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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.*®
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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
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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

Mater. Adv,, 2025, 6, 909-944 | 919
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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.'*®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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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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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 advantageous for
various sensor applications. MXene-based gas sensors utilize
transitions in the conduction of MXenes during interactions
with gas particles. Through density functional theory (DFT)
calculations, it was determined that a single layer of Ti,CT,
with oxygen-terminated ends exhibited significantly higher

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(A) Confocal microscopic micrographs of co-cultured MCF-7 and NHDF cells indicating thermal images. (B) Line-scanning profiles of

fluorescence intensity for MCF-7 cells and NHDF cells. (C) and (D) Confocal fluorescence micrographs of MCF-7 and NHDF cells, double-stained with
Calcein-AM and Pl imparting cellular uptake for phototherapeutic application. Reproduced from ref. 121 with permission from the American Chemical

Society, copyright 2019.

specificity for ammonia (NH;) compared to other gas mole-
cules. The findings indicated that NH; molecules would
strongly adhere to the oxygen-terminated ends of MXenes from
the M,CT, family to facilitate charge transfer.

SPR Dbiosensors have recently become indispensable
research tools in the life sciences and pharmaceutical indus-
tries, offering a range of benefits such as real-time detection,
enabling the dynamic tracking of entire biomolecular inter-
action processes. These biosensors utilize free-label samples,
preserving molecular activity, and require very few samples,
typically only 1 mg of protein on a surface. They boost a
convenient and swift detection process, coupled with high
sensitivity, a wide application range, and high throughput
capabilities.

In a recent development, Wu et al. have proposed a
Ti;C,-MXene-based sensing platform along with a multi-
walled carbon nanotube (MWCNTSs)-polydopamine (PDA)-Ag

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

nanoparticle (AgNPs) signal enhancer as an ultrasensitive SPR
biosensor for detecting carcinoembryonic antigen (CEA). The
strategy involved the use of Staphylococcal protein A (SPA) for
aligning and fixing the monoclonal anti-CEA antibody (Ab1)
through its Fc region. To achieve a dynamic range of 2 x 10 '°
to 2 x 10~® M for CEA determination, with a limit of detection
of 0.07 M, the combination of MWCNTs-PDA-AgNPs-polyclonal
anti-CEA antibody (MWPAg-Ab2) was utilized in a sandwich
format. This biosensing approach demonstrated reproducibil-
ity, specificity for CEA in actual serum samples, and holds
promise for measuring CEA in human serum for early cancer
detection and cancer surveillance."*®

In addition to the previously mentioned methods, chemilu-
minescence and NIR PT immunoassay can also serve as tech-
niques for detecting target analytes. For instance, Li and
colleagues used a straightforward hydrothermal process to craft
innovative 2D MZXene-Ti;C,/CuS nanocomposites endowed

Mater. Adv., 2025, 6, 909-944 | 923
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with peroxidase-like capabilities. These nanocomposites exhib-
ited a synergistic enhancement in peroxidase-like activity,
catalyzing the reaction of 3,3,5,5-tetramethylbenzidine (TMB)
in the presence of H,0,, resulting in a noticeable color change.
This effect was not observed with individual MXene-Ti;C,
nanosheets or CuS nanoparticles alone.

Subsequently, a simple colorimetric technique was
employed to detect H,O, and cholesterol in blood samples.
The detection limit and linear range for H,O, were found to be
3.1 M and 0.1 nM, respectively, while cholesterol exhibited a
detection limit and linear range of 1.9 M and 10-100 M,
respectively.">”

Apart from the methods mentioned earlier, chemilumines-
cence and near-infrared (NIR) photothermal immunoassay can
be employed for detecting target analytes. As an example, Li
and colleagues used a straightforward hydrothermal process
to fabricate innovative 2D MXene-Ti;C,/CuS nanocomposites
endowed with peroxidase-like capabilities. These MXene-Ti;C,/
CuS nanocomposites demonstrated a synergistic enhancement
in peroxidase-like activity, catalyzing the reaction of 3,3,5,5-
tetramethylbenzidine (TMB) in the presence of H,0,, leading to
a noticeable color change, which was not observed with indi-
vidual MXene-Ti;C, nanosheets or CuS nanoparticles. Subse-
quently, a simple colorimetric technique was employed to
detect H,0, and cholesterol in blood samples. H,0, exhibited
a detection limit and linear range of 3.1 M and 0.1 nM,
respectively, while cholesterol had a detection limit and linear
range of 1.9 M and 10-100 M, respectively."*®

To monitor biological signals such as radial muscle contrac-
tions and wrist pulse, Guo and his team designed a wearable
momentary pressure sensor using MXene nanosheets. They
submerged tissue papers integrated with interdigitated electro-
des in a solution containing MXene nanosheets at different
concentrations, resulting in the creation of MXene/tissue paper
for the pressure sensor. This highly sensitive wearable pressure
sensor offered a broad detection range of up to 30 kPa and
boosted a low detection limit of 10.2 Pa. Furthermore, it
exhibited a speedy reaction time of just 11 ms while consuming
a mere 10~® W of power. Impressively, even after undergoing
more than 10 000 cycles, the sensors demonstrated exceptional
repeatability. It is worth to note that the choice of materials for
this sensor renders it susceptible to degradation."*®

A recent development involves the creation of an ultra-
stretchable, high-conductivity organohydrogel (M-OH) utilizing
Ti;C,T, MXene, lithium salt (LS), poly(acrylamide) (PAM), and
poly(vinyl alcohol) (PVA) hydrogel. This innovative material has
been designed for applications in human health monitoring
and machine learning-assisted object recognition. The integra-
tion of machine learning (ML) further enhances its capabilities.

This study establishes that the ultra-stretchable, high-
conductive M-OH exhibits exceptional performance in
health monitoring and object identification. These findings
open up a broad spectrum of potential applications in areas
such as human-machine interfaces, personal healthcare, and
artificial intelligence."*® Due to the extraordinary thinness,"*"
transparency,”*’ and mechanical strength,*®> MxXene-based

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

View Article Online

Materials Advances

smart devices have recently gained considerable interest for
possible applications in fitness, healthcare, human motion
monitoring and EMG signal analysis."*®> MXenes can be
printed, spun, plated, dip coated, or sprayed onto cellulose,
which can then be incorporated into clothing for wearable
applications."®® This research introduces electromechanical
sensors utilizing SnS/Ti;C, T, nanohybrids, demonstrating their
novel applications in sign-to-text translation and sitting posture
monitoring. The piezoresistive sensor, in its original fabrica-
tion state, exhibits a high gauge factor and sensitivity value,
measuring 7.41 and 7.49 kPa™', respectively. Moreover, the
nanohybrid-based sensor displays exceptional robustness and
stability, with negligible performance changes observed across
3500 and 2500 cycles for strain and pressure characterizations,
respectively.

Energy band diagrams are employed to elucidate the intrin-
sic piezoresistive mechanism in layered nanomaterials and the
formation of Ohmic contact at the SnS/Ti;C,T, heterojunction.
Experimental determination of work function and Eyomo
values for both SnS and Ti;C,T, is conducted using ultraviolet
photoelectron spectroscopy (Fig. 8). The incorporation of piezo-
resistive sensors based on SnS/Ti;C,T, nanohybrids for
applications such as sign-to-text translation and e-cushion
usage expands the realm of flexible and wearable electronics
research."?

The utilization of clothing made from MXene-coated yarns
in the context of fitness and health monitoring has been widely
investigated. In one notable development, Yongjiu and
colleagues™® introduced an intriguing MXene-based smart
device for analyzing sweat. This innovative system enabled
the revealing of characteristics elements glucose and lactate
materials in sweat through the use of an MXene/Prussian blue
composite electrode-based sensor featuring a novel modular
design that involves three phase interfaces of gas-solid-liquid.
The sensor, tested with artificial sweat, achieved a sensitivity of
11.4 A mM ' ecm™? for lactate and 35.3 A mM ' ecm 2 for
glucose. Another significant advancement came from Han and
collaborators,'*® who designed a smart mask integrated with a
wireless real-time data communication and processing for the
monitoring of respiration activity. This smart mask exhibited
exceptional performance even in situations involving deforma-
tion and high humidity (with a 265% response at a relative
humidity of 90%) and accurately recognized various respiratory
patterns. The research on smart devices utilizing MXenes is
progressing in tandem with MXene technology. Nevertheless, it
is worth noting that MXene-based smart devices are still under
development and have a more limited range of applications
and devices compared to other 2D materials such as graphenes
(Fig. 9).

Cutting-edge biosensors, capable of functioning through
physical, chemical, and biological means, are transforming
various industries that demand real-time evaluations, stream-
lined decision-making processes, and intelligent functionality.
This transformation is made possible by their integration
with technologies such as AI and IoT. Additionally, the global
landscape is evolving towards increased intelligence and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (i) (a) Schematic of the pressure sensor fabrication based on MS-2-10 and a photograph of the fabricated pressure sensor. (b) Cross-section SEM
image of the composite membrane and (c) the close-up image of porous crumpled MXene sphere in the green box. (i) Schematic of the degradation
process of the transient NO, and pressure sensors based on MS-2-10. Reproduced from ref. 136 with permission from Springer, copyright 2022.
(iii) (a) Photograph of the assembled e-skin assembled from the MCF based pressure sensor with 4 x 4 pixels. Photographs of the E-skin (b) and (c) under
different bending states and (d) attached onto the hand. (iv) Real-time sensing signal of the MCF-based pressure sensor towards (a) repetitive finger
bending and (b) different bending angles. Real-time sensing signal recording of the pressure sensor for different human physiological monitoring,
including (c) arm muscle contraction, (d) breath and (e) and (f) wrist pulse. (g) Real-time sensing signal recording of the pressure sensor upon several small
items with different weights (from left to right: rice, mung bean, red bean, black bean and soybean). (h) and (i) Real-time sensing signal of the pressure
sensor for imitated knocking of early stage Parkinson’s disease. Reproduced from ref. 137 with permission from Elsevier, copyright 2021.
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Fig. 9 (i) Schematic of the hydrophilic, conductive, and redox-active sandwich-like PSGO-PEDOT nanosheets and their incorporation into hydrogels. (a)

Fabrication process of the MXene/PAN-based flexible pressure sensor with the MXene electrode and working mechanism (inset). (b) Optical image of the
MXene/PAN thin film with MXene electrodes and their mechanical flexibility and strength. (c) SEM image of the flexible pressure sensor with the sandwich
structure. Reproduced from ref. 140 with permission from Wiley, copyright 2021. (ii) Schematic for the procedure to fabricate MXene nanosheet-based
flexible wearable transient pressure sensors. Reproduced from ref. 141 with permission from the American Chemical Society, copyright 2019.

sophistication, driven by smart communities, precision agri-
culture, innovative technologies, and advanced medical
services.'** A recent development exemplifying this approach
is the creation of a pristine MXene-based Ti;C,T, liquid ink
tailored for large-scale printing applications. This innovation
holds potential applications in the manufacturing of 3D and 4D
printed sensing devices, aligning with the demand for envir-
onmentally beneficial outcomes. Geravand and colleagues'*®

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

introduced an innovative biodegradable nano-filtration
membrane by employing a hybrid nanocomposite made from
polycaprolactone (PLC) and hydrophilic Ti;C,(OH), MXene
sheets. This membrane was designed for the treatment of dyed
aqueous solutions. Similarly, Zhang and collaborators***
unveiled a remarkable biodegradable multipurpose pressure
sensor. This sensor was created using cross-attached collagen

fibers (CCFs) combined with MXene aerogel, demonstrating an
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! within a brief

impressive sensitivity response of 61.99 kPa
period of 0.30 seconds. Additionally, it exhibited rapid recovery
within a few milliseconds (0.15 s), high thermal stability, and a

small LDL (0.4 kPa).

4.4. Tissue engineering and regenerative medicine

In the context of materialistic approach towards tissue repair-
ing cascade, the possible immunomodulatory effects of Ti;C,
MXene QDs have been investigated after injury.'*® These QDs
consequently possessed innate immunomodulatory properties,
especially reducing the activation of human CD4 + IFN- + T-
lymphocytes while promoting the expansion of immunosup-
pressive CD4 + CD25 + FoxP3+ regulatory T-cells in an activated
lymphocyte population. Additionally, they were highly biocom-
patible with mesenchymal stem cells and fibroblasts produced
from stimulated pluripotent stem cells. Notably, a Tiz;C, QD-
anchored chitosan three-dimensional hydrogel architecture
was developed with superior physicochemical properties for
the delivery of stem cells and applicable as a wound healer. The
developed hydrogel composites showed remarkable conductiv-
ity while retaining its injectability and thermosensitivity. These
avant-garde intelligent biomaterials can not only trigger the
inflammatory and degenerative diseases also fulfill the material
translational gap, and restore tissue engineering using stem
cell-based therapeutic approaches.'*® In a different study,
immuno-engineered Ta,C;T, MXene QDs were created for the
in vivo treatment of transplant vasculopathy. These clever QDs
with intriguing anti-inflammatory and anti-apoptotic proper-
ties can be taken into account for biomedical engineering.
Surprisingly, Ta,C;T, QDs were rapidly taken up by antigen-
presenting endothelium cells, and they were able to change the
expression of surface receptors to reduce their ability to activate
allogeneic T-lymphocytes, which alleviated the cellular/struc-
tural changes associated with early allograft vasculopathy.'*®
Additionally, the emerging application of MXenes in the realm
of tissue engineering offers bone tissue engineering,'*” skin
tissue engineering,"*®'*® nerve tissue engineering and myocar-
dial tissue engineering.'*®

In order to fabricate robust and bio-adaptable TizC,T,-
modulated poly lactic acid (PLA) nanocomposite membranes,
Chen et al. developed a reliable methodology using n-
octyltriethoxysilane (OTES) as the interfacial mediator. The
presence of a robust bond between OTES-Ti;C,T, and PLA led
to an improvement in the ultimate tensile strength (UTS) of the
nanocomposite membranes comprising OTES-Ti;C,T, and PLA.
Subsequently, the addition of these Ti;C,T, nanosheets offered
exceptional biocompatibility, leading to improved cell adhesi-
bility, osteogenic divergence and cell proliferation, all of which
were highly dominant for bone resorption. Then, in order to
assess Ti;C,T, MXene’s biocompatibility, potential to induce
osteoporosis, and capacity for directed bone repair in both
in vitro and in vivo."*°

A multilayer Ti;C,T, MXene memory was made by Zhang
et al. The investigations’ findings demonstrated the modified
MXene membrane’s endeavor to have a high grade of cell
compatibility and ability to promote diversified osteogenesis
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in vitro systems. When placed in the subcutaneous region and
cranial defect of mice, the MXene membrane exhibited out-
standing in vivo compatibility with the body, encouraged bone
formation, and displayed remarkable bone regeneration
properties.'*"

In relation to the engineering of nerve tissue, Nicolette
group suggested a technique for creating flexible microelec-
trodes based on TizC,. A flexible assembly of Ti;C, MXene
micro-electrodes have a significantly low resistance and can
accurately and sensitively record neural activity because of the
high electrical conductivity and specific surface area of the
Ti;C, MXene films. In contrast to gold electrodes, Ti;C, elec-
trodes exhibited an improved signal-to-noise ratio, reduced
baseline noise, and a diminished susceptibility to interference
at a frequency of 60 Hz. Neurons cultivated on Ti;C, have the
same viability as control cultured neurons, according to the
findings of neuronal biocompatibility tests. Additionally, they
can adhere, develop axons, and create useful networks. In order
to create high-resolution biological interfaces, Ti;C, MXene
microelectrodes can be a possibility for strong platform
technology.'® Ye et al. miniaturized a biologically responsive
engineered cardiac patch (ECP) by integrating hydrophilic and
biocompatible conductive MXene/Ti,C with hydrophilicity into
a poly(ethylene glycol) diacrylate (PEGDA)-Gel-methacrylic
anhydride (MA) cryogel. This integrated cardiac patch is highly
effective in healing myocardial infarction (MI) like real heart.
Chemical cryogelation technique has been adopted to fabricate
a Ti,C cryogel, wherein fast calcium expatriate and atune tissue-
like beats were also visible in the artificial Ti,C-8-cryogel ECP.
Further transplantation into the embolism heart of the MI rat
model can improve cardiac functionality, reduce infarct size,
and prevent inflammation. The apparent vasoconstriction,
particularly in the newly developed tiny arteries, was also
discovered.'

MXene composites exhibit viscoelastic properties, combin-
ing elastic and viscous behaviors, which are crucial for mimick-
ing the mechanical environment of biological tissues. These
properties arise from the unique structure of MXenes, where
their nanoscale layers provide stiffness and flexibility, and their
integration with polymers or hydrogels enhances mechanical
tunability.’> The viscoelastic nature of MXene composites
allows them to absorb and dissipate energy, adapt to dynamic
biological environments, and support cell attachment, prolif-
eration, and differentiation.

In tissue engineering, these characteristics are significant
for creating biomimetic scaffolds that replicate the native
extracellular matrix (ECM). In biomedical applications, besides
conventional mechanical factors such as stiffness and strength,
it is essential to ensure that the viscoelastic consistency of
implant materials matches the native tissues due to the natural
mechanical behavior of biological soft tissues.>>™*” A hybrid
theory-experimental approach can effectively characterize mul-
tiscale viscoelastic changes in tissues, highlighting the
mechanical differences in diseased and treated liver tissues
and cells. Given this, understanding the viscoelastic properties
of MXene-based composites is critical, especially in tissue
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engineering applications. For instance, the tunable stiffness of
MXene-based composites can match the mechanical properties
of specific tissues, such as cartilage or muscle, facilitating
proper cellular responses. Additionally, their ability to with-
stand cyclic loading makes them suitable for dynamic environ-
ments like vascular or musculoskeletal systems. The electrical
conductivity of MXenes further enhances their utility by pro-
moting cell signaling in electrically active tissues, such as nerve
or cardiac tissue. By integrating viscoelasticity with biocompat-
ibility and conductivity, MXene composites provide a robust
platform for advancing tissue engineering and regenerative
medicine.

5. Mxene-based therapeutic
technologies and approaches

A range of biomedical applications, MXenes, a type of 2D
transition metal carbides and nitrides, have shown promise
as therapeutic agents. They have paved the path for ground-
breaking techniques in drug administration, tissue engineer-
ing, and cancer therapy thanks to their exceptional synergism
between electrical conductivity, mechanical strength, and
biocompatibility.’>® Targeted drug delivery is made possible
by MXene-based nanoparticles functionalized with certain
ligands. This improves medication accumulation at disease
locations while decreasing off-target effects. Apart from the
conductive and supportive environment for cell proliferation
and differentiation, MXene scaffolds offers extraordinary pro-
mise for tissue regeneration. Utilizing their capacity to convert
light into heat and their capacity to produce reactive oxygen
species upon light irradiation, MXenes have demonstrated
success in photothermal and photodynamic therapies for the
treatment of cancer. MXenes show great promise for transform-
ing different biomedical fields as research in this developing
topic moves forward since they provide flexible platforms for
precise and efficient therapeutic treatments.

Advanced photothermal treatment (PTT) holds great pro-
mise in cancer therapeutics due to its exceptional ability to
selectively target and eliminate cancer cells while minimizing
damage to surrounding healthy tissue. PTT is a minimally
invasive approach that utilizes photothermal agents—light-
absorbing substances—to convert light energy into heat, indu-
cing localized hyperthermia and resulting in the destruction of
cancer cells. Tumor cells are particularly sensitive to elevated
temperatures, and when a photothermal agent transforms
near-infrared light into heat energy at the tumor site, it leads
to increased temperatures, causing various risks such as pro-
tein denaturation, cell rupture, and damage to cell
organelles.>"®°

The ideal PT agent possesses high tissue selectivity, a large
optical wavelength absorption cross-section, minimal toxicity,
and ease of functionalization. Recent developments in the
exploration of MXenes anchored to nanomaterials, such as
gold nanorods, copper sulfide nanoparticles, and black
phosphorus,’®>*®* present a novel substrate for subcutaneous
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regions of tissues due to their remarkable photothermal con-
version efficiency (PTC) and strong absorbing sensitivity in the
near-infrared (NIR) region.

Progress in MXene materials for PTT applications includes
the development of Ta,C;T,-SP nanosheets enabling dual-mode
CT scan and PA imaging of tumors, Nb,C with extremely high
PTC efficiency in both the NIR-I and NIR-II regions, and MQDs
with exceptionally high photothermal conversion efficiency.'®
Dai et al. introduced a Ti;C, material using the rational design,
anchoring the (MnO), composition to the surface of Ti;C,
through a redox reaction.”” The addition of soy phospholipids
(SP) further enhanced the stability of (MnO),/TizC,T,, leading
to greater photothermal stability and a PTC efficiency of 22.9%,
comparable to standard Au nanorods and Cu,_,Se carbon
nanotubes."**

Moreover, Shao et al.’s research on nitride-based MXenes
and Ti,NT, quantum dots demonstrated exceptionally high
photothermal conversion efficiencies in both the first and
second near-infrared (NIR) biological windows (NIR-I at
808 nm and NIR-II at 1064 nm)."*® The efficient degradation
and fast excretion of Ti,NT, quantum dots, coupled with their
effectiveness in photothermal therapy and favourable biocom-
patibility, contribute to their potential for efficient elimination
from the body after the therapeutic impact becomes apparent.

Photodynamic therapy (PDT) stands out as an exceptionally
promising light therapy for cancer treatment. The efficacy of
PDT is significantly influenced by photosensitizers (PSs), which
accumulate at the tumor site following local or systemic admin-
istration. Upon exposure to naturally occurring molecular oxy-
gen species, especially singlet-state oxygen, activated
photosensitizing molecules generate reactive oxygen species
(ROS), ultimately leading to the death of cancer cells.

In a recent advancement, the Ru@MXene complex has
introduced an innovative approach to creating multifunctional
platforms responsive to light stimuli, effectively addressing
highly resistant bacteria. This approach integrates photother-
mal therapy (PTT) and photodynamic therapy (PDT) for anti-
bacterial purposes.'®

Research conducted by Zhang and colleagues indicates that
Mo,CT,, when subjected to laser stimulation, can generate
elevated temperatures and reactive oxygen species (ROS), which
play a substantial role in initiating apoptosis.’” Fortunately,
Guo et al. discovered that 3D MXenes have a better ROS
production ability than Ti;C,T, nanosheets through the synth-
esis of honeycomb-structured 3D MXenes having anti-
aggregation capabilities.'®® MXene-based materials are progres-
sively showcasing potential applications in the realm of immu-
notherapy owing to their magnificent characteristics such as
wide particular surface area, biocompatibility, and tumor-
targeting accumulation. In recent years, an
engineered MXene nanosystem was designed to inhibit trans-
plant rejection. An aggressive form of atherosclerosis known as
cardiac allograft vasculopathy is a leading factor in the death of
people who have received heart transplants. Endothelial cells
(ECs) in blood vessels activate alloreactive T-lymphocytes, caus-
ing chronic inflammation. In this article, we describe for the

immune-
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first time that Tiz;C,T, MXene nanosheets were used to
prevent allograft vasculopathy. Human ECs were exposed to
MXene nanosheets, which decreased the expression of
genes involved in alloantigen presentation and, as a result,
decreased the activation of allogeneic lymphocytes. A lympho-
cyte RNA-Seq investigation revealed that MXene therapy down-
regulated the genes involved in allograft vasculopathy
development, cell-mediated rejection, and transplant-induced
T-cell activation."®’

6. Unlocking the future of human—
machine interfaces with Mxene
electrodes

Soft skin-like MXene electrodes represent a groundbreaking
advancement with profound significance in shaping the land-
scape of next-generation human-machine interactions. These
flexible and biocompatible electrodes hold the potential to
revolutionize various fields, from healthcare to robotics, by
seamlessly bridging the gap between humans and machines.
In this 1000-word paragraph, we will delve into the multifaceted
significance of soft skin-like MXene electrodes in shaping the
future of human-machine interactions (Fig. 9).

At the heart of the importance of MXene electrodes lies their
unique ability to provide unparalleled comfort and wearability.
Unlike traditional rigid electrodes, soft MXene electrodes con-
form effortlessly to the contours of the human body, offering a
level of comfort that is crucial for long-term applications.
Whether integrated into wearable technology, prosthetic limbs,
or medical devices, MXene electrodes ensure that users can
interact with machines for extended periods without discom-
fort or irritation. This comfort factor enhances the overall user
experience, making human-machine interactions more acces-
sible and user-friendly. In the context of deformable electronics
resembling artificial skin, the key attributes of MXene electro-
des that are of utmost significance include properties such as
elasticity, self-repair capability, resilience, suitability for wear,
and transparency, all akin to the characteristics of real skin.
Utilizing a wide electrical conductivity range between 1 and
15000 S cm ™, the MXene family exhibits versatility for explor-
ing various applications. To fabricate stretchable skin-like
electrodes, the retention of electrical conductivity is of utmost
importance when subject to mechanical deformation. Any
disparity leads to ultimate dysfunction and complete mechan-
ical failure of the fabricated devices. To address this issue, two
methodological approaches have recently been adopted
wherein mechanical stress dissipation and incorporation of
elastomeric base matrices provide stretchable electronic and
jionic conductors.'®®'7° Moreover, the soft and conformable
nature of MXene electrodes enhances their sensing capabilities,
which is another pivotal aspect of their significance. These
electrodes can intimately interface with the skin, enabling the
sensitive and accurate monitoring of a wide range of physiolo-
gical signals. From tracking vital signs such as heart rate and
body temperature to detecting intricate muscle activity
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patterns, MXene electrodes offer an unprecedented level of
precision in data collection. In a recent development, Shipeng
Zhang and colleagues downsized nanogenerators based on
MXene/Ecoflex composites by incorporating flexible conductive
fabric electrodes into 3D-printed gloves. The resulting nano-
generator exhibits a notable peak-to-peak voltage of 19.91 V, a
high sensitivity of 0.088 V kPa~', and an expansive pressure
detection range of 0-120 kPa. This device holds versatile
potential for applications in human-machine interactions,
making it suitable for the next generation of artificial intelli-
gence and interactive devices. Moreover, it generates high-
quality output signals, enabling the accurate detection of
various finger activities.'”*

In order to measure a person’s health, it is critical to
continuously monitor their body’s numerous physiological
signs. Contact charging and electrostatic induction coupling
will be the pivotal principle behind nanogenerator fabrication.
Cellulose nanofiber (CNF)-incorporated Ti;C, MXenes can
detect the mass of a touched steel object weighing between
200 and 300 g. The fabricated triblock nanogenerator is tuned
in such a way that it can be stretched to a maximum of 100%
and generate various voltage signals of its initial length driven
by the bending and folding angles.'”” This heightened sensi-
tivity opens doors to more advanced applications, such as
detecting subtle facial expressions or capturing neural signals,
enabling machines to respond to human cues with greater
subtlety and nuance.

Biocompatibility is a fundamental characteristic that distin-
guishes MXene electrodes. They have demonstrated excellent
biocompatibility, meaning that they are unlikely to induce
adverse reactions when in contact with biological tissues. This
property is of utmost importance in medical applications,
particularly in the realm of brain-computer interfaces (BCIs)
and neuroprosthetics. Due to their biocompatible qualities,
MXene nanosheets have recently attracted a lot of attention
as electrodes for biomedical uses such as wound healing,
tumor abscission and health assessment application. Hybrid
electronic skin was tailored by omnipotent chitosan/MXene
nanocomposites for monitoring respiration and heart
health. To induce biocompatibility, chitosan is mimicked in
biological tissues. Poly(N-isopropyl acrylamide) (PNIPAm)-
based hydrogel was used to monitor health in real-time
fashion."”® Encapsulation with various polymers such as poly-
ethylene glycol (PEG), poly(lactic-co-glycolic acid) (PLGA), chit-
osan, collagen and silk fibroin (SF) leads to reduced
cytotoxicity.’”*"7® Magnesium coating also renders the max-
imum cytotoxicity cell survey analysis, therefore additional
research and optimization should be underway to provide an
intrinsic footnote before human trial.

In these scenarios, electrodes must establish direct contact
with the brain or nervous system without causing harm or
triggering immune responses. Soft skin-like MXene electrodes
offer a promising solution, potentially minimizing the risks
associated with invasive medical interventions and enhancing
the safety and reliability of human-machine interactions in
healthcare. The conformability and flexibility of MXene
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electrodes further accentuate their significance. These electro-
des adapt to the dynamic and diverse contours of the human
body, including irregular shapes and movements. This adapt-
ability ensures a stable and reliable connection with the skin,
even during physical activities or when applied to curved body
parts. As a result, MXene electrodes can be seamlessly inte-
grated into clothing or directly onto the skin, opening up
possibilities for discreet and non-intrusive wearable technology
that augments human capabilities while being practically
imperceptible.

Reducing artifact and interference in signal recordings is
another advantage of soft skin-like MXene electrodes. In appli-
cations such as electroencephalography (EEG) and electromyo-
graphy (EMG), where precise data collection is paramount,
unwanted noise and motion artifacts can compromise
the quality of recordings. The soft nature of MXene electrodes
can mitigate these challenges, ensuring that the data collected
is of the highest fidelity (Fig. 10). This improvement in
data quality is pivotal in enhancing the performance of
human-machine interfaces, making them more reliable and
effective.

MXene materials are renowned for their durability and
transparency, which further contribute to the significance of
soft skin-like MXene electrodes. These materials can withstand
repeated use and exposure to various environmental condi-
tions, making them suitable for long-term applications. This
robustness is essential for devices intended for everyday use,
such as assistive technologies or wearable health monitors.
Perhaps the most profound significance of soft skin-like MXene
electrodes lies in their ability to improve the overall user
experience in human-machine interactions.

Wearable fabric bases exhibit a range of characteristics,
including permeability, stretchability, breathability, and elec-
trical conductivity. Typically, two methods are employed to
produce fabric-based electrodes for use in wearable electronics
on the skin (Fig. 10). The first method involves applying
conductive nanoparticles to existing yarns. In the second
method, composites of conductive nanoparticles and polymers
are employed that can be spun into fibers, which are then
woven in the form of conductive textiles. Nevertheless, these
active fiber materials have a tendency to separate under
mechanical deformations, leading to a reduction in their
conductivity.'8%'8!

A clever approach in the creation of conductive fabrics
involves using the dip-coating technique. This method is
utilized in the large-scale production of wearable fabric-based
electronics, where yarns are submerged into a conductive
solution, resulting in a layer of conductive material coating
the fabric’s surface."® Zhao and his team adopted this techni-
que to produce conducting MXene fabrics by immersing cellu-
lose fabric in an aqueous MXene solution.'®® In another
approach, Shao and colleagues manufactured conductive and
flexible textiles by electrospinning an MXene polymer solution
onto PET yarns, creating yarns coated with nanofibers.'®*
Additionally, to create a polymeric fiber matrix at the nano-
scale, various materials such as PAA, PVA, poly(ethylene oxide)
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(PEO), and alginate/PEO were incorporated with MXene
nanosheets.'>%¢

Biscrolling is a technique that enhances the MXene-loading
density and fiber production by combining MXenes with spin-
nable host materials (CNTs), achieving a high loading density
of 98 wt%. It prevents delamination by trapping MXenes onto
CNT corridors, enabling the creation of highly conductive
and flexible MXene fibers. Zheng et al used a roll-to-roll
layer-by-layer assembly to fabricate CNT/MXene cellulose fab-
rics, where high pressures aided particle penetration, reducing
delamination."® Researchers, including Wang et al, have
developed superhydrophobic wearable sensors by combining
silicon nanoparticles with MXene nanosheets. This integration
creates a hierarchical structure that maintains conductivity
even under wet conditions."®® To minimize the active agglom-
eration of nanoparticles and increase the spinnability, wet
electrospinning technology, including electrospinning and
wet spinning elements, is introduced to include MXene
nanosheets throughout the entire yarn cross-section. Levitt
et al. created conductive yarns with up to 90% nylon/MXene
yarn loading by using hydrophilic (nylon) and hydrophobic
(polyurethane) textiles.'®® Another method involves adding
hydrophobic layers like PDMS and silicone rubber to MXene
textiles, enhancing hydrophobicity and stability. Ma and col-
leagues successfully enhanced hydrophobicity (measured by a
contact angle of 135.6°) by applying a PDMS coating to PDA/
MXene-decorated paper. This step significantly improved the
interaction between textiles and MXenes."”® Another cost-
effective and efficient method for imparting fabrics with hydro-
phobic characteristics is emulsion dipping, which involves the
use of PDMS and MXenes.'! In the healthcare sector, the
implications of soft skin-like MXene electrodes are monumen-
tal. This, in turn, fosters a greater sense of integration and trust
in technology. Whether it is a person with a prosthetic limb
experiencing enhanced mobility and dexterity or a patient
benefiting from a more comfortable and accurate medical
monitoring device, MXene electrodes hold the promise of
transforming the way we interact with machines. These devices
equipped with MXene electrodes could revolutionize telemedi-
cine, allowing healthcare providers to remotely monitor
patients’ conditions in real time, detect anomalies early, and
intervene when necessary. Furthermore, in the field of rehabi-
litation, MXene-enabled prosthetic limbs could offer amputees
a level of functionality and comfort previously unimaginable,
allowing them to regain a sense of normalcy in their lives.

The significance of soft skin-like MXene electrodes extends
beyond healthcare into the realm of human augmentation and
robotics. In the development of exoskeletons and wearable
robotic devices, these electrodes can facilitate more natural
and intuitive control mechanisms. They enable machines to
better understand and respond to the wearer’s movements and
intentions, blurring the line between the human body and
machine. This advancement has the potential to revolutionize
industries such as manufacturing, where workers can use
wearable robotics to enhance their strength and precision,
reducing the risk of injury and improving overall productivity.
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Fig. 10 (i) Workflow of the machine learning approach, starting from data processing, feature engineering, model training, model selection and property
prediction for the screening of ideal HER catalysts from MXenes. From first-principles calculations, the materials space is generated from a large number
of possible combinations of the selected elements and functionalization. Reproduced from ref. 177 with permission from the Royal Society of Chemistry,
copyright 2023. (ii) Schematic of three MXene electrodes printed on flexible self-standing PEDOT substrates. The mode of sensing is governed by the
surface functionality of the printed MXene device. (Left) Electrophysiology electrode. (Middle) MXene-based ion sensor with an ion-selective membrane
on the top of the MXene layer. (Right) Immunosensor made of MXene film tethered with specific antibodies. Reproduced from ref. 178 with permission
from IOPscience, copyright 2020. (iii) (A) A flexible skin-adherent electrode with minimal electrochemical impedance attached to the epidermis. An
equivalent circuit model is shown to the right. (B) Bioderived, air-permeable, and sweat-stable MXene-based electrode (top), where structural
crosslinking exists throughout the nanoscopic structure (bottom). (C) A MXene-based “theranostic” device to provide electrothermal therapy if muscle
fatigue is detected. (D) Loading a peptide onto a label-free EIS biosensor increases its sensitivity. Reproduced from ref. 179 with permission from
Frontiers, copyright 2023.

© 2025 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2025, 6, 909-944 | 931


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00894d

Open Access Article. Published on 20 December 2024. Downloaded on 11/9/2025 12:02:47 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

Soft skin-like MXene electrodes are also poised to make a
significant impact in the field of virtual and augmented reality
(VR/AR). These electrodes can be integrated into headsets and
gloves, enabling more immersive and intuitive experiences.
Users can interact with virtual environments and objects in a
manner that closely resembles natural human movements and
sensations. This not only enhances the entertainment value of
VR/AR but also extends into professional applications such as
training simulations, where users can practice complex tasks in
a risk-free virtual environment. By harnessing the power of
machine learning, researchers have been able to analyze
complex patterns and relationships within the MXene-based
electrode’s electrical properties, enabling more precise and
adaptable sensor functionality. Machine learning algorithms
can recognize and respond to subtle changes in skin condi-
tions, making these electrodes valuable tools for various appli-
cations, such as health monitoring, prosthetics, and human-
machine interfaces. In this context, symbolic regression (SR),
multiple linear regression (MLR) model, decision tree (DT), and
Recurrent Neural Network (RNN) model have been adopted to
devise various machine learning interfaces. Epa and colleagues
utilized multiple linear regression (MLR) to establish a nano-
quantitative structure-activity relationship (nano-QSAR) aim-
ing to forecast cellular biochemical responses and apoptosis.
QSAR serves as a vital tool in drug discovery by establishing
links between compound chemical attributes and their biolo-
gical impacts.'®® J. Zhu et al. designed a flexible MXene
electrode for screening the pesticide a-naphthalene acetic acid.
They employed genetic algorithm (GA) to investigate the mate-
rialistic content with 96.66 to 99.14% accuracy. GA, an effective
optimization technique, requires parameter tuning and opera-
tor selection but applies Darwinian principles for self-learning.
These studies highlight machine learning’s efficacy in skin-like
MXene electrode development.'®® In another finding, Shima-
dera and collaborators designed a haptic sensor using MXene
technology, which can accurately sense contact force, location,
and temperature at a micro-scale. This flexible device enables
physical sensing inside the human body, proving beneficial
for both scientific inquiries. The data collected by these
MXene sensors underwent analysis through convolutional
neural networks (CNN) and fully connected neural networks
(FCNN)."** Furthermore, in the context of human-computer
interaction (HCI), soft MXene electrodes can lead to
more responsive and adaptive interfaces. As machines better
understand and respond to subtle physiological and emotional
cues, the user experience becomes more personalized and
engaging. This is particularly relevant in applications such as
affective computing, where machines can assess a user’s
emotional state through physiological signals and adjust
their responses accordingly. This capability has vast implica-
tions for fields like customer service, mental health support,
and education. With this realization the intersection of skin-
like characteristics and the identification of a novel and
remarkably durable category of MXenes could profoundly
transform our interactions with devices and the external
environment.
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7. Insights into the potential efficacy of
Mxene nanocomposites in orthodontic
implantation

Mxene nanocomposites hold substantial significance in the
field of guided bone regeneration (GBR) due to their idiosyn-
cratic properties. GBR is a technique used to restore lost or
damaged bone, particularly in the realm of orthodontic implan-
tation and periodontal regeneration. Mxene materials offer
advantages such as biocompatibility, high surface area for
enhanced cell adhesion, and the ability to promote osteogen-
esis. These properties enable them to serve as effective scaffolds
for tissue engineering, aiding in the regeneration of bone by
providing structural support and promoting the growth of new
bone tissue. Mxene’s excellent integration with bone tissue,
antibacterial properties, electrical conductivity, and customiz-
able degradation rates offer orthodontists the tools to design
implants that not only provide structural support but also
facilitate the healing and regeneration of bone tissue.'®’

In the field of tissue engineering biomaterial implants need
additional concerns to regulate the endogenous surface mor-
phology and electrical potential. To tune the top-notch electro-
active microenvironment for mimicking the extracellular
vicinity for bone regeneration Fu et al.’*® adopted electrospin-
ning technique to fabricate PVDF/Mxene ferroelectric nano-
composites membrane. Ti;C,T, MXene nanosheets were
wrapped in a PVDF shell layer. Tailoring the content of Mxenes,
the surface morphology was optimized and this allowed for the
exact miniaturization of the nanosheets into a naturally occur-
ring extracellular matrix (ECM) in bone tissue, as well as the
uniform distribution of fibers subsequently upgraded the elec-
tric potential. Chen et al. created a robust and biocompatible
membrane for GBR by integrating Ti;C,T, nanosheets into a
PLA matrix and using n-octyltriethoxysilane (OTES) as an inter-
facial mediating agent (Fig. 11). As compared to the PLA matrix,
the OTES-Ti;C,T,/PLA nanocomposite membrane showed
increased mechanical strength of 72 MPa. Ti;C,T, nanosheets
had a significant impact which bestowed the biocompatibility
by advocating pre-osteoblast cell adhesion, osteogenic matura-
tion and differentiation and cell migration than native 2D
graphene oxide nanosheet.”” To identify the underlying mecha-
nism of endotheliocyte virtuous circle, Zhi-Chao Hu and his
research team have developed a piezoresistive pressure trans-
ducer MXene/regenerated silk fibroin hydrogel (RSF). A unique
and promising method for encouraging direct osteogenesis,
controlling the immunological milieu and neovascularization
under electrical stimulation, and reestablishing the electrical
microenvironment for bone regeneration. The electroactive
hydrogel could amplify the osteogenic induction by modulating
the Ca®'/CALM signaling pathway effective for bone tissue
regeneration.’®” Awasthi et al. employed electrospinning to
create fibers comprising MXene and polycaprolactone.

These fibers exhibited higher compatibility with pre-
osteoblast cells during the regeneration process in comparison
to fibroblast cells. The Mxene content of fiber mat (PCL)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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promotes cellular adhesion and proliferation which might
instigate the phosphorus/calcium deposition, thereby increas-
ing in vitro bio-mineralization and osseointegration explored in

tissue engineering applications.
pacity aids in monitoring implant placement and post-
operative assessment (Fig. 11).
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(i) Conceptual and effective mechanisms of the electroactive MXene/RSF hydrogels to re-establish the electrical microenvironment for bone

regeneration. (i) MXene/RSF hydrogels with ES potential accelerated bone regeneration. (A) Procedure for the establishment of the calvarial defect model
in SD rats. (B) Cranial bone regeneration at 6 and 12 weeks after implantation presented by micro-CT. (C)—(F) BV/TV, Tb.Sp, Tb.Th, and Tb.N results
calculated based on micro-CT. (G) Representative images of 3D reconstruction of the blood vessels at 12 weeks post-implantation. Reproduced from ref.

198 with permission from KeAi Communications, copyright 2023.
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continues to evolve, Mxene nanocomposites have the potential
to revolutionize orthodontic treatments, improving patient out-
comes, and enhancing the long-term success of orthodontic
implantations.

8. Biosafety and toxicity concerns

Unlike most organic entities, Mxenes and Mxene-based com-
posites possess some unique characteristics such as tunable
architecture, multifunctional potentials, exceptional physiolo-
gical stability, biodegradability and biocompatibility which
made them attractive materials in the realm of clinical and
biomedical applications. For these 2D MXenes, biosafety, toxi-
city, and biocompatibility concerns must be further taken into
consideration. Additionally, significant factors including dis-
persibility, solubility, and lasting toxic impact need to be
thoroughly examined. In a particular study, the possible toxicity
of MXene nanosheets was evaluated concerning early embryo
stages and angiogenesis. It was found that they may have
negative effects on the early phase of embryogenesis; approxi-
mately 46% of MXene-exposed embryos died within 1-5 days of
exposure. Additionally, after five days of incubation at the
investigated site, the chorioallantoic membrane’s angiogenesis
was inhibited by MXenes. Subsequent analysis using reverse
transcription polymerase chain reaction (RT-PCR) revealed that
seven critical regulatory genes were found to be relaxed in the
heart, brain, and liver tissues of MXene-treated embryos in
contrast to their respective control groups. Therefore, it is
imperative to conduct more comprehensive investigations to
assess the potential harmfulness and safety of MXenes and
MXene-based structures.

In order to figure out biodegradation, the degradative act
of Nb,C-PVP nanosheets was modelled using human myeloper-
oxidase (hMPO), which yields hypochlorous acid and active
radical intermediates that break down carbon-based
nanomaterials.’” The nanosheet suspension turned translucent
after the addition of hMPO and H,0,. After 24 hours of
incubation with hMPO and H,0,, even Nb,C nearly vanished.
Furthermore, studies of the mice’s histopathology, blood bio-
chemical indices, and hematological parameters over a 28-day
period showed that intravenous Nb,C-PVP did not significantly
affect kidney or liver toxicity, infection, inflammation, or infec-
tion, nor did it create any significant renal or hepatic toxicities.
Additionally, the embedding of MXene thin films into subcu-
taneous tissues of rats led to a significant number of fibroblasts
and capillaries as well as a mild granulation and inflammation
in the tissue around the fractured MXenes. While significant
inflammatory cell infiltration and necrosis were not seen,
macrophages adhered to MXenes.

MXenes were taken up and biodegraded in vivo by phagocy-
tosis. MXene nanosheets cause oxidative stress, which is harm-
ful to cancer cells but has very little immediate cytotoxicity and
causes only mild inflammation in healthy cells and tissues. The
cornerstone for creating bio-applications is the fact that
MXenes are extremely biocompatible and have a safe
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biodegradation profile both in vitro and in vivo when used
within the recommended dose range. The main challenge of
MXenes’ continued biomedical development would be main-
taining a safe dosage while achieving optimal effectiveness.

9. Perspective, dilemmas and
foreseeable future

Due to their unique physical and chemical properties, along
with their strong biocompatibility and ease of modification
compared to conventional organic materials, 2D MXene nano-
materials hold significant promise for various medical applica-
tions, e.g bioimaging, biosensing, and drug delivery.
Nevertheless, the translation of these materials into clinical
use has presented substantial challenges. Despite the expan-
sion of the 2D material family by MXenes and their diverse
applications, the strategic development of MXenes and their
derivatives for cancer theranostics, which include catalytic
therapy, radiotherapy, photothermal and photodynamic ther-
apy, and imaging capabilities, remains a significant hurdle in
the field of biomedicine. For implementation in cancer therapy
and diagnosis, these materials’ mechanical, electrical, thermal,
and optical properties can be enhanced by means of hybridiza-
tion and surface functionalization or modification. The versa-
tile applicability of 2D MXenes in biomedicine is somehow
restricted due to its rapid accumulation, intricate surface
engineering, insufficient strength, and potential toxicity. The
degradation and resilience in the context of in vivo circulation
are contingent on factors such as orientation, size, layer count,
and oxidation level. However, there is a lack of discussion
regarding metabolic pathway analysis, the potential negative
impacts of MXene nano-films, and the interactions between
these nanofilms and the physiological environment. It is utterly
contradictory that rapid degradation might influence the antici-
pated therapeutic outcomes. To get the remarkable therapeutic
outcomes and minimum toxicity, an appropriate degradation rate
should be taken into account throughout the configuration and
synthesis of MXenes. Subsequent studies should shift their
emphasis away from immediate repercussions and instead con-
centrate on the enduring outcomes of nanomaterial exposure,
particularly concerning the well-being of adult offspring, espe-
cially in the context of neurodevelopment. The next phase of
research necessitates a more comprehensive exploration of cellu-
lar uptake patterns, mechanisms of immunogenicity, biodistribu-
tion, cytotoxicity, and the various factors that could influence the
toxicity of MXenes and their derivative materials. This will make it
easier to develop strategies for modulating their toxicity. It has
been demonstrated that a 2D material’s toxicity and biocompat-
ibility may depend on its dispersion state, dimensions, solubility,
chemical composition, and crystalline structure.

In order to simplify and reduce the costs of complex
processes involved in the formulation of nanocarriers
for anticancer drug administration and cancer diagnostic
nanoplatforms, it is essential to adhere to methodologies
and principles that prioritize -controllability, reliability,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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reproducibility, innovation, scalability, and practicality."***"°
Another formidable challenge lies in successfully transitioning
MXenes and their derivative materials from preclinical stages to
practical clinical applications. This necessitates thorough
investigations into pharmacodynamics, pharmacokinetics,
tumor responses, and histopathology studies.®

Accurate assessments of MXenes’ optical, mechanical, mag-
netic, and electrical properties, as well as optimization proce-
dures, are crucial. Due to the inherent fragility of these
nanostructures in complex physiological environments, MXenes
can precipitate or aggregate in biological media. Therefore, there
is a strong demand for surface multi-functionalization techni-
ques, such as precise molecular or polymer surface modifications
(e.g., polyvinylpyrrolidone (PVP) and soybean phospholipid), as
well as the decoration of MXenes with multifunctional inorganic
nanoparticles. These techniques are highly desirable to ensure the
dispersity and stability of MXenes and its derivative-based systems
under physiological conditions.

The bottom-up synthesis approach provides superior control
when compared to the top-down synthesis method, as it
enables the regulation of size distribution and repeatability.
Investigating further morphological attributes of MXenes, such
as nanotubes and nanocages, in conjunction with the examina-
tion of thin films and quantum dots, presents valuable oppor-
tunities. In the pursuit of launching biomedical applications
based on MXenes, current research is directed towards blend-
ing MXenes along with other relevant functional materials to
develop hybrid materials that leverage the advantages of various
materials. The future of MXenes in the field of biomedical
applications holds great promise and has the potential to revolu-
tionize various aspects of healthcare, fostering groundbreaking
discoveries. Thanks to their unique blend of biocompatibility,
adaptable properties, and multifunctional capabilities, MXene-
based nanocomposites are poised to usher in a new era of
precision medicine. This future may involve tailored drug delivery
and non-invasive therapies based on individual genetic and
physiological profiles. Moreover, MXenes’ ability to integrate
diagnostics and therapies into a single platform enables simulta-
neous treatment, precise disease identification, and real-time
monitoring, ultimately leading to early interventions and
improved patient outcomes.

MXenes are expected to revolutionize implant technology,
brain interfaces, and regenerative medicine as improvements
are made because they provide biocompatible and conductive
materials that naturally merge with the human body. While
obstacles still exist, the combined efforts of scientists, doctors,
and regulatory agencies are poised to move MXenes from
ground-breaking research to useful clinical applications, ulti-
mately influencing the development of safer, more efficient,
and individualized healthcare solutions.
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