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The expanding potential of 2D MXenes opens up promising avenues for flexible biomedical applications.
MXenes, a new family of two-dimensional materials with exceptional mechanical, electrical, and
chemical properties, have garnered attention for their potential to revolutionize healthcare. These
properties enable MXenes to interface seamlessly with biological systems, offering innovative
diagnostics, therapeutics, and regenerative medicine solutions. In the biomedical domain, MXenes have
shown promise in antibacterial applications, drug delivery, biosensing, photothermal therapy, and tissue
engineering, and their biocompatibility and ease of functionalization enhance their utility in real-world
healthcare settings. Their large surface areas make them ideal for drug delivery systems, enabling
precise encapsulation and release of therapeutic molecules. High electrical conductivity of MXenes has
opened new possibilities for neuroprosthetics and brain—machine interfaces, potentially restoring lost
functions. Their excellent mechanical properties, biocompatibility, and corrosion resistance make
MXenes promising for durable orthodontic devices. Furthermore, their surface-modification capabilities
allow for innovative biosensing and diagnostic platforms for sensitive disease detection. MXenes are
compatible with imaging techniques, making them suitable contrast agents that can enhance the
resolution of medical imaging. MXenes also hold potential in wearable health monitoring devices,
advanced bioelectronics, and smart implants, bridging the gap between laboratory research and clinical
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deployment. However, there are certain challenges regarding their biocompatibility, long-term effects,
and large-scale production, which need further research to ensure their safe integration into biomedical
applications. This review presents the advancements in the biophysical fabrication of 2D MXenes and
their antimicrobial properties and biocompatibility, along with their applications in diagnostics, imaging,
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Nanomaterials in biomedical research are increasingly getting
integrated into clinical prospects, launching a new era of
cutting-edge biomedical applications. With their distinctive
characteristics at the nanoscale level, nanomaterials present a
wide range of possibilities for transforming several facets of
healthcare. Nanomaterials can be tailored to encapsulate ther-
apeutic molecules and selectively release them at particular
sites, reducing side effects and improving treatment
effectiveness.” Their adaptability extends to tissue engineering,
where scaffolds made of nanomaterials can imitate the natural
extracellular matrix to aid in tissue regeneration. The use of
precise diagnostics and therapies catered to specific patient
profiles, through the use of nanomaterials, has the potential to
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architect customized medicine. In biomedicine as well as
nanobiotechnology, numerous unique nanoscience-based tech-
niques have been developed, allowing theragnostic modalities
like synergistic therapy and multimodal imaging, which are
promising alternatives in treating a variety of ailments. Materi-
als having layered 2D structures have received a lot of attention
since graphene was discovered in 2004 as a result of their
proven biochemical and physical characteristics that set them
apart from their bulk counterparts.' Utilising novel 2D-based
systems with fascinating features for versatile technical appli-
cations is the major objective.” The topic emerged again with
attention of scientific communities on graphene, the first 2D
layered structure, and further led to a huge success in terms of
applicability. Since then, dichalcogenides, phosphorenes, hex-
agonal boron nitride, etc. have been explored as 2D materials
and extensively researched for various potential applications.**
A broad family of transition metal nitrides and/or carbides
known as the MXenes was recently developed by the Gogotsi
research team at Drexel University.” To synthesize MXenes from
‘MAX’ phases, layers of ‘A’ element are particularly etched. The
transition metal-based nitrides and carbides that make up the
MAX phases are connected by the ‘A’ element to form strong
bonding (ionic, metallic, and covalent) with the 2D layers.® A
typical MXene 2D flake has the general characteristic formula
of Mn+1XnTx, which denotes the presence of carbon or
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nitrogen intermingled with surface functions such as F, Cl, O,
and OH, Sc, Ti, V, Cr, Mn, Fe, Y, Zr, Nb, Mo, Hf, Ta, and W.

A number of top-down synthesis methods including electro-
chemical etching,”® thermally driven electrochemical,® hydro-
thermal techniques in the presence of NaOH' and KOH
solutions,"" Lewis acid molten salt replacement reaction,"
and salt-templated approaches'® were adopted. Amongst them
recently fluorine-free synthesis methods are attracting consid-
erable attention for their safe and promising gateway to
chemical synthesis of MXenes (Fig. 1).

MXene nanosheets possess high specific surface areas mak-
ing them suitable carriers of drugs or proteins with lots of
anchoring sites and reservoirs. MXenes have intriguing physio-
chemical characteristics, such as photothermal conversion,
X-ray attenuation, electron switching ability, and localized sur-
face plasmon resonance, as well as biological behaviours, such
as enzyme-assisted biodegradation, cellular endocytosis, dis-
tinctive biodistribution, and metabolism pathway, because of
their ultrathin layered structure with almost single-atomic
thickness.' Owing to its 2D planar arrangement, hydrophilic
nature, infinite and open possibilities towards functionaliza-
tion and chemical substitution, substantial absorption charac-
teristics in the near-infrared region, and excellent attributes,
MXenes are considered one of the most favourable materials
for use in biomedical uses. Despite diligent research on MXene,

Fig. 1 Schematic of surface functionalization techniques for MXenes.
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the remarkable features of these materials are still insuffi-
cient to meet all the pre-requisites of several biomedical
applications. The upgrade of the functional characteristics
and performance through surface coupling with different
materials and polymers added new horizon for nanomedicine
application.™

MXenes and their composites, which are ideal biomaterials
for biomedical applications, can be engineered to exhibit
various chemical, physical, and mechanical properties,"> but
they must also be physiologically compatible with dependable
mechanical strength, sustainability, and the capacity to resist
biological refutation. Despite their limited exploration, a num-
ber of MXenes and their composites have demonstrated that
they are biocompatible and nontoxic to living things,'® and
MXenes such as niobium carbide have demonstrated that they
are biodegradable in mice,'” making them promising for in vivo
applications and offering tremendous potential for revolution-
ary uses. To ensure MXenes’ safe integration into clinical
practice, it is crucial to conduct extensive studies into their
long-term biocompatibility, possible immunological reactions,
and biodegradability as their potential for use in medicine is
investigated.

The development of skin-like electronic devices for human-
machine interaction has drawn widespread attention owing to
its characteristic features, such as stretchability, self-healing,
transparency, biocompatibility, and wearability. This review
paper emphasizes the latest developments in MXenes, a pro-
mising material that shows potential for creating soft, skin-like
electrodes that are malleable. A lot of work has been done on
creating skin-like electrodes for various applications including
signal monitoring, electrocardiograms (ECGs), biomedical
applications, energy storage devices, transistors, pressure sen-
sors, energy harvesters, and soft, malleable electrodes that
resemble skin, which have replaced rigid electrodes in recent
years. These electrodes maintain their electrical conductivity
even under the most severe mechanical damage and deforma-
tions. A “hospital-on-a-chip” system-integrated MZXene
nanosheet-based multifunctional microneedle electrodes have
been recognized for their versatility for biosensing applications.
Through micro-needling technique, dozens of tiny needles were
utilized for fabricating effective transdermal patch for drug
delivery and biosensing applications through penetrating
the dermal layer within the human body. Miniaturized
Mxene nanosheet-based microneedles can also sense the
movement-specific variation of human eye and musculoskele-
tal contraction.

Wearable microfluidic biosensors provide new avenues to
strengthen healthcare and life productivity. These gadgets
make it possible for body-worn sensors to wirelessly send
critical data, transforming healthcare technology by enabling
prognosis and diagnosis using bodily fluids or physiological
signals. However, the inability to recover data from the human
body and the requirement for flexible, lightweight, and water-
resistant sensors make the implementation of these technolo-
gies problematic. Wearable microfluidic biosensor technolo-
gies have been developed to address these issues. MoS,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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transistors have been used as the key sensing material in
wearable smart contact lenses because of their multilayer
dangling bond-free surface, high surface area, superior bio-
compatibility, charge transfer capabilities, and adjustable
bandgap.'® These lenses offer a high current on/off ratio, a
quick reaction time, and great sensitivity and responsiveness
for picture recognition.

Exfoliated MXenes (Ti3C,T,) with PB composites showed
superior electrochemical performance over graphene/PB and
CNT/PB composites against H,O, detection in Lei et al.’s intro-
duction of MXene-based microfluidic wearable electrochemical
biosensors for sweat detection. Custom sensors made to track
other analytes can be used to replace the sensor device’s
interchangeable component.'® A novel wearable impedimetric
immunosensor for the non-invasive measurement of cortisol in
human sweat was described by Noh et al. Although microfluidic
technologies have made it possible to employ microchip-based
platforms in biology and life science, they frequently improve
upon or offer equivalent options to current macroscale
experiments.”® Further research and vigorous characterization
are urged to tune the applicability of microfluidic wearable
biosensors in various area.>' In this review, we systematically
summarize the significant biomedical prospects of MXenes and
functional MXenes, and their composites in the field of drug
administration, cancer therapeutics, wound healing, smart
sensing, and tissue engineering field. MXenes offer an exciting
new direction for biomedical research, with their unique
features primed to transform medical monitoring, treatments,
and diagnostic methods. Despite these amazing developments,
strategic concerns provide insights into potential toxicity, long-
term consequences and scalable production techniques to
ensure the safe and successful transfer of nanomaterials from
the laboratory to the clinical settings.

2. Synthesis of MXenes and their
derivatives

MXenes, a family of two-dimensional materials, are synthesized
primarily through two approaches: top-down and bottom-up
methods (Fig. 1).>> The top-down method involves selectively
etching the A-layer from MAX phases (ternary carbides or
nitrides) using chemical treatments, such as hydrofluoric acid
or fluoride-containing solutions, followed by exfoliation to
produce nanosheets. This technique is widely adopted due to
its efficiency and scalability. The bottom-up approach, though
less common, relies on chemical vapor deposition or molecular
assembly for precise control over the material structure. Surface
modifications of MXenes and their derivatives achieved
through functionalization with polymers or biomolecules
enhance their stability, biocompatibility, and suitability for
diverse applications.>® Currently, the top-down synthesis from
the MAX phase is the most widely used method.

MXenes are typically synthesised by a top-down etching
technique using stacked ternary MAX phases as precursors.
The MAX phase is a catch-all phrase for many types of
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metal-based carbides and nitrides, having the chemical for-
mula M,.;AX,,.>* It is a three-dimensional crystal structure
generated by subsequent chemical bonding and stacking of
two-dimensional layers. Herein, the “M” signifies transition
metals, “A” is associated with 13 and 14 group elements, “X”
belongs to C and N, and 7 ranges from 1 to 4. The distorted
octahedron of [XM6] forms lateral edge-sharing configuration.
Metal bonds connect the “A” and “M” atoms in the “A” layers,
which are positioned on either side of “M-X" layer. The 2D
layer of materials generated by omitting the “A” layers from the
MXenes have alternate ordered structure of “M” (n + 1 layer)
and “X” (n layer) with F, OH, O, or Cl (denoted as T,) used as
surface termination.>

The method of synthesizing MXenes involves wet chemical
etch processing of the MAX phase with hydrofluoric acid (HF)
or a HF derivative as the etchant or in situ production of HF,
such as eliminating the specific chemical element from the
layered structure of MAX phase (M,;AX,) or removal of Al
element layer from Ti;AlC,.>¢

2.1 Etching strategies of MXenes

2.1.1 HF etching method. The first documented etchant
for obtaining MXenes from their respective MAX phase as
precursors was HF acid. The etching mechanism is shown in
Fig. 2. Except for the Al layer, the stoichiometric compound
Ti;C,T, was similar to the comparable Ti;AIC, MAX phase.””
Furthermore, MXenes with lots of surface terminations such as
-F, -OH, and -O were synthesized via this aqueous etching
procedure. The following chemical treatment might be applied
to the etching process:

Ti;AlC, + 3HF — AlF; + 3/2H, + Ti;C, (1)
TizC, + 2HF — TizCy(F), + H, (2)
TizC, + 2H,0 — TizC,(OH), + H, (3)
Tiz;C, + 2H,0 — TizC,(0), + 2H, (4)

The HF concentration, etching temperature, and time all affect
product quality during etching. As Ti;C,T, was removed during
etching, the HF etchant strength affects surface termination
species. Easy-to-use and low-temperature chemical reactions
make HF etching appropriate for etching Al from the MAX
phase and a portion of non-MAX phase. However, HF etchant is
poisonous, corrosive, hazardous during reaction, and environ-
mentally harmful.

2.1.2 In situ HF-forming etching methods. To reduce cor-
rosion from the HF-based enchant, another etching method
that involves in situ HF treatment is examined. In in situ HF-
producing systems, due to their great reactivity, the F ion can
mix with the Al element of MAX precursors to form fluoride, H,,
and MXenes. In situ HF-based methods are easier to operate,
require less energy, and decrease chemical risk during etching
than standard HF treatment since direct HF usage is limited.
Ghidiu et al initially etched Ti;AlC, at 40 °C using HCI/LiF in
2014.%? This developed high-plasticity Ti;C,T, clay that can be
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roller-pressed into film. Multi-layered accordion-like MXenes
are produced by HCI/LiF etching, like HF.

2.1.3 Electrochemical etching methods. MXenes are made
by electrochemically etching the aluminium atomic layer at a
specified voltage using the MAX phase as an electrode (Fig. 2).
Electrochemically creating carbide-derived carbon (CDC) from
the MAX phase may use NaCl, HF, or HCL.>?

Standard electrochemical etching disrupts the M-A bond
and removes the MAX phase A-layer with cyclic voltammograms
between 0 and 2.5 V. As the voltage increases, more M-layer is
destroyed, forming amorphous carbon compounds. Selectively
removing A atoms requires adjusting the etching voltage win-
dow (etching potential) within the reaction potential range
between A and M layers and precisely controlling the etching
time. This allows precise MXene synthesis control.

The electrode is commonly obtained from the MAX phase;
therefore, the etching process begins on its surface with the
production of CDC layers that prevent further etching. Thus,
controlling the applied voltage for etching the MAX phase is
crucial. Sun et al electrochemically etched the MAX phase at
0.6 V (against Ag/AgCl) using three electrodes.>® Bulk Ti,AlC
was cut into tiny cubic blocks as working electrodes, while Ag/
AgCl, HCl, and platinum were used as the reference, electrolytic
system, and counter electrodes, respectively. Electrochemical
etching transforms Ti,AlIC into Ti,CT, and CDC layers, with the
CDC coatings on the TiAIC surface restricting etching and
creating an MXene-enabled materials. The MAX phase became
CDC as electrochemical etching increased. The study also
examined how electrochemical exposure, etching duration,
and electrolyte concentration affected final products.

2.1.4 Molten salt etching methods. At low operating
temperatures, the aqueous-based etchings are acceptable for
most Al-enabled MAX compounds, yielding hydrophilic
MXenes."® Urbankowski et al. etched Ti,AIN; with mixed
molten salts of alkali fluorides at 550 °C for 1/2 h to get the
nitride-based MXenes, i.e., TiyN;T,, demonstrating the capabil-
ities of molten salt towards the formation of MXenes with a
high formation energy.>® Excluding molten salt etching, it is
strenuous to synthesize nitride MXenes. According to reports,
HF-etched Mo,C may be transformed into Mo,N MXenes by
heating at 600 °C in an NH; environment."® The molten salt-
based etching methodology is preferred for synthesizing
MXenes that exhibit high formation energy, such as nitride-
based MXenes.

2.1.5 Alkali etching methods. The alkali is also anticipated
to allow for selective etching of the MAX phase. Because of the
alkali’s high binding capacity with Al, alkaline etchants may be
useful in etching Ti;AIC, or other layered precursors. Xie et al.
studied a two-step etching methodology that includes soaking
TizAIC, in a 1 M NaOH solvent for 100 h and then in a 1 M
H,SO, solution at 80 °C for 2 h, allowing the etching of MAX
surface into Ti;C,T,.>® The alkali was utilised in this method to
remove Al constituents from the MAX phase, whereas H,SO,
drives the removal of Al from the surface. The approach allowed
for efficient MAX phase etching using alkali as an etchant at
low concentrations; however, only the superficial layer of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic of etching strategies for MXene production. (i) HF etching. Reproduced from ref. 28 with permission from Elsevier, copyright 2020, (ii)
Fluoride etching. Reproduced from ref. 29 with permission from Wiley, copyright 2016. (iii) Electrochemical etching. Reproduced from ref. 30 with
permission from Wiley, copyright 2018. (iv) Alkali etching. Reproduced from ref. 31 with permission from the Royal Society of Chemistry, copyright 2018.

MAX phase that could lead poor etching to yield MXenes.
Furthermore, the resulting MXenes’ separation from their
precursor phase is quite challenging. Another impediment to
alkali etching yields the formation of additional oxide/hydro-
xide layers, developed over the MAX phase. In one example,
when 2 M KOH was used to etch TizSiC, at a temperature of
200 °C via a hydrothermal reaction, it results in a core-shell
MAX@K,TigO;, composite,’” whereas NaOH caused the devel-
opment of a Na,Ti,O;5 layer on the MAX phase, preventing the

© 2025 The Author(s). Published by the Royal Society of Chemistry

process from yielding pure MXenes. The use of intense alkali
for etching the MAX phase is effective, yielding extremely
hydrophilic substances with F-free terminations. However, the
risks of using concentrated alkali and high temperatures con-
fine its use to the production of significant amounts of MXenes.
Furthermore, the resulting chemical products are often multi-
lamellar MXenes with accordion-like shape, which induce
further intercalation and delamination to form mono-layer
MXene nanosheets.*®

Mater. Adv,, 2025, 6, 909-944 | 913
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2.1.6 Other etching methods. Multiple synthesis routes are
constantly being studied to find MXenes that are safe, efficient,
and environmentally friendly. Recently, a number of new
methods have been outlined. Halogen has also been described
as a MAX etching etchant. Shi et al. used I, to etch TizAlC, at
100 °C in anhydrous acetonitrile (CH3CN), yielding accordion-
like TizC,1,.>° After that, the resulting product was treated with
HCI (1 M) to eliminate All; produced during etching. It has also
been proposed to employ electromagnetic waves and mechan-
ical strength to etch the stacked ternary predecessors. Mei et al.
etched Mo,Ga,C to generate Mo,C in a phosphoric acid med-
ium for 3-5 hours using an ultraviolet light (100 W).*°

2.1.7 Bottom-up synthesis. Bottom-up synthesis, a less
widely recognized protocol for MXene synthesis,?® typically
commences with minute organic or inorganic molecules/
atoms. Following this, a crystal is formed, which can be utilized
to create a 2D-ordered layer.”®> Among the methods employed
for bottom-up synthesis, the chemical vapor deposition (CVD)
technique is frequently used and is known for producing high-
quality thin films on various substrates. Generally, CVD results
in thin films of very low thickness, often organized into multi-
layered structures with at least six layers.*" A study exploring
the application of the chemical vapor deposition (CVD)
approach for synthesizing molybdenum carbide (Mo,C)
employed methane (CH4) and copper/molybdenum (Cu/Mo)
foils at temperatures of 1085 °C.*> This method yields high-
quality, thin, and substantial nanosheets with minimal flaws.
Beyond CVD, current literature details alternative MXene synth-
esis approaches,*® including template techniques and plasma-
enhanced pulsed laser deposition (PEPLD), with examples such
as 2D nitrides (MoN, V,N, and W,N).** Bottom-up synthetic
methods offer precise control over MXene’s size distribution,
shape, and surface termination.

2.1.8 Mxene-polymer composites. Polymers have established
themselves as credible contenders among the 2D materials
predating MXenes. Comprising long chains of carbon molecules
assembled with other molecules, polymers can modify their
chemical and mechanical properties. The inherent flexibility of
polymers has sustained them as an ever-expanding subject of
study.® Renowned for their low-cost and ease of production,
polymer composites exhibit distinguished attributes such as
abrasion resistance, corrosion resistance, fatigue resistance, impact
resistance, great strength, fracture resistance, and significant
stiffness. The synergistic collaboration between polymers and
MXene yields exceptional electrical, mechanical, and thermal
characteristics."® The formation of polymer/MXene nanocom-
posites employs various techniques, resulting in diverse
interactions between the polymer and the MXene."” For instance,
Jin et al. developed a nanocomposite of poly(vinyl alcohol)/TizC,T,
(PVA/MXene), illustrating a multi-layered casting procedure to create
PVA/MXenes'® (Fig. 3). The incessant MXene layer was generated
using aqueous dispersion, and the polymer was casted at 45 °C
to achieve a multilayered structure. In another study, Wu et al
reported a Ti;C,T, MXene-based poly(dimethylsiloxane) (PDMS)
nanocomposite. MXene was combined with sodium alginate (SA)
to form MXene/SA.* Subsequently, PDMS-coated MXene/SA was

914 | Mater. Adv,, 2025, 6, 909-944

View Article Online

Materials Advances
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Multilayered film
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Fig. 3 General schematic of polymer/Mxene composite layered
structure.
created through a freeze-drying procedure. This involved

forming MXene/SA and coating the hybrid by dipping it in
PDMS. The resulting polymer/MXene nanostructures exhibited
remarkable thermal stability, thermal conductivity, electrical
conductivity, and mechanical properties. Although polymer/MXene
nanocomposites demonstrate exceptional physical properties, the
combination of functional MXenes with polymers enhances these
attributes, resulting in high-performance polymer/MXene-based
nanocomposites. The selective, stimuli-responsive, contrast-
enhancing, and sensitive nature of various polymer-functionalized
MXene composites makes them suitable for biomedical applications
such as photothermal therapy, drug delivery, diagnostic imaging,
biosensing, bone regeneration, and antibacterial activity.

3. Translational applications of
MXenes

MXenes, a versatile class of two-dimensional materials, have
shown immense promise in biomedical applications due to
their unique properties such as high electrical conductivity,
biocompatibility, and tunable surface chemistry. They are
utilized in multiple biomedical applications such as wound
healing, antibacterial agents, and biosensing technologies for
the accurate detection of biomarkers, significantly improving
disease diagnostics (Table 1). In drug delivery, MXenes act as
efficient carriers, allowing controlled and targeted release of
therapeutic agents. Their photothermal and photodynamic
properties make them effective in cancer treatment, enabling
minimally invasive therapies. Furthermore, MXenes are used in
tissue engineering as scaffolds to support cell growth and
regeneration, while their flexibility makes them ideal for wear-
able health-monitoring devices.

3.1. Employment of MXenes in wound healing applications

The skin is the body’s principal barrier, preventing microbial,
chemical, and radioactive damage. Medical professionals worry
about delayed wound healing in skin injury. Hydrogels, gelatin
sponges, films, and bandages are being tested for wound
dressing to speed healing. These compounds are essential for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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preventing microbial infections. Bioactive substances including
antibiotics, nanoparticles, and growth factors improve their
characteristics.

Traditional wound dressings focus on haemostasis and
inflammation during skin repair. This is done by absorbing
exudate, keeping the environment moist, and minimizing
infection. Angiogenesis, tissue granulation, and ECM synthesis
occur during the 2-10-day proliferation phase. This phase
releases cytokines including FGF2/bFGF and VEGFA, speeding
healing. Fibroblasts and myofibroblasts work together to form
the ECM. The third phase of wound healing is remodelling,
commencing about two to three weeks after the initial injury
and lasting for a year or longer. During this stage, most
macrophages and myofibroblasts undergo apoptosis, trans-
forming the type III collagen framework into a type I collagen
framework. Traditional dressings, such as gauze, play passive
roles in the healing process, offering protection, hydration,
exudate absorption, and damage prevention. External factors
can impede wound closure, and a popular strategy involves
enriching dressing materials with active ingredients that
actively influence endogenous cells and factors while posses-
sing natural antibacterial characteristics. By employing this
approach, wound dressings can enhance their antibacterial
and tissue-repair capabilities. Various bioactive substances
have been incorporated into wound dressings to boost anti-
bacterial capabilities and control the synthesis of endogenous
growth factors.®

MXene has recently emerged as a notable active agent,
distinguished by its unique physicochemical architecture.
Li et al. pioneered the creation of anisotropic MXene@PVA
hydrogels through a directional freezing-assisted salting-out
technique.®! These hydrogels exhibited finely tuned photother-
mal properties and demonstrated broad-spectrum antibacterial
activity against both E. coli and S. aureus, with efficiency rates of
98.3% and 95.5%, respectively. The mechanical properties of
the hydrogel were also finely tuned, offering substantial assis-
tance with a stress of up to 0.5 MPa and a strain of up to 800%
while fostering NIH-3T3 cell proliferation.

In a mouse wound model, the hydrogel showcased its
efficacy in preventing wound infection and enhancing wound
closure, achieving a remarkable rate of approximately 98%.
Additionally, the simultaneous incorporation of MXene-based
nanomaterials within chitin sponges (CH) accelerated hemo-
philicity and regulated blood vessel coagulation kinetics, mak-
ing them effective for tissue engineering applications.®®

Studies have demonstrated that the scaffold provides out-
standing rheological properties, self-healing capabilities, elec-
trical conductivity, and tissue adhesibility. Furthermore, the
HPEM scaffold displays robust antibacterial activity against
both Gram-positive and Gram-negative bacteria, including
MRSA. Additionally, it can enhance cell proliferation and
upregulate the production of genes related to muscle actin,
COL III, and VEGF.®”:%8

The modulation of a photothermal agent leads to necrosis or
apoptosis wherein near-infrared (NIR) laser-driven photother-
mal therapy (PTT) is applied locally to convert NIR radiation
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into heat energy, thereby inducing cell death cascade.
Researchers are increasingly finding that photothermal therapy
can be utilized to improve skin wound healing in addition to
the treatment of cancer. In order to create Ag/Ti;C,T, compo-
sites using MXene nanoparticles that have outstanding photo-
thermal characteristics with Ag, Zhu et al. adopted the concept
of photothermal therapy (PTT), wherein they have showed that
the synergism between Ag and Ti;C,T, significantly induces
photothermal sterilization when applied in combination.®®
Additionally, the cytotoxicity results demonstrated that Ag/
Ti;C,T, had superior antibacterial effects. NIR instigates anti-
bacterial potency to the implanted hydrogel, resulting in wound
healing characteristics. In order to increase the ROS yields for
antimicrobial applications, Li et al. built the Schottky junction
of Bi,S5/TizC,Ty.”° They also designed various in vitro experi-
mental set-ups wherein morphological staining pattern and
immunohistochemistry (IHC) techniques were specifically tai-
lored for scrutinizing the characteristic features in the cell cycle
environment. The antibacterial properties of Bi,S;/TizC,T,_5 on
Staphylococcus aureus and Escherichia coli have been demon-
strated using different methodologies. They have additionally
directed emphasis to the synergistic benefits of combining
reactive oxygen species (ROS) and photothermal therapy, which
reveal more significant antibacterial characteristics in compar-
ison to either ROS or photothermal therapy by themselves. In
addition, it was discovered that the Bi,S3/Ti;C,T, Schottky knot
enormously speed up the process of wound healing when it was
illuminated by light with an 808 nm wavelength. Materials
based on MXenes, such as MoS, and PLGA bioisomers, have
properties that are analogous to those of glutathione, perox-
idase, photothermal, and photodynamic energy. In vivo tests
with a mouse wound model implied that this antibacterial
platform showcased unprecedented potency and expedited
the healing process for wounds. The employment of the photo-
thermal agent in conjunction with other materials focuses on
the prospect of MXenes as alternatives to antibiotics that have
immense potential for the therapy of drug-resistant infections
and wound care management.

3.2. Antibacterial potency and efficacy of MXene derivatives

Composites comprising MXenes have demonstrated great
potential for invading microorganisms that are resistant to
antibiotics. The underlying concept of the killing efficacy of
pathogenic bacteria and their bactericidal mechanisms is still
illusory. The sharp edges of MXene nanoflakes lead to the
release of reactive oxygen species (ROS) and photothermal
degradation of bacteria.”* Studies reveal that MXenes adsorbed
on bacterial membrane surfaces may instigate cell lysis through
a cascade of topical phase transition followed by leakage of
intracellular molecules at the phase boundary, resulting in
cellular damage (Fig. 4). MXenes, specifically Ti;C,T,, possess
a significant antibacterial potency through physical damage
and direct mechanical destruction. Surprisingly, coatings made
of hydrophilic MXenes (Ti;C,T,) articulated effective antibac-
terial properties against both B. subtilis and E. coli.’

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(i) Schematic of the Cip-TisC, TSG simultaneously achieving high-efficiency sterilization and a long-term inhibition effect. Reproduced from ref.

72 with permission from Elsevier, copyright 2022. (i) SEM morphologies of S. aureus and E. coli incubated with different samples consisting of
electrospun poly(lactic-co-glycolic acid) (PLGA) scaffolds, Ag,S-loaded membranes (P-AS), MX/AS nano-HJ-incorporated electrospun membranes (P-
MX/AS), and LO,-decorated P-MX/AS membranes (P-MX/AS@LO,) fibers. Reproduced from ref. 73 with permission from Wiley, copyright 2022. (i) SEM images
of E. coli and B. subtilis exposed to 100 pg mL~* TisC,T,. Reproduced from ref. 74 with permission from the American Chemical Society, copyright 2016.

According to Li et al., MXene-hybridized silane films
have antibacterial characteristics that cause physical harm
and mechanical degradation directly (Fig. 5). Additionally,
MXenes (Ti;C,T,) demonstrated concentration-dependent bac-
tericidal activity, showcasing more significant antibacterial
effects against pathogenic bacteria than graphene oxides.”®
At 200 mg mL ' of MXenes after 4 hours of exposure, it was
possible to identify a loss of more than 98% of bacterial cell
viability for both types of cells. It was feasible to detect a loss of
more than 98% of bacterial cell viability for both types of cells
at 200 mg mL ™" of MXenes with exposure for 4 hours. These
MZXene-based structures rupture the architecture of bacterial
cell membranes, thereby enabling the leakage of intracellular
cytoplasmic content leading to cell damage.

Photothermal therapy (PTT) is a promising cancer treatment
method. Nanomaterials convert light into heat energy to kill
cancer cells. Research aims to develop photothermal agents
that can self-modulate photothermal conversion efficiency and
slow cancer cell growth. PTT may work non-invasively to fight
infections. This tactical method for photo/thermal conversion
on PTT agents generates hyperthermia, which inactivates pro-
teins and regulates the cell cycle via DNA crosslinking, destroy-
ing bacterial cell membranes. This allows antibacterial
agents to enter and destroy biofilms. Nanozyme technology
may cure illnesses without medications. MXenes possess POD-
like activities that have been widely used for antibacterial
applications.”®””

© 2025 The Author(s). Published by the Royal Society of Chemistry

Li et al. created Pt single-atom (Pt/Ti;C,)-based nanocompo-
sites using Ti;C,-based materials. The one-atom Pt demon-
strated strong POD-like activity to catalyze H,0, and produce
hydroxyl radicals, which might eradicate biofilms and kill
bacteria. In addition, Pt/Ti;C, showed extremely high photo-
thermal conversion efficiency at low concentrations.”® Atomic
morphology and topologies control the antibacterial properties
of MXenes. The antimicrobial potency of MXene derivatives
such as Nb,CT, and Nb,C,T, was examined against resistant
bacteria (S. aureus and E. coli), wherein sufficiently high growth
inhibition was observed in both cultures.

However, in another study by Zhou et al, Ti;C,T,-based
composites showed methicillin-resistant S. aureus-infected
wound healing applications. The composites made up of
Mxene/polydopamine interact with bacterial cell membranes
and disrupt cell membranes, resulting in leakage of cytoplas-
mic content through vascular dilation, angiogenesis, and tissue
granulation.”® The use of MXene-based membranes as anti-
biofouling membranes in wastewater treatment should be
investigated further due to their outstanding significance
against resistant microorganisms. Silver nanoparticle (Ag)-
anchored MXene (Ti;C,T,) composites exhibit excellent anti-
microbial potency towards E. coli and are utilized for water
purification applications.?® Simultaneously, the IC50 values of
11.7 mg mL ™" of MXene and a trace amount (0.04 mm) of gold
nanoclusters manifested superb antimicrobial potency due to
good synergism between the antimicrobial effect and the tuned
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Fig. 5 Schematic of cellular level insights into MXene materials as potential antibacterial candidates for wound healing applications.

bactericide density for both Gram-positive and Gram-negative
bacteria, which ultimately leads to the inhibition of biofilm
formation.®® In this case, antibiotic-resistant bacteria can be
effectively combated with combinational therapy and multi-
mechanism antimicrobial medicines that have synergistic
effects.

As the threat of antibiotic resistance continues to rise, the
antimicrobial potential of MXenes stands as a beacon of hope
in the fight against bacterial infections in the biomedical field.
MXenes with their unique optical/thermal characteristics, high
electrical conductivity, hydrophilicity, electro-mechanical prop-
erties and tuneable physicochemical properties can be thought
of as appealing candidates for the designing of innovative
micro- and nano-systems with significant bactericidal potency.
Overall, the primary and potential mechanisms by which
MXenes/derivatives deactivate or eradicate pathogenic bacteria
are the rupture of cell membranes of bacteria via the sharp

918 | Mater. Adv, 2025, 6, 909-944

edges of nanoflakes of MXenes, the inhibition of nutrient
intake, the generation of reactive oxygen species (ROS), and
photo-thermal-driven bacterial deactivation. Compiling toxico-
logical, pharmacological/pharmacokinetics, and associated
antibacterial mechanisms can aid in the development of
avant-garde MXene-derived composites wherein they exhibit
potential antibacterial properties in subsequent eras.

4. Insights into the biomedical
application prospect of MXene-derived
nanostructured materials

4.1 Drug delivery applications

MXene-based nanocomposites have emerged as a promising
and innovative solution in the field of drug delivery, offering
significant advancements in the way therapeutic agents are

© 2025 The Author(s). Published by the Royal Society of Chemistry
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administered and released within the human body. MXene-
anchored nanostructured materials (NMs) have explored as
drug carriers for targeted therapy because of their planar
structures, abundant surface functional groups, and negatively
charged surfaces. Their unique structural characteristics allow
for efficient drug encapsulation and controlled release, addres-
sing the critical challenges of conventional drug delivery sys-
tems. Functionalized Ti;C, nanosheets possess large surface
areas for effective DOX drug loading efficacy, thus successfully
inhibiting the tumor cell growth and proliferation in an acidic
media.®>®" A method of in situ growth was used to create
sandwich-shaped Tiz;C,@Au nanorods (GNRs)/polydopamine
(PDA)/Ti3C, NCs, which demonstrated great drug loading effi-
ciency and increased photothermal conversion competency. To
further assess the drug-loading capacity and pH/NIR respon-
siveness of Ti;C,@Au, DOX was employed and the loading
efficiency tuned to 95.88%. The drug loading efficacy is further
influenced by electrostatic interactions between positively
charged DOX and negatively charged NC molecules. A typical
sandwich-like Ti;C, MXene-based nanoplatform Ti;C,@GNRs/
PDA/Ti;C,, which improved photothermal effectivity, facile
growth process, and pH/NIR sensitivity, was fabricated by
Beibei et al.®'

The hydroxyl functionalization of Ti;C,T,, which was pro-
duced via tetra propylammonium hydroxide (TPAOH) interca-
lation, improved the photothermal sensitivity and ability
energy harvesting from light in the NIR range. The outer layer
of nanosheets was enriched with hyaluronic acid (HA), which
improved the compatibility of the system by enabling precise
targeting of cancer cells due to the overexpression of CD44 on
their cell membranes.®> A novel nano-drug-delivery system
called Ti;C,T,-SP also has an extraordinary drug-loading apti-
tude (up to ~212%), pH sensitivity, and NIR laser-engineered
drug release. However, MXenes lack a constrained space for
high drug loading, which could pose a problem for their use as
drug delivery vehicles.

Hydrogels were conjugated with MXene-based NMs to
effectively regulate the drug release efficacy. In this view,
Yang et al. adopted a modified procedure for the fabrication
of an MXene-based hydrogel structure that serves as a magnetic
and photosensitive drug delivery vehicle as antidotal therapeu-
tics for deep chronic wounds.®® This system has a controllable
drug delivery capacity, minimizes adverse drug reactions,
mitigates bacterial infections, and promotes wound healing
procedures. The practical application of the MZXene-
based hydrogel was tested on full-thickness cutaneous and
subcutaneous wounds in rats. The hydrogel’s drug delivery
capacity is manageable, resulting in fewer detrimental drug
side effects, reduced bacterial infections, and support for
wound healing techniques. In vivo experiments were conducted
on diabetic mice with open and epidermal skin lesions to
assess the hydrogel technology. In the context of chronic
wound healing, infection is a common hindrance. In the rat
model, the MXene-based hydrogel system demonstrated a
potential for accelerated wound closure without bacterial infec-
tion transmission.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Zhang et al. constructed a nanobiosensor employing Ti;C,
MXenes to enhance the signals, acting as the transduction
material and a nucleic acid probe. The specific region targeted
was the 16s rDNA segment of M. tuberculosis H37Ra, used as a
biomarker for identifying M. tuberculosis. Strong interactions
between the phosphate groups of targeted assembly and Zr
cross-linked Ti;C, MXenes led to a direct bond between the
target segments and Ti;C, MXenes, and M. tuberculosis may be
detected using this biosensor.?*>

Mycobacterium tuberculosis, the bacterium responsible for
tuberculosis, is a highly dangerous pathogen. In their research,
Zhang and their team developed a method to efficiently identify
M. tuberculosis using Ti;C, MXenes, which amplified the signal
for transduction.®® They specifically focused on the 16s rDNA
segment of M. tuberculosis H37Ra, a critical biomarker.
Through strong interactions between phosphate groups in the
target fragments and Zr-crosslinked Ti;C, MXenes, a direct
connection was established (Table 2). This innovative biosensor
enables the detection of M. tuberculosis.®®

Both chemotherapy and photodynamic therapy (PDT),
which are standard cancer treatment approaches, have the
potential to affect healthy as well as cancerous cells. This
problem can be substantially mitigated by developing respon-
sive materials that can selectively target and sense tumor cells.
In this context, Liu and colleagues engineered nanoplatforms
using TizC, to combine chemotherapy, photothermal therapy
(PTT) and photodynamic therapy (PDT). The resulting TizC,-
based nanosheets exhibited impressive properties, including
an extraordinary extinction coefficient of 28.6 L g~ cm™", an
outstanding photothermal conversion efficiency of approxi-
mately 58%, and significant generation of singlet oxygen under
exposure to an 808 nm laser. >

The recognition molecule Apt is very specific and has
affinity. Mucin (MUC1) is a biomarker in MCF-7 tumor cells.
Apt-M, MUC1 Apt, may target MCF-7 tumors. TizC, nanosheets,
which exhibit reasonable photothermal efficiency, were pro-
spective tumor nanoplatforms. The DOX/Ti;C,/Apt-M therapeu-
tic nanoplatform released chemotherapeutic medicines in
response to multimodal stimuli under acidic conditions and
laser-induced local heating. DOX/Ti;C,/Apt-M + Laser MCF-7
xenograft mice showed a tumor surface temperature of 58.3 °C,
greater than other laser irradiation groups. DOX/Ti;C,/Apt-M
nanoplatform rapidly accumulates in MCF-7 tumors with
highly active spots for targeting and increased tumor suppres-
sion with combination therapy.'**

4.2 Cancer therapeutics applications

The development of MXenes and various MXene-based compo-
sites with potential for diagnostic and therapeutic roles has
been intensely investigated®*'°>'%® (Table 2). However, little
research has so far focused on the collective therapeutic and
diagnostic usage of these functional materials'® % in com-
parison to other studied materials of 2D structure family, e.g.
graphene and its derivatives. Specifically, for the in situ creation
of superparamagnetic Fe;O, nanocrystals, MXenes with their
distinctive topologies and surface chemistry were used in the
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construction of superparamagnetic 2D MXene (TizC,)-based
structures.’®”'*® These biocompatible composites demonstrated
excellent T, relaxivity (394.2 mM ' s™") and effective contrast-
enhanced MRI of tumors, opening up a new avenue for cancer
theranostics.”® Additionally, they established a high photothermal
conversion efficiency of 48.6% for the in vitro and in vivo photo-
thermal ablation of tumour tissues as well as the photothermal
elimination of cancer cells. To enhance the durability of these bio-
friendly composites in biological conditions, soybean phospholi-
pids were additionally modified.""" These materials offer valuable
tools for cancer theranostics, as they have applications in photo-
thermal therapy (with an efficiency of approximately 32.5%) and
excel in high-performance contrast-enhanced CT and T,-weighted
MRI for breast cancer diagnosis.

MXene-based architectures represent intriguing choices for
cancer diagnosis and treatment, offering both biosafety and
potential for clinical use. Their significant advantages include
being hydrophilic and having low toxicity."** Furthermore,
there is a need for more extensive exploration of these materials
in the context of photoacoustic imaging and photothermal
therapy, given their substantial efficiency in converting light
into heat and their extensive and robust absorption of near-
infrared (NIR) wavelengths.'""'* Despite all these benefits,
only a small portion of them have been explored for their
potential medicinal applications, with the majority of research
focusing on a small number of instances such as Ti;C,, Nb,C,
Mo,C, V,C, and Ta;Cs.'%® It is highly likely that innovative
MXene-based configurations, when designed with diverse ther-
anostic applications, excellent biocompatibility, and swift bio-
degradability, will see extensive adoption in the field of
biomedicine and transition into clinical practice. Moreover, a
novel approach to combat malignancies involves hyperthermia-
mediated nanozyme catalytic therapy using MXene-anchored
nanomaterials."*?

In this perspective, MXene 2D nanosheets can serve as
platforms for anchoring valuable components such as nano-
drugs and nanozymes. For instance, to create nanocomposites
exhibiting peroxidase-like capabilities, synthetic platinum (Pt)
nanozymes were attached to the surface of MXene (Ti;C,)
nanosheets. These composite materials could spontaneously
catalyze hydrogen peroxide to generate hydroxyl radicals (*OH),
which induced cellular apoptosis and necrosis. Furthermore,
these composites exhibited favorable photothermal effects
when exposed to low-power-density NIR-II light, opening up
new avenues for synergistic photothermal/enzyme-based can-
cer treatment in combination with photoacoustic imaging for
guiding therapeutic interventions."”® Liu et al introduced
MXene (Ti;C,) nanosheets (100 nm) for targeted treatment of
tumors, employing a combination of photothermal, photody-
namic, and chemotherapy. These nanomaterials demonstrated
exceptional properties, including a high mass extinction coeffi-
cient of 28.6 L g cm ™' at a wavelength of 808 nm, a substantial
photo-thermal conversion efficiency of ~58%, and efficient
production of singlet oxygen (*O,) under 808 nm laser irradia-
tion, all while maintaining good biocompatibility in both
in vitro and in vivo settings.'*®
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As theranostic agents, Mo,C MXene nanospheres (50 nm)
were created, and they harvested light across the whole NIR
spectrum. Additionally, NIR radiation has the ability to simulta-
neously cause hyperthermia and the production of reactive
oxygen species (ROS).®” These extremely biocompatible nano-
spheres have the potential to be employed alongside photother-
mal and photodynamic cancer treatments for the eradication of
cancer cells and the elimination of solid tumors, using the well-
established liquefactive necrosis method. In a different investiga-
tion, Zhang and colleagues introduced a photo/sono-responsive
theranostic nanoplatform designed for cancer treatment. This
system combines photoacoustic and photothermal dual-mode
imaging to guide NIR-II photothermal-enhanced sonodynamic
therapy on MXene (Ti;C,) surfaces. These nanocomposites exhib-
ited enhanced tumor elimination in in vivo experiments, with no
tumor reappearance and minimal systemic toxicity, accompanied
by a significant localized hyperthermic effect.""” Furthermore,
MXene-based quantum dots showcase distinct optical properties,
including light absorption, electrochemiluminescence, photolu-
minescence, optoelectronic catalysis, and optoelectronic function-
ality. Among these, Ti,N quantum dots (5 nm) exhibited high
photo-thermal conversion performance when exposed to laser
irradiation in the NIR-I region at 808 nm (48.62%) and NIR-II
region at 1064 nm (45.51%).""®''® Recently by utilizing NIR-based
photo/thermal therapy (PTT), small-size Ti;C,T, MXene
nanosheets were adopted for this study of cancer chemothera-
peutics and anti-inflammation due to their high photothermal
conversion efficiency in the area of NIR, high loading capacity,
and noble free-radical scavenging aptitudes. Additionally, (—)-epi-
gallocatechin gallate (EGCG) was added to the nanosheets to
fabricate EGCG/Fe metal-polyphenol nanodots providing good
tumor ablation capability with minimal inflammation.*

Despite having potential as biological fluorescent probes,
red emissive gold nanoclusters anchored with 3D MXene
materials showed efficient photothermal conversion (PTC) effi-
ciency of ~43% and a bright fluorescence, which enabled them
to excute bio-imaging at a small concentration of 12 g mL™".
The material also displayed outstanding applicability as a
in in vitro bioimaging and PTT agent. By examining apoptosis,
ROS production and cell proliferation, in vitro examinations of the
PTT-induced cell death pathways were carried out. Toxicity assess-
ment, hematological investigation, and biochemical assay find-
ings unveiled MXene gold nanoconjugates in various biomedical
applications, with no adverse effects after intravenous or oral
delivery."®® Future approaches to cancer treatment should extend
their exploration of MXenes beyond Ti;C,, taking into account the
most suitable conditions and methods for functionalization.
While MXenes have shown promise in photothermal cancer
nanotherapy, enhancing cellular uptake necessitates surface mod-
ifications with ligands specific to cancer cells (Fig. 6 and 7).
Additionally, it is worthwhile to investigate MXene-based archi-
tectures that exhibit biological responsiveness.

4.3 Biosensor and smart wearable monitoring device

Living organisms employ their biological sensors to detect
specific substances with precision and sensitivity. Typically,
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Fig. 6 (A) Preparation scheme of V,C-TAT@Ex-RGD. (B) Visual representation of a nanoagent, V,C-TAT@Ex-RGD, designed to target both the cancer

cell membrane and the cell nucleus, enabling multimodal imaging-guided

photothermal therapy (PTT) in the NIR-II biowindow at a low temperature.

Reproduced from ref. 121 with permission from the American Chemical Society, copyright 2019.

these sensors comprise three essential elements: a sensor
component for identifying the target analyte, a transducer for
converting biochemical signals into electrical or optical signals,
and a unit for interpreting the collected data. MXene-based
nanomaterials are well-suited for biosensors due to their
remarkable qualities, including outstanding hydrophilicity,
extensive surface area, high conductivity, exceptional electrical
and optical properties, as well as superior biocompatibility and
safety, making them an ideal choice for this purpose.

Reactive oxygen, specifically hydrogen peroxide (H,0,), is a
natural byproduct of various oxidase enzymes within the
human body and exhibits a crucial role in the activities of
phagocytic cells. However, in pathological conditions, excessive
generation of receptive oxygen species can harm cell mem-
branes and potentially damage proteins and cells. Therefore,
early detection of H,0, is essential in diagnosing such diseases.
Nagarajan and colleagues developed an efficient method for
H,O0, detection by creating a Ti;C,T,-Fe,O; composite through
ultrasonication. This composite displayed a linear recognition
range spanning from 10 to 1000 nM, a substantial surface area
of 0.18 cm? and demonstrated remarkable selectivity and
sensitivity at 0.32 A nM~' cm~>. The composite’s detection
threshold was determined to be 7.46."**

922 | Mater. Adv., 2025, 6, 909-944

In a separate study, a different researcher'*® developed
MXene/La*-doped ZnO/hemoglobin (Hb) nanocomposites for
hydrothermal voltammetric detection of H,0,. The authors
observed a poor detection limit of 0.08 M and a high correlation
value of 0.9995. They established a liner profile for the range of
0.2-400.0 M at pH 7.0, with a remarkable recovery rate of nearly
100%. Furthermore, an electrocatalytic diagnostic for H,O, in a
neutral medium was created using Flavin adenine dinucleo-
tide/Ti3C,T,. This system exhibited a linear detection range
from 5 nM to 2 M, a surface area of 0.13 cm?®, and an impressive
limit of detection at 0.7 nM. It maintained a high selectivity of
98% and displayed significant sensitivity at 0.125 A nM cm?
compared to nonenzymatic sensors.">* Another sensor based
on Ti;C,T,/chitosan/Prussian blue was developed with excellent
selectivity, a low detection limit of 4 nM, a wide linear range
spanning from 50 nM to 667 M, and an outstanding recovery
rate of 100.3% for monitoring H,0, in biological samples.'*

Modifying the surface of MXenes can be a