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Abstract

MXenes have demonstrated significant advantages in smart diagnostic systems, neural engineering interfaces and tissue
regeneration engineering due to their abundant surface functional groups, large specific surface area, metal-like conductivity
and excellent photothermal conversion efficiency. However, there are still many key challenges for the deep integration of
multifunctional synthesis strategies and biomedical applications, such as the unclear long-term evolution of biocompatibility
and immunoregulation mechanisms, and the immature conditions for clinical translation. This review systematically compiles
advantages of MXenes, their synthetic pathways, and cutting-edge applications in biomedical engineering, providing
researchers with comprehensive technical references. Furthermore, it reveals the translational potential of MXenes in
precision tumour therapy, intervention of neurodegenerative diseases, and regenerative medicine, facilitating intelligent and

integrated leapfrog development of biomedical engineering.
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1. Introduction
Since the nanotechnology revolution at the beginning of the
21st Century, the intersection of materials science and life
sciences has been searching for novel materials that can push
the boundaries of traditional biomedical engineering
properties.l'*l MXenes were born in this context as a class of
two-dimensional (2D) layered materials formed by selective
etching of transition metal carbides or nitrides.** Their large
specific surface area, tunable surface chemistry, excellent
metal-level conductivity, and unique interlayer nano-channel
structure are perfectly suited for biomedical engineering
where multifunctional and integrated materials are required.™
1 In areas such as drug delivery systems, neuroengineered
interfaces, biosensors and tissue regeneration scaffolds,
MXenes promote biomedical technology innovation with their
unique physicochemical properties.['0-12]

The transformation and upgrading of the biomedical
engineering industry calls for a leap from single-function
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devices to intelligent systems.!'*'5] While traditional materials
often only meet a single need, MXenes are able to integrate
multiple functions into one through chemical modification and
structural design.l'*'¥] For example, the rich functional groups
on their surface can modify targeted molecules for precise
delivery.l'"2I Their interlayer channels can be loaded with drug
molecules for controlled release. And their intrinsic electrical,
optical, and thermal response properties allow for external
field-controlled activation.?'>*!  This multi-physical field
coupled materials design has driven biomedical engineering
towards the frontiers of diagnostic and therapeutic integration,
organ chips, smart prostheses, and so on.??" The
establishment of an interdisciplinary research network has
enabled materials scientists, biologists, engineers and
clinicians to collaborate on the mechanisms of MXenes'
behaviour in physiological environments, biocompatibility
optimisation strategies and clinical translation pathways. 2830

The current application of MXenes in the field of biomedical
engineering has shown many cutting-edge directions. These
include the construction of intelligent diagnostic and treatment
integration systems to enhance the effectiveness of tumour
treatment through the synergistic effect of photothermal effect
and drug release.’'**) The development of neural engineering
interfaces to improve the quality of neural signal recordings
by using the high conductivity and biocompatibility of
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MXenes.}+3 And the advancement of tissue regeneration
engineering by designing biomimetic scaffolds to induce the
differentiation of stem cells to promote tissue repair.l7-3
However, translation from the laboratory to the clinic still
faces some challenges, including standardisation of material
preparation, long-term biosafety assessment and scale-up
manufacturing.[**-42l With the deep integration of nanomedicine,
artificial intelligence and materials science, MXenes will
evolve towards intelligence and precision, providing
transformative solutions for overcoming major medical
challenges such as cancer, neurodegenerative diseases and
tissue defects.[*343]

2. Overview of MXenes

2.1 Synthesis of MXenes

MXenes, as an emerging class of 2D transition metal
carbide/nitride materials, show great potential for application
in the field of biomedical engineering by virtue of their unique
structural  properties and excellent physicochemical
properties.[“481 As shown in Fig. 1, the general formula of
MXene is Mp+1XaTx (n=1~4), where M represents the
transition metal, X is the C or N element, and T denotes the
terminal chemical group.®’! The abundant groups on the
surface of MXenes,*” as well as its 2D layered structure
endowed with a large specific surface area and adjustable layer
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spacing,>!! provide an ideal interface for drug loading and
cellular interactions. Besides, the excellent electrical
conductivity and photo-thermal conversion properties give it
a natural advantage in the fields of tumour therapy and
neurostimulation. Through innovative technological paths
such as selective etching, fluorine-free etching, and insertion
modulation, the synthesis process of MXenes results in precise
tunability of their functionalization, laying a solid foundation
for their biomedical applications.>5%

Selective etching is the cornerstone of preparation of
MXenes, and its technical path profoundly affects the
biomedical properties of the materials. In 2011, Naguib et al.
used hydrofluoric acid (HF) to selectively etch Al in the MAX
(Ti3AlC,) phase for the first time at room temperature to
produce MXenes with a characteristic accordion-like
multilayer structure.’®! As shown in Fig. 2a, the use of HF
etching HF etching of the MAX phase remains widely used in
laboratory-scale synthesis and small-scale preparation due to
its high corrosivity, which demonstrably enhances reaction
kinetics and yields through rapid A-layer atom stripping.l7!
But the potential biotoxicity problem should not be ignored.
During the etching process, residual fluoride ions may be
found on the surface or between the layers of MXenes, and
these fluoride ions pose a significant risk in biomedical
applications. Studies have shown that fluoride ions can
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Fig. 1: The general formula of MXene, reproduced with the permission from [49], Copyright 2021 American Association for the

Advancement of Science.
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activate inflammatory pathways in vivo, triggering the
activation of immune cells such as macrophages and leading
to local or systemic inflammatory reactions, which could not
only decrease the biocompatibility of the material, but also
affect the delivery efficiency of therapeutic drugs.® Therefore,
residual F functional groups need to be removed by treatment
before applying MXenes prepared by HF etching in organisms.
However, this process may increase process complexity and
affect the structural integrity of MXenes. In view of this, the
development of fluorine-free etching methods or the strict
regulation of HF etching conditions to balance the efficiency
and biosafety for biomedical applications have become
important directions in current research. To address the
toxicity of fluoride ions, which is a bottleneck for the
biomedical applications of MXenes, the fluorine-free etching
technology has emerged and opened up a new path for the
development of the field. This technology achieves precise

reaction conditions. The molten salt method enables efficient
stripping of the A layer by means of the high-temperature
corrosive properties of the molten salt system, which is
suitable for large-scale preparation. However, it is worth
noting that electrochemical etching typically requires
specialized equipment such as potentiometers or
galvanometers, which increases operating costs and limits
large-scale implementation, while molten salt etching
provides a simpler and more economical method suitable for
larger scale preparation. Fluorine-free etching methods
mitigate cytotoxicity risks by minimizing residual toxic
species compared to HF etching, though surface terminations
from these approaches may influence oxidation resistance.
Such synthesis routes enable precise tuning of MXene surface
chemistry, balancing electrochemical performance with
biocompatibility for biomedical applications. Here, F-free
MXenes has become a key material in the field of biomedical

stripping of A-layer atoms by electrochemical etching (Fig. 2b) engineering by virtue of their excellent biocompatibility,

or molten salt method (Fig. 2¢),>*% which avoids the
introduction of F functional groups from the source and
significantly improves the biocompatibility of the material.
Electrochemical etching uses electrolysis to selectively
remove the A layer in the MAX phase, which is easy to
regulate and generates high-purity products under mild

No etching

electrical stability and controllable degradation properties.
Their unique 2D layered structure not only provides a high
signal-to-noise transmission interface for nerve electrodes, but
also builds an extracellular matrix-like microenvironment in
tissue regeneration scaffolds, which significantly facilitates
the tissue repair process. The surface charge, hydrophilicity
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Fig. 2: a) Schematic of MXenes prepared by HF etching method. a reproduced with the permission from [57], Copyright 2022
American Chemical Society. b) Schematic of MXenes prepared by electrochemical etching, b reproduced with the permission from
[59], Copyright 2018 John Wiley and Sons. c¢) Schematic of MXenes prepared by molten salt method, ¢ reproduced with the

permission from [60], Copyright 2020 Nature Publishing Group.
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and biorecognition properties of MXenes can be precisely
regulated by introducing different surface functional groups,
such as specific chemical groups or biomolecules, which can
further expand the boundaries of their applications in cutting-
edge fields such as controlled drug release systems, cell-
targeted delivery and smart biosensors, showing the infinite
possibilities of the functional design of MXenes.[*!-%3]

2.2 Properties of MXenes

The 2D layered structure of MXenes gives them an
extraordinarily large specific surface area and abundant
surface sites, providing an ideal microenvironment for cell
attachment and material exchange. The nanoscale thickness
allows MXenes to be bent, folded and adapted to the geometry
of complex biological tissues (Fig. 3a).*) The MXenes
nanosheets were subjected to interlayer spacing modulation to
design an MXenes-based catalytic system, which is capable of
rapid electron transfer and formation of activated state
complexes with peroxynitrite. This catalytic system
demonstrated efficient pollutant degradation in a continuous
flow treatment device, and showed strong adaptability to a
variety of antibiotics and complex aqueous environments. In
addition, it exhibited very low metal leaching during the
catalytic process, combining treatment efficiency with
environmental friendliness.

While MXenes high

conductivity, their tunable surface terminations confer
hydrophilicity and active electrochemical sites, enabling
superior dispersion in polar solvents and functional versatility.
MXenes’ surfaces can be designed with a rich variety of
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functional groups (Fig. 3b),*) and these can effectively
determine their biocompatibility and functionalisation
potential. The surface functionalization of MXenes nanosheets
allows their multi-disciplinary applications. For example, in
the tumour therapy, surface charge modulation may allow
MXene nanosheets to penetrate the vessel wall and target the
tumour microenvironment, providing precise navigation for
drug delivery. This controllability of surface chemistry
provides a molecular-level means of regulating MXenes for
diverse applications in biomedicine.

As shown in Fig. 3c, MXenes also have excellent
photothermal conversion efficiency due to their unique 2D
layered structure, strong electromagnetic wave absorption
capacity, and localized surface plasmon resonance effects,®
which is significantly higher than traditional materials such as
gold nanorods. In the field of biomedical engineering, the
plasmonic resonance effect formed by its 2D structure
confines the thermal energy of heat generated by near-infrared
radiation (NIR) to the surface of the nanosheets, achieving
local high temperature killing of tumour cells with minimal
damage to the surrounding normal tissues. After targeted
molecular modification, MXenes nanosheets can
synergistically combine mild photodynamic therapy with
chemodynamic therapy to eradicate tumours very effectively,
without causing any significant tissue damage. This
photothermal treatment strategy not only reduces the systemic
toxicity of chemotherapeutic agents, but also activates anti-
tumour immune responses in  conjunction  with
immunotherapy. The photothermal properties of MXenes are
driving the development of oncology treatments towards

precision and efficiency.
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Fig. 3: a) Schematic diagram of mechanical properties of MXene, a reproduced with the permission from [64], Copyright 2025
Elsevier. b) Abundant functional groups of MXene, b reproduced with the permission from [49], Copyright 2021 American
Association for the Advancement of Science. ¢) Photothermal conversion properties of MXenes, ¢ reproduced with the permission

from [65], Copyright 2017 American Chemical Society.
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Additionally, MXenes exhibit high electrical conductivity
stemming from robust metallic bonding of transition metal
atoms within their 2D lattice and surface functional group-
mediated interlayer electron transport pathways. The metal-
like conductivity of MXenes gives it a natural advantage in the
field of neuroelectrodes.%-¢81 The charge transfer resistance of
high-purity MXene films can be effectively reduced after
nanostructuring. In brain-computer interface applications,
MXenes-based electrodes can record neuronal electrical
signals with high fidelity and improve the signal-to-noise ratio
by a factor of one.”7! In addition, the flexible nature of
MXenes allows them to form a conformal contact with neural
tissue, reducing inflammatory responses and providing a long-
term stable recording and stimulation interface for chronic
neurological disease treatment.’>’¥ This synergy of
conductivity and flexibility provides material support for
performance breakthroughs in neuroengineering devices. As
shown in Table 1, the fundamental properties of MXenes and
their biomedical potential are demonstrated. At the synthesis
method level, the advantages and disadvantages of traditional
hydrofluoric acid etching are compared with those of the
emerging F-free etching technology, which significantly
enhances the biocompatibility of the material through
electrochemical or molten salt methods. In terms of structural
properties, the 2D layered architecture of MXene gives them
a large specific surface area and tunable layer spacing, which,
combined with the abundance of functional groups on the
surface,>7" provides an ideal interface for drug loading and
cellular interactions. Their metal-like conductivity and

advantages for neuroelectrodes and oncology therapeutics.[7$7
The current challenges mainly lie in balancing F residues with
synthesis efficiency and developing degradable MXenes to
advance clinical translation.

3. Applications in biomedical engineering

3.1 Drug delivery and tumour therapy

MXenes show unique advantages as drug delivery carriers in
oncology therapy.l®-%2 MXenes nanosheets have a higher
specific surface area, which is expected to achieve efficient
drug loading through n-n stacking or electrostatic interaction,
and their interlayer channels can also effectively block the
sudden release of the drug to achieve a long-term delayed
release effect.®*%5 This spatio-temporally controlled release
property significantly reduces systemic toxicity and provides
a new approach for tumour chemotherapy.

The photothermal conversion capability of MXenes makes
them uniquely valuable in synergistic oncology treatments. -
881 Under NIR irradiation, free electrons on the surface of
MXenes generate collective oscillations, converting optical
energy into thermal energy, and the local temperature can be
rapidly increased to higher than 50°C. This photothermal
effect not only directly induces apoptosis of tumour cells, but
also triggers the rupture of heat-sensitive liposomes or the
dissociation of DNA nanogels, which enables the precise
release of drugs at the tumour site. Glioblastoma is a highly
aggressive brain tumour, and its traditional treatments are
often limited by the tumour's low sensitivity to radiotherapy
and by damage to surrounding tissues. As shown in Fig. 4a,

excellent photothermal conversion properties show unique scientists developed an MXene-based thermosensitive
Table 1: MXenes fundamentals and biomedical potential.
Category Properties Features Biomedical applications References
Selective Etching Al layer removal from Fluoride ion residues risk Drug delivery systems, (49, 57]
MAX phases with HF inflammation neural electrodes ’
Synthesis . ) Avoids fluoride introduction Enhanced
Fluorine-Free Electrochemical/Molten . . . D
) Scalable for industrial biocompatibility in [59, 60]
Etching Salt Methods, etc . .
production implants
High surface area for drug
2D Layered Ultra-thin nanosheets, loading Tissue engineering (28, 29]
Architecture tunable interlayer spacing  Flexible conformal contact scaffolds, biosensors ’
with tissues
Surface . . .
. Terminal group engineering for ~ Cancer therapy, neural
Functional -F, -OH, -O- . . [34, 35]
. targeted delivery interfaces
Properties  Groups
SNR improvement in neural
Charge transfer resistance ~ recording Brain-machine interfaces, (38, 39]
Conductivity reduction Flexible electrodes for chronic  neuroprosthetics ’
implants
Thermal efficiency surpasses .
Photothermal NIR-triggered d d /S Synergistic photothermal- (41, 42]
old nanorods. )
Conversion hyperthermia - . . chemo therapy
Localized tumor ablation
. Biodegradable MXene .. ..
Safety & Long-term degradation 5 .. Critical for clinical
Challenges . development. Immunotoxicity . [44, 45]
Degradability Immune responses translati

assessments
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nanoplatform for radiotherapy.®! The extensive surface area
of MXenes was utilised to anchor gold nanorods and cisplatin.
This significantly enhances the efficacy of radiotherapy and
photothermal therapy, achieving effective tumour cell killing
and significantly improving the tumour microenvironment.
The combination of radiotherapy sensitisation, cisplatin-
mediated chemotherapy and oPD-1 induced a strong
immunogenic cell death effect, providing a spatio-temporally
coordinated approach with enhanced efficacy and safety
compared to conventional therapies.

Besides, early surgical resection and chemotherapy are
commonly used for the treatment of bone tumours, but
preventing recurrence and filling bone defects caused by the
resection site remain highly challenging. The photothermal
conversion capability of MXenes also makes them useful in
the synergistic treatment of bone tumours. As shown in Fig.
4b, composite of 2D ultrathin Nb.C-MXene nanosheets into
3D printed bioglass scaffolds (NBGS) can be effectively used
for the treatment of osteosarcoma.’® The 2D Nb.C-MXene is
photoresponsive in the second NIR biowindow and has a high
tissue penetration depth, enabling the 3D-printed composite to
effectively kill bone cancer cells. In addition, this material
significantly promotes vascular neovascularisation. Calcium
and phosphate released during scaffold degradation can
promote the mineralisation of new bone tissue. This Nb.C-
MXene based composite scaffold with multiple functions such

as killing bone tumour cells, promoting vascular
(a)
MXenzyme-BECT specific
immune modulation
MXenzyme catalyzed
DAMP release
Dead cells
1}5; Survival cells
Healthy cells
= MXenzyme
(b)

BD printing
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o &

Bone defect model

NBGS

N o |

neovascularisation and bone regeneration is an implantable
biotherapeutic repair material with good efficacy against bone
tumours.

In addition, the specificity of the tumour
microenvironment provides a biological target for smart
response delivery of MXenes. The surface of MXenes can be
modified with nano-enzymes or redox-responsive moieties to
achieve triggered release by taking advantage of the hypoxia
and high glutathione concentration in tumour tissue. For
example, nanoenzymes have the enzymatic activity and
physicochemical properties of nanomaterials. However, the
low activity of nanoenzymes in the tumour microenvironment
results in limited therapeutic efficacy. The use of MXenes
integrated nanoenzymes exhibiting dual catalytic activity can
exert synergistic effects to enhance tumor therapy.l'! MXene-
integrated nanoenzymes consist of CeO nanoenzymes loaded
on MXenes with dual enzyme-like activities. In such
constructs, the catalase and peroxidase-like activities of CeO>
nanoenzymes attenuate hypoxia and enhance oxidative stress
in the tumour microenvironment, and overexpressed
glutathione is depleted by redox reactions of CeO;
nanoenzymes. MXenes loaded with CeO» nanoenzymes could
combine photothermal effects and dual enzyme-like activities,
leading to enhanced tumour nanocatalytic therapy with a
tumour growth inhibitory effect of 92%, which is of high value
for the development of nano-enzymatic catalytic therapy.
Although MXenes show great potential in the field of tumour
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Fig. 4: a) MXenes-based drug-loaded nanoplatforms, a reproduced with the permission from [89], Copyright 2025 John Wiley and
Sons. b) 3D printed MXenes-based bioscaffolds for osteosarcoma treatment, b reproduced with the permission from [90], Copyright

2025 Nature Publishing Group.
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therapy, their biosafety still needs to be systematically
evaluated. MXenes nanosheets are mainly metabolised by the
liver and gallbladder, but the degradation cycle is long and
may trigger an inflammatory response. In order to solve the
above problems, the research of MXenes needs to focus on the
development of degradable materials. Besides, the association
of MXene complexes with immune checkpoint inhibitors
should be explored to construct a multifunctional platform
integrating targeted therapy and immune activation, which
will provide an innovative solution for precise tumour
treatment.2-%41

3.2 Bio-detection and sensing

The unique physicochemical properties of MXenes promise
them great potential in biosensing.”>*71 Their metal-like
conductivity combined with quantum domain-limiting effect
enables the construction of electrochemical biosensors for the
ultra-sensitive detection of various biomarkers. The 2D
MXenes exhibit a remarkable area polarisation effect at the
planar interface, and is able to achieve efficient targeted
adsorption of phenolic compounds through the n-w interaction
of benzene rings, which in turn catalyze their electrochemical
oxidation process. In addition, the intelligent colourimetric
sensing platform based on the CRISPR-Casl2a system
enables highly specific visual detection of hepatitis B virus
(HBV) nucleic acids through the synergistic interaction of
MXene nanosheets and Ag/Pt bimetallic nanohybrids (Fig.
5a).%1 The innovative system utilises the trans-cutting activity
of Cas12a protein as a molecular switch. When the HBV target
is present, the Casl2a crRNA complex is activated and
specifically degrades the reporter probe DNA. This process
effectively inhibits the metallation of the DNA template on the
surface of MXenes, while blocking the adsorption of enzyme
activity enhancer DNA, resulting in a significant decrease in
the catalytic performance of the nanohybrids. By monitoring
the colour change of the reaction system, combined with a
smartphone image acquisition system, quantitative visual
detection of HBV DNA can be achieved. This technology
integrates the precise recognition ability of gene editing tools,
the advantage of large specific surface area of MXenes and the
signal amplification effect of bimetallic nanostructures to
achieve femtomole-level detection sensitivity and single-base
mismatch recognition as well as maintaining the ease of
operation of traditional colorimetric methods, providing a
revolutionary solution for viral nucleic acid screening in the
context of prompt oncology testing scenarios.

MXenes possess graphene-like levels of electron
conductivity, a specific surface area several times that of
graphene oxide, and tunable surface chemistry. Their layered
structure enables efficient loading of biorecognition molecules,
while their rich functional groups provide a flexible interface
for molecular modification. In biosensing, MXenes can
directly participate in electrochemical/optical reactions as
signal conversion elements and significantly enhance the
catalytic performance of metal nanoparticles or quantum dots

Engineered Science Publisher

as nanocarriers, and this dual role gives them a natural
advantage in constructing cascade signal amplification
systems. MXenes enable the construction of a self-adhesive
composite hydrogel epidermal sensing system with
biomimetic skin properties (Fig. 5b).”” Through a dual-
network synergistic assembly strategy, conductive nanosheet
arrays are molecularly composited with biocompatible
hydrogel matrices to form a smart epidermal interface that
combines excellent adhesion properties and UV shielding. The
interface can adaptively fit the microtexture of human skin to
achieve high-fidelity acquisition of physiological electrical
signals. Its unique 3D porous network structure not only
ensures that the contact impedance between the electrode and
the skin is two orders of magnitude lower than that of
traditional dry electrodes, but also maintains a signal-to-noise
advantage of greater than 30 dB under dynamic motion
scenarios, providing a novel hardware foundation for
precision medical monitoring and brain-computer interaction
interfaces. The myoelectric signal decoding platform
constructed based on this system successfully realises real-
time classification and recognition of complex sign language
movements by integrating the convolutional neural network
algorithm, and achieves 98.6% recognition accuracy in the
validation set containing 12 types of gestures, which provides
a revolutionary solution for the barrier-free communication of
hearing-impaired people.

In addition to sensing applications, MXenes-based
functionalized hydrogels can exhibit multimodal biomedical
properties. The inherent antimicrobial activity conferred by
their layered structure can effectively inhibit staphylococcus
aureus biofilm, while the good histocompatibility and rapid
coagulation response show the potential for applications in the
field of combat trauma care. This smart epidermal system
integrating sensing, protection and treatment functions opens
up a new path for the deep integration of wearable medical
devices and artificial intelligence-assisted healthcare. The
good biocompatibility and solution processability of MXenes
enable them to be seamlessly interfaced with microfluidic
chips and flexible electronic devices, which provides a
material basis for the development of portable instant
diagnostic devices.['"-1921 The application of MXenes not only
promotes the technological innovation of ultra-trace detection
of disease markers, but also opens up a new paradigm in the
field of biosensing from “detection in laboratory precision” to
“daily health monitoring”, which is of milestone significance
for precision medicine and on-site detection.

3.3 Tissue engineering and regenerative medicine

The application of MXenes in the field of tissue engineering
stems from its unique coupling of mechanical and electrical
properties.l'3-1951 In the field of bone regenerative medicine,
MXenes show excellent osteoinductive properties. By using
MXenes, intelligent drug release nanocomposite hydrogel
systems can be constructed to achieve bone tissue repair. As
shown in Fig. 6a, a thermal-sensitive bioactive scaffold was
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Fig. 5: a) Application of MXenes in biodetection, a reproduced with the permission from [98], Copyright 2022 Elsevier. b)
Application of MXenes in biosensing, b reproduced with the permission from [99], Copyright 2024 John Wiley and Sons.

formed by in situ loading dexamethasone (Dex) on
MXenes.!'I This system exhibited a dual response mechanism,
where the hydrogel network underwent a reversible phase
transition under the microenvironmental warming condition of
42 °C induced by NIR irradiation, triggering a pulsatile release
of Dex. At the same time, the photo-thermal conversion
property of MXenes synergistically interacted with the
osteogenic activity of Dex, which significantly activated the
anti-apoptotic pathway of bone-derived mesenchymal stem
cells and promoted the expression of osteogenic genes. In vitro
experiments showed that after programmed NIR activation,
the hydrogel-induced mineralisation of bone nodules was 3.2-
fold higher than that of the thermal stimulation or drug-treated
group alone, demonstrating bone regeneration efficacy beyond
that of conventional combinatorial strategies. This spatially
and temporally controllable photothermal-drug synergistic
therapeutic strategy not only achieves sub-millimetre
precision release of high-temperature-sensitive drugs, but also
dynamically adjusts the therapeutic parameters through a non-
invasive radiation window, which provides a new paradigm
with clinical translation potential for precise bone tissue
engineering.

In the field of neural repair, the conductive network of
MXenes can provide directional guidance for neuronal
synaptic extension. As shown in Fig. 6b, by integrating a
decellularised umbilical cord (DUC) matrix with a hollow-
structured gelatin methacrylated gelatin (GelMA)/titanium
carbide MXene composite hydrogel catheter, an advanced
nerve conduit was developed that is expected to optimise the
repair of the sciatic nerve after injury.l'”? The new DUC-
MXene-GelMA catheter exhibits excellent mechanical

8| Eng. Sci., 2025, 36, 1615

properties, electrical conductivity characteristics and
biocompatibility. Thanks to the synergistic effect of DUC and
MXenes, the catheter exhibits significant biological
advantages in stimulating neurite extension and promoting the
proliferation and migration of schwann cells. Based on in-vivo
studies in a rat sciatic nerve injury model, the DUC-MXene-
GelMA catheter effectively supports axonal regeneration and
accelerates motor function recovery. In addition, MXenes can
be used as drug carriers to achieve controlled release of nerve
growth factors, further accelerating the nerve repair process.
These properties together establish MXenes as a core material
for the construction of intelligent nerve repair materials,
opening up a new pathway for the development of next-
generation neural tissue engineering strategies.

Although MXenes show great potential in the field of
tissue engineering and regenerative medicine, their clinical
translation still needs to overcome some challenges.['%5-11%]
Firstly, the in-vivo degradation rate of MXenes does not match
the bone regeneration cycle, and the spatio-temporal
controlled decay of the scaffold mechanical properties can be
achieved by introducing degradable metal elements such as
Mg and Zn. Secondly, the immunoregulatory mechanism of
MXenes is still unclear, and surface modification of immune
checkpoint inhibitors can construct immune
microenvironment-friendly scaffolds. Finally, the large-scale
preparation process needs to be optimised, and the currently
developed roller-type liquid-phase stripping technology has
achieved the continuous production of gram-scale MXene
nanosheets. The development of MXene-based smart
scaffolds integrated with controlled drug release, electrical
stimulation, and biosensing will promote tissue engineering
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towards precision and personalisation.!'!-113]

3.4 Antimicrobial and anti-infective

The antimicrobial activity of MXenes mainly stems from their
unique 2D layered nanostructures and multimodal
mechanisms of action.!''+11%] As shown in Fig. 7a, their sharp
edge structures can directly disrupt the integrity of bacterial
cell membranes through mechanical stress, producing a
physical bactericidal effect.[''”l The high specific surface area
synergises with the abundance of free radical sites on the
surface to significantly enhance the photothermal conversion
capability, a property that enables them to effectively convert
optical into thermal energy. In particular, the Joule heating
effect triggered by the high density of carriers on the surface
further strengthens the photothermal antimicrobial properties
of MXenes. This photothermal property not only accelerates
the activation of the intrinsic antimicrobial mechanism, but
also enhances the overall antimicrobial efficacy through the
nanoscale heat conduction effect. In the dispersed system, the
colloidal stability of MXenes becomes a key influencing factor,
and the aggregation and precipitation will lead to the reduction
of the effective action area, thus decreasing the antimicrobial
efficiency. Currently, the introduction of chelating ligands has
been proven to be an effective strategy to enhance the

dispersion stability of MXenes. It is worth noting that the
chemical stability of MXenes in the aqueous phase is
inherently flawed. Hydrolysis reactions and dissolution of
oxygen will trigger oxidation, gradually changing their 2D
structures to metal oxide particles. This morphological
transformation leads to the reduction of sharp edges and
consequent decrease in antimicrobial activity. To address this
problem, surface modification of antimicrobial active
molecules not only protects MXenes from oxidation, but also
enhances the stability and antimicrobial properties of the
materials through synergistic effects. The antimicrobial
efficacy of MXenes is a combination of their physical
structure, electronic properties and chemical stability, and
future research should focus on their surface engineering to
balance the antimicrobial activity and material stability, and to
promote their practical applications in the biomedical field.
MXenes have demonstrated unique advantages in multi-
mechanism synergistic antimicrobial activity and promotion
of diabetic wound repair in the constructed composite
hydrogel system.[!'51201 As shown in Fig. 7b, their intrinsic 2D
layered structure not only directly destroys the integrity of
bacterial membranes through the sharp edge effect, but also
generates a controllable photo-thermal effect triggered by NIR
irradiation, forming a thermo-chemical synergistic
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bactericidal mechanism with the HbO./H.0. -catalytic
system.!'?!l The stable photo-thermal property of MXenes
ensures controlled activation of oxygen carriers and maintains
oxidative balance of the microenvironment of the wounds
while repeatedly supplying oxygen. More critically, MXenes,
as an artificial non-enzymatic antioxidant, can effectively
scavenge reactive oxygen species/reactive nitrogen species
and form a cascading antioxidant barrier with the dopamine
coating, significantly reducing the inflammatory cascade
triggered by oxidative stress. This multilayered antimicrobial-
antioxidant-anti-inflammatory synergism, together with the
regulation of macrophage polarisation, builds up an active
defence network in the microenvironment of diabetic wound
infections. The cross-linking of MXene nanosheets and
injectable hydrogel not only confers them with self-healing
properties, but also forms positive feedback with their
photothermal enhanced cell activity and controlled release of
biological oxygen, accelerating the proliferation and migration
of endothelial cells, and ultimately achieving the goal of
wound repair and migration.

Despite the promise of MXenes for antimicrobial
applications, some key challenges still need to be addressed.

10| Eng. Sci., 2025, 36, 1615

Current research reveals that oxidation of MXenes in
physiological environments leads to the attenuation of
antimicrobial properties, and the stability can be significantly
enhanced by surface coating with SiO: or polydopamine.
More noteworthy is the immunomodulatory property of
MXenes, whose degradation product, Ti ions, can activate the
polarisation of macrophages polarization and enhance the
local immune response. MXenes-based composite
antimicrobial coatings should be developed as well as the
construction of smart antimicrobial systems that can respond
to the infected microenvironment. With the breakthrough in
large-scale preparation technology for MXenes, they hold
significant clinical translational value in the fields of
implantable device coating and postoperative anti-
infection.!'4122.123]

3.5 Other cutting-edge applications

MXenes also show good application prospects in the field of
organoid engineering and genetic engineering. Through the
Joule thermal effect, they can be used to achieve precise
thermal regulation of organoid systems, which provides an
innovative tool for the study of the dynamic function of
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complex organoids such as the heart and intestines. Their
knittable characteristics support the construction of 3D
biological assemblies, promoting the development of organoid
engineering in the direction of integration and intelligence. As
shown in Fig. 8a, the researchers cleverly used the stress
modulation and solidification bath induction during spinning
to achieve the radial orientation alignment of MXenes
nanosheets to prepare MXene/CNFs composite fibre artificial
muscles (MFAMs).['#125] This structure endowed the material
with extraordinary mechanical output in a wide temperature
domain from 25 °C to 125 °C, capable of lifting objects a
thousand times its own weight with a maximum contraction
stroke of 21% and a work capacity of up to 1.76 J/g, which far
exceeded the natural muscle performance. The driving
mechanism originates from the temperature-induced hydrogen
bonding network rearrangement, which compresses the
spacing of MXenes nanosheets and reduces the porosity to
produce efficient contraction response. The excellent Joule-
heat and photothermal conversion properties of MXenes
enable MFAMs to exhibit fast and stable driving
characteristics under electro-thermal and photothermal
stimulation, which is a significant advantage over the
traditional thermally-driven fibre artificial muscles. This
energy conversion efficiency and driving stability provide an
ideal solution for precise thermal regulation and dynamic
behavioural simulation in organoid models. More critically,
the non-twisting structure of MXenes composite fibres gives
them a high degree of knittability, enabling the construction of
complex 3D actuation networks, such as smart grippers or
bionic prostheses integrated with multiple fibres. Under the
irradiation of 808 nm NIR laser, these devices can achieve
more than 200 cycles of actuation, demonstrating the
durability and functional complexity required for organ-like
engineering. This kind of research not only expands the

application of MXenes in the field of bionic actuation, but also
provides a material basis for the development of organoid
systems, intelligent prostheses, and flexible robots with
autonomous locomotion, marking an important step towards
dynamic functional simulation in organoid engineering.

In the field of gene editing, MXenes show unique delivery
advantages.[?8-12¢.127] As shown in Fig. 8b, researchers
developed a boolean logic-gated gene editing system by
combining the efficient photothermal conversion property of
MXenes with the programmability of functional nucleic
acids.['>°] The system takes advantage of the local thermal
effect generated by MXene vector triggered by NIR to form
multi-signal inputs with biomarkers such as tumour-specific
miRNAs, and precisely controls the spatiotemporal release of
complexes through nucleic acid chain substitution reaction. In
the logic gate design, MXenes vectors have demonstrated the
ability to finely regulate the gene editing process, which not
only achieves intelligent response editing in living cells, but
also achieves targeted knockdown of the gene in tumour
models through the ‘AND’ logic gate to induce apoptosis of
tumour cells and inhibit the growth of tumours effectively.
This multimodal stimulus response mechanism enables the
gene editing system to make intelligent decisions based on
endogenous and exogenous signals, significantly improving
therapeutic precision. The photothermal property of MXenes
not only serves as a trigger switch, but also enhances the
efficiency of gene editing by generating thermal stress in the
microenvironment, resulting in a synergistic thermal-genetic
intervention effect. This study verifies the high efficiency and
safety of MXenes in gene delivery systems, and realises the
leap of gene editing from °‘static execution’ to ‘dynamic
response’ through the boolean logic regulation strategy, which
provides a spatio-temporally controllable and intelligent
solution for cancer treatment and genetic disease correction,
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Fig. 8: a) Application of MXenes in organoid engineering, a reproduced with the permission from [124], Copyright 2025, American
Association for the Advancement of Science. b) Application of MXenes in genetic engineering, b reproduced with the permission

from [125], Copyright 2022 Nature Publishing Group.
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Table 2: Advanced Biomedical Applications of MXenes.

L . Translational
Applications Form Treatment system Innovations . References
potential
3.2x bone nodule
Photothermal- NIR-II responsive scaffolds mineralization. Orthotopic bone [106]
Oncol Chemo Synergy with osteogenesis promotion Vascularization tumor treatment
ncolo
2 . enhancement
Therapeutics
L . 92% tumor growth Enhanced
Nanozyme-MXene Dual-enzyme mimicry with R L
. . inhibition. oxidative stress [91]
Hybrids ROS modulation .
GSH depletion strategy therapy
CRISPR-Casl2a . . Femtomolar sensitivity POCT
. . HBV DNA detection via . . . .
Colorimetric . Single-base mismatch applications in [98]

. . MXene-Ag/Pt nanohybrids . . .
Biosensing& Platform recognition viral screening
Diagnostics 98.6% sign language

. Epidermal Sensing Self-adhesive MXene-hydrogel ° 't'g L Wearable health [99]
] recognition. o
Hydrogels composites monitorin
e Y 30dB SNR improvement .
Spatiotemporal drug delive 2.8x Bcl-2/Bax ratio
NIR-Triggered Drug p o S Y i Precision bone
via photothermal phase increase. . [125]

) Release . . . regeneration
Tissue transition Synergistic osteogenesis
Engineering . Accelerated motor .

. Axonal regeneration support . Peripheral nerve
Neural Conduits ) i o function recovery. . [107]
with electrical conductivity . . repair
Schwann cell proliferation
Multimodal S isti ROS/RNS ing.
Anti-Infection u. 111.10 a. yne.rgls 1 . scavenging Diabetic wound
. Antimicrobial physical/photothermal/chemical M1 macrophage . [121]
Strategies .. L healing
Hydrogels bactericidal effects polarization
. . Thermal-responsive artificial . Dynamic tissue
Frontier Organoid . . 1.76 J/g work capacity.
i . . muscles with 21% contraction . models, soft [124]
Innovations Engineering 200+ cycle durability

strain

robotics

and pushes forward the development of gene editing
technology in the direction of intelligence and precision. With
the research development, MXenes are expected to be
integrated with gene wiring, synthetic biology and other
cutting-edge technologies to build a closed-loop gene
regulation system, further expanding the boundaries of genetic
engineering applications. As shown in Table 2, cutting-edge
application innovations of MXenes in biomedical engineering
are demonstrated. These include oncology therapeutic areas,
biosensing directions, tissue engineering aspects, and
antimicrobial applications, all of which highlight the clinical
translational potential of MXenes.

4. Conclusion and perspectives

MXenes are setting a paradigm shift in the field of biomedical
engineering by virtue of their unique atomic-level thickness,
large specific surface area and metal-like conductivity. The
multimodal interfacial modulation capability conferred by
their 2D layered structure enables ultra-efficient drug loading
and controlled release in drug delivery systems, single-
molecule detection sensitivity in biosensing interfaces, as well
as inducing directional cellular differentiation through
electroactive stimulation in tissue regeneration scaffolds. This
cross-scale material-biological synergy breaks through the
functional boundaries of traditional biomaterials and
demonstrates the great potential of integrated diagnostic and

12| Eng. Sci., 2025, 36, 1615

therapeutic platforms.

However, there are still some challenges in moving from
laboratory innovation to clinical translation. Firstly, biosafety
studies need to establish a multi-level assessment system from
cell to tissue to organ, and systematically elucidate the
metabolic pathways of MXenes degradation products and
long-term immunoregulatory networks. Secondly, the
functionalization modification faces the contradiction
between ligand coupling efficiency and stability, which
requires the development of efficient surface engineering
strategies, as well as the solution of the technical bottleneck of
lattice defect control in the scale-up preparation. Finally, the
clinical translation pathway urgently needs to build a
standardised nanotoxicology database and promote the
iterative upgrading of the regulatory science framework to fit
the special physicochemical properties of 2D materials.

As research on MXenes in the field of biomedical
engineering continues to deepen, stimulus-responsive smart
interfaces can be constructed through surface molecular
engineering to achieve precise spatio-temporal regulation of
drug release, gene editing and other functions. For example,
integrating MXenes into the next generation of flexible
electronic products, Al driven surface terminal design for
customized functionality, and scalable fluorine free synthesis
routes to promote sustainability. In addition, the material
properties of MXenes can be integrated with artificial
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intelligence and microfluidic technology to develop an
integrated platform for multimodal diagnosis and treatment.
With the in-depth analysis of the mechanism of material-
biological interface, the establishment of multidisciplinary
collaborative network and the innovation of translational
medicine models, MXene-based nano platforms are expected
to play a transformative role in the precise treatment of
tumours, complex tissue regeneration and other medical
challenges, and promote biomedical engineering into the era
of intelligence and integration.
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