, especially in diagnostics, thera-
peutics, and photothermal conversion.

3.4 Surface polymerization-induced bioactivity

The hydroxyl (-OH), fluorine (-F) and many other reactive
functional groups on the surface of MXenes allow the poly-
mers to undergo non-in situ or in situ polymerization.

The first is the in situ polymerization between polymers and
MXenes with the help of hydrogen bonding, electrostatic inter-
actions, e-spin and in situ polymerization with monomers such
as pyrroles, which effectively enhances their physicochemical
properties and biological activities. Dopamine is formed by
surface polymerization to form polydopamine (PDA), which is
rich in amino and catechol groups in its main chain and is
firmly bound to organic and inorganic surfaces through the
formation of non-covalent and covalent interactions, and the
surface bioactivity is significantly enhanced by it. For example,
Qing et al produced MXene/PDA composites by in situ
polymerization of PDA first in MXene solution.®® In the work,
it was found that PDA nanoparticles promoted the stripping of
MXene by different adsorption measurements and had a
strong synergistic effect in the removal of Cr(vi), and the stabi-
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lity was greatly improved, and the work suggested that MXene/
PDA composites can be used as an alternative adsorbent
(Fig. 4A). In addition, in the research of Lin et al, Ti;C, was
further modified using poly(lactic-co-glycolic acid) (PLGA) for
intratumoral implantation.*® The high PTT efficiency in vivo
on tumor xenografts successfully demonstrated the efficacy of
PLGA/Ti3C, for tumor therapy, expanding the possibilities of
MXene nanosheets for biomedical applications, especially in
anti-cancer applications. Ling et al. selected Ti;AIC, as the
MAX precursor and prepared TizC,T,/PDDA composite films
and Ti;C,T,/PVA composite films by surface polymerization of
two polymers: poly(dienyldimethylammonium chloride)
(PDDA) and PVA, which have excellent flexibility, impressive
electrical conductivity and hydrophilic surface (Fig. 4B).”°
However, most of the MXene complexes synthesized by surface
in situ polymerization are unstable and more complicated to
operate, and thus can be limited in practical biomedical
applications.

Unlike common polymerization methods, self-initiated
photografting and photopolymerization (SIPGP) eliminates the
need for an anchoring layer, a self-assembled monolayer
(SAM), and an initiator, and requires only a one-step reaction
under UV irradiation at room temperature, which occurs
directly on the surface of the material.”® SIPGP has been suc-
cessfully applied to graphene, carbon nanotubes, etc., and is a
simple method for polymerization.”’ Recently, MXene pre-
pared by Tao et al. could generate hydroxyl radicals and act as
initiators for the free radical polymerization of a series of
acrylic monomers.”> PNIPAM-based nanocomposite hydrogels
were prepared by simply mixing N-isopropylacrylamide
(NIPAM) with p-Ti;C,T, nanosheets under deoxygenated con-
ditions. The nanocomposite hydrogels had better photother-
mal stability than pristine Ti;C,T, and were thermoresponsive
(Fig. 4C). In addition, Chen et al reported a powerful
strategy by grafting poly(2-(dimethylamino)ethyl methacrylate)
(PDMAEMA) brushes on the surface of MXenes. V,C MXene
was prepared by soaking V,AIC powder in hydrofluoric acid at
room temperature. Then, they utilized the hydroxyl group
on the surface as a photoactive site for further growth
and amplification of the polymer brushes by SIPGP. Finally,
the CO, and temperature dual-response properties of the
V,C@PDMAEMA hybridized materials were further explored
(Fig. 4D).® SIPGP is a promising strategy to improve the raw
performance of MXene, which could be tailored for biological
applications.

The reactive functional groups on the surface of MXenes
can be enhanced by a variety of polymerization methods to
enhance their physicochemical properties and bioactivity, but
stability and handling complexity remain major challenges for
their biomedical applications.

MXenes will have more excellent physicochemical pro-
perties after surface modification and functionalization.
Surface functionalization makes MXene materials suitable for
electrochemical biosensors, catalysis, antimicrobial coatings,
and drug delivery, etc., which have been widely explored in bio-
medical applications.
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with permission from American Chemical Society, copyright 2023. (B) A schematic illustration of MXene-based functional films with adjustable pro-
perties.”® Reproduced from ref. 70 with permission from National Academy of Sciences of America, copyright 2014. (C) Schematic illustration of
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4. Regenerative medicine
applications

The unique physicochemical and biological properties of 2D
MXene materials offer new solutions for the diagnosis and
treatment of clinically significant diseases. Novel 2D MXene
materials have been extensively investigated in the biomedical
field due to their diverse chemistry and structure as well as
tunable physicochemical properties, including MXenes in bio-
imaging, cancer therapy, infection treatment, skin repair, bone
regeneration, and other fields. This section highlights recent
advances in MXene-based biomaterials for biomedical
applications.

4.1 Bioimaging

With the rapid development of nanotechnology in recent
years, MXenes and MXene-based composites have attracted

4866 | Nanoscale, 2025, 17, 4854-4891

increasing attention from researchers due to their special
structural, light- and heat-absorbing properties as well as
surface multifunctionality; those that have the ability to satisfy
the quantum size effect for fluorescence imaging, the intrinsic
photothermal properties for photoacoustic imaging (PAI), the
elemental enhancement of contrast for X-ray computerized
tomography (CT) imaging, and the effective loading of func-
tional contrast agents for magnetic resonance imaging (MRI)
with payloads of functional contrast agents, have emerged as
the most promising alternative candidates for bioimaging
(Table 2).°”

Compared with conventional organic fluorophores, MXenes
and their corresponding QDs show interesting fluorescence
properties in bioimaging, such as tunable wavelength, high
photostability, and desirable quantum yields. Xue and co-
workers reported that photoluminescent Ti;C, MXene
quantum dots (MQDs) can be prepared by a facile hydro-
thermal method, and that they exhibit excitation-dependent

This journal is © The Royal Society of Chemistry 2025
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Table 2 Summary of recent research on MXene-based nanomaterials for bioimaging applications
MXene
composition Synthesis strategy Description Applications Ref.
Ti;C, QDs HF etching and hydrothermal Displays excitation-dependent photoluminescence  Fluorescent imaging and 41
treatment spectra with quantum yields up to ~10% Zinc ion Sensor
Ti;C,Ty-derived Dimethylformamide (DMF) heat  Tunable photoluminescence, low cytotoxicity, good  Fluorescent inks, 98
GQDs treatment photostability and chemical inertness luminescent composites
and fluorescent imaging
TizC, QDs HF etching and oleylamine heat Exhibits white photoluminescence and two-photon ~ — 99
treatment fluorescence properties
N-Ti;C, QDs/Fe** HF etching and hydrothermal Uniform size, excellent optical properties, Detection of glutathione 66
treatment biocompatible in living cells and
fluorescence imaging
Nb,C QDs Pulsed ultrasound-assisted Excellent chemical stability, biocompatibility, Metal ion sensing and 110
physicochemical stripping in photobleaching resistance and enzyme responsive fluorescence imaging
TPAOH biodegradability
Nb,C QDs Hydrothermal treatment Exhibit excellent green fluorescence and exhibit Cu®" sensing and cellular 44
excitation-dependent photoluminescence, anti- imaging
photobleaching and dispersion stability
Ti;C,T,-Pt-PEG LiF and HCI etching methods With POD-like activity, and shows desirable PAI and the integration of 111
photothermal effects, generating high temperatures ~diagnostic and
that enhance the catalytic activity of the nano- therapeutic oncology
enzymes
TizC,Ty@Dox Layer less ionic liquid (IL) Exhibits high drug loading and pH/ PAI and tumor PTT/PDT 112
stripping technology photosensitivity, good biosafety, excellent
photoacoustic imaging
TizC,/Cu,O — Generation of "OH via Fenton-like reactions for PAI and tumor PTT/PDT 113
CDT in acidic tumor environments
Ta,C; Combination of HF etching and Reasonable extinction coefficient and very high PAI, CT imaging and 105
probe sonication photothermal conversion efficiency (44.7%), and tumor therapy
good photothermal stability
V.C3 HF etching and TPAOH Capable of triggering Fenton-like reactions, PAI, CT imaging, and 106
intercalation and ultrasound- photothermal ablation, and ROS generation to tumor PTT/PDT
assisted processing convert cold tumors to hot tumors (macrophages:
M2 — M1)
Ti;C,@Au HF etching and TPAOH stripping  Good biosafety, significantly enhanced absorbance  PAI, CT imaging and 80
in NIR-I and NIR-II windows, improves tumor tumor therapy
oxygenation
Ti;C,T,-Gd HF etching and sonication Capture of Gd*" ions leads to change of initial anti- MRI and PTT 109
magnetic behavior to paramagnetic with high stabi-
lity and cytocompatibility
MnOx/Ta,C; com-  HF etching and sonication Highly biocompatible and biosafe, multiple PAI, MRI, CT imagingand 78
posite nanosheets imaging-guided photothermal thermotherapy tumor therapy
significantly inhibits tumor growth
Fe-Ti;C, LiF and HCI etching and NIR irradiation stores and releases ferrous ions and MRI and tumor PTT/PDT 114
sonication produces ROS through the synergistic action of the
Fenton reaction and GSH reduction
V,C Using algal extraction to embed High absorption in the NIR region, with PAI, MRI, and PTT for 115

and layer V,AIC produces V,C

photothermal conversion efficiencies up to 48%

Cancer

PL behaviors with high quantum yields of as high as up to
9.9%.*" The application of MQDs as a multicolor cell imaging
reagent was demonstrated by labeling the RAW264.7 cell line,
which suggests that MXene-based QDs have great potential for
applications in optical, biomedical and cellular imaging. As
another example, Zhou et al reported an unprecedented
method to synthesize amphiphilic carbide-derived graphene
quantum dots (GQDs) from layered Ti;C,T, MXene by solvo-
thermal treatment of the lamellar Ti;C,T, MXene in dimethyl-
formamide (DMF); the GQDs exhibited bright and tunable
photoluminescence.’® Breast cancer cells (MCF-7) were incu-
bated with GQD aqueous dispersions (20 pg mL™") for 2 h, and
strong green and blue fluorescence of MCF-7 cells was
observed by laser excitation at 488 nm and 364 nm, respect-
ively, which demonstrated that the GQDs could be internalized

This journal is © The Royal Society of Chemistry 2025

efficiently by MCF-7 cells, and the results indicated that GQDs
could be used as fluorescent probes for cell imaging appli-
cations (Fig. 5A). Most of the MXene QDs (MQDs) reported so
far show blue fluorescence emission, and Lu et al. have unpre-
cedentedly devised a facile and high-yield method to prepare
TizC, MQDs with direct white photoluminescence (photo-
luminescence quantum yield, 9.36%) and two-photon fluo-
rescence (TPFL).”

PAI is a new non-invasive and non-ionizing biomedical
imaging method developed in recent years that uses non-ioniz-
ing laser pulses to irradiate biological tissue. When the tissue
absorbs light and converts it to heat, the released heat causes
a localized temperature increase and thermal expansion of the
tissue, which results in the emission of ultrasound waves (the
photoacoustic effect).'"® The photoacoustic signals generated

Nanoscale, 2025,17, 4854-4891 | 4867
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Fig. 5 MXene-based bioimaging applications. (A) CLSM images of MCF-7 cells incubated with GQD for 2 h by excitation at 488 nm (a), 364 nm (b).
The scale bar is 20 ym.®® Reproduced from ref. 98 with permission from Elsevier, copyright 2017. (B) In vivo PA images of tumor sites after intrave-
nous injection of TizC,T,-Pt-PEG at different time intervals.'°® Reproduced from ref. 103 with permission from American Chemical Society, copy-
right 2022. (C) CT images of Ta4Cs-SP nanosheet solution (top) and iodine bromide solution (bottom) at different concentrations.'®> Reproduced
from ref. 105 with permission from Wiley-VCH, copyright 2018. (D) In vivo CT contrast images (right panel) and 3D reconstructed CT images (left
panel) of mice before and after intravenous injection of Ta4Cz-SP nanosheet solution (10 mg mL™, 200 pL) for 24 h.1°> Reproduced from ref. 105
with permission from Wiley-VCH, copyright 2018. (J) T1-Weighted imaging of 4T1 tumor-bearing mice after prolonged intravenous injection of
MnO,/Ta4Cs-SP composite nanosheets.”® Reproduced from ref. 78 with permission from American Chemical Society, copyright 2017.

by the photoacoustic effect at biological tissue sites carry infor-
mation about the light-absorption properties of the tissue that
can be further converted into light-absorption distribution
images.'" The excellent photothermal conversion properties
of MXene-based materials allow for potential PAI capabili-
ties.'®® For example, Zhu et al. reported a Ti;C,T,-Pt-PEG nano-
composite with unique NIR-II absorbance and good photother-
mal conversion efficiency (31.78%), making it a good contrast-
enhanced PA imaging nanomaterial.'®® The PA images in vitro

4868 | Nanoscale, 2025, 17, 4854-4891

based on Ti;C,T,-Pt-PEG nanocomposites showed unique PA
signals, and the intensity of PA signals was concentration-
dependent, with PA signals increasing significantly with the
increase of sample concentration. After Tiz;C,T,-Pt-PEG (10 mg
kg™', 100 pL) was intravenously injected into 4T1 tumor-
bearing female BALB/c mice, PA images were obtained at
different time intervals, and the results showed that the PA
signal intensity at the tumor site gradually increased with the
increase of time and reached the maximum at 6 h due to the

This journal is © The Royal Society of Chemistry 2025
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accumulation of Ti;C,T,-Pt-PEG nanocomposites at the tumor
site (Fig. 5B).

CT imaging uses X-rays to penetrate different tissues of the
body with different attenuation coefficients.'® It measures the
intensity of X-rays through a certain thickness of the object to
be measured and converts the X-ray intensity from black to
white to grayscale. CT imaging has a high spatial resolution
and deep tissue penetration and is used for 3D tomography of
anatomical structures based on the difference in X-ray absorp-
tion between lesions and tissues, and is therefore widely used
mainly for medical diagnostics. Since the X-ray attenuation
coefficient increases with increasing atomic number, nano-
materials containing high atomic number (Z) elements are
often explored as contrast agents (CAs) for CT imaging. In this
regard, tantalum (Ta)-based MXenes (Ta,C;) can undoubtedly
be used as CA for CT imaging because of the high atomic
number of tantalum (Z = 73) and the large attenuation coeffi-
cient of X-rays.'®> For example, Lin and his colleagues reported
that CT images of different concentrations of biocompatible
soybean phospholipid (SP)-modified Ta,C; (Ta,C;-SP) in
xanthan gum showed a dramatic enhancement of the signal as
the concentration of Ta,C;-SP increased, and the signal inten-
sity was stronger than that of commercial iodine-based CT CAs
(Fig. 5C). TasC5-SP (20 mg ke™') was intravenously injected
into mice carrying 4T1 tumors for in vivo CT imaging, and the
CT images obtained 24 hours after injection showed signifi-
cant tumor contrast, which demonstrated that Ta,C; MXene
can be used as a promising CAs for CT imaging of tumors
(Fig. 5D). In addition, Feng et al. reported a V,C; MXene
nanosheet with excellent photothermal and X-ray absorption
properties for dual-modality PA/CT imaging.'®

MRI has been widely used for clinical diagnostic imaging
due to its high spatial resolution, excellent three-dimensional
soft tissue contrast difference, and noninvasive properties.'®”
During MRYI, the body is placed in a static magnetic field and
certain radiofrequency (RF) pulses are used to excite the
nucleus of a hydrogen atom and indicate the presence of
protons (‘H). When the RF pulses are stopped, the protons
return to an equilibrium state in the magnetic field and
produce weak energy (MRI signals) during the relaxation
process. When these signals are received, magnetic resonance
images can be obtained by processing them with spatial
resolution and image reconstruction. The intensity of the MR
signal is mainly dependent on the relaxation time of the
hydrogen protons. The utilization of MXenes in MRI is limited
by their usual antimagnetism; however, it is possible to func-
tionalize the MXene with ferromagnetic or paramagnetic com-
pounds and nanoparticles, which can be effective in increasing
the difference in tissue MRI signals to improve imaging con-
trast and clarity, provide information about the directional
location of tumors, and guide photothermal ablation and
chemotherapy of tumors.’®® In a study, Gd was utilized to
chelate with Ti;C,T, to obtain MXene-Gd, which can be used
as a CA for MRI.'® The investigators found that the relaxation
value of pristine MXene was close to zero due to the diamag-
netic nature of the electronic degrees of freedom in the pris-
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tine flakes, and the relaxation (r1) increased significantly to
5.87 s7'/mM (at a 0.5 T magnetic field) after entrapment of
Gd*" ions. Dai et al. proposed another surface engineering
strategy to grow manganese oxide nanoparticles in situ onto
the surface of Ta,C; MXene, and after further surface organic
modification with soybean phospholipids (SP), the MnO,/
Ta,C;-SP composite nanosheet system was obtained, which
can be used for multiplexed imaging-guided photothermal
tumor ablation.”® Among them, the Mn>" released from the
MnO,/Ta,C;-SP  composite nanosheets could effectively
enhance the relaxation of hydrogen protons, indicating its per-
formance as an MRI CA in vivo. During the test period of
60 min after intravenous injection of MnO,/Ta,C;3-SP compo-
site nanosheets (20 mg kg™, 100 pL) into 4T1 tumor-bearing
mice in vivo, MRI signal enhancement of the tumor tissues
and their corresponding enlargement of the T1-weighted MR
images could be clearly observed (Fig. 5E).

Currently, most of the research on MXene bioimaging
focuses on Tiz;C,T,, a class of MXene, and more luminescent
nanomaterials based on other MXenes are expected to be
developed for bioimaging applications in the future.

4.2 Cancer therapy

With excellent optical/electrical properties, biocompatibility,
ease of functionalization and enzyme immobilization, MXenes
can be used to enhance the biocompatibility, tumor-targeting
ability, and anti-tumor effects of the resulting therapeutic plat-
forms through elemental doping, surface oxidation, nanohy-
bridization, or surface encapsulation to cope with the complex
tumor microenvironment. MXenes and MXene-based nano-
materials are capable of inhibiting tumors through various
therapeutic mechanisms, including PTT, chemodynamic
therapy (CDT), PDT, and sonodynamic therapy (SDT), and have
made significant advances in being used in various cancer
models and therapeutic strategies (Table 3).

As a typical non-invasive treatment method, PTT ablates
tumors with the help of heat generated by light excitation,
which has the advantages of high selectivity, non-invasiveness,
low toxicity, low cost and strong targeting. However, the appli-
cation of traditional anti-tumor PTT is often hampered by the
limited depth of light penetration and the insufficient
efficiency of material photothermal conversion. In recent
years, MXenes have shown great potential in the treatment of
deep-seated tumors due to their strong absorption in the NIR
region and good photothermal conversion efficiency, and have
become an excellent candidate for anti-tumor PTT under NIR-I
and NIR-II windows. Tang et al. optimized the well-known elec-
tronic structure and NIR-II absorption of Ti;C, using an
anionic solid solution with the help of lattice N modulation
and associated additional electron injection, which enhanced
the response in the NIR-II region (Fig. 6A)."*® Among them,
Ti3Cq1.23No77 showed a high photothermal conversion
efficiency of 12.0% at 1064 nm at a low concentration of
5 ppm, and exhibited efficient NIR-II PTT ablation of tumors
both in vitro and in vivo. The results suggest that ideas for opti-
mizing low-dose tumor photothermal therapy can be provided
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Table 3 Summary of recent research on MXene-based nanomaterials for cancer therapy applications
MXene composition Synthesis strategy Animal models Treatment strategy Ref.
TizC,-based anionic solid HF etch-assisted sonication 4T1 tumor model in BALB/c PTT 116
solutions mice
Ti;CN HF etch-assisted sonication The homograft 4 T1 tumor PTT 117
model
V,C3/ATO@BSA HF/tetrapropylammonium 4T1 tumor-bearing mice Nanozyme catalytic/PTT 118
hydroxide (TPAOH) method model
n-HA/g-C;N,/MXene scaffold HF etching and DMF Saos-2 tumor-bearing mouse  PTT/PDT 124
(Ti5C,Ty) ultrasonication model
A wearable biological HF etch-assisted sonication B16F10 tumor-bearing PTT 125
electrothermal patch based on C57BL/6] mice model
Ti;C, Ty
Mo,C-PVA LiF/HCI and HF/TBAOH method 4T1 tumor-bearing mice PTT 11
model
NMQDs-Ti;C, T, HF etching and micro-explosive BALB/c nude mice bearing CDT 119
methods HeLa tumor xenograft model
FA@MXene/CuO,/GA (Ti;C, HF etch-assisted sonication 4T1 tumor model in BALB/c PTT/CDT 120
MXene) mice
Cu,O/Ti5C, Ty HF etching-assisted ultrasonic The xenograft model of 4 T1 PTT/CDT 126
stripping method cells
TizC,T-GOx/DOX-PEG LiF etching and TPAOH 4T1 tumor-bearing BALB/c Chemo/starvation/ 95
intercalation mice model photothermal combination
therapy
CoPc-Mn/Ti;C, T, HF etching B16-tumor-bearing mice PTT/CDT/PDT 127
model
BTO@NDb,C-PEG HF etching and TPAOH 4T1 tumor-bearing mice PTT/PDT 121
intercalation model
Ti3C,-DOX LiF etching and TPAOH HCT-116 tumor-bearing mice PTT/PDT/chemo therapy 22
intercalation model
H-Ti;C, NSs Chemical exfoliation and high- 4T1 tumor-bearing mice PTT/SDT 122
temperature treatment model
TizC,/CuO,@BSA HF etching and TPAOH The U87 tumor-bearing SDT/CDT 123
intercalation BALB/c nude mice model

by modulating the anions in the MXene. Liu et al. successfully
developed a unique metal-carbon nitride (d-Ti;CN) MXene
with excellent photothermal properties for efficient photother-
mal therapy of tumors both in vitro and in vivo, and tumor-free
treatment could be achieved at 1064 nm irradiation with
minimal side effects.'”” Although MXene exhibits better PTT
performance than other photothermal nanomaterials in tumor
therapy, researchers have found that surface modification of
MXene can further enhance its photothermal effect. For
example, by modifying the nanosystem (V,C3/ATO@BSA, VAB)
obtained by modifying bovine albumin (BSA) and Atovaquone
(ATO) on V,Cs, Zhao et al. calculated that the photothermal
conversion efficiency of VAB was as high as 61%, which was
higher than that of V,C (48%), and the nanoplatform could
exhibit significant anti-tumor effects by disrupting redox
homeostasis as well as PTT in tumor cells."*®

CDT utilizes metal ions (e.g., Fe**, Cu®", Mn**, Ti**, and
Nb*") to catalyze a Fenton or Fenton-like reaction of H,0, to
produce cytotoxic "“OH to kill tumors. However, there are chal-
lenges such as low catalytic efficiency, poor biocompatibility
and even potential toxicity. Based on the excellent biocompat-
ibility of MXene, it has become an emerging hot nanomaterial
for researchers to implement effective and safe anti-tumor
CDT. Li et al. proposed a Ti;C,T, quantum dot with excellent
biocompatibility that could generate a large amount of "OH
through Fenton-like reaction when combined with H,0,, and
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it could inhibit tumors up to 91.9% without damaging normal
tissues.''® To further enhance the application of MXene in
tumor CDT, researchers have attempted to dope various metal
ions (with CDT catalytic activity) into the structure of MXene
nanosheets for synergistic PTT and CDT treatment of tumors.
For example, Xiong et al. developed a near-infrared (NIR)-light-
triggered MXene nanocomposite (FA@MXene/CuO,/GA), in
which the photothermal effect of MXene significantly acceler-
ated the CuO,-catalyzed conversion of 'OH, resulting in an
excellent synergistic PTT/CDT anticancer therapeutic effect
(Fig. 6B)."*°

PDT has the advantage of being non-invasive and spatio-
temporally specific to kill cancer cells with the help of loca-
lized ROS generation under light irradiation. However, the
therapeutic efficacy of PDT is greatly reduced by the limited
reactive oxygen species (ROS) generation due to the hypoxic
tumor microenvironment and the rapid electron-hole pair
complex mediated by light irradiation. MXene-based nano-
materials have excellent photothermal effects, and the heat
generated by laser irradiation promotes electron-hole space
separation, which reacts with the surrounding O, and H,O
molecules to produce toxic ROS, making them popular
research materials for implementing PTT/PDT synergistic
therapies. Zhang et al. rationally developed a multifunctional
therapeutic nano-heterojunction in which two-dimensional
niobium carbide (Nb,C) MXene was grown in situ with barium

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 MXene-based applications in cancer therapy. (A) Schematic illustration of TisC,-based anionic solid solutions for NIR-1I photothermal
therapy in vivo.'*® Reproduced from ref. 116 with permission from Wiley-VCH, copyright 2023. (B) Schematic illustration of FA@MXene/CuQ,/GA
nanocomposite: synthesis and therapeutic mechanism.'?® Reproduced from ref. 120 with permission from Wiley-VCH, copyright 2024. (C)
Schematic illustration of the pyroelectric nanocatalysts BTO@Nb,C-PEG for PTT and PCT-augmented cancer therapy.'?* Reproduced from ref. 121
with permission from Wiley-VCH, copyright 2023. (D) Schematic illustration of 2D MXene-originated in situ nanosonosensitizer generation for aug-
mented and synergistic sonodynamic tumor nanotherapy.'?® Reproduced from ref. 123 with permission from American Chemical Society, copyright

2022.

titanate (BTO) to generate a robust photogenerated pyroelectric
catalyst called BTO@Nb,C nanosheets, which could enhance
the ROS generation and achieve a synergistic effect of combin-
ing the materials’ PTT and PDT with tumor inhibition rate of
94.9% in vivo (Fig. 6C).">' As another example, Liu et al. syn-
thesized a multifunctional nanoplatform (Ti;C,-DOX) that
exhibited excellent photothermal conversion efficiency
(~58.3%) and effective single-linear oxygen generation (*O,)
under 808 nm laser irradiation.>” In vitro and in vivo experi-
ments demonstrated that Tiz;C,-DOX showed enhanced bio-
compatibility, tumor-specific accumulation, and stimuli-
responsive drug release behaviors, and achieved -effective
cancer cell killing and tumor tissue destruction via photother-
mal/photodynamic/chemotherapeutic synergistic therapy.

This journal is © The Royal Society of Chemistry 2025

SDT has attracted wide interest in biomedicine for its novel
noninvasive therapeutic approach triggered by ultrasound
(US). Despite the advantages of high tissue penetration depth,
absence of ionizing radiation and low cost, SDT still suffers
from low ROS quantum yield, limited delivery efficiency and
potential toxicity of acoustic sensitizers. Researchers have
designed various MXene-based nanosystems to perform
effective antitumor SDT. For example, Li et al. developed Ti;C,
MXene nanosheets (H-Ti;C, NSs) with good acoustic sensitizer
properties by a two-step method of chemical stripping and
high-temperature treatment, and by high-temperature treat-
ment, the oxygen defects of H-TizC, NSs greatly increased."
The electrons (e”) and holes (h) generated by US could be sep-
arated faster due to the increased oxidation, and then H-Ti;C,
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NSs could take advantage of the abundant oxygen defects to
prevent the recombination of e~ and h under the irradiation of
US, greatly improving the acoustic kinetic efficiency. The in vivo
study further showed that the increased blood supply resulting
from the mild photothermal effect significantly alleviated the
hypoxic condition in the tumor microenvironment, showing
that PTT enhanced the effect of SDT. In another study, a nanoa-
coustic sensitizer/nanocatalyst (TizC,/CuO,@BSA) was reported
to achieve high-performance and synergistic acoustic/chemo-
dynamic tumor therapy by generating nanoacoustic sensitizers
in situ in response to the tumor microenvironment.'?®
Integration of CuO, nanoparticles on 2D TizC, MXene allowed
in situ generation of H,0O, and oxidation of Tiz;C, to generate
TiO, nanosensitizers for acoustic sensitization in an acidic tumor
microenvironment, while the oxidized carbon matrix enhanced
the separation of e~ and h, which further improved the efficacy
of SDT (Fig. 6D). Ultrasound irradiation during the sonodynamic
process also enhanced the copper-triggered Fenton-like reaction
to generate more ROS, thus synergizing the SDT.

MXene-based nanomaterials exhibit multimodal thera-
peutic potential in cancer therapy, including PTT, CDT, PDT,
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and SDT, due to their excellent optical/electrical properties
and biocompatibility, enhanced therapeutic efficacy and bio-
compatibility through different strategies and surface modifi-
cations, and due to responding effectively to the complex
tumor microenvironment.

4.3 Infection therapy

Infectious diseases refer to a group of diseases caused by
pathogens such as bacteria, fungi, viruses, and parasites that
infect the human body, and are still the second leading cause
of death in humans. When the body is attacked by an infec-
tion, it triggers intense oxidative stress and significant inflam-
matory responses that may impede the healing process of the
disease. Especially for wounds damaged by multidrug-resistant
bacteria, conventional antibiotics are powerless. In recent
years, MXene-based materials have become an effective option
for the treatment of infectious diseases due to their excellent
antioxidant and anti-inflammatory properties, photothermal/
photodynamic antimicrobial performance, and low bacterial
resistance (Table 4).

Table 4 Summary of recent research on MXene-based nanomaterials for infection therapy

MXene composition Synthesis strategy Description Animal models Ref.
Pt@V,C HF etching and TPAOH Effective in the removal of bacteria and A subcutaneous abscess model in 128
intercalation bacterial biofilms and may modulate mice infected with MRSA, the
inflammation through the NOD-like receptor MRSA-infected keratitis model
signaling pathway and the IL-17 signaling
pathway
Ti;C, MXene/Fe-MOFs  LiF/HCI etching and The photothermal conversion efficiency is close  The MRSA infected burn wound 129
composite (MXM) ultrasonication to 51.9% and exhibits NIR-enhanced POD-like model
activity
HNTM/Ti;C, hybrid HF etching and DFM heat  Effective killing of MRSA by SDT and A MRSA-infected rat tibial 130
nanomaterials treatment promotion of bone regeneration through osteomyelitis model
(HN-Ti3C,) activation of calcium, Wnt, and TGF-f signaling
pathways
Nb,C@TP HF etching and TPAOH Significantly down-regulates energy A mouse subcutaneous infection 131
intercalation metabolism-related pathways and activates Agr ~ model
in bacteria, which fundamentally kills bacteria,
inhibits biofilm formation and promotes
biofilm separation
GA/OKGM/MT HF etch-assisted PTT effectively destroys bacteria and eliminates  The S. aureus-infected wound 133
hydrogel (MT: sonication excess ROS, thereby facilitating the transition model in SD rats
TizCo,@Ti0,) from the inflammatory to the proliferative
phase
Monolayer high- Selectively etched through ~ NIR-II-enhanced endogenous oxidase mimetic ~ Bacterial keratitis (BK) and 134
entropy (HE) MXenes  a high-entropy MAX phase activity, excellent photothermal conversion subcutaneous abscess infections
(HE MAX) efficiency and very high biocatalytic activity model induced by MRSA
VS,4/TizC, (VSM) LiF/HCI etching and Schottky junction, POD-like activity and A tibial plateau MRSA-infected 135
ultrasonication acoustic dynamics bone defect model
CuS/Ti;C,T,@VMP HF etch-assisted Significantly promotes skin rejuvenation Full-thickness wounds infected 136
sonication through pathogen elimination, angiogenesis by S. aureus
promotion and collagen deposition
VoN HF etching and TPAOH Excellent OXD and POD catalytic activity, ideal =~ A mice subcutaneous abscess 137
intercalation photothermal conversion efficiency, abundant =~ model in BALB/c mice
ROS generation
PLGA-Ti3C,T,/ LiF/HCI etch-assisted Promotes wound healing by killing bacteria, An S. aureus-infected mouse skin 138
Ag,S@LOX sonication stopping bleeding, promoting epithelialization/ wound model on the dorsal sites
collagen deposition in the wound bed and of mice
angiogenesis
TizC,Ty, TayC3Ty, HF etching and TPAOH TizC,Ty and Mo,Ti,C3;T, MXene showed anti- — 132
Mo, Ti,C;T, and intercalation viral activity against SARS-CoV-2
Nb,CsT,
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MXene-based nanomaterials with strong biocompatibility
and photothermal conversion efficiency can be used for PTT
antimicrobial treatment of bacterial infectious diseases. The
laser irradiation range of the V,C MXene is limited to the
near-infrared I region (NIR-I), which restricts its penetration
into tissues and makes it difficult to achieve complete bac-
terial eradication with single-acting therapeutic strategies. To
address this issue, He et al. attached platinum nanoparticles
(Pt NPs) to V,C to form an artificial nanoplatform
(Pt@V,C)."® Due to the localized surface plasmon resonance
(LSPR) effect of Pt NPs and V,C, Pt@V,C exhibited enhanced
photothermal conversion efficiency (59.6%) and longer
irradiation lasing (NIR-II). Notably, Pt@V,C possessed CDT-
and NIR-II-enhanced oxidase (OXD), POD-like activities. In an
in vivo animal model, Pt@V,C effectively cleared MRSA from
deep tissues in the setting of subcutaneous abscesses and
bacterial keratitis through the synergistic effect of PTT/CDT,
down-regulated the expression of CD86 and IL-6 in the
infected tissues, accelerated abscess regression, and facili-
tated the healing of wounds and corneas (Fig. 7A). In another
study, Zhao et al. proposed a strategy for NIR plasmonic
enhancement of the catalytic and photothermal properties of
nanoenzymes for effective anti-infective and antibacterial
applications.’*® A Ti;C, MXene/Fe-MOFs composite (MXM)
with NIR plasmonic-enhanced CDT and photothermal pro-
perties was successfully developed by loading metal-organic
framework (MOF) nanoenzymes on Ti;C, MXene. SEM images
demonstrated the morphological changes of E. coli, MRSA,
and C. albicans after treatment with NaAc buffer, H,0,, MXM,
and MXM + H,0, (100 pg mL™") irradiation with or without
NIR (Fig. 7B). The cell membranes of Control and H,O,
groups remained intact, and the treatment effect was negli-
gible. However, some wrinkles in the bacterial membrane
were observed in the MXM + H,0, or MXM + NIR groups, indi-
cating significant CDT activity and excellent photothermal
properties of MXM, respectively. The results of in vivo experi-
ments showed that the LSPR-induced MXM system has out-
standing antibacterial properties and promotes rapid healing
of MRSA-infected burn wounds. SDT is a novel strategy for
overcoming the problem of bacterial resistance to antibiotic
therapy. For example, Wang and his colleagues developed a
HNTM/Ti;C, hybridized nanomaterial (HN-Ti;C,) with
Schottky heterojunction for efficient SDT for osteomyelitis
and bone regeneration."*® Ti;C, greatly improved the acoustic
catalytic performance by rapidly transferring the carriers gen-
erated by HNTM under US irradiation and killed drug-resist-
ant bacteria by generating a large amount of ROS, and it
showed an excellent 99.75% antimicrobial effect against
MRSA. In addition, the acoustic flow generated by HN-Ti;C, at
low intensity US could promote the proliferation of stem cells
by regulating the cell cycle, DNA replication and apoptosis,
thereby promoting the long-term repair of bone defects. In
the MRSA-infected rat tibial osteomyelitis model, HN-Ti;C,
successfully eliminated the infection and significantly
improved bone regeneration under US irradiation. The various
synergistic effects generated based on MXenes hold great

This journal is © The Royal Society of Chemistry 2025
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promise for the design and fabrication of novel and effective
MXene nanocomposites to combat bacterial infections.

With the proliferation of indwelling devices and implants,
the associated infections caused by invasive bacterial adhesion
and biofilm formation on medical implant surfaces are
increasingly recognized as an intractable global public health
problem. MXene nanosheets are promising safe candidates for
implant surface modification, bringing biofilm-resistant pro-
perties to implantable devices. For example, researchers have
combined two-dimensional Nb,C MXene nanosheets with
medical titanium plates (TP) to craft a biofunctional Nb,C@TP
(NTP) therapeutic platform for multimodal infection control
with bacterial clearance and tissue regeneration (Fig. 7C)."*'
Confocal 3D images showed that the TP group was covered by
live bacteria with dense stacked biofilm structures, while
almost no dead and live bacteria biofilms were detected in the
Nb,C@TP group (Fig. 7C). Nb,C@TP played a crucial role in
inhibiting bacteria through multiple modes. In terms of
biofilm elimination, Nb,C@TP activated an auxiliary gene reg-
ulator (Agr) that prevented bacterial adhesion and promoted
biofilm separation when bacteria attempted to invade the
implant surface. In addition, Nb,C@TP directly killed bacteria
through metabolic pathways such as the downregulation of the
tricarboxylic acid (TCA) cycle and the phosphotransferase
system (PTS) pathway, leading to bacterial death. In terms of
planktonic bacterial clearance, Nb,C@TP sensitized bacteria
to thermotherapy and killed them via NIR-responsive thermo-
therapy. In addition to excellent bacterial clearance, Nb,C@TP
attenuated excessive pro-inflammatory and oxidative stress
in vivo and accelerated angiogenesis and tissue remodeling
processes. Nb,C@TP holds promise for treating cases of
implant-associated infections with bacterial/biofilm clearance
and tissue remodeling capabilities.

In addition to antimicrobial activity, several studies have
demonstrated the potential application of 2D materials as anti-
viral agents. In one study, MXenes were found to possess anti-
viral activity, and have the potential to be used as therapeutic
agents for viral infectious diseases in the future."**> Using
SARS-CoV-2 as a model, the researchers explored the antiviral
properties and immune profiles of a large group of four highly
stable and well-characterized MXenes (TizC,Ty, Ta CsTy,
Mo,Ti,C;3T, and Nb,C;T,). It was found that Ti;C,T, and
Mo,Ti,C;T, showed antiviral activity against SARS-CoV-2, with
Ti;C,T, being the most effective material tested against
SARS-CoV-2 particles, and did not produce cytotoxicity in any
of the peripheral blood mononuclear cell populations. The
authors described the mechanism of MXene-dependent anti-
viral activity by docking analysis, proteomics data, and com-
parison with SARS-CoV-2 protein interaction profiles (Fig. 7D).
Ti;C,T, exerts its viral inhibitory activity not only on the cell
surface but also through different signaling mechanisms
including membrane trafficking, GPCR signaling, mitochon-
drial function, metabolic pathways and viral replication. The
results indicated that host proteins such as GNG5, GRPEL1
and NUTF2 are important regulators of TizC,T,-dependent
antiviral activity. These host proteins interact with viral NSP7,
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Fig. 7 MXene-based applications in infection therapy. (A) Schematic illustration of the construction, antibacterial, and anti-infective therapy of
Pt@V,C nanoplatforms with photothermal and chemodynamic therapy.'?® Reproduced from ref. 128 with permission from Wiley-VCH, copyright
2024. (B) SEM images of E. coli, MRSA and C. albicans exposed to different samples without and with NIR irradiation (808 nm laser, 1.25 W cm™3).
MXM concentration is 200 ug mL™. The concentration of E. coli, MRSA, and C. albicans is 1.0 x 10 CFU mL™?, respectively. H,O, concentration is
100 pM.*?° Reproduced from ref. 129 with permission from Wiley-VCH, copyright 2023. (C) (a) Preparation and characterization of Nb,C@TP. (b)
Confocal 3D images of biofilm. Green indicates live bacteria, and red indicates dead bacteria.’>* Reproduced from ref. 131 with permission from
American Chemical Society, copyright 2020. (D) Overview of the mechanism of MXene-dependent viral inhibition.**? Reproduced from ref. 132 with

permission from Elsevier, copyright 2021.

NSP10 and NSP15 proteins, respectively. During SARS-CoV-2
infection, NSP7 plays an important role in membrane trans-
port and G protein-coupled receptor (GPCR) signaling, and
NSP15 is involved in vesicular and nuclear transport mecha-
nisms. NSP7 and NSP10 are among the several proteins that
can alter the endosomal membrane compartment to facilitate
viral entry and replication. Thus, MXenes are able to exert
their antiviral activity by modulating these viral proteins and
pathways that are important for viral transmission. This study
provides guidance for future research into the implemen-
tation of MXene nanomaterials in tools targeting viral infec-
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tious diseases as well as any immune system-related
syndromes.

MXene-based nanomaterials show great potential in the
field of infectious disease therapy due to their unique physico-
chemical properties. These materials not only possess excel-
lent biocompatibility and photothermal conversion efficiency
for effective PTT antimicrobial activity, but also synergize anti-
microbial activity through multiple mechanisms such as CDT,
PDT, and SDT. The surface functional groups of MXenes allow
for easy functionalization, enhancing their prospects for appli-
cation in antimicrobial and antiviral therapies, especially in
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combating infections with multidrug-resistant bacteria. In
addition, the antiviral activity of MXenes provides a new direc-
tion for the treatment of viral infectious diseases in the future.
In summary, MXene-based nanomaterials have a wide range of
applications in the treatment of infectious diseases and
provide a powerful tool for the development of novel antibac-
terial and antiviral therapeutic strategies.

4.4 Wound healing

Wounds are breaks in the skin caused by various external inju-
ries. The presence of a wound greatly increases the risk of
infection, which often leads to deterioration of the wound con-
dition, prolonged wound healing, a complicated healing
process, and even death."* Wound healing is a complex
process involving multiple cell types within the epidermis,
dermis, and subcutaneous layers and consists of four highly
integrated and overlapping phases: hemostasis, inflammation,
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proliferation, and tissue remodeling."*° All of these steps must
be performed precisely to successfully heal wounds. MXenes
have antimicrobial, anti-inflammatory and antioxidant pro-
perties, promoting cell adhesion and proliferation as well as
tissue regeneration, and the integration of MXenes with other
bioactive materials to form multifunctional composites has
emerged as a promising strategy for wound healing (Table 5).
Bacterial infections (persistent bacterial colonization, high
oxidative stress and severe inflammation) are the first serious
challenge for wound healing. MXenes have excellent anti-
microbial properties; however, MXenes alone cannot meet the
requirements for treating the complexity of bacterial-infected
wounds. Biomedical hydrogels with good hydrophilicity, bio-
compatibility, extracellular matrix-like properties and custo-
mizable properties have attracted much attention from
researchers in inducing skin wound repair."*' Researchers
have proposed improved strategies for introducing MXenes

Table 5 Summary of recent research on MXene-based nanomaterials for wound healing

MXene composition Synthesis strategy ~ Characteristic Animal models Ref.
FPSa@Ti;C, T, LiF/HCI etch- Injectable, rapid gelation, conductive, photothermal, A mouse full-thickness skin 142
assisted sonication antioxidant, anti-inflammatory and promotes wound MRSA infection model
vascular regeneration and a burn wound model
F127-Ti;C,T,-Exo LiF/HCI etch- Photothermal antimicrobial, promotes fibroblast The full-thickness cutaneous 143
(FM-Exo0) assisted sonication proliferation, migration and angiogenic capacity of wound model
endothelial cells and overcomes high glucose-derived
immunosuppression
MNPs@MZXene-hydrogel —LiF/HCI etch- Antimicrobial resistance, photothermal properties, The full-thickness cutaneous 144
assisted sonication multi-stimulus responsiveness and controlled drug wound and subcutaneous
delivery capabilities infected wound of the rat model
HA-DA/Ti;C,@PDA HF etching and Hemostasis, O, release, scavenging of ROS as well as  The full-thickness cutaneous 145
TPAOH reactive nitrogen, promotion of proliferation and wound model in infected diabetic
intercalation migration of HUVECs and modulation of macro- mice
phage phenotype
Ti;C,@TA/Fe-hydrogel HF etching and POD/CAT-like activity, antioxidant, resistance to Burn wound model in SD rats 148
TPAOH protein adsorption and bacterial adhesion,
intercalation antimicrobial, promotion of granulation tissue
regeneration, epithelial formation and collagen
deposition
FGDN hydrogel HF etching and Hemostatic, eradication of bacterial infections, anti- A mouse full-thickness cutaneous 149
(Nb,C@PDA) TPAOH inflammatory and antioxidant, angiogenesis, MRSA-infected wound model
intercalation promotion of granulation tissue production, collagen
deposition and re-epithelialization
Ti;C,T, composite fibers — Unidirectional thermal conductivity, photothermal Tumor recurrence models in 150
properties, and the ability to effectively kill drug- NVSG mice and full-thickness
resistant bacteria and residual cancer cells after skin wound in SD rats
surgery
MN-PGA-Ti;C,-GOx — Reduces local glucose and pH, antioxidant, induces A diabetic mouse dorsal wound 151
mild hyperthermia, enhances catalytic activity of model
GOx, promotes cell proliferation, migration,
angiogenesis and tissue remodeling
Fe,05/Ti3C,- HF etching and Excellent photothermal, photodynamic, and A full-thickness skin defect 146
MXene@GOx (FMG) sonication chemodynamic properties, induces bacterial iron model in diabetic SD rats with
death S. aureus infection
AgNPs/Ti;C,T,/GG/Alg- — Mechanical properties, excellent healing ability, A murine full-thickness wound 147
PBA reliable injectability, easy degradability, model
biocompatibility, antimicrobial capacity, ability to
monitor body signals
Ti;C,Ty-based conduc- LiF/HCI etch- Good photothermal effect to kill bacteria and prevent The infected skin wound model 152

tive composite ionogel
patch

assisted sonication

wound infection, on-demand electrical stimulation
to promote wound healing by increasing the
expression of growth factors, good transmittance for
visualization and real-time monitoring of treatment
effect
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into hydrogel systems, both to enhance the performance of the
MXene and to stimulate new functionalities. For example, Ma
et al. designed a hydrogel (FPSa@M) self-assembled from
Ti;C,Tx MXene and poly (salicylic acid)-Pluronic F127-poly (sal-
icylic acid) (Fig. 8A)."** FPSa@M exhibits injectability, rapid
gelation, electrical conductivity, as well as beneficial anti-
oxidant and photothermal effects. The photothermal tempera-
ture-tunable FPSa@M hydrogel effectively achieved complete
photothermal eradication of high concentrations of multidrug-
resistant bacteria and significantly promoted healing of
complex wounds caused by MRSA infections or burns by remo-
deling the oxidative stress and inflammatory microenvi-
ronment of wound healing through the activation of heat
shock protein 90 (HSP90), scavenging of ROS, and angio-
genesis. In another study, a simple and effective nano-hydrogel
composite (FM-Exo) of F127-MXene (FM) composite with
M2 macrophage exosomes (Exo) was reported.'*® The effect of
macrophage-conditioned medium obtained from the FM-Exo
group on the behavior of HUVECs in a high-glucose microenvi-
ronment was investigated, and the results showed that high-
glucose stimulation impaired the migratory and tube-forming
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abilities of HUVECs compared with those of the normal-glucose
group, and that HUVECs treated with the FM-Exo-conditioned
medium exhibited optimal migratory as well as tube-forming
abilities. Yang et al. designed an MXene-based hydrogel based
on multiple stimulus responses.’** When exposed to NIR or
AMF, the temperature of the MXene increased significantly,
leading to the contraction of the hydrogel system, thus precisely
controlling the release of therapeutic drug AgNPs and eliminat-
ing bacteria adhering to the wound depth. Wound images also
demonstrated that this MXene-based hydrogel exhibited the
best wound closure under NIR irradiation. In addition, another
study found that the MXenes-based hydrogel treatment group
could effectively reduce ROS levels in wounds, up-regulate the
expression of epidermal growth factor (EGF) and vascular endo-
thelial growth factor (VEGF), and down-regulate the expression
of hypoxia-inducible factor-1 o (HIF-1a), which suggests that the
MXene-based hydrogel could accelerate diabetic wound healing
by advancing the formation of the epidermis, alleviating local
hypoxia and neovascularization.'*’

Diabetes mellitus (DM) is an autoimmune metabolic dis-
order characterized by persistent high blood glucose levels,

Fig. 8 MXene-based applications in wound healing. (A) Schematic diagram illustrating single platform of FPSa@M hydrogel integrated diverse capa-
bilities to accelerate complete regeneration of MDR bacterial infected wounds and burn wounds.**? Reproduced from ref. 142 with permission from
Elsevier, copyright 2024. (B) Schematic diagram of ferroptosis bio-heterojunction (F-bio-HJs). Flowchart of the preparation steps and procedure for
FMG bio-HJ and the mechanism of extra-intracellular bacteria-targeted ferroptosis and hunger-triggered cell protection induced by F-bio-HJ.146
Reproduced from ref. 146 with permission from Wiley-VCH, copyright 2023.
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elevated ROS, and excessive inflammation that poses a serious
threat to human health. The diabetic hyperglycemic micro-
environment prevents collagen deposition, granulation tissue
formation and vascular maturation, leading to chronic diabetic
wound formation. In response to the high complication and
failure rate of intracellular bacterial infections in diabetic
wounds, Dai et al. conceptualized and fabricated an innovative
bacterial-targeted ferrite bio-hybrid junction (F-bio-HJ) com-
posed of Fe,0;/Ti;C,-MXene and GOx (Fig. 8B)."*® Under NIR
irradiation, Fe,03/Ti;C,-MXene@GOx (FMG) catalyzed the pro-
duction of large amounts of ROS, which attacked the extra-
cellular bacterial membranes, facilitated the penetration of
synchronously produced Fe>*/Fe®” into the bacteria, and led to
the death of the planktonic bacteria through iron-leaping, Fe**
overloading and lipid peroxidation. In addition, FMG pro-
moted ferroptosis in intracellular bacteria by transporting Fe>*
to them via inward ferritin (FPN). When GOx is depleted of
glucose, FMG exerts a starvation-protective effect, helping
macrophages to escape from ferroptosis by activating the 5'-
monophosphate (AMP) activated protein kinase (AMPK)
pathway. The in vivo results demonstrated that FMG could
induce extracellular bacterial-targeted iron oxidation and
promote regeneration of infected diabetic skin without trigger-
ing ferroptosis in normal cells. This study provides a promis-
ing MXene-based approach for the treatment of diabetic
infected wounds.

In recent years, various conductive hydrogel-based flexible
epidermal sensors have been well developed for human health-
care monitoring but lack the comprehensive and efficient
therapeutic capabilities for reliable and sensitive diagnostic
healthcare sensing and timely treatment. MXene nanosheets
are considered as attractive candidates for the preparation of
conductive hydrogel epidermal sensors that can simul-
taneously achieve the ability to have reliable self-healing capa-
bilities and significant sensing performance for wearable
human-computer interaction and accelerated wound healing
for subsequent medical treatment. For example, Li et al. intro-
duced antimicrobial silver nanoparticle-coated MXene (AgNPs/
MXene) nanosheet networks into guar gum (GG) and phenyl-
boronic acid grafted sodium alginate (Alg-PBA) polymer net-
works, resulting in the facile preparation of healing, injectable,
and antimicrobial MXene hydrogels (AgNPs/MXene/GG/Alg-
PBA).'*" This MXene hydrogel can be used for wearable
human-computer interaction and high-performance human
health monitoring for potential rehabilitation and diagnosis of
cardiovascular and muscle-related diseases, as well as highly
effective wound therapies that significantly accelerate wound
healing. Epidermal sensors based on MXene’s flexible conduc-
tive hydrogels show unlimited potential, with the promise of
integrating diagnosis, detection and therapy in the future.

4.5 Bone regeneration

Due to the poor self-healing ability of bone defects, the repair
of bone defects remains one of the most challenging problems
in clinical practice. Currently, the application of biomaterials
and bio-scaffolds implanted into the defect site to promote the

This journal is © The Royal Society of Chemistry 2025
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healing of bone defects is the main therapeutic approach for
bone defect repair. In recent years, the emergence of two-
dimensional materials has brought new opportunities for bio-
materials. As a ceramic-based two-dimensional nanomaterial
with unique physicochemical properties, such as electrical
conductivity, hydrophilicity, antimicrobial, and photothermal
effects, MXenes have a very broad application prospect in bone
defect biomaterials (Table 6).">*

The repair and regeneration of bone defects is a complex
and continuous process involving various internal and external
environmental factors. The work of Qu et al revealed that
photoactivated MXene (Ti3C,T,) nanosheets had positive
effects on promoting both bone and soft tissue regeneration,
and further investigated the detailed effects and potential
mechanisms of photoactivated MXene on tissue regener-
ation.'® The photoactivated MXene exhibited good thermal
effect and strong antibacterial activity, inhibited the expression
of  inflammatory  factors and  methicillin-resistant
Staphylococcus aureus (MRSA) infection, and induced the
expression of pro-angiogenic factors and soft tissue wound
repair. Photoactivated MXene can also regulate osteogenic
differentiation of adipose-derived stem cells (ADSCs) by activat-
ing heat shock protein 70 (HSP70) through the ERK signaling
pathway to promote bone tissue repair. This work revealed the
development of bioactive MXene photothermal activation as
an effective strategy for the simultaneous regeneration of bone
and soft tissue (Fig. 9A). Based on the above findings, a new
idea based on MXene was provided for bone tissue repair. In
order to further optimize the performance of MXene to
enhance its osteogenic activity, the researchers sought to
endow MXene with different functions through different modi-
fication strategies to cope with the complex pathological
environment.

For larger bone defects, the application of MXene-based
materials as biomaterial scaffolds in defect repair and bone
regeneration has attracted much attention.'”* MXene (Ti,AIN)/
PCL composite bone repair scaffolds were successfully pre-
pared using 3D printing technology for in situ maxillofacial
bone defect repair.'>® The results of rat tibial bone defect
repair experiments and rabbit maxillofacial bone defect repair
experiments showed that the PCL@Ti,AIN scaffolds promoted
new bone formation, and the scaffolds could induce new bone
formation and in situ regeneration of bone defects in vivo, with
good clinical applications. Wang et al. constructed a multi-
functional 3D mimetic bone scaffold by rationally integrating
photon-responsive 2D ultrathin niobium carbide (Nb,C)
MXene nanosheets (NSs) into a 3d-printed bone mimetic
scaffold (NBGS) for osteosarcoma treatment.'”> The integrated
2D Nb,C-MXene NSs had a specific photon response in the
NIR-II biological window with high tissue penetration depth to
efficiently kill bone cancer cells, and calcium and phosphate
released during scaffold degradation could promote the miner-
alization of new bone tissue. Huang et al. modified conven-
tional B-tricalcium phosphate-based scaffolds by ultrathin
MXene-Ti;C, modification and Zn?‘/Sr** ion substitution,
which resulted in excellent reactive oxygen species scavenging,
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Table 6 Summary of recent research on MXene-based nanomaterials for bone regeneration
MZXene composition Application form Bioactive property Animal models Ref.
(Ti,AIN)/polycaprolactone Scaffold Hydrophilicity, cytocompatibility, Rat tibial bone defect 164
mechanical properties, cell adhesion ability model and rabbit
and osteogenic differentiation ability maxillofacial bone defect
model
Nb,C, bioactive glass scaffolds (BGS) Scaffold Photothermal properties, inhibit tumor cell Bone malignancy model 165
proliferation, promote vascular and bone defect model of
regeneration as well as bone regeneration SD rats
Ti;C,Ty, B-TCP, Zn and Sr ions 3D-printed scaffold ROS scavenging ability, NIR responsivity, Rat cranial defect model 156
enhanced mechanical properties, supports
new bone mineralization and bone
regeneration
Ti3C,Ty, polycaprolactone (PCL) Electrospinning PCL  Conductivity, cell adhesion, antibacterial — 166
membranes scaffold
TizC,, self-assembled silk fibroin 3D-printed Photothermal anti-osteosarcoma ablation — 158
methacrylate (SF-MA) theragenerative and bone regeneration
scaffolds
Nano-hydroxyapatite particles (n-HA), Scaffold Photodynamic and photothermal effects, Saos-2 tumor-bearing 167
MXene nanosheets and g-C3N, osteogenic differentiation and inhibits the =~ mouse model
proliferation of bone tumor cells
Ti;C,, bioactive glass (BG) 3D-printing scaffold Photothermal conversion, bone-tumor Saos-2 bone tumor model 168
killing and bone-tissue regeneration in BALB/c nude mice
Ti;C,, hydroxyapatite and sodium Scaffold High mechanical strength, Rat calvarial defect model 169
alginate biocompatibility, promoted mineralization,
bone regeneration
Mo,Ti,C; MXene, acrylamidemono- Hydrogel Biocompatibility, electrical conductivity, Calvarial bone defects 155
mer, deacetylated chitosan, glacial viscosity enhancement and promotion of mode of mice
acetic acid and gelatin osteogenic differentiation
Ti3AlC,, Regenerated silk fibroin (RSF)  Hydrogel Re-establishment of the electrical Calvarial defect model of 56
microenvironment for bone regeneration SD rats
TizC,Ty, dexamethasone (Dex), poly(N-  Hydrogel Photothermal effect, drug release and anti- ~ Calvarial defects of SD 160
isopropylacrylamide)-co-N-(hydroxy- apoptosis of bone-derived mesenchymal rats
methyl) acrylamide hydrogel stem cells
GelMA/B-TCP/sodium alginate (Sr>*)/ Hydrogel scaffolds Photothermal antibacterial, bone S. aureus-infected 170
MXene (Ti;C,) regeneration mandible defects of rats
Ti;C, nanosheets, gelatin-based nano-  Hydrogel Biodegradable, mechanical, ROS Critical-sized calvarial 171
composite hydrogels scavenging, and osteogenic inducing defect repair of SD rats
properties
Ti;C,T, Nanosheets Nanosheet Thermal effect, antibacterial activity, Skull defect model of rats 18
inhibit the expression of inflammation
factors, induce the expression of pro-
angiogenic factors
Poly(lactic acid) (PLA), Ti;C,T, Nanocomposite High mechanical strength, enhance the — 161
membranes adhesion, proliferation, and osteogenic
differentiation
Multilayered Tiz;C,T, Nanosheets Cytocompatible, osteoinductivity and bone  Calvarial defect model of 162
regeneration activity rats
Ti3C,Ty, ultralong hydroxyapatite nano- Nanocomposite Mechanical properties, biocompatibility Calvarial defect mode of 163
wires (UHAPNW ) membranes and osteoinductivity rat

near-infrared responsiveness,

enhanced mechanical

pro-

growth and proliferation of preosteogenic cell lines in vitro,

perties, and precise temporal immunomodulation of the bone
healing process by the smart 3D scaffold-enhanced bone
regeneration in the rat model of cranial bone defects
(Fig. 9B)."° In the work of Diedkova et al. biocompatible and
biodegradable nanofibrous scaffolds were prepared from poly-
caprolactone (PCL) by electrostatic spinning, and the MXene
coatings formed a suitable environment for cell attachment
and proliferation, with a mild antimicrobial effect, and pos-
sessed good structural, chemical, electrical and biological pro-
perties.” A bifunctional thermally regenerative 3D aerogel
composite scaffold was developed by hybridization of photo-
crosslinked silk fibroin (SF) biopolymers with MXene (Ti;C,)
2D nanosheets by Pektas et al. This scaffold could mediate the
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and had a strong photothermal effect under remote irradiation
with near-infrared laser light, while significantly stimulating
bone mineral deposition on the surface of the scaffold.'*® By
constructing specific biomaterial scaffolds according to the
cause of bone defects and endowing them with more compre-
hensive biological properties, these scaffolds could reproduce
the important features of bone and mimic the function of
natural bone tissues, thus further accelerating the repair
process of bone defects and regenerating damaged tissues."*’
Various physical and chemical properties of MXenes, such
as the osteogenic differentiation ability which promotes cell
growth and bone regeneration in the damaged area after bone
defects, and the good antimicrobial ability of MXene led by

This journal is © The Royal Society of Chemistry 2025
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TizC,, combined with the unique near-infrared thermal effect,
can be introduced into the design of composites for the repair
of bone defects as additive materials represented by the form
of hydrogels. Hu et al. prepared an electroactive hydrogel
based on regenerated silk fibroin (RSF) and bioencapsulated
MXene to promote effective bone regeneration.’® This MXene/
RSF hydrogel could also be used as a piezoresistive pressure
sensor, which activated Ca®*/CALM signaling and promoted
direct osteogenesis under electrical stimulation, modulating
the immune microenvironment and neovascularization, thus
re-establishing the electrical microenvironment for bone
regeneration (Fig. 9C). Wang et al. added Mo,Ti,C; MXene to
hydrogels to improve mechanical strength and electrical con-
ductivity."”® Mo,Ti,C; MXene hydrogels have properties such
as biocompatibility, electrical conductivity, surface functionali-
zation, chemical cross-linking, elastic modulus, and viscosity,
and good osteogenic capacity, which promotes the osteogenic
genes and osteogenic proteins in vitro. Animal models of
cranial bone defects show that Mo,Ti,C; MXene hydrogel pro-
motes osteogenesis and neurogenesis in bone defects in vivo.
Chen et al. demonstrated superior osteogenic properties using
a biocompatible dexamethasone (Dex)-loaded MXene-poly(N-
isopropylacrylamide)-co-N-(hydroxymethyl) acrylamide hydro-
gel, which was capable of supersensitive release of Dex under
NIR irradiation at ~42 °C.'*® Mild heat and supersensitive
release of Dex synergistically counteracted apoptosis of bone-
derived mesenchymal stem cells and osteogenic differen-
tiation. MXene-based hydrogels are incredible candidates for
bone repair applications that hold significant promise for bio-
medical applications due to their unique properties, including
large surface area, tunable chemistry, and compatibility with
living organisms.

In addition, MXenes can exist in various forms such as thin
films and nanocomposites, and the rich functional group
structure on their surface gives them the potential to carry
drugs, growth factors, further expanding their application pro-
spects in bone defect repair.'*® In another work, Chen et al.
prepared biocompatible Ti;C,T,-reinforced polylactic acid
(PLA) nanocomposite membranes with high biocompatibility,
and the optimized nanocomposite membranes showed a 33%
increase in ultimate tensile strength compared with the pure
PLA membranes.'®® The incorporation of Ti;C,T, enhanced
the biological properties of the membranes, and facilitated the
adherence, proliferation, and osteogenic differentiation of
mouse preosteoblasts in vitro. Zhang et al. used flexible free-
standing Ti;C,T, MXene films to evaluate the cytocompatibil-
ity and osteoinductive capacity of Ti;C,T, MXene in vitro and
investigated the host tissue response and guided bone regener-
ation capacity of the material in vivo.'®® In addition, Fu et al.
prepared free-standing UHAPNWs/MXene nanocomposite
membranes by introducing different weight ratios of ultra-long
hydroxyapatite nanowires (UHAPNWs) into MXene to explore
their potential in bone regeneration (Fig. 9D).**® The incorpor-
ation of UHAPNWs improved mechanical properties and
hydrophilicity, and enhanced cell adhesion, proliferation and
osteogenic differentiation. Furthermore, UHAPNWs/MXene
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nanocomposite membrane quantitatively and qualitatively
effectively enhanced bone tissue formation in rat cranial bone
defects, a novel inorganic composite material for bone tissue
regeneration.

In order to fully utilize MXene-based capabilities in the field
of bone repair, further research is necessary to thoroughly evalu-
ate its compatibility with biological systems, refine its manufac-
turing methods, design more sophisticated methods to enhance
its functionality, and encourage collaboration between different
disciplines to promote its practical application.

4.6 Other applications

Numerous studies have shown that MXene-based materials
possess a range of favorable biological, physical and chemical
properties. These properties include biocompatibility, anti-
microbial properties, drug loading and antioxidant capacity,
large specific surface area, tunable size, NIR absorption, metal
conductivity and abundant surface functional groups. Based
on these properties, MXenes also have potential applications
in muscle tissue engineering, nerve regeneration, drug deliv-
ery, and biosensors, and related studies have emerged
(Table 7).

Muscles are soft, elastic tissues attached to bones or
internal organs that possess the ability to contract and play an
important role in generating voluntary movement.
Regeneration of muscle tissue following severe mechanical
injuries and muscle-related diseases remains a challenge. It
has been demonstrated that conductive nanocomposites can
effectively modulate the formation of skeletal muscle tissues
in vivo and promote their regeneration. MXenes have excellent
electrical conductivity and have the potential to be applied in
skeletal muscle regeneration. Li et al. found that Ti;C,T, could
regulate the cellular microenvironment through anti-inflam-
matory and antioxidant activities, promoting angiogenesis,
muscle fiber formation and skeletal muscle regeneration
(Fig. 10A)."” Muscle pictures and immunohistochemical stain-
ing results of myosin heavy chain (MHC) from animal experi-
ments of rat tibialis anterior muscle defects showed the
superior ability of MXene to promote skeletal muscle regener-
ation. It has also been found that Nb,C MXene-functionalized
hydrogel can restore skeletal muscle regeneration function by
reducing ROS levels, attenuating inflammation, decreasing
fibrosis, and promoting angiogenesis, neo-myotube formation
and neurogenesis.'””> Song et al. designed an integrated
Ti;C,T,-based epidermal electrode for diagnostic muscle
therapy, which could comfortably record electromyography
(EMG) signals as well as enable electrical stimulation and elec-
trothermal therapy for diagnostic muscle therapy.'”” In
addition, based on MXene’s excellent mechanical properties
and metal conductivity, MXene can be engineered as an artifi-
cial muscle."”* Myocardial infarction (MI) is the deadliest of all
cardiovascular diseases and is usually caused by coronary
artery blockage, which results in damage to heart muscle cells
due to ischemia. This process usually results in the release of
excess ROS, leading to excessive oxidative stress. One of the
promising strategies for the treatment of MI is the design and
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Fig. 9 MXene-based applications in bone regeneration. (A) Synthesis process, multifunctional bioactivities, and the application of photoactivated
MXene nanosheets in bone and soft tissue regeneration.'® Reproduced from ref. 18 with permission from American Chemical Society, copyright
2023. (B) Schematic illustration of the fabrication process (a) and their applications (enhance osteogenesis by spatiotemporally orchestrating inflam-
matory and bone repair responses) (b) of TizC,T, MXene-decorated 3D-printed ceramic scaffold.'*® Reproduced from ref. 156 with permission from
Wiley-VCH, copyright 2024. (C) Schematic showing the fabrication and application of multifunctional electroactive hydrogels for the diversified
treatment of bone defects.>® Reproduced from ref. 56 with permission from KeAi, copyright 2022. (D) (a) Schematic illustration of the fabrication of
the UHAPNWSs/MXene nanocomposite membrane. (b) Schematic diagram of the interaction between UHAPNWSs and MXene, involving the hydrogen
bonds formed by terminated surface groups of MXene (—F, =0 or —OH) and hydroxyl in UHAPNWSs.1® Reproduced from ref. 163 with permission
from Elsevier, copyright 2021.
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Table 7 Summary of recent research on MXene-based nanomaterials for other applications
MZXene composition Synthesis strategy Application Animal models Ref.
TizC,Ty LiF/HCI etch-assisted Promoting angiogenesis and skeletal The tibial anterior muscle defects 17
sonication muscle regeneration model in SD rats
Nb,C MXene-functionalized HF etching and TPAOH Promote skeletal muscle regeneration A rat tibialis anterior muscle 172
hydrogel (OPTN) intercalation and functional restoration defect model
Sweat-stable MXene epidermal  LiF/HCI etch-assisted An all-in-one muscle theranostic — 173
electrode (Ti;C,Ty) sonication platform
MOF-Ti3C, Ty LiF/HCI etch-assisted Artificial muscles — 174
sonication
ECM-Ti;C, hydrogel LiF/HCI etch-assisted Improve myocardial infarction and Mouse myocardial infarction 175
sonication promote heart tissue regeneration model
Ti,C-cryogel 10% HF etching Repair of myocardial infarction Myocardial infarction model in 186
SD rats
MXene-functionalized collagen = LiF/HCI etch-assisted Cardiac tissue engineering — 187
biomaterials (Ti3C,Ty) sonication
Ti;C,Ty-based artificial nerve LiF/HCI etch-assisted Enhanced regeneration of peripheral A SD rat model with a 10 mm 178
guidance (MXPLT) sonication nerve injury sciatic nerve defect
TizC,T,-PLGA LiF/HCI etch-assisted Neural stem cell engineering — 179
sonication
Ti3C,-SP HF etching and TPAOH Drug delivery and tumor therapy 4T1 breast tumor-bearing mice 180
intercalation model
DOX-Ti;C,T,-DNA hydrogel LiF/HCI etch-assisted Drug delivery and tumor therapy The HeLa tumor-bearing animal 181
sonication model with BALB/c nude mice
G-MXene®@F/C — Drug delivery and colon cancer CT26 colon tumor-bearing mice 188
treatment model
C-MOF/Ti3C, Ty LiF/HCI etch-assisted Biosensor (uric acid (UA) and glucose — 184
sonication (Glu) monitoring, muscle therapy)
Ti3C,Ty-based screen-printed HF etching, stirring and ~ Biosensor (continuous multi- — 185

electrode

layering at 50 °C

component monitoring in whole

blood)

fabrication of electrically conductive cardiac patches to facili-
tate the electrophysiological coupling of the cardiac patch to
the host tissue. MXenes, with their excellent electrical conduc-
tivity, biocompatibility, antioxidant properties and hydrophili-
city, are a promising candidate for the preparation of myocar-
dial patches. Ren et al. developed an injectable antioxidant/
conductive hydrogel (E-MXene) by combining MXene (Ti;C,)
with cardiomyocyte extracellular matrix (ECM) hydrogels
(Fig. 10B)."”> E-MXene hydrogel has high moisture and poro-
sity, which enabled MXene to be uniformly distributed in the
ECM to build a suitable conductive network that could fully
utilize the antioxidant and conductive properties of MXene.
After E-MXene was injected into the infarcted area of the
mouse heart, the cardiac function of MI mice was improved by
decreasing the excessive production of ROS to improve the
tissue microenvironment, and enhancing the electrical signal
conduction between the fibrotic scar tissues and the normal
cardiac tissues.

Neuronal cells are electrically active and bioelectrical in
nature, and adhesion-mediated signaling pathways are critical
for regulating neuronal cell function and determining their
fate, especially cell spreading, proliferation, and differen-
tiation."”® Therefore, the development of bioactive materials
with both electrical conductivity and cell adhesion properties
has great potential for promoting neural tissue regeneration.
MXenes have excellent electrical conductivity, which will facili-
tate neurite growth and enhance neuronal development.
Secondly, MXene’s high hydrophilicity and rich surface func-
tional groups facilitate the optimization of the bioadhesive

This journal is © The Royal Society of Chemistry 2025

properties and surface functionalization of the substrate,
which can promote the adhesion of neural cells as well as
modulate their behavior."”” The above properties of MXene
also mean it has unlimited potential in the field of neural
tissue engineering. Wang et al. created a novel neural conduit
with microchannel guidance (MXPLT) by 4D printing, which
consisted of a monolayer of MXene Ti;C,T, nanosheets and
poly(i-lactide-co-trimethylene carbonate) (PLATMC).'”® The
printed nerve conduit had shape memory and automatically
rolled into a tubular structure at 37 °C, firmly wrapping
around the severed ends of the defective nerves. Its high duct-
ility and elasticity could withstand nerve deformation caused
by muscle movement. Micro-channels constructed through 4D
printing accelerated cell migration during the nerve repair
process, resulting in faster and better repair of long-distance
nerve defects. The addition of MXenes improved the electrical
conductivity of the nerve conduit, which created a complete
electrical pathway during the nerve repair process and ulti-
mately repaired peripheral nerve damage. In another study,
Ti;C,T, MXene was used as a coating nanomaterial for
aligned/randomly aligned poly (lactic acid) (PLLA) nanofibers,
named M-ANF or M-RNF, respectively, and it was found that
the addition of MXene promoted an increase in the number of
neuromasts, their lengths, branching complexity, and synaptic
densities (Fig. 10C)."7°

Drug delivery platforms can be used to improve the stability
and specific targeting ability of drugs in biological environ-
ments, as well as to improve the stability of chemotherapy
in vivo, by polymers or targeting functional agents. MXene-
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based biomaterials offer numerous advantages in building efficient loading and delivery of therapeutic molecules and
drug delivery platforms. First, due to their unique lamellar allow for easy distribution and accumulation of drugs at the
structure, very large specific surface area, and nano-size, therapeutic site. In addition, utilizing the physicochemical,
MXene-based biomaterials provide abundant anchor sites for electronic, and optical properties of MXene-based biomaterials
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will effectively integrate the drug delivery platforms with other
bioimaging and therapeutic modalities (e.g., PTT, PDT, CDT,
SDT, etc.), which will facilitate the development of smart drug
delivery platforms. Han et al developed Ti;C, MXene
nanosheets with soybean phospholipid (SP) modification as
effective drug carriers for loading and delivery of DOX and as
synergistic therapeutic agents against cancer.'®® These Ti;C,
MXenes not only possessed a drug loading capacity of up to
211.8%, but also exhibited pH-responsive and NIR-triggered
on-demand drug release properties. To improve therapeutic
efficacy and reduce drug dosage, delivery efficiency can be
further enhanced by using DNA, peptides or antibodies for
surface functionalization or hydrogel encapsulation. He et al.
established a promising and efficient photothermal-che-
motherapeutic synergistic cancer treatment platform by inte-
grating DNA hydrogels with Ti;C,T,-based MXene as a photo-
thermal agent and DOX as a loaded chemotherapeutic drug.'®*
Under NIR irradiation, the temperature increase induced by
the photothermal MXene nanosheets triggered a reversible
transformation of the DOX-loaded MXene-DNA hydrogel from
gel to solution, during which the DNA double-stranded cross-
linking structure released DOX, resulting in highly efficient
localized cancer therapy (Fig. 10D). Upon removal of NIR
irradiation, the DNA double-stranded structure and hydrogel
matrix were reformed, and recombination of free DOX and
adaptive transformation of the hydrogel could be achieved.
From the CLSM images of HeLa cells, it was observed that
there was DOX release and uptake only in the cells of the
material-treated group under NIR irradiation (Fig. 10D).

The lamellar structure of MXenes facilitates modification
by various surface terminations, providing a rich variety of
surface-active sites that can be used as a biosensing platform
with high responsiveness to various external stimuli. In
addition, MXenes have excellent conductivity, which facilitates
low noise and high selectivity in biosensing reactions.
Therefore, these unique properties make MXene a highly
promising biosensor material. MXene-based wearable sensors
with flexibility, gas sensors, glucose sensors and fluidic bio-
sensors have been well-studied and demonstrated to have good
specificity, selectivity, and sensitivity.'*>'®® For example, Lin
et al. designed an electrophysiological MOF/MXene electrode
using highly conductive MXene and a porous conductive
metal-organic framework (c-MOF, Ni;(HITP),), which could
realize a multifunctional biosensor integrating the electro-
chemical detection of uric acid (UA) and glucose (Glu) in
sweat, electrophysiological signal acquisition, and electrical
stimulation for treatment (Fig. 10E)."®** MOF/MXene electrodes
enabled muscle therapy through electrical stimulation with
lower electrode/skin interface impedance, higher stability and
signal-to-noise ratio (SNR), and high charge storage capacity
(CSQ). In another study, an electrochemical microfluidic bio-
sensor based on Ti;C,T, MXene was designed that can be
applied to hemodialysis, enabling continuous detection of
urea, uric acid and creatinine levels in human blood."®® These
efforts pave new paths for MXene applications in biomedical
and sensing fields.

This journal is © The Royal Society of Chemistry 2025
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5. Conclusion and perspective

MXenes have attracted much attention in biomedicine and
include many transition metal carbides and nitrides. Novel 2D
MXene materials have been widely studied in the biomedical
field due to their diverse chemical structures, tunable physico-
chemical properties, and desirable bioactivities. Despite the
achievements of MXene-based biomaterials in biomedicine,
research in this field is still in its infancy and there are many
critical issues that need to be addressed.

MXene-based biomaterials used in the biomedical field
face higher demands, requiring both good biosafety and
corresponding biological functions in vivo, and at the same
time their degradation efficiency in vivo needs to be considered
to avoid negative impacts on the organism. Although many
preliminary studies have demonstrated the generally low cyto-
toxicity of MXenes currently used in biomedicine, most of
these studies have been conducted at in vitro levels or in small
animals such as mice at low doses, and there is a lack of sys-
tematic evaluations of the long-term biosafety of MXenes in
large animal models (e.g., rabbits, dogs, pigs, and primates).
In addition, there are fewer studies on the degradability of
MXene-based biomaterials, and only some MXenes have been
reported to be degradable. For biodegradable MXenes, the
short-term toxicity in vivo and effects of their degradation pro-
ducts should be evaluated. For non-biodegradable MXenes,
the long-term toxicity in vivo should be evaluated to under-
stand their biodistribution and clearance rate in the body.
More data on the safety and degradability of MXenes in vivo
are needed in the future.

Putting aside the safety and degradability of MXenes
in vivo, there are still many limitations for their translation
from the laboratory to the clinic. On the one hand, the cellular
uptake behavior, biological interactions, and the specific
mechanism of action of MXenes on tissue regeneration are not
yet clear. On the other hand, in order to cope with more
complex physiological environments in the human body, it is
necessary to establish different large-scale animal models or
even clinical trials to evaluate the role played by MXene-based
bioactive materials in the organism. In the future, more
research is needed to investigate the mechanism of action of
MXenes on cells and tissues by establishing more animal
models to lay the foundation for clinical conversion. In
addition, surface modification strategies can further enrich
the biological functions of MXenes, and the current surface
modification strategies for MXenes are classified as small-
molecule modification, macromolecule modification, bioactive
nanoparticle modification, and surface polymerization modifi-
cation. The research on small-molecule modification of
MXenes mainly focuses on the modification by silane agents,
and more modification strategies of MXenes by other bioactive
small molecules are expected to be explored in the future.

MXene-based biomaterials offer a new lease of life for
tumor ablation as well as infection treatment, overcoming the
limited therapeutic efficacy of certain therapies alone and the
development of bacterial resistance. In addition, the fabrica-
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tion of ultrasmall MXene-based QDs and their applications in
therapy and regeneration require further attention. MXene
QDs can be modified or coated on their surface with different
materials or targeting tools to prolong the circulation and
accumulate at the site of interest for imaging, enabling the
diagnosis of diseases. The most promising future direction is
to build multifunctional MXene-based therapeutic systems,
using multiple therapeutic approaches to achieve diagnostic,
combined therapeutic integration.

The unstable and highly oxidizable characteristics of
MXenes limit their use in biomedical applications. The surface
of MXenes is usually composed of -OH, -O or -F, making the
surface hydrophilic, which together with the high surface
charge leads to rapid aggregation and precipitation of few-layer
MXenes in biological media, thus affecting their physico-
chemical properties and biological functions. In addition,
although MXenes disperse very well in water, they are easily
oxidized by oxygen in water and are very unfavorable for
storage. Therefore, surface chemical modification of MXenes
and surface engineering strategies could address the issues of
stability, storage and sterilization, which are very important for
clinical translation. Macromolecular modification for MXenes
is mainly based on non-covalent interactions; e.g., surface
modification with macromolecules such as PEG, BSA, and HA
can modulate the hydrophilicity and biocompatibility of
MXene solutions but suffers from poor stability. In the modifi-
cation of MXenes with bioactive nanoparticles (e.g., Fe3Oy,
MnO,, Au, Pt, etc.), although this can broaden their potential
for therapeutic (PTT, PDT, CDT, etc.) and diagnostic imaging
applications, the cytotoxicity of the metal ions needs to be con-
sidered. Surface polymerization modification methods (e.g:,
modification by PDA, PLGA, Ppy, etc.) have the problems of
difficult operation and complicated steps. In the future, optim-
ization or development of new modification methods of
MXenes in various ways to give them more stable properties
and more comprehensive functions is expected.

Currently, the research on MXenes in the biomedical field
is still focused on tumor therapy and antibacterial therapy,
which mainly rely on PTT and PDT of MXenes, but most of the
research on the photothermal performance of MXenes is
focused on NIR-I. To cope with the treatment of deeper
tissues, there is an urgent need for the development of MXene
composites that can respond to NIR-II light. For the research
of MXenes in tissue regeneration, there are more studies in the
field of skin regeneration as well as bone regeneration, while
there are fewer related reports in the field of muscle tissue
engineering and nerve regeneration. In addition, most of the
MXenes used in biomedical research are Ti/Nb-based carbons,
mainly focusing on Ti;C,T,, while there are fewer reports on
other types of MXenes (e.g., Ta,C; and V,C, etc.). In the future,
the development of various types of different MXenes with
broader applications in the biomedical field is expected.

MXene-based biomaterials offer new perspectives for bio-
medicine, and in the future, inexpensive mass production
methods and new strategies for easy surface modification
should be developed. We believe that as the scientific commu-
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nity continues to explore MXenes, these challenges will soon
be solved, and the field of MXene composites will thrive in bio-
medicine with even more rational technological innovations.
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