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Non-Ti MXenes: new biocompatible
and biodegradable candidates for

biomedical applications
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MXenes are a class of two-dimensional nanomaterials with the general formula M,1X,T,, where M
denotes a transition metal, X denotes either carbon or nitrogen and T, refers to surface terminations,
such as —OH, —O, —F or —CL The unique properties of MXenes, including their tunable surface chemistry
and high surface area-to-volume ratio, make them promising candidates for various biomedical
applications, such as targeted drug delivery, photothermal therapy and so on. Among the family of
MXenes, titanium (Ti)-based MXenes, especially TizC,T,, have been extensively explored for biomedical
applications. However, despite their potential, Ti-based MXenes have shown some limitations, such as
low biocompatibility. Recent studies have also indicated that Ti MXenes may disrupt spermatogenesis
and accumulate in the uterus. Non-Ti MXenes are emerging as promising alternatives to Ti-based
MXenes due to their superior biodegradability and enhanced biocompatibility. Recently, non-Ti MXenes have
been explored for a range of biomedical applications, including drug delivery, photothermal therapy,
chemodynamic therapy and sonodynamic therapy. In addition, some non-Ti MXenes exhibit enzyme-
mimicking activity, such as superoxide dismutase and peroxidase-like functions, which play a major role in
scavenging reactive oxygen species (ROS). This review discusses the properties of non-Ti MXenes, such as
biocompatibility, biodegradability, antibacterial activity, and neuroprotective effects, highlighting their potential
in various biomedical applications. These properties can be leveraged to mitigate oxidative stress and develop
safe and innovative strategies for managing chronic diseases. This review provides a comprehensive analysis
of the various biomedical applications of non-Ti MXenes, including their use in drug delivery and
combinatorial therapies and as hanozymes for sensing and therapeutic purposes. The theranostic applications
of non-Ti MXenes are also discussed. Finally, the antibacterial properties of non-Ti MXenes and the proposed
mechanisms are discussed. The review concludes with a summary of the key findings and future
perspectives. In short, this review provides a thorough analysis of the biomedical applications of non-Ti
MXenes, emphasizing their unique properties, potential opportunities and challenges in the field.

as Sc, Y, Ti, Zr, Hf, V, Nb, Ta, Cr, Mo and W), X denotes carbon
and/or nitrogen, and T, refers to surface terminations (such

The advent of two-dimensional (2D) materials has sparked a
revolution in several scientific and technological domains.
Among these, MXenes, a class of transition metal carbides,
nitrides, and carbonitrides, have attracted significant interest
because of their unique properties and wide range of potential
applications. The general formula for MXenes is M,1X,Tx
(n = 1-4), where M represents an early transition metal (such
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as O, OH, F, or Cl), which vary depending on the synthetic
process.” To date, more than 40 different varieties of MXenes
with various chemical orderings and compositions have been
synthesized experimentally, while over 100 forms have been
predicted theoretically.> Compared to other traditional 2D
materials, such as graphene, MXenes possess several additional
interesting characteristics. These include a wide range of surface
chemistries and chemical compositions, superior hydrophilicity,
tunable electronic conductivity (ranging from semiconductor to
metallic), and broad optical absorption properties.’ These features
make MXenes highly versatile candidates for various applications,
such as energy storage, electronics, catalysis, sensing, and bio-
medicine.”®
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1.1. Synthesis of MXene

Eliminating the Al element by etching using hydrofluoric acid
(HF) is the first and most used synthetic method for synthe-
sizing MXene from its parent MAX phase.” Because HF is toxic,
this method of producing MXene is extremely dangerous.
According to studies by Feng et al® and Wang et al.,’ the
multilayer MXene created by HF etching usually features large
structural defects and small lateral diameters. It has been
proposed that improved processes that make use of a bifluoride
etching solution or mixed lithium fluoride-hydrochloric acid
(LiF-HCI) can be used to create MXene with a better lateral size
and fewer defects.'®'"

Several other methods for manufacturing MXene have been
developed since its discovery, including molten salt etching,
wet chemical etching, chemical vapour deposition (CVD), and
electrochemical etching.”*™* In the molten salt etching pro-
cess, MXene can be synthesized by etching at high tempera-
tures using Lewis’s acids, Lewis-base salts, and fluoride salts."®
Kim and colleagues effectively produced the Ti;C,T, MXene
by removing Al from the Ti;AlC, MAX phase using LiF/HCI
solutions throughout the MXene synthesis process.'® Li et al.
successfully synthesized Ti;C,Cl, and Ti,CCl, MXene by dela-
minating Ti;ZnC, and Ti,ZnC in molten ZnCl, using Molten
salt etching.'” This process results in an MXene surface with
—Cl functional groups and is more resistant to oxidation than
the surface with -F functional groups.

The MXene created by CVD provides large surfaces and
outstanding stability, and the lack of terminations makes it
easier to investigate its special qualities. Wang et al. employed
the CVD method to synthesize Ti,CCl, MXene by the reaction of
methane and titanium tetrachloride on a titanium surface."”
Another efficient way to produce MXene is via electrochemical
etching, which offers more control over process parameters and
is an environmentally benign option.'® The creation of carbon
generated from carbide and excessive etching must be avoided
by carefully adjusting the etching settings. Through electro-
chemical etching in an HCI solution at 0.6 V for 120 hours,
Sun et al. successfully produced Ti,CT,.'* Additionally, the
electrochemical in situ synthesis of MXene on electrode sur-
faces presents a simple and eco-friendly method for fabricating
MXene devices and offers clear benefits for electrocatalytic
applications. As a proof-of-concept, Li et al. synthesized V,CT,
electrochemically by modifying the MAX phase material on the
cathode and an etchant-containing electrolyte to fabricate an
MXene battery.” The developed MXene battery exhibited out-
standing cycling stability and rate performance. In conclusion,
chemically exfoliated MXene has a smaller surface area and the
least oxidation stability than mechanically exfoliated MXene. In
addition, mechanical exfoliation is a more environmentally
friendly method than chemical exfoliation methods.

2. Biomedical applications of MXenes

In comparison with other 2D materials, MXenes possess high
biocompatibility, with minimal cytotoxicity and immunogenicity,

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Biomedical applications of non-Ti MXenes (created with Bio-
Render.com).

adaptable surface chemistry and high loading capacity that make
them appropriate for various applications in the field of bio-
medicine, including drug delivery systems, biosensors, anti-
bacterial applications, and various therapies, like photothermal
and sonodynamic therapies.”*?* The schematic showing the
various biomedical applications of non-Ti MXenes is illustrated
in Fig. 1. The adaptable surface chemistry and high loading
capacity make it a valuable component of drug delivery sys-
tems, and controlled drug release kinetics can be accomplished
by functionalizing MXene with certain compounds.®?*> MXene-
based drug carriers have demonstrated promise in precise drug
delivery, with fewer side effects and higher therapeutic efficacy
for antibiotics and anticancer drugs.?> MXenes provide tunable
surface functionalities that enable personalised interactions
with biomolecules, which in turn make specialised target-
ing and distribution of drugs with enhancement in their
effectiveness.”® 2%

The electrical conductivity and absorption in the near-
infrared (NIR) region of MXene-based materials make them a
suitable candidate for photothermal therapy (PTT) in the first
or second NIR (NIR-I/II) bio window.>**" MXenes can produce
reactive oxygen species (ROS) under photonic or ultrasonic
irradiation because of their configurable bandgap and surface
plasmon resonance (SPR) effects. MXenes with multiple defects
and a smaller size have been shown to have luminous char-
acteristics and are used in biosensors and molecular imaging.®
The wide surface area and adjustable surface chemistry of
MXenes are ideal for immobilising enzymes, antibodies,
and DNA probes to improve target analyte interaction and
detection in biosensing applications. Along with the high
electrical conductivity and electrochemical activity of MXenes,
these properties enable their use in electrochemical biosensing
applications.?” MXene’s strong light-matter interactions and
SPR make them suitable for optical biosensing.** Functionaliz-
ing MXene with fluorophores or quantum dots (QDs) creates
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optical biosensors that can rapidly and precisely detect real-
time biomolecular interactions in a multiplexed manner with
high sensitivity.>*® Additionally, MXene shows X-ray attenua-
tion and MRI contrast enhancement properties that have signi-
ficant implications for diagnostic and medical imaging
applications, such as CT and MRI contrast agents.”””*®

MXene shows the capacity to enhance cell adhesion and
proliferation and can be utilized in regenerative medicine
applications.*® MXene-based scaffolds have proven to be effective
in encouraging cell division, which qualifies them for use in tissue
regeneration and repair. These MXene composites can be used in
wound healing and organ regeneration by mimicking the extra-
cellular matrix and fostering environments that are conducive to
tissue regeneration.’® In addition, MXene possesses exceptional
mechanical strength and flexibility that allow it to tolerate
mechanical loads while preserving structural integrity that might
be useful in tissue engineering applications.*

MXene-based materials have demonstrated the ability to
inhibit bacterial growth, making them promising candidates
for use as antibacterial agents. This feature holds significant
promise for the development of antibacterial coatings for
medical equipment and implants, as well as for the prevention
of bacterial infections. MXene’s large surface area and distinct
surface chemistry allow it to interact with bacterial cell walls
and exert antibacterial properties.**>*?

MXenes have extraordinary environmental stability and
hence can maintain their structural and functional integrity
even when subjected to extreme environments.** The stability
of MXenes is not affected by the presence of acidic, alkaline, or
high-temperature conditions. This environmental stability
improves the reliability and endurance of biomedical devices
and implants based on MXene, which makes it suitable for
applications in the field of biomedicine intended to last for an
extended period.**®

3. Biocompatibility of Ti MXenes
vs. non-Ti MXenes

Among the various MXenes, Ti MXenes are mostly explored for
biomedical applications. However, the safety issues and the
effects of Ti MXenes on human health remain poorly evaluated.
As per the study by Wen et al, Ti MXenes cause abnormal
neurobehavior and pathological changes as well as accumula-
tion in organs.*® This is the first report on the effects of Ti
MXene nanosheet exposure on pregnancy and offspring. The
authors suggested more attention to the long-term effects of
MXene exposure, including the health of offspring in adult-
hood rather than only focusing on the pregnancy outcomes.
A recent study by Wei et al. showed that Ti;C,T, nanosheets
disrupt spermatogenesis in mice.?” They observed that high
doses of Ti MXene caused oxidative stress in the GC-1 cell line.
In another work, Wu et al. found dose-dependent cytotoxicity
(considerable cell damage and death) on neural stem cells by
Ti;C,T, MXene at a concentration of 25 ug mL™".*®* However,
the effects were less detrimental at lower doses of 12.5 pg mL™ .
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Fig. 2 Trend analysis of annual publications on non-Ti MXenes from 2013
to 2024. Data obtained from Scopus; Copyright © 2024, Elsevier B V.

At 25 pg mL " dose, Ti;C, exposure changed the expression of
genes related to stress responses, defense systems, and inflam-
mation, suggesting that cellular stress pathways were activated.

The first non-Ti MXene was discovered by M. Naguib in
2013, and since then, various non-Ti MXenes with central metal
atoms, such as Nb, V, and Ta, have been introduced.*® The
bar diagram showing the number of publications on non-Ti
MXenes from 2013 to 2024 is shown in Fig. 2. Non-Ti MXenes
with central metal atoms, such as Nb, V, and Ta, have been
assumed to show much better biocompatibility compared to Ti
MXenes.”® Compared with Ti MXenes, non-Ti MXenes show
relatively high stability and resistance to oxidation as well as
the possibility of utilizing more environmentally friendly
synthesizing procedures for non-Ti MXenes.>' Non-Ti MXenes,
especially Mo-based MXenes, have superior stability compared
to Ti-based MXenes®® and most of the non-Ti MXenes are
resistant to oxidation, except V-based MXenes.>?

Fusco et al. investigated the effect of Nb,C;T, MXenes on the
immune system and organs.>* They observed that Nb,C;T,
neither had any adverse effect on the immune response nor
affected gene expression in the cells. It also did not accumulate
in the organs of the mice. In another study, Han et al. con-
firmed that the Nb,CT, nanosheets functionalized with poly
vinyl pyrrolidone (PVP) show promising biocompatibility.*° The
biocompatibility of Nb,CT, was further confirmed by Yang
et al., who demonstrated promising biocompatibility of Nb,CT,
quantum dots (QDs) under in vitro and in vivo conditions and
when incubated with myeloperoxidase and H,0,.%” In addition,
Nb,CT, QDs showed unique biodegradability responsive to
human myeloperoxidase. In another recent study, the toxicity
of Nb,CT, QDs and TizC,T, QDs in human umbilical vein
endothelial cells (HUVEC) was compared.’® It was found that
TizC,T, QDs in 100 pug mL ™" concentration showed toxicity
towards HUVEC when incubated for 24 h, while Nb,CT, QDs
displayed no toxicity at the same concentration and incubation
time. Furthermore, Nb,CT, QDs were observed to promote
autophagy, while Ti;C,T, QDs impaired autophagy. It was thus

This journal is © The Royal Society of Chemistry 2025
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concluded that compared to Tiz;C,T, QDs, Nb,CT, QDs are
more biocompatible to HUVECs under the same experimental
conditions.

Feng et al. found that Mo,CT, MXene flakes functionalized
with poly vinyl alcohol (PVA) display high biocompatibility and
biodegradability.”” The biocompatibility V,C;T, MXenes were
evaluated in several subsets of immune cells, and the MXene
showed no cytotoxicity towards the immune cells.*® The hemo-
lytic activity analysis performed on human red blood cells
(RBC) showed that V,C;T, MXenes did not significantly release
hemoglobin (Fig. 3(a)). Additionally, V,C;T, MXene was not
toxic to peripheral blood mononuclear cells (PBMCs) as ana-
lysed by cell viability and apoptosis measurement by Annexin V
labeling (Fig. 3b). However, V,C,;T, MXene significantly
decreased the T cell activation markers CD25 and CD69 (Fig. 3(c)),
suggesting potential suppressive effects on the functions of immune
cells. Notably, V,C,T, MXene significantly decreased the secretion of
innate inflammatory cytokines in activated PBMC (Fig. 3(d and e)).
These results thus show that V,C;T, MXene exerts immunomodula-
tion by interfering with innate and adaptive immune cell activation.
This study not only highlighted the biocompatibility of V,C,T,
MXene but also shed light on the possible application of V,C;T,
in managing inflammatory and autoimmune conditions. All these
studies point out that non-Ti MXenes are biodegradable and show
better biocompatibility compared to Ti-based MXenes.

Despite the generally acknowledged biocompatibility of
vanadium MXene, certain studies present contrasting findings.
For example, V,CT, has been observed to undergo in situ
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Fig. 3 (a) Hemolysis assay performed on human red blood cells (RBCs).
The red color solution is due to the release of hemoglobin from lysed
RBCs. (b) PBMCs treated with 50 pg mL™t of V4C3T, or TizsC,oT, for 24 h,
stained with Annexin V and Fixable Viability Staining 780 and analyzed by
flow cytometry. (c) Immune cell activation marker staining analysis by flow
cytometry. (d) and (e) Evaluation of cytokine (IL-6, and TNFa) concentra-
tions in supernatants of PBMCs. Reprinted with permission from ref. 58
Copyright © 2024, Wiley-VCH GmbH.
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oxidation in cell culture media, which can cause cytotoxic
effects. The degree of cytotoxicity was observed to be directly
proportional to the extent of oxidation, dose, and time. The
oxidized vanadium MXene flakes could decrease cell viability
through the disintegration of the cellular membrane or by
disrupting the cell cycle. This casts a shadow over the biome-
dical applications of vanadium MXene and its stability.>

4. Non-Ti MXene-based drug delivery
systems for chronic diseases

One reason for the ineffectiveness of cancer treatment is the
lack of specificity and side effects of cancer therapies. Most
drugs used for cancer treatment have low bioavailability; hence,
they are administrated in high doses to be effective. However,
this causes serious side effects and toxicity.>® These issues can
be addressed using targeted drug delivery systems with specific
receptors that can reduce the overall toxicity and increase
efficacy.®® Another major advantage of drug delivery systems
is the possibility of efficient combination therapy that increases
the potency of the treatment. Along with the combination of
different chemotherapeutic drugs, we can enable these systems
to aid in photothermal therapy, immunotherapy, and sono-
dynamic therapy depending upon the material we use to create
the drug delivery system. The incorporation of other therapeu-
tic strategies with drug delivery systems further increases the
efficacy of the treatment.®"®*> The use of multiple drugs further
reduces the toxicity of individual drugs and helps in over-
coming drug resistance by cancer cells.

MXenes are excellent candidates for drug delivery systems
and combination therapy due to their unique physiochemical
features, such as large surface area, mechanical and thermal
properties, biocompatibility, and low toxicity.”> MXene is
hydrophilic, which makes it easier to remove from the human
biological system. Many researchers have introduced surface
moieties, such as folic acid, to make it targeted towards cancer
cells because cancer cells have more folate receptors than
normal cells. Other than folic acid, many other molecules, such
as hyaluronic acid, phospholipids and amino acids, are also
being used for surface modification, and these coatings can
enhance the biocompatibility of the drug delivery systems.>°

Non-Ti MXenes, such as Nb, V, Ta and Mo MXenes, have
been used in drug delivery systems. These drug delivery systems
are either used for drug delivery alone or for synergistic therapy
in combination with photothermal therapy, sonodynamic
therapy, and nanozyme activity. The next subsection discusses
the combinatorial drug delivery approach for various chronic
diseases.

4.1. Nb MXenes as combinatorial therapeutic systems

Nb-based MXenes have been explored in drug delivery applica-
tions mainly in combination therapy and theranostics. One
such synergistic approach was developed by Hao et al. in which
Nb,CT, MXene-based plasmonic assembly loaded with Pt
nanozymes, and doxorubicin (DOX) was used for combined
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drug delivery, nanozymes, and photothermal therapy.®* The
assembly contained a tumor cytomembrane used for tumor
targeting. In cancer cells, the hypoxic condition and low pH
trigger the release of DOX, and the Pt nanozyme is activated
when irradiated with an NIR-II laser. The Pt nanozymes can
trigger the production of reactive oxygen species, leading to the
death of cancer cells.

In another work, Nb,CT, combined with mesoporous silica
was used as a perfect platform for drug delivery along with
photothermal therapy.®® Here, cetanecyltrimethylammonium
chloride (CTAC) was used as the surfactant for mesopore
formation, and the composite was modified with polyethylene
glycol (PEG), followed by arginine-glycine-aspartic penta-
peptide (RGD) conjugation. The synthesized composite acts
as a drug and targets cancer cells through the selective binding
of integrin overexpressed on the cancer cell membrane. The
composite exhibited high photothermal conversion capability
in the presence of laser irradiation in the NIR-II region
(1064 nm), which resulted in the maximum elimination of
cancer cells (U-87). Similarly, an immune adjuvant drug R837
(Imiquimod, an agonist of toll-like receptor 7) was loaded on
polydopamine (PDA) modified Nb,CT, for cancer photo-
thermal/immune-therapy in the NIR-II biowindow.®® The PDA
functionalization of Nb,CT, enhances the loading rate and
stability of the system. An RBC membrane was applied as a
coating in this system to prevent the clearance of the nano-
composite system by phagocytosis. Due to the toll-like receptor
7-signaling, R837 modification enhances the maturation and
activation of dendritic cells (DCs) and hence superior immune
responses that inhibit secondary tumors as well as tumor
recurrence compared to photothermal therapy without R837.

Apart from photothermal therapy in combination with drug
delivery, Nb MXene can be utilized for sonodynamic therapy
along with drug delivery. In sonodynamic therapy, low-intensity
ultrasound and sonosensitizers are combined to produce ROS
that can be utilized to destroy bacteria or tumors. Sonodynamic
therapy has fewer side effects and achieves deep tissue pene-
tration in biological tissue up to 40 mm thickness, which is
approximately five times more than the tissue penetration by
NIR.®” Pang et al. used poly(vinylpyrrolidone) (PVP) functiona-
lized Nb,CT, nanosheets for loading the polythiophene-based
sonosensitizer towards sonodynamic therapy for solid tumors.®®
Utilizing the catalase-like activity of Nb,CT, could catalyze the
conversion of H,0, to O,, and this lessens the tumor hypoxia and
cell activity and enhances the efficacy of sonodynamic therapy.
Upon ultrasound irradiation, the nanosheets release the sonosen-
sitizer and produce both singlet oxygen and superoxide anions.
This process led to tumor cell death with enhanced sonodynamic
therapy efficacy.

It was found that Nb MXenes can also induce programmed
cell death (or apoptosis) in cancer cells. Jastrzebska et al
modified Nb,C;T, and Nb,CT, with polylysine to convert the
surface charge of MXene to positive and evaluated cell cycle
arrest and apoptosis in melanoma cells.®® They also found that
polylysine-modified Nb MXene had ROS scavenging activities,
showing the pivotal role played by surface modifications of
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Fig. 4 Schematics of the (a) synthesis of Nb,CT, QDs/LOD@RBC and
(b) its catalytic activity in lactate consumption and macrophage repolar-
ization for enhanced chemodynamic therapy. Reprinted with permission
from Ref. 70 Copyright © 2022, Elsevier B.V.

MXene in determining the functions and characters in cell
cycle arrest and inducing apoptosis.

Chemodynamic therapy utilizes the ability of chemody-
namic materials to selectively induce tumor cell apoptosis via
Fenton or Fenton-like reactions, and it is considered highly
effective in tumor-specific treatments. Nb,CT, QDs have been
used for chemodynamic therapy by modifying it with lactate
oxidase (LOD) and RBC encapsulation.”® The schematics of the
synthesis of Nb,CT, QDs/LOD@RBC and its catalytic activity in
lactate consumption and macrophage repolarization for
enhanced chemodynamic therapy are depicted in Fig. 4. The
nanocomposite could coverts H,0, into *OH, while the over-
expressed lactate could be catalyzed into H,O, by lactate
oxidase to replenish the depletion of H,0,. This, in turn,
disrupts the tumour microenvironment, making it more acces-
sible to immunostimulatory macrophages. This might result in
maximizing the therapeutic outcome of the chemodynamic
therapy.

In addition to standard anticancer drugs, Nb,CT, nano-
sheets can also be used to carry natural molecules. Ultrathin
Nb,CT, nanosheets functionalized with berberine, a natural
inhibitor of cancer metastatic proteins was used for synergistic
therapy for breast cancer and subsequent lung metastasis.”*
The nanocomposite exhibited promising biocompatibility and
drug loading while maintaining photothermal performance
and anticancer efficacy. It was concluded that the functiona-
lized Nb,CT, nanoplatform efficiently destroys cancer cells and
inhibits metastasis with minimal local tissue damage.

In addition to cancer treatments, researchers are exploring
the application of Nb,CT, in treating various other diseases,
such as neurodegenerative conditions and infections. Du et al.
successfully used an ultrathin Nb,CT, nanosheet as an inter-
esting metal-ion chelating agent and an artificial nanozyme for
catalysing ROS scavenging.””> The Nb,CT, nanosheets capture

This journal is © The Royal Society of Chemistry 2025
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Cu”’ so that the coordination between Cu®* and AB aggregate
suppresses and protects tissues from Cu®"-associated toxicity.
In addition, the nanosheets exhibit an enhanced permeability
to the blood brain barrier and excellent photothermal effect
under the NIR-II laser irradiation.

4.2. V MXenes as combinatorial therapeutic systems

V,CT, MXene has been used in biomedicine due to its excellent
photothermal conversion, drug loading properties, biocompat-
ibility, and biodegradable characteristics. V,CT, MXene loaded
with DOX was explored for the delivery of DOX and for the
evaluation of the growth inhibition and metastasis of triple-
negative breast cancer.”” This work is based on the local “heat”
generation that could occur at tumor sites in the presence of an
NIR laser and the controlled release of DOX that results in the
potent inhibition of tumor growth and metastasis. They also
proposed that hyperthermia in conjunction with the acidic
and H,O,-rich tumor microenvironment would accelerate the
decomposition of V,CT,, leading to controlled DOX release.

V,C3T, MXene nanozyme causes redox imbalance in the
tumor microenvironment that disrupts cancer mass and elimi-
nation of cancer cells. For the nanozyme catalytic/photothermal
therapy of cancer, Zhao et al. functionalized MXene with
Atovaquone (ATO), a commonly used antimalarial drug and
natural inhibitor of electron transport chain.”? The antitumor
mechanism of V,C;T, MXene by interfering with tumor redox
homeostasis in the ATO-enhanced nanozyme catalytic/photo-
thermal therapy is illustrated in Fig. 5. The authors designed a
system with V,C;T, and ATO encapsulated with bovine albumin
(BSA). The stable and strong photothermal effect of the nano-
composite under NIR irradiation causes the necrosis of tumor
cells with enhanced peroxidase-like activity. The released ATO
suppresses the cellular respiration in the mitochondria, leading
to decreased ATP levels and expression of heat shock proteins.
In addition, the nanocomposite exhibits high photoacoustic
and photothermal imaging performances.”*

It has been observed that chronic inflammation can be a
potential precursor to cancer. This can be observed in condi-
tions such as colitis, wherein acute or chronic inflammation of
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Fig. 5 Schematic of the antitumor mechanism of V4C3T, MXene in ATO-
enhanced nanozyme catalytic/photothermal therapy by tumor redox
homeostasis. Reprinted with permission from ref. 74 Copyright © 2023,
Wiley-VCH GmbH.
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the mucosal lining of the colon may lead to colorectal cancer.
Hence, proper management of inflammation is critical.
Recently, V,CT, with gallium doping was reported to alleviate
inflammation in the colon mucosal lining by reducing the
excessive reactive oxygen species and proinflammatory cyto-
kines.”> This is attributed to numerous enzyme mimicking
activities of V,CT, MXene. Additionally, the controlled release
of gallium under NIR irradiation helps in complete tumor
ablation without further recurrence.

Photothermal therapy based on MXenes is gaining momen-
tum, but the major issue with this therapy is that cancer cells
are slowly acquiring resistance. Heat shock proteins provide
thermo-resistance to cancer cells. This heat resistance issue
was addressed by a research group using V,CT, QDs with a low-
temperature nucleus-targeted photothermal therapy strategy in
the NIR-II region.”® Here, the V,CT, QDs were functionalized
with TAT peptides and engineered exosome vectors. These
modifications provided good biocompatibility, long circulation
time, and endosomal escape ability to the nanoparticles,
and they could enter the nucleus of the target cell for low-
temperature photothermal therapy with enhanced tumor
destruction efficiency.

4.3. Ta MXenes as combinatorial therapeutic systems

Investigations of the biomedical applications of Ta MXenes are
very limited. Rafieerad et al. used Ta,C;T, MXene QDs for the
in vivo treatment of transplant vasculopathy.”” They confirmed
the biocompatibility of Ta,C;T, QDs on human cells, which
mainly originated from the tantalum oxides (TaO, and Ta,Os)
present on the MXene surface. These Ta,C;T, QDs were inter-
nalized in endothelial cells and reduced the endothelial cell-
mediated activation of IFN-y+ Th1 cells. From a quantitative
polymerase chain reaction (qPCR)-based gene expression
analysis of common immunologic pathways, they found that
Ta,C3T,QDs cause a significant shift in the expression patterns
of PDL-1 and CD-86. PD-L1 is a co-inhibitory molecule, while
CD-86 is a co-stimulatory molecule for T-cell activation. This
dual action inhibits pro-inflammatory Th1l responses and
diminishes immune cell infiltration, including cytotoxic CD8+
T-cells, while enhancing regulatory T-cells (Tregs), which are
crucial for immunological tolerance. Further, in an in vivo
model of organ transplant rejection, Ta,C;T, QDs reduced the
immune cell infiltration and structural degeneration within
transplanted tissues. Overall, Ta,C;T, QDs can be used for
immunoengineering and other biomedical applications.

4.4. Mo MXenes as combinatorial therapeutic systems

Molybdenum-based MXenes have received relatively limited
exploration in the domain of biomedical applications.>* Similar
to other MXenes, Mo-based MXenes are also explored for
photothermal therapy applications. Feng et al. used Mo,CT,
MXene flakes functionalized with PVA with high biocompat-
ibility and biodegradability for photothermal activity against
4T1 breast cancer cells.”” They found that the Mo,CT,-PVA
nanoflakes alone show relatively low toxicity to cancer cells.
However, upon irradiation, Mo,CT,-PVA nanoflakes increase
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Table 1 Summary of non-Ti MXenes based combinational treatments tested for various diseases
Nano system Therapeutic strategies Mode of action Model used Ref.

Nb,CT,-Pt- Drug delivery,
Dox@M photothermal therapy,
nanozymes
environment
CTAC@ND,CT,- Chemotherapy and

MSN-PEG-RGD  photothermal therapy

Delivery of DOX is enhanced by NIR irradiation. Photothermal
therapy creates ROS and further increases treatment efficiency.
Pt nanozymes generate oxygen and disturb the hypoxic

RGD-tagged system efficiently accumulates in tumor sites and
photothermal therapy supported by chemotherapy efficiently
destroys the cancer cells

In vitro-HeLa cell line 64
In vivo-Kunming mice
model

In vitro-U87 cell line 65
In vivo-nude mice
model

Nb,CT,@PDA-  Immunotherapy and Photothermal therapy destroys the cancer cells and the In vitro-AT1 cell line 66
837@RBC photothermal therapy immunoadjuvants attached to it trigger immunotherapy In vivo-BALB/c mice
Nb,CT,- Chemotherapy and Photothermal therapy generates ROS and triggers the release of Invitro-AT1, MDA-MB- 71
Berberine photothermal therapy drugs, which leads to cell death 231, RAW 264.7 cell
line
In vivo-mice
Nb,CT, Nanozyme effect and ROS scavenging, Removal of Cu®** ions In vitro-SH-SY5Y cell 72
photothermal therapy line
In vivo-ICR mice
Nb,CT,-PVP- Sonodynamic therapy and Catalase-like activity Nb,C MXene disrupts the hypoxic condition of In vitro-4T1 cell line 68
PT2 nanozyme effect the tumor, and this increases the efficacy of sonodynamic therapy In vivo-BALB/c mice
Nb,CT,QD/ Immunotherapy and Lactate oxidase consumes H,0, in the tumor microenvironment In vitro-4T1, 70
LOD@RBC chemodynamic therapy and triggers M1-Macrophage infiltration and the CDT agent RAW264.7 cell line
triggers apoptosis of the cancer cells In vivo-BALB/c mice
V,CT,- Chemotherapy and NIR 808 nm irradiation triggers the release of DOX In vitro-MCF-7, MDA- 73
DOX@Gel photothermal therapy MB-231, MCF-10A cell
line
In vivo-BALB/c nude
mice
V,C3Ty/ Nanozyme and Nanozyme activity disrupts the tumor microenvironment and In vitro-L929, 4T1, cell 74
ATO@BSA photothermal therapy photothermal therapy destroys the cancer cells line
In vivo-BALB/c mice
Ga-V,CT,-NH, Nanozyme and Nanozyme activity alleviates inflammation, and the photothermal  In vitro-HUVEC, 75
photothermal therapy effect leads to cancer cell death NCM460 cell line
In vivo-BALB/c nude
mice
V,CT, QDs Photothermal therapy Nuclease targeting and subsequent photothermal effect In vitro-MCF-7, A549, 76

with nuclease targeting

Ta,C3T, QDs Drug delivery with

immunotherapy

Mo,CT,-PVA Photothermal therapy

biodegradable

Mo,CT,@Mo0O, Photothermal heating

along with chemodynamic
therapy

the permeability of the lysosomal membrane, leading to its
collapse, mitochondrial fragmentation, and actin filament
defects. These disruptions ultimately lead to cancer cell death.

Along with photothermal therapy, Wang et al used
Mo,CT,@MoO, nanoclusters to produce ROS to induce cancer
cell death.”® They found that the carbon-supported Mo,CT,@
MoO, efficiently catalyzed the formation of ROS from the
endogenous H,0,, and the presence of high dispersion of
active Mo®" sites could enhance the ROS efficiency of
Mo,CT,@Mo0O,. In addition, the Mo,CT, core in the Mo,CT,@
MoO, nanoclusters promotes photothermal heating, along with
chemodynamic therapy by Mo>"/Mo®" species that could be
continued by glutathione (GSH) consumption. In short, the
Mo,CT,@Mo0, nanoclusters can be used for cancer therapy
through the production of ROS and NIR-II photothermal

1218 | J Mater. Chem. B, 2025, 13, 1212-1228

Anti-inflammatory and antiapoptotic properties, Intrinsic
immunomodulation for the treatment of allograft vasculopathy

Photothermal activity against 4T1 breast cancer cells. Highly

ROS production for inducing cancer cell death

NHDF cell line

In vivo-BALB/c nude

mice

In vitro-HUVEC, 77
PBMNC cell line

In vivo-Lewis rat,
Sprague-Dawley rat

In vitro-4T1, L929 cell 57
line

In vivo-BALB/c nude

mice

In vitro-HeLa cell line 78
In vivo-BALB/c nude

mice

activity. Table 1 summarizes the use of non-Ti MXenes for
combinational treatments tested for various diseases.

5. Non-Ti MXenes as hanozymes

Nanozymes are nanoparticles that exhibit enzyme-like activities
and carry out the catalytic process of naturally occurring
enzymes.”® The enzyme mimetic abilities of nanozymes can
be modulated by factors such as pH, H,0,, the chemical nature
of metal ions, and glutathione levels. These nanozymes have
gained great attention in the biomedical field due to their
high stability and cost-effectiveness and have been used as an
alternative for naturally occurring enzymes. MXenes can exhibit
enzyme-like activities, and the MXenes showing nanozyme

This journal is © The Royal Society of Chemistry 2025
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activity are termed MXenzymes. This nanozyme ability of MXene
can be utilized for both sensing and therapeutic purposes.
MXenes have been reported to exhibit catalytic activities that
mimic superoxide dismutase, catalase, peroxidase, and others.
MXenes have an intrinsic peroxidase-like activity that may
interfere with the efficiency and stability of the nanozyme.
The exact mechanism by which MXene exhibits these features
has not yet been identified. Even though MXenes are used as
nanozymes in the biomedical field, the stability of MXene is
one of the limitations that can restrict MXene for use as
MXenzymes. The stability issue can be addressed by engineer-
ing composites of MXenes; however, the composites can also
influence the enzyme-mimicking activity of the MXene. It has
been established that non-Ti MXenes, such as Nb, V and Ta
MXenes, have excellent nanozyme activities.>*#°5

6. Theranostic applications of non-Ti
MXenes

Theranostics is the procedure in which diagnosis and treatment
are carried out by the same system, and it has an incredible
future in oncology, especially due to the rise of nanoparticles.
MXenes are excellent candidates for theranostics because they
can be used for drug delivery, immunotherapy, sonodynamic
therapy, and photothermal therapy for treating cancer, and the
same system can be utilized for imaging the cancer and sensing
the biomarkers.®® Lin et al utilized the Nb,CT, nanosheets
functionalized with PVP for photothermal thermal therapy
against breast cancer and for the photoacoustic imaging of
tumors.*® It was found that the Nb,CT,-PVP nanosystem pos-
sesses low phototoxicity, great biocompatibility, and unique
enzyme-responsive biodegradability to myeloperoxidase. The
developed nanosystem showed highly efficient in vivo photo-
thermal tumor eradication properties in both NIR-I and NIR-II
biowindows. Moreover, in vivo photoacoustic imaging was per-
formed on 4T1-tumor-bearing mice after intravenous adminis-
tration, and the results demonstrated the potential of Nb,CT,-
PVP nanosheets for photoacoustic imaging.

As a tumor microenvironment stimuli-responsive theranostic
nanoplatforms, Nb,CT, functionalized with Fe;O, and MnO,
was used for dual-modality magnetic resonance (MR) imaging-
guided photothermal ablation of breast cancer.®* The developed
nanoplatform showed high photothermal-conversion efficiency
in the NIR-II biowindow with highly efficient photothermal
tumor eradication without reoccurrence. It has also shown
enhanced biocompatibility and tumor microenvironment
responsive T1- and T2-weighted MR imaging capability. With
the addition of MnO,, mild acidic conditions and an elevated
reducing microenvironment could result in tumor microen-
vironment sensitive T1-weighted MR imaging. Until MnO,
disintegrates, the incorporated superparamagnetic Fez;O,
could serve as a T2-weighted MR imaging contrast agent. This
tumor microenvironment responsive T1- and T2-weighted
MR imaging with such high efficiency enhances treatment
guidance and monitoring.

This journal is © The Royal Society of Chemistry 2025
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In another work, Cao et al. used V,CT, QDs coated with
exosome and RGD peptide for low-temperature nucleus-targeted
photothermal therapy. These nanoparticles also exhibited the
potential of fluorescent imaging, photoacoustic imaging (PAI),
and MR imaging.”® The fluorescent V,CT, QDs showed good
photothermal effects in the NIR-II region, and the modification
with TAT peptides and packaged into an engineered exosome
with RGD modification provided good biocompatibility, long
circulation time, and endosomal escape ability. Hence, these
nanoparticles can easily target the cell and enter the nucleus for
low-temperature nucleus-targeted photothermal therapy.

Ta,C3T, MXenes have also been used for theranostic appli-
cations mainly for imaging-guided photothermal tumor abla-
tion. Dai et al. used a composite material made of Ta,C3T,
MXene with MnO, for multiple imaging-guided photothermal
tumor ablation.®® The developed nanocomposite showed its
adaptability by acting as a contrast agent for photoacoustic
imaging, tumor microenvironment-responsive T1-weighted
MR imaging, and computed tomography (CT). A thorough
and complete image of the tumor and its microenvironment
was possible with this multi-modal imaging technique.®® Here,
the tantalum component in the composite acts as the contrast
agent for contrast-enhanced computed tomography, while
the MnO, component acts as the tumor microenvironment-
responsive contrast agent for T1-weighted MR imaging. Thus,
in addition to contrast-enhanced photoacoustic imaging, the
photothermal-conversion performance of the MnO,/Ta,C;T,
composite imparts significant tumor growth suppression by
photothermal hyperthermia.

In another study, Lin et al. explored ultrathin biocompatible
Ta,C;T, nanosheets modified with soybean phospholipid (SP)
for photoacoustic (PA)/computed tomography (CT) imaging
and photothermal ablation of tumors in vivo.*® The schematic
presentations on the synthesis of Ta,C;T, nanosheets, surface
modification with SP, and in vivo dual-mode imaging combined
with photothermal therapy are depicted in Fig. 6. The out-
standing photothermal capacity of the Ta,C;T, nanosheets with
photothermal conversion efficiency resulted in the effective
elimination of cancer cells. Besides, the high NIR absorption
and strong X-ray attenuation make them efficient contrast
agents for imaging applications.

7. Antibacterial activity of non-Ti
MXenes

Generally, the antibacterial properties of 2D materials have
been associated with the production of ROS, and penetration
of the bacterial cell membrane, causing bacterial cell death.®”
In particular, the antimicrobial properties of 2D materials, such
as graphene, are observed from oxidative and physical stresses
triggered by the sharp edges of graphene nanosheets, potentially
causing damage to bacterial cell membranes and compromising
their integrity.*® Consequently, MXene-based materials, akin to
graphene-like nanomaterials, show similar activity and hold
immense promise in antibacterial applications. Rasool et al
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Fig. 6 Schematics of the synthesis of Ta;C3T, nanosheets, surface modi-
fication with SP, and in vivo PA/CT dual-mode imaging combined with
photothermal therapy. Reprinted with permission from ref. 86 Copyright
© 2018, Wiley-VCH GmbH.

investigated the antibacterial activity of MXene for the first time
and found that Ti;C,T, nanosheets can stimulate antibacterial
activity in a dose-dependent manner and that the activity was
superior in comparison with graphene oxide.*> They also
proposed that the direct contact of bacteria with Ti;C,T, MXene
can disrupt cellular membranes, leading to cell damage and
eventual death.

The antibacterial activities of Nb,CT, and Nb,C;T, nano-
sheets were evaluated by Pandey et al. using model Gram-
negative and Gram-positive bacteria.®® They found that the
bactericidal properties of Nb,CT, and Nb,C;T, depend on the
sheet size and atomic structure of both MXenes (Fig. 7).
Furthermore, the antibacterial activity increased with a
decrease in the lateral sheet size. Nb,C;T, nanosheets possess
higher antibacterial activity than Nb,CT, owing to the higher
oxidative stress. In another work, Wojciechowska et al. found
that surface-functionalization of Nb MXene with lysozyme
enhances the antibacterial activity owing to a change in the
surface charge from negative to positive.’® In contrast, the
collagen functionalized Nb,C;T, exhibited the growth enhance-
ment of Bacillus subtilis by 225%, thus showing the bio tuna-
bilty of MXene.

Recently, amidated titanium plates (TP) were utilized as a
platform for the preparation of a biofunctional therapeutic
system termed Nb,CT,@TP by grafting Nb,C nanosheets onto
them for bacterial clearance and tissue regeneration.”®
Although increasing Nb,CT, concentrations led to only a
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Fig. 7 Size-dependent antibacterial strategy of Nb-MXenes. Reprinted
with permission from ref. 88. Copyright © 2020 the American Chemical
Society.

slight bacterial death, there was a remarkable reduction in live
bacteria biofilm. Notably, on the surface of Nb,CT,@TP,
bacteria exhibited rupture, indicating their efficacy in inhibit-
ing biofilm formation and inducing bacterial death. Upon
exposure to an 808 nm laser, bacterial colonies and survival
rates of S. aureus and E. coli were progressively decreased in the
Nb,CT,@TP groups by increasing irradiation time. Transmis-
sion electron microscopy (TEM) imaging depicted blurry cell
walls and membranes of S. aureus and E. coli bacteria, dis-
rupted cellular bubbles, and distorted cytoplasmic structures.
Hyperthermia induced by Nb,CT,@TP caused the detachment
of cilia and flagella, thus inhibiting bacterial spread and
biofilm formation. Lactate dehydrogenase (LDH) tests and
ortho-nitrophenyl-B-galactoside (ONPG) hydrolysis tests con-
firmed that thermotherapy with Nb,CT,@TP could disrupt
bacterial membranes and induce bacterial death. Furthermore,
laser-activated Nb,CT,@TP mitigated excess ROS production,
which reduced the proinflammatory reaction and upregulated
vascular endothelial growth factors, thereby promoting angio-
genesis, tissue regeneration, and wound healing. In another
work, Yang et al. reported the integration of a porphyrin metal-
organic framework (MOF) with Nb,CT, as a sonosensitizer for
antibacterial therapy and bone regeneration.’’ In this study,
the ultrasonic currents from the developed sonosensitizer
successfully prompted stem cell differentiation by facilitating
the cation transport and ATP-synthesis-linked electron trans-
port. This study provides a new strategy to eliminate infections
and to treat osteomyelitis by promoting bone regeneration.
The antibacterial activity of Nb,CT, has been used in wound
healing applications. In this aspect, Yang et al. developed an
antibacterial Nb,CT, MXene hydrogel with enhanced oxidative
stress aiming at eradicating the methicillin-resistant Staphylo-
coccus aureus (MRSA) bacterial infection and accelerating
MRSA-infected wound healing.®® Similarly, Chen et al. devel-
oped an anti-oxidative and thermosensitive Nb,CT, MXene-
based hydrogel with improved antimicrobial activity for pro-
moting diabetic wound healing.”® The results confirmed that
the Nb,CT, hydrogel stimulates wound healing by reducing
oxidative damage, attenuating ROS levels, accelerating angiogen-
esis and eliminating bacterial infection under NIR irradiation.

This journal is © The Royal Society of Chemistry 2025
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In another work, Yuan et al. used CeO,-Nb,CT, nanocomposite
with both nanozyme and photothermal activity to kill bacteria in
a diabetic wound.”* The nanocomposite obtained maximum
elimination of bacteria by both catalytic activity and photo-
thermal effect under NIR irradiation at 808 nm. They found that
the composite can accelerate wound healing in rat models and
thus provides a new antibacterial strategy by combining catalytic
sterilization with the NIR photothermal activity for the effective
treatment of diabetic wound infection.

Other than Nb MXenes, both Mo and V MXenes have also
been evaluated for their antibacterial activity. In a recent study
by Chen et al., oxygen-vacancy-rich MoO, directly on fluorine-
free Mo,CT, was synthesized with unique neural network-like
structures.”® These nanonetworks demonstrated excellent anti-
bacterial efficacy, driven by their ability to capture bacteria and
generate robust ROS when subjected to precise ultrasound (US)
irradiation. The exceptional broad-spectrum microbicidal activ-
ity of MoO,@Mo0,CT, nanonetworks, without causing harm to
normal tissues, was substantiated through comprehensive
in vitro and in vivo assessments. In another work, Lv et al
introduced boron dipyrromethene (BODIPY)-modified Mo,CT,
nanosheets (BODIPY-Mo,CT,) with appropriate antibacterial
properties using both photothermal and photodynamic effects.”

The antibacterial property of V,CT, nanosheets was evalu-
ated by Zada et al. as a promising photothermal agent for
bacterial elimination.”” The results showed that about 99.5% of
both Gram-positive S. aureus and Gram-negative E. coli could be
killed with a low dose of V,CT, NSs suspension (40 pg mL ™)
with 5 min NIR irradiation. Similarly, Zhang et al. evaluated the
antibacterial activity of V,CT, nanosheets in the presence of
NIR irradiation.’® They found that only 20 ug mL ™" V,CT, was
able to achieve efficient photothermal sterilization that can be
used for the clinical treatment of diseases caused by multidrug-
resistant bacteria. In another work, a composite of four-armed
host-defense peptidomimetic 4 K10 and V,CT, was synthesized
and evaluated owing to its antibacterial activity.”® The synthe-
sized 4 K10@V,CT, nanosheets exhibited promising in vitro
antimicrobial activity against MRSA and Pseudomonas aeruginosa
at a low photothermal temperature of 54.1 °C. Based on the data
from human ex vivo skin infection models, 4 K10@V,CT, could be
used to eradicate the biofilm-associated infections of the skin
caused by MRSA bacteria.

Lian et al. found that the V,CT, nanosheets have distinctive
oxidase-like activity and exhibit excellent broad-spectrum anti-
bacterial activity due to the production of ROS.’* In another
work, He et al. introduced Pt@V,CT, composite with NIR-II and
chemodynamic therapy enhanced dual enzyme-like activity.**
They found that Pt@V,CT, eliminates MRSA strain from deep-
seated tissues in subcutaneous abscesses and bacterial keratitis
environments, promoting wound and cornea healing.

Other than V,CT, MXene, V,NT, MXene has also been used
to produce ROS to destroy germs and to promote the healing of
subcutaneous abscesses with minimum toxicity.'%> The authors
have also found that it can function as a nanozyme for
photothermal-enhanced anti-infective therapy and the catalytic
activity of nanozyme was significantly enhanced through the

This journal is © The Royal Society of Chemistry 2025
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photothermal effect. This can produce a large quantity of ROS
without local hyperthermia, which otherwise can damage the
normal skin tissue. Consequently, V,NT, may represent a
promising candidate for effective anti-infective therapy.

The exploration of double-transition MXenes is in the
infant stage, and very few studies have been conducted on this
exploration. The double transition-metal TiVCT, MXene dis-
played antibacterial properties (up to 99%) against Escherichia
coli.'®® Similar antibacterial properties (up to 100%) were also
achieved with Ti;C,T, MXene. The authors suggested that the
antibacterial mechanism is due to the presence of sharp edges
that act as “nano-knives” and cause physical damage to bacter-
ial cell membranes by direct physical interaction. The TiVCT,
MXene also shows efficient photothermal conversion that
decreases the temperature required to kill bacteria without
causing any damage to normal tissue. Table 2 shows a compar-
ison of the antibacterial activity of the non-Ti MXenes reported
recently.

The proposed bacterial inhibition mechanisms of MXenes
include mainly three modes of action namely, nano-knife, ROS
generation and nanothermal blades (Fig. 8), which are briefly
discussed in the subsequent sections.

7.1. Nano-knife mechanism

The inherent negative charge in MXene affects its interaction
with bacteria to some extent, limiting the antimicrobial efficacy
by solely relying on its sharp edges. Furthermore, achieving
a significant antimicrobial effect solely through MXene’s
sharp edges requires a high concentration of the material.
The abundance of functional groups and hydrophilicity of
the MXene nanosheets enhance their contact efficiency with
bacteria. Subsequently, the sharp edges of MXene nanosheets
disrupt the bacterial cell walls, leading to cytoplasmic leakage
and bacterial DNA release. Additionally, hydrogen bonds
between oxygenated groups on MXene’s surface and lipopoly-
saccharides on bacterial membranes restrict nutrient intake by
bacteria. Rasool et al. first proposed MXene’s antimicrobial
mechanism as a ‘Nano-Knife’, showing significant inhibitory
effects of Ti;C, T, nanosheets against both Gram-negative E. coli
and Gram-positive Bacillus subtilis.** Their findings, based on
scanning electron microscopy, transmission microscopy images,
glutathione (GSH) oxidation analysis, and lactate dehydrogenase
release (LDH) analysis, suggested that MXene’s antimicrobial
mechanism involves sharp edge-induced cell wall rupture and
oxidative stress from electron transfer. Using techniques such
as flow cytometry, fluorescence imaging, and broth microdilu-
tion assays, Shamsabadi et al. elucidated the damage caused
to bacterial cell walls by MXene’s sharp edges and confirmed
the MXene’s size- and exposure time-dependent antimicrobial
activity.

7.2. ROS generator mechanism

Due to their abundant electronic properties, MXenes possess
the capability to eradicate bacteria by inducing cytotoxic ROS
and oxidative stress upon photoexcitation.** Under light excita-
tion, MXene serves as a photosensitizer, transferring energy to
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Table 2 Comparison of antibacterial activity of non-Ti MXenes based on recent reports
Material Technique Mechanism Bacterial strain Application Ref.
Nb,CTy, Nb,C;T, — Oxidative stress Escherichia coli, Staphylococcus — 88
aureus
Nb,CT,@TP Photothermal ROS generation Escherichia coli, Staphylococcus Bacterial Infec- 90
transduction aureus tion elimination,
tissue
regeneration
Nb,CT,@PDA ROS/temperature ROS generation Escherichia coli, Staphylococcus MRSA-infected 92
dual-responsive aureus, MRSA wound healing
therapy
Nb,CT,@Gel system NIR (II) photothermal ~ ROS scavenging Staphylococcus aureus, Escherichia Diabetic wound 93
(Nb,C and Gel = activity coli healing
PLGA-PEG-PLGA triblock
copolymer)
Ce0,/Nb,CT, nanozyme Photothermal anti- Fenton reaction MRSA Diabetic wound 94
bacterial activity infection
Nb,CT, and Nb,C;T, — ROS generation Bacillus subtilis, Staphylococcus — 89
modified with lysozyme aureus
Porphyrin MOF-Nb,CT, Sonodynamic therapy = ATP synthesis, ROS MRSA Antibacterial 91
generation therapy and bone
regeneration
MoO,@Mo,CT, Sonocatalytic therapy ROS generation Escherichia coli, Staphylococcus Bacterial 95
aureus, MRSA eradication
BODIPY-Mo0,CT, Photothermal and ROS generation Escherichia coli, Staphylococcus — 96
photodynamic effects aureus
V,CT, nanosheets Photothermal therapy =~ ROS production Escherichia coli, Staphylococcus — 97
aureus
V,CT, Photothermal activity Breakage of cell wall Escherichia coli, Staphylococcus Sterilization 98
aureus applications
4 K10@V,CTy Photothermal effect ROS generation, dis- MRSA, Methicillin-resistant Microneedle array 99
ruption of the cell wall  Staphylococcus epidermidis (MRSE), for photo-excited
by ‘“Nanoblade effect”  Pseudomonas aeruginosa, Escherichia  bacteria-killing
coli
V,NT, nanozyme Photothermal effect ROS generation, Staphylococcus aureus, Streptococcus ~ Anti-infective 102
enzymatic activity mutans therapy
V,CT, nanosheet-based — ROS production Escherichia coli, Staphylococcus Colorimetric 100
nanozyme aureus sensing
Pt@V,CT, “Nanozyme” effect with  Enzyme-like activity MRSA Against bacterial 101
photothermal and keratitis
chemodynamic therapy
TiVCT, “Nanoknife” effect + Nanoknife effect Escherichia coli Sterilization 103
NIR laser application
MXene’s Antibacterial Activity — Mode of Action (0,7). The generation of ROS is intricately linked to the

MXenes as Nanothermal Blades

MXenes as ROS generator

9%, - MXene

Fig. 8 Schematic representation showing the different mechanisms of
the MXene's antibacterial activity.

oxygen (O,) or water (H,O) to produce ROS, such as singlet
oxygen ('0,), hydroxyl radicals (*OH), and superoxide radicals
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intrinsic structure of MXenes, including factors such as the
number of MXene layers, stacking mode, sizes, doping, and
defects. Density functional theory (DFT) calculations reveal that
surface terminations and modifications of MXenes can signifi-
cantly alter their mechanical, optical, and electrical properties,
consequently affecting their redox capabilities and ROS gen-
eration potential.'®® Excessive ROS typically induce cellular
oxidative stress in microbes, which leads to mitochondrial
dysfunction by causing oxidative damage to biomacromole-
cules and cell membranes, ultimately resulting in cell death.
The reduced activity of superoxide dismutase (SOD), a crucial
antioxidant enzyme, in MXene-exposed bacteria may account
for the heightened intracellular ROS levels and ensuing oxida-
tive damage, as evidenced by measurements of intracellular
ROS levels and SOD activity.'® Moreover, the elevated produc-
tion of malondialdehyde (MDA), a lipid peroxidation product
indicating cell membrane damage, in MXene-exposed bacterial
cells further confirms the oxidative harm inflicted by MXene-
generated ROS on bacterial membranes.

This journal is © The Royal Society of Chemistry 2025
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7.3. Nanothermal blade mechanism

The exceptional localized surface plasmon resonance (LSPR)
effects of MXene, attributed to its large specific surface area,
abundant free electron distribution, and broad-spectrum
absorption, render it a promising photothermal agent. MXenes
exhibit remarkable photothermal conversion efficiency, which
generates heat and ROS upon laser irradiation, leading to
bacterial inactivation.'® The heat produced profoundly impacts
cellular structures and substances, such as cell walls, nucleic
acids, and proteins, effectively inhibiting bacterial metabolic
activities. Consequently, MXene has earned the name ‘“nano-
thermal blade” due to its remarkable photothermal properties
and sharp edges.'® Furthermore, thermotherapy has been
shown to enhance the permeability of pathogenic microorgan-
ism membranes, thereby augmenting the antibacterial penetra-
tion of ROS or metal ions.

8. Conclusion and future perspectives

Based on the current evidence, we can clearly say that non-Ti
MXenes emerge as a great alternative for Ti MXenes due to
their high biocompatibility, biodegradability and efficiency.
Apart from their antibacterial and nanozyme activities, non-Ti
MZXenes have a plethora of applications in the field of biome-
dicine, including drug delivery, photothermal therapy, chemo-
dynamic therapy and sonodynamic therapy. The nanozyme
activity enables the MXene to scavenge the ROS that is impli-
cated in many degenerative diseases. Simultaneously, these
MXenes elicit their antibacterial activity by creating ROS in
bacterial cells and by acting as nanoknives. Apart from ther-
apeutics, the unique properties of non-Ti MXenes enable their
use in diagnosis as sensors and imaging agents. This makes
non-Ti MXenes excellent candidates for theranostics. Com-
pared to the Ti-based MXenes, the non-Ti MXene alternatives
are significantly biocompatible and biodegradable; hence, non-
Ti MXenes are better candidates for biomedical applications
than Ti MXenes. Further studies will open new horizons for the
development of novel therapeutic and theranostic strategies
based on these materials.

Various approaches can be employed to improve MXenes for
biological applications. Enhancing the biocompatibility will
help in the possible clinical translation of MXene-based ther-
apeutic strategies. Biocompatibility can be improved by surface
functionalisation, functionalising with biocompatible polymers
or biomolecules helps in reducing toxicity and immunogeni-
city. The stability of MXenes can be increased by refining the
synthesis process to generate more chemically stable MXenes to
prevent their oxidation or rapid degradation in biological
environments. Enhancing the specificity and effectiveness of
cancer therapy, and biosensing can be accomplished by the
addition of targeted ligands, medicines, or imaging agents.
Furthermore, extensive in vivo investigations are essential for
comprehending the pharmacokinetics, bio distribution, and
long-term impacts of these materials to guarantee their safe and
efficient application in clinical settings. Through multidisciplinary

This journal is © The Royal Society of Chemistry 2025

View Article Online

Journal of Materials Chemistry B

research, we can substantially improve the use of MXenes for
biomedical applications.

However, numerous significant challenges are yet to be
addressed. The scalability of non-Ti MXenes is constrained by
the limited availability of precursor MAX phases and depen-
dence on difficult etching techniques.'®” Moreover, the long-
term biological effects, encompassing pharmacokinetics, bio-
distribution, and possible off-target effects remain inade-
quately studied. The proposed solutions, such as surface
functionalization with biopolymers or targeted ligands, are
promising, and they may unintentionally raise synthesis com-
plexity and vary the inherent properties of the material. Simi-
larly, improving the stability by altered synthesis techniques
may affect other advantageous characteristics, such as biode-
gradability, perhaps resulting in unforeseen effects in in vivo
experiments. To bridge the disparity between experimental
potential and clinical application, enhanced in vivo investiga-
tions and interdisciplinary collaboration are imperative. This
encompasses a thorough understanding of toxicity, immuno-
logical reactions, and prolonged effects across diverse biologi-
cal conditions. Although non-Ti MXenes possess considerable
potential, their therapeutic applicability depends on surmount-
ing these substantial obstacles through innovation and careful
validation.
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