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MXenes, a class of two-dimensional materials, exhibit considerable potential in wound healing and dressing
applications due to their distinctive attributes, including biocompatibility, expansive specific surface area,
hydrophilicity, excellent electrical conductivity, unique mechanical properties, facile
functionalization, and tunable band gaps. These materials serve as a foundation for the development of

surface

advanced wound healing materials, offering multifunctional nanoplatforms with theranostic capabilities.
Key advantages of MXene-based materials in wound healing and dressings encompass potent
antibacterial properties, hemostatic potential, pro-proliferative attributes, photothermal effects, and
facilitation of cell growth. So far, different types of MXene-based materials have been introduced with
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Accepted 20th May 2024 advancements in MXene-based wound healing and dressings, with a focus on their contributions to
tissue regeneration, infection control, anti-inflammation, photothermal effects, and targeted therapeutic
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1. Introduction

Wound healing is a complex biological process that involves
several stages, including inflammation, proliferation, and
remodeling. The use of wound dressings is a critical aspect of
wound management, as they facilitate the healing process by
protecting the wound from external contaminants, providing
a moist environment for cell growth and migration, and
promoting tissue regeneration. Traditional wound dressings such
as gauze and bandages have limited efficacy in promoting wound
healing, particularly in chronic and complex wounds. Conse-
quently, researchers have been exploring the use of novel mate-
rials in wound dressings, including MXene-based composites."”
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nanocomposites in the context of wound healing/dressings.

MXenes are a class of two-dimensional (2D) materials
composed of transition metal carbides, nitrides, or carboni-
trides with a general formula of M,,1;X,,T, (n = 1-4), where M
represents transition metals, X is carbon and/or nitrogen, and T
stands for surface termination groups (-OH, -F, -O or -Cl). They
can be produced using either top-down techniques (various
etching methods) or bottom-up methods (such as plasma-
enhanced pulsed laser deposition, chemical vapor deposition,
and template approaches).** They were first discovered in 2011
by researchers at Drexel University and have since garnered
significant attention owing to their exceptional physicochem-
ical properties, such as high conductivity, excellent mechanical
strength, and biocompatibility. MXenes have been explored in
various applications, including energy storage, catalysis, and
sensing. More recently, researchers have begun to investigate
their potential in biomedical applications, particularly wound
healing.>*

MXene-based composites have shown promise in wound
healing applications because of their multifunctionality and
easy surface functionalization capabilities. These materials can
be engineered to possess specific properties such as high
porosity, biodegradability, and antimicrobial activity. The
incorporation of MXenes into wound dressings can enhance the
wound healing process by promoting cell migration, prolifera-
tion, and differentiation. In addition, MXenes can modulate the
inflammatory response, which is a critical aspect of the wound
healing process. The first MXene-based composite wound
dressing was reported by researchers at Drexel University. The
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dressing was composed of MXene nanosheets and chitosan,
a biopolymer derived from chitin. Chitosan has been extensively
studied for its wound healing properties, including its ability to
promote cell growth, angiogenesis, and collagen synthesis. The
MXene-chitosan composite dressing exhibited efficient anti-
bacterial activities against both Gram-positive and Gram-
negative bacteria, indicating its potential for preventing
wound infections. The dressing also demonstrated good
biocompatibility with human dermal fibroblasts, indicating its
safety for use in wound healing applications.”® Since the
development of the MXene-chitosan composite dressing,
several other MXene-based composite dressings have been
reported.”

MXene-based composites have also been explored in the
development of other wound healing applications, including
tissue engineering (TE) scaffolds. Overall, TE involves the use of
biomaterials to create scaffolds that can support the growth and
regeneration of new tissue. MXenes have been investigated as
potential scaffold materials with high porosity and mechanical
strength. MXene-based scaffolds have shown promise in
promoting tissue regeneration, particularly in bone and carti-
lage TE."*** Besides, researchers reported MXene-based systems
for smart wound dressing that could detect changes in pH,
temperature, and humidity in the wound environment. The
dressing was composed of MXene nanosheets and a hydrogel
matrix that could absorb wound exudate. The MXene-based
smart dressing showed excellent sensitivity and selectivity for
detecting changes in the wound environment, indicating its
potential for use in personalized wound care.'***®

As such, MXene-based composites represent a new frontier
in wound healing and dressings and are likely to play key role in
the development of novel wound care therapies in the future.
However, further research is needed to fully explore their
potential and optimize their properties for specific wound
healing applications.*?* This review sets itself apart from other
published papers by offering a comprehensive overview of the
applications, benefits, and future prospects of MXene-based
composites in wound healing and dressings. Moreover, this
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review highlights the unique benefits of MXene composites,
such as their conductivity, mechanical strength, biocompati-
bility, and antimicrobial properties, in the context of wound
healing. By emphasizing the potential for tissue regeneration,
accelerated healing, and infection prevention, this review offers
a practical perspective on the clinical implications of using
MXene-based materials in medical settings. In addition, the
specific advantages of MXenes and their composites in wound
dressings are deliberated, including their ability to facilitate
controlled release of therapeutic agents and adapt to the wound
surface for optimal coverage. Hopefully, by discussing these
functionalities in detail, this review provides valuable insights
into how MXene-based dressings can address current chal-
lenges in wound care and improve patient outcomes.

2. Properties of MXenes

MXenes possess fascinating properties derived from their
complex bonding and electronic structures (Fig. 1).>* The excep-
tional properties exhibited by MXenes are intimately connected
to their unique chemical bonding and electronic structures.
MXenes are primarily characterized by their strong metallic
bonding within the transition metal (M) and carbon/nitrogen (X)
layers, which results in excellent electronic conductivity. The
surface functional groups, often terminated with elements such
as oxygen (O), fluorine (F), or hydroxyl (OH), introduce polar
covalent bonds, enhancing their hydrophilicity and rendering
them suitable for various applications, including energy storage
and conversion devices. These functional groups also influence
the electronic structure by introducing localized states and
controlling charge distribution. This interplay between metallic
bonding, surface functionalization, and electronic structure
leads to outstanding properties such as high electrical conduc-
tivity, impressive mechanical strength, and exceptional electro-
chemical performance, making MXenes a promising class of
materials for a wide range of advanced technologies.”**
MXenes have an exceptional electrical conductivity, which
makes them valuable for applications in optoelectronics and
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Fig. 1 MXenes and their important properties.
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thermoelectrics.”” MXenes have a high specific surface area and
can be functionalized with various chemical groups, which can
be applied for tuning their features.”® In addition, these 2D
materials have good hydrophilicity, metallic conductivity, and
excellent mechanical properties, making them useful in various
biomedical applications.>**°

The magnetic properties of MXenes have received less
attention compared to their optical and electrical properties,
creating a notable disparity between theoretical predictions and
experimental validations. Most predicted magnetic MXenes
involve magnetic transition metal elements such as Cr, V, Mn,
Mo, Fe, Co, and Ni, either as constituents or in doped forms.
Computational studies have extensively explored the quest for
magnetic MXenes, predicting both ferromagnetic and antifer-
romagnetic phases. Density functional theory (DFT) calcula-
tions suggest that magnetic behavior can be altered intrinsically
by varying the M-site metal and surface termination species and
extrinsically by applying strains. However, there are limited
experimental data on the magnetic properties of pristine
MXenes due to limitations in material synthesis techniques.*"*
MXenes with magnetic properties could be used in different
applications, including cancer theranostics, spintronics, inter-
ference shielding, environmental applications, microwave
absorption, and nanoelectronic devices.**"*

Notably, MXenes can be surface modified or functionalized
with specific targeting moieties to deliver drugs/therapeutic
agents to specific sites in the body, preventing or reducing the
risk of side effects. Meanwhile, a variety of composites have
been designed based on unique optical and thermal properties
of MXenes/derivatives for non-invasive therapeutic strategies
such as photothermal therapy. Indeed, their biocompatibility,
hydrophilicity, excellent photothermal performance, high
aspect ratios, and potential in absorption and conversion of
different types of photons (ranging from UV to near infrared
(NIR) light) introduce them as ideal candidates for photo-
induced antimicrobial effects.*® Besides, the above mentioned
physicochemical and biological features of MXenes recommend
them for tissue regeneration applications."* Organic or inor-
ganic materials can be hybridized with MXenes, providing
structures with multifunctionality and enhanced biocidal
performances particularly for wound dressings or water purifi-
cation;*” several hybrid MXene-based platforms have been
introduced for bacterial infection treatment as well as wound
healing/dressings,  with cytotoxicity and  high
biocompatibility.’**°

low

3. MXenes against bacterial infections

MXenes have the potential to be a promising alternative to
traditional antibiotics owing to their unique properties and
potential applications in targeted drug delivery and non-
invasive strategies against antibiotic-resistant pathogens.*>*!
MXenes employ three main mechanisms for exhibiting anti-
bacterial activity: (a) inducing physical damage by sharp edges
of MXene nanoflakes and direct mechanical destruction of
bacterial cells,** (b) generation of reactive oxygen species (ROS),
and (c) photothermal deactivation of bacteria (Fig. 2A). The

© 2024 The Author(s). Published by the Royal Society of Chemistry
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formation of ROS is due to their unique electronic properties,
thus allowing them to interact with water molecules and
generate hydrogen peroxide and hydroxyl radicals. The ROS
produced by MXenes can cause oxidative damage to bacterial
cells, leading to bacterial cell death.**** However, it is critical to
mention that ROS act as a double-edged sword in response to
cells. Indeed, normal amounts of ROS have special roles in
maintaining the hemostasis and functions of cells and regu-
lating vascular constriction and relaxation, while increasing
amounts of them lead to activation of immune system
responses along with cellular death (via activation of apoptotic
and necrotic pathways). So, it is critical to have a control on the
amounts of ROS produced by the MXenes during the treatment
process to prevent undesirable side effects.* It is revealed in the
literature that different properties of MXenes such as their size,
stability, dispersity, surface charge, and optical properties could
affect their antibacterial activity (Fig. 2B). Indeed, their tunable
optical properties, that has a relationship with their structure,
enable them to act as a photothermal agent and convert the
adsorbed UV-visible light into heat, that could directly affect
bacteria via inducing DNA damage and protein degradation,
producing reactive oxygen species (ROS) and enhancing the
permeability of the bacterial membrane, all of which lead to
bacterial death. The size of nanosheets also plays a crucial role
in adsorption capacity, dispersibility, and the availability of
sharp edges that could affect bacterial membranes, so smaller
MXene flakes offer increased sharp edges, enhancing the like-
lihood of diffusion into cells and damaging cytoplasmic
components, such as DNA. In addition, positively charged
MXenes could attract bacteria due to the electrostatic interac-
tion with the negative surface charge of bacteria. Therefore,
negatively charged MXenes need modification to enhance their
interactions with bacteria. Moreover, the presence of aggrega-
tion and sedimentation in MXene colloids decrease the contact
area between the MXenes and bacteria, leading to reduced
antibacterial properties. Besides, improving the stability of
MXenes during their storage period, via removing oxygen from
their solution or modifying their surface, could protect them
from their antibacterial activity.*>™**

Different research studies have been conducted until now in
which antibacterial activity of MXenes was evaluated.*>* For
instance, the antibacterial activity of the TiVCT, monolayer was
evaluated against both Escherichia coli (E. coli) and Bacillus subtilis
(B. subtilis) as Gram-negative and Gram-positive bacterial strains
under NIR irradiation. This MXene showed excellent antibacterial
activity via acting as a nano-knife that could affect bacteria via
damaging their membrane from one side and exhibiting the pho-
tothermal conversion effect from the other side.”

A composite of  2,2,6,6-tetramethylpiperidinyl-1-oxyl
(TEMPO)-oxidized cellulose nanofibril (TOCN) and TizC,T,
was fabricated and used as a type of electronic skin that showed
ideal biocompatibility, electromagnetic shielding performance,
and antibacterial properties (against E. coli and Staphylococcus
aureus (S. aureus)). This antibacterial activity resulted from the
physical interactions between bacteria and Ti;C,T, as well as its
photothermal ability.** A composite of TizC,/CuFe,O, also
exhibited antibacterial activity against different types of

Nanoscale Adv., 2024, 6, 3513-3532 | 3515


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00239c

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

Open Access Article. Published on 21 May 2024. Downloaded on 3/17/2026 12:04:22 AM.

[{ec

View Article Online

Nanoscale Advances

A -MXenes as ROS Generator

MXenes’ Antibacterial Modes of Action

Plasma Membrane
-MXenes as Nanothermal Blades

®
v

U inadalion ‘& Bacteria Death Under Interaction
Bacteria Attachment to MXene . *. MXenes have strong interactions

" DesdBacteria g 7y - with lights.

g - Living Bacteria -

B [0 “...MXenes possess excellent photo-

3 > thermal conversion efficiencies.

a

Q °..MXenes are proper nanomaterials

g for rapid eradication of bacteria
through near infrared-induce by pho-
tothermal therapy.

Photothermal Disinfection by MXene
(b) Aggregated MXene Solution —
Living Bacteria
.~
§ _ T ——
%,

g N T

z -

=

5

& = ﬁ

a S

—
Dispersed MXene Flakes in Water Higher Dispersity
More Interaction Between MXene and Bacteria and Higher Eradication
(C) Uniform Fresh MXene Oxidized MXene Inactive Oxidized MXene
:
S . X

z ...One of the problems of MXenes dispersion is

s the gradual oxidation by the dissolved oxygen in

> m

2 Bridization cFilis A water resulting in the transforming of the mor-

3 lizationior Mxene i/ phology of MXenes from flakes to particles.”

& —> i

Review

Fig. 2 Antibacterial activity of MXenes. (A) Schematic representation of different mechanisms of the antibacterial activity of MXenes. (B) Effect of
different properties of MXenes on their antibacterial activity. Reprinted with permission from ref. 45. Copyright 2023, Wiley.
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bacterial strains via producing ROS inside bacteria that affected
bacterial proteins and DNA, from one side, and reducing the
permeability of the bacterial membrane via interaction between
the positively charged metals and the bacterial membrane.

The potential side effects of using MXenes for antibacterial
therapy are still under active research, and more studies are
required to fully understand the safety and toxicity of these
materials.”” So far, most of the studies on MXenes and their
antibacterial properties have focused on their short-term effects
and mechanisms of action. There is currently no information
available on the long-term consequences of using MXenes for
antibacterial therapy. Thus, future explorations should be
focused on investigation of the long-term effects of using
MXenes for antibacterial therapy.****” Meanwhile, the inevi-
table release of MXenes into the natural environment because
of their increasing fabrication and application may cause
negative effects on human health and the ecosystem. Thus, it is
vital to gently consider the environmental impact of MXenes
and their potential long-term effects on human health before
widespread applications.*>**

4. Advanced wound dressing/healing
applications

Currently, numerous researchers have made significant
advancements in developing novel composite materials for
wound dressings that incorporate MXene nanomaterials.***>°
These materials could enhance the exceptional properties of
MXenes, as discussed earlier, to effectively sterilize wounds,
enable sustained drug release, and actively regulate cytokines
within skin wounds.*®® This development greatly expands the
ideas and approaches that could be used for treating chronic
wounds. In this section, we provide a comprehensive overview
of MXene composites, categorizing them into five distinct
groups based on their underlying advanced applications in
wound healing.

4.1 Delivery carriers

The unique characteristics of MXenes make them attractive
candidates for controlled and targeted drug delivery purposes.**
The high specific surface area of MXenes provides a huge space
for loading and encapsulating therapeutic molecules, such as
drugs, proteins, and nucleic acids, via adsorption or bonding,
that ensure their stability during storage and transportation
and offer their controlled release.®® The release kinetics can be
modulated by adjusting the surface functionalization, interlayer
spacing, or by incorporating stimuli-responsive elements into
the MXene structure.® For example, pH responsive MXenes can
release the cargo in response to the acidic environment of
specific target sites, such as tumors or inflamed tissues. This
could enhance therapeutic efficacy while minimizing off-target
side effects.”* MXenes have also demonstrated excellent
biocompatibility and low cytotoxicity, which are crucial for an
ideal delivery carrier.®

MXenes have been successfully employed as delivery carriers

in various forms, including hydrogels, composites,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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microneedles, etc. Hydrogels are three-dimensional networks of
hydrophilic polymers that can absorb and retain large amounts
of water or biological fluids, making them excellent candidates
for drug delivery systems.®® MXene-based hydrogels can be
designed to provide a suitable microenvironment for wound
healing by controlling the release of therapeutic agents,
promoting cell proliferation and migration, and improving
angiogenesis.*” Besides, the incorporation of MXenes into
hydrogels can enhance their mechanical properties, such as
stiffness and toughness, which are essential for the protection
and support of the wound site. Numerous studies investigated
the use of MXene-based hydrogels for the treatment of chronic
wounds.®®*7° As an example, hydrogels were loaded with platelet-
derived growth factor (PDGF), a growth factor that promotes cell
proliferation and migration. The results of this study confirmed
better performance of MXene-based hydrogels in healing
wounds compared to control groups, via accelerating tissue
regeneration and improving wound closure.”™

As a case study, an intelligent MXene-based hydrogel drug
delivery system was fabricated by a research group and con-
sisted of magnetic colloids wrapped with MXene and a dual-
network hydrogel composed of poly(N-isopropyl acrylamide)
and alginate.” Exposing to NIR irradiation led to increasing the
temperature more than the lower critical solution temperature
(LCST) that induced shrinkage of the hydrogel and release of
the Ag nanoparticles (NPs) in a controllable manner. The
fabricated system demonstrated high reaction capacities and
regulated drug delivery capability, allowing it to decrease the
harmful side effects of drugs and speed up the healing of
wounds. The fabricated hydrogel was applied for the treatment
of full-thickness cutaneous wounds and subcutaneously infec-
ted wounds in a rat model that confirmed its practical perfor-
mance.”> Results showed promising outcomes, indicating the
potential application of this system in clinical wound healing
and other biomedical fields.

MXene-based hydrogels also have the capability of
improving angiogenesis, which is critical for wound healing as
it provides oxygen and nutrients to the wound site.” Indeed,
due to its excellent electrical conductivity, MXene could induce
angiogenesis through electrical stimulation. For instance,
a high-strength, conductive, and antibacterial polyvinyl alcohol
(PVA) hydrogel incorporating Ti,C,T, (MXene) and polyaniline
(PANI) was fabricated by a research group for wound healing
applications.” The presence of MXene improved the hydrogen
bonding between PVA molecules, enhanced the mechanical
properties of the hydrogel, and provided antibacterial proper-
ties when exposed to NIR light. PANI acted as an electrical
conductor and formed chemical bonds with PVA through
polymerization, which enhanced the mechanical strength of the
hydrogels. The findings of this study indicated that polyvinyl
alcohol/MXene/polyaniline (PMP) hydrogels enhanced skin
wound healing by stimulating angiogenesis and promoting
collagen deposition.” MXenes also act as carrier for the delivery
of compounds that are responsible for angiogenesis
enhancement.””” For instance, the integration of MXene into
the structure of microneedle patches had shown promise in
enhancing angiogenesis and promoting wound healing via
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controlling the release of angiogenic factors, which stimulate
the growth of new blood vessels and promote tissue regenera-
tion. The employment of MXenes in the structure of micro-
needle dressing provides the capability of controlled drug
release (via NIR irradiation) from one side and real-time
monitoring of motion sensing (through its electrical
behavior), from the other side.”

MXene was integrated with the host material for the micro-
needle patches, including 3-(acrylamido)phenylboronic acid
(PBA) combined with a polythene glycol diacrylate (PEGDA)
hydrogel (Fig. 3).”” Due to the MXene's ability to retain the
stimulation signal at the injury site through photo-thermal
conversion, the release of loaded adenosine was accelerated
under NIR irradiation. In vitro cell experiments confirmed the
effectiveness of the adenosine-encapsulated microneedle with
MXene integration in improving angiogenesis. The controlled
release of adenosine, a therapeutic compound, from this
microneedle led to healing the wound via fibrosis promotion,
matrix production, and angiogenesis.”

In recent years, theranostic compounds have been intro-
duced for the simultaneous treatment and real-time monitoring
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process that is essential for wound management. In a recent
study, a type of smart fabric was fabricated using a thermores-
ponsive electrospun PHCE film (composed of polycaprolactone,
hydroxypropyl cellulose, and ciprofloxacin) that contained an
antibiotic, a multilayered MXene-optimized film (MCCF,
composed of carbon nanotubes (CNTs), MXene (TizC,T),
carboxylated cellulose nanofibers (CNFs), thermoplastic poly-
urethane (TPU) treated with oxygen plasma, silver paste, and
poly(dimethylsiloxane) (PDMS)), and the control module
(composed of FPCB connected with a temperature sensor and
Bluetooth module). Here, the electrospun PHCE film, which
was in contact with the wound bed, acted as the extracellular
matrix (ECM) from one side, and induced cell migration and
proliferation, and induced antibacterial activity, from the other
side. The second layer, MCCF, could provide ideal heating
performance and durability, and finally the third layer acted as
the sensor for real-time monitoring of wound's temperature as
well as controlling temperature. Results of this study showed
that the fabricated formulation could detect increasing
temperature related to wound infection and could therefore be
applied for the early detection of infection. On the other hand,
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Fig.3 Application of MXene based microneedles for wound healing. (A) Schematic illustration of microneedles composed of MXene loaded with
adenosine used as a wound healing patch. (B) Healing process of the wound for 8 days after exposure to different treatments. Quantitative results
of (C) wound area and (D) vascular structure treated with different formulations. Reprinted with permission from.”” Distributed under a Creative

Commons Attribution License (CC BY 4.0).
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the wireless connection between this fabric and a smartphone
provided the capability of controlling temperature enhance-
ment by the MCCF layer to near 45 °C, to prevent any side-
effects on the skin. Applying a very low voltage led to
increasing the temperature and releasing the antibiotic from
the system. Results of in vivo tests confirmed the effectiveness of
this formulation in enhancing the rate of wound healing
through inducing the formation of epidermis and dermis and
collagen deposition. Increasing the temperature led to the
release of therapeutic compounds from the PHCE film in
a controllable manner and inducing antibacterial activity.”

Overall, MXene-based materials have emerged as promising
candidates for drug delivery to wounds due to their unique
properties such as high surface areas, excellent biocompati-
bility, and tunable surface chemistry, enabling efficient loading
and controlled release of therapeutic agents. Moreover, they
could exhibit inherent antibacterial properties, which can help
prevent infections at wound sites, while their biodegradability
ensures safe degradation within the body. Their versatility
allows for the customization of MXene-based drug delivery
systems to meet specific wound healing requirements, making
them invaluable tools in the development of advanced wound
treatment strategies. However, some specific properties of these
materials need to be improved for their commercial application
including their safety, which means short-term and long-term
toxicity, and their effectiveness in therapy especially when
used in combination with traditional strategies.

4.2 Tissue regeneration

MXene-based composites can be engineered to possess desired
mechanical properties, such as flexibility and elasticity, effec-
tively improving wound healing and providing necessary
support for tissue regeneration.*® One study found that MXene-
based composites had a high mechanical strength and could
maintain their mechanical properties even after immersing in
simulated body fluids for up to seven days.** MXenes can be
utilized as conductive elements in wound dressings, allowing
for the delivery of electrical signals to the wound site. This
electrical stimulation can help in regulating cell behavior,
promoting tissue regeneration, and accelerating wound
closure.®#

In research conducted by Mao et al.,* a novel set of multi-
purpose hydrogels was developed using regenerative Ti;C,Ty
and bacterial cellulose (rBC), which possess the ability to elec-
trically manipulate cell behavior for efficient wound healing
with extrinsic electrical stimulation (ES) (Fig. 4). An amalgam
hydrogel comprising 2 wt% MXene (rBC/MXene2%) demon-
strated optimal electrical conductivity, biocompatibility,
mechanical properties, flexibility, and biodegradability. In vivo
experiments on rats with full-thickness wound injuries revealed
that this rBC/MXene hydrogel exhibited superior healing effects
in comparison to conventional Tegaderm films. The combina-
tion of hydrogel dressings and external electrical stimulation
offered a synergistic treatment approach for accelerating wound
healing.*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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MXene (TizC,T,)@polydopamine (MXene@PDA) nanosheets
and polyglycerol-ethylene amine (PGE) were mixed in a study to
create HPEM scaffolds (H: HCHO; PE: PGE; M: MXene@PDA),
which were then treated with oxidized hyaluronic acid
(HCHO).* These scaffolds had remarkable rheological quali-
ties, self-healing capacities, electrical conductivity, and tissue
adhesion features. Furthermore, the HPEM scaffold promoted
cell proliferation and increased the production of genes asso-
ciated with the muscle actin, collagen III, and vascular endo-
thelial growth factor (VEGF), as well as showed strong
antibacterial action against Escherichia coli (E. coli), Staphylo-
coccus aureus (S. aureus), and multi-drug resistant S. aureus
(MRSA).** Notably, in a full-thickness MRSA-infected wound
model, the HPEM scaffolds were found to facilitate early
angiogenesis in infected wounds and significantly enhance the
healing of MRSA-infected wounds (Fig. 5).%

The same researchers prepared composites by combining
Ti;C,T, MXene with antioxidant CeO,.** To create FOM scaf-
folds (F: F127-PEI; O: OSA; M: MXene@CeO,) within Schiff-
based chemically cross-linked hydrogels, MXene@CeO,
composites were then added to polyethyleneimine-grafted
polythene ions F127 (F127-PEI) and oxidized sodium alginate
(OSA). The final FOM scaffolds demonstrated injectability,
antimicrobial activity, electrical conductivity, and quick hemo-
stasis, among other useful characteristics. It was demonstrated
through in vitro and in vivo investigations that the FOM scaf-
folds could facilitate granulated tissue development, collagen
deposition, and re-epithelialization as well as enhance fibro-
blast migration and proliferation. In addition, these scaffolds
were able to accelerate the healing of multidrug-resistant
(MDR)-infected wounds through electrical stimulation.®

Apart from composite scaffold systems derived from diverse
materials, researchers have also explored composite hydrogels
and sponges for skin dressing applications. A research group
conducted a study in which they developed anisotropic MXe-
ne@PVA hydrogels using the directional freezing-assisted
salting out method.*® This hydrogel demonstrated excellent
mechanical properties, photothermal effects, and broad-
spectrum antibacterial activity and promoted cell prolifera-
tion. In a mouse wound model, it effectively prevented infection
and facilitated skin wound healing with a high closure rate. The
MXene@PVA hydrogel exhibited high toughness and anisotropy
and could be considered a candidate material for wound
dressings with antibacterial, proliferative, and hemostatic
properties.*® To achieve hemostasis and accelerate wound
healing, a different team created a composite sponge by fusing
MXene-based NPs into a chitin sponge (CH) network. The
addition of MXene-based nanomaterials in the structure of
sponge significantly enhanced the hemostatic effect of the
composite by improving its hemophilicity and accelerating
blood coagulation kinetics. In the absence of NIR irradiation,
MXene showed about 20-40% reduction in the bacterial colony
forming due to its interaction with the bacterial cell wall or
membrane and destroying them, while utilizing NIR led to
increasing the antibacterial ability to about 100% that could be
due to the synergistic effect of MXene capturing and the pho-
tothermal effect. It could also facilitate healing of wounds via
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(A) Scheme image of the fabrication process of BC/MXene composite hydrogels. (B) (i)Laser scanning confocal microscopy results of live/

dead imaging of NIH3T3 cells treated with different formulations (scale bar = 100 um). Number (ii) and viability (iii) of NIH3T3 cells treated with
different formulations for 3 days. (C) Photographs of the wounds on days 0, 3, 7, and 14 taken to observe the effect of the dressings on wound
healing, with specific focus given to granulation tissue (indicated by red arrows). Quantitative data of wound area as a function of time (D) and
granulation tissue thickness on day 14 (E) for each treated group (*p < 0.05 and **p < 0.01). Reprinted with permission from ref. 69. Copyright

2020, Wiley-VCH GmbH.
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wound images taken at different time points (0, 3, 7, and 14 days). (B) Comparison between the wound area sizes of different scaffolds (*p < 0.05,

**p < 0.01). (C) Colony counting assay of MRSA derived from homogeniz

ed infected tissues after various treatments on 3, 7, and 14 days. (D) The

quantitative bacterial colony densities. (E) IL-6 immunofluorescence images on day 3 and the HGE and Masson's trichrome staining of wound
tissues on day 14. The granulation layers in wound beds are indicated with black arrows. Corresponding quantification of (F) fluorescence
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enhancing collagen deposition and angiogenesis, so the results
of in vivo experiments demonstrated about an 84% wound
closure rate over 9 days.*””

In a recent study, a type of electronic skin (E-skin) was
fabricated for simultaneous monitoring and healing of diabetic
wounds (PPMAg hydrogel). It was composed of MXene sheets
covered with polydopamine (PDA) and then doped with Ag NPs,
which were then dispersed in a polymeric matrix (P(AM-co-
SBMA)) composed of acrylamide (AM) and 2-(methacryloyloxy)-
ethyldimethyl-(3-sulfopropyl) ammonium hydroxide (SBMA).

© 2024 The Author(s). Published by the Royal Society of Chemistry

Here, PDA acted as a mussel inspired compound and improved
the adhesiveness, conductivity, and mechanical performance of
MXenes and the presence of Ag NPs could induce antibacterial
activity. The fabricated formulation showed high antibacterial
activity resulting from the presence of Ag NPs, MXene (due to its
“nano-knife” ability and ROS capability), and PDA compound
(that could affect the bacterial membrane and also denature
proteins). It was also shown that the combination of PPMAg
hydrogel and electrical stimulation (ES) led to an enhanced
healing process for diabetic wounds and skin regeneration.®®
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A type of single-electrode MXene-based wearable triboelec-
tric nanogenerator (TENG) skin patch (TESP) was fabricated via
using MXene nanosheets entrapped inside a gelatin hydrogel
and then this layer was sandwiched by two layers of Ecoflex®
rubber. Here, gelatin provided different characteristics for the
electrolyte (including a low modulus, continuity, and shape
adaptability), while MXene enhanced the electrical conductivity
and photothermal conversion capabilities of the electrolyte.
This patch not only harnesses the combined effects of electrical
stimulation and photothermal heating for wound healing but
also serves as a motion detector for detecting movements such
as finger touches and utilizing the identified electrical pulses to
monitor mouse body motions. Here, exposing the patch to NIR
laser light led to increasing the temperature to about 45 °C that
enhanced the proliferation (76.2% compared to 23.3% in the
control group) and migration ability of fibroblast cells. On the
other hand, this patch had improved the healing rate of wounds
and skin regeneration via upregulating the expression of a-
smooth muscle actin (¢-SMA) and vascular endothelial growth
factor (VEGF) and enhancing angiogenesis, tissue remodeling,
and collagen deposition.*

MXenes have shown great potential in biomedical applica-
tions, particularly in tissue engineering, due to their unique
properties such as ultrathin structure and specific morphol-
ogies. They can be easily fabricated and functionalized for
various medical uses, including cancer treatment and tissue
regeneration. MXene nanocomposites have demonstrated effi-
ciency in targeting malignant cells and antimicrobial proper-
ties. Future research is needed to explore their potential in
regenerative medicine, sensing applications, and eco-friendly
fabrication methods. It is important to evaluate their toxicity,
biodegradability, and biocompatibility for safe use in medical
applications. Biofunctionalization and chemical modifications
can help enhance their stability and targeting properties while
reducing adverse effects.

4.3 Anti-inflammatory effects

Inflammation is a natural response to tissue injury, which could
affect the healing process and prolong this process.”® MXenes
can modulate the inflammatory response by regulating the
secretion of inflammatory mediators and promoting a more
balanced immune response.””** By reducing excessive inflam-
mation, MXenes facilitate an environment conducive to healing
the wound and regenerating damaged tissue.**** Several studies
have shown that MXenes, such as titanium carbide (TizC,T,)
and titanium nitride (TiN), can suppress the production of pro-
inflammatory mediators, including cytokines and chemokines,
which are typically elevated during inflammation.”>*® By
reducing the inflammatory response, MXenes promote
a balanced immune response, allowing for more efficient
wound healing. One mechanism through which MXenes exert
their anti-inflammatory effects is modulation of the activity of
immune cells.”” It is shown that MXenes have the ability to
regulate the behavior of macrophages, the key immune cells
involved in wound healing and inflammation. They could
induce macrophages to shift from the pro-inflammatory (M1)
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phenotype to the anti-inflammatory (M2) phenotype, promoting
tissue repair and reducing excessive inflammation.*®

MXenes possess antioxidant properties that can help coun-
teract oxidative stress, a common occurrence during inflam-
mation and wound healing. MXenes can scavenge ROS and
protect cells from oxidative damage.”® By reducing oxidative
stress, MXenes contribute to a less inflammatory wound
microenvironment and support tissue regeneration. The unique
surface chemistry of MXenes also plays a role in their anti-
inflammatory effects. Surface functionalization of MXenes can
further enhance their anti-inflammatory properties and enable
targeted interactions with immune cells.'*® Functional groups,
such as carboxyl or amine groups, can be introduced on the
MXene surface to enhance their biocompatibility and modulate
immune responses. These modifications allow for a more
tailored and controlled approach to regulating inflammation
and promoting wound healing.'** However, it is also important
to mention that some types of MXenes could produce ROS in
direct contact with the cells that could lead to toxicity effects.
Thus, it is critical to use surface modification or choose the
correct type of MXene for antioxidant applications. For
instance, a novel spongy macroporous hydrogel based on
poly(acrylamide) (PAAM) was created by a research group, and
MXene was added to the hydrogel to provide it with outstanding
antibacterial capabilities and an active oxygen scavenging
ability.'” MXene-containing hydrogels showed a reactive oxygen
scavenging rate of up to 96%. Scientists hypothesized that this
was primarily caused by the antioxidant phenol quinone groups
in the polymer chain removing ROS by a redox reaction, which
was further improved by the electron transport capability of
MXene.'*

A temperature-sensitive Nb,C hydrogel composed of Nb,C
and poly (lactic-co-glycolic acid) (PLGA)-polythene glycol (PEG)-
PLGA triblock copolymer with antioxidant and antibacterial
properties was created by another research group.'® This
hydrogel could efficiently eliminate ROS and reduce oxidative
cell damage due to the presence of Nb,C nanosheets. In addi-
tion, the hydrogel exposed to NIR radiation possesses high
antibacterial activity against both Gram-positive and Gram-
negative bacterial strains due to the photothermal ability of
MXene nanosheets. This ROS scavenging ability of this formu-
lation led to acceleratation of the healing process through
enhancing re-epithelialization and angiogenesis and deposition
of collagen.

Li et al. developed an injectable hydrogel for diabetic wound
healing that was composed of hyaluronic acid-graft-dopamine
and polydopamine coated Ti;C, MXene nanosheets (Fig. 6).**
MXene in the hydrogel could scavenge excessive reactive
nitrogen species and ROS to alleviate oxidative stress and
eradicate bacteria. The hydrogel also regulates macrophage
polarization from M1 to M2 resulting in anti-inflammatory
effects. When combined with mild photothermal stimulation,
it significantly enhanced human umbilical vein endothelial cell
proliferation and migration and effectively facilitated the heal-
ing of infected diabetic wounds.***

This injectable hydrogel used dopamine-grafted hyaluronic
acid (HA-DA) and polydopamine (PDA)-coated TizC, MXene

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (A) Schematic illustration showing the treatment mechanisms

used by the HA-DA/MXene@PDA hydrogel for wound healing. (B) Anti-

bacterial activity of different formulations after exposure to E. coli and S. aureus, along with the SEM image and log reduction of bacteria.
Photograph (C) and trace (D) of wound closure and histopathological image (E) of the wound treated with different formulationson 1, 3, 6, and 9
days (scale bar = 50 pm). Quantitative results of epidermal thickness (F) and collagen deposition (G) after 9 days of treatment (***p < 0.001, **p <
0.01, *p < 0.05). Reprinted with permission from ref. 104. Copyright 2022, American Chemical Society.

nanosheets (Ti;C,@PDA or MXene@PDA NSs) by combining
catechol groups with the help of the H,0,/HbO, system. By
adding dopamine to the HA molecules, the hydrogels gained
strong tissue adhesion, preventing bacterial invasion, main-
taining moisture, and promoting clotting. In addition, the
dopamine molecules in HA-DA-based hydrogels could reduce
inflammation by regulating macrophage activity, aiding skin
recovery. These injectable hydrogels were proposed for filling
wounds' irregular cavities and coming into close contact with
wound surfaces to prevent bacterial invasion and maintain
moisture, thus decreasing inflammation and promoting dia-
betic wound healing."**

In a recent study, MXene@TiO, (MT) nanosheets were
dispersed in the structure of a hydrogel composed of gelatin (GA)
and oxidized konjac glucomannan (OKGM) (GA/OKGM/MT
hydrogel). The fabricated formulation showed good skin adhe-
siveness, that provided fast hemostasis, strong antibacterial
activity, and anti-inflammatory effect, via exhibiting antibacterial
activity, due to the photothermal ability of MXene@TiO, and

© 2024 The Author(s). Published by the Royal Society of Chemistry

reducing the amounts of ROS that induced the healing process
from the inflammatory phase to the proliferation phase. The
combination use of electrical stimulation (ES) and the fabricated
hydrogel accelerated the regeneration of skin wounds via
inducing migration and proliferation of fibroblast -cells,
enhancing collagen deposition, and neovascularization.'®
According to the above-mentioned features, MXenes exhibit
significant potential in mitigating inflammation through
various mechanisms. For instance, they could scavenge ROS
and inhibit inflammatory mediators such as cytokines and
chemokines which underscores their anti-inflammatory effi-
cacy. Moreover, high biocompatibility and facile synthesis of
MXene make it a compelling candidate for biomedical appli-
cations that want to overcome inflammatory conditions.
Maintaining a balance between anti-inflammatory effects and
promoting suitable vascularization is a key challenge in this
field, and MXenes offer a promising solution by providing
controlled release of positive factors, creating a suitable thermal
environment and having an ideal structure and composition.
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4.4 Photothermal effects

The photothermal effect is another important aspect of MXenes
that holds significant potential for advanced wound dressing
and healing applications.’® MXenes, such as titanium carbide
(Ti5C,), exhibit strong absorption in the NIR region, which
allows them to convert light energy into localized heat.'*® This
photothermal effect can be harnessed to enhance wound heal-
ing through various mechanisms. One of the key advantages of
MXene-based photothermal therapy is its ability to selectively
target and eliminate bacteria,'”” which is a common challenge
in wound care. When exposed to NIR light, MXene could
generate localized heat that could effectively kill bacteria by
damaging their membranes or denaturing essential proteins,
without harming the surrounding healthy tissues.'® In a study,
0.5 W NIR irradiated for 5 min raised the temperature of the
produced nanofiber hydrogel loaded with MXene from 23 °C to
41 °C and 1 W NIR irradiated for 5 min raised the temperature
even to 61 °C.' This targeted approach offers a promising
alternative for combating bacterial infections and reducing the
need for systemic antibiotics.''® To create a multifunctional
membrane, researchers created a chitosan-MXene solution and
placed it onto a poly(vinylidene fluoride) (PVDF) membrane.""*
The antibacterial experiment findings demonstrated that the
multifunctional membrane paired with NIR had a nearly 100%
antibacterial ability, which was much better than that of the
simple material group without NIR irradiation. According to the
findings of animal studies, the NIR irradiation of the formula-
tion showed a healing rate of 95% over 14 days of treatment,
which was greater than that by the material group without NIR
irradiation. These findings suggested that photothermal action
of MXene could enhance its antibacterial characteristics and
improve its ability to cure infected wounds."**

The photothermal effect of MXenes can also facilitate wound
healing by promoting tissue regeneration. Controlled applica-
tion of localized heat to the wound site can stimulate various
cellular processes involved in tissue repair.'"* The heat gener-
ated by MXenes under NIR light can increase blood circulation,
which helps deliver oxygen and nutrients to the wound area and
remove waste products. Enhanced blood flow promotes the
migration and proliferation of cells involved in wound healing,
such as fibroblasts and endothelial cells.**® In addition, the heat
can induce collagen remodeling and the synthesis of extracel-
lular matrix components, promoting wound closure and tissue
regeneration.

A research group introduced a novel approach to produce
Ti;C, MXene/COL(collagen)/SF(silk fibroin)/quercetin scaffolds
(M-CSQ scaffolds) using cryogenic 3D printing and freeze-
drying techniques. The M-CSQ scaffold effectively killed oral
squamous cell carcinoma (OSCC) cells due to the excellent
photothermal conversion properties of Ti;C, MXene, while also
promoting oral mucosa regeneration (Fig. 7)."** The presence of
quercetin led to the enhancement of thermal sensitivity of the
OSCC cells during photothermal therapy (PTT) via regulating
the expression of heat shock protein 70 (HSP70). The scaffold
was gradually degraded over time and facilitated the growth of
new oral mucosal tissue with the aid of silk proteins and COL.
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Ultimately, through combining 2D Ti;C, MXene, quercetin, and
the 3D printed tissue engineering scaffold, simultaneous killing
of OSCC cells and repair of oral mucosal wounds were
successfully attained. Both in vivo and in vitro experiments
demonstrated that the M-CSQ composite scaffold was effective
in killing SCC25 and CAL27 cells as well as inhibiting tumor
growth.'*

The photothermal effect of MXenes can also aid in the
controlled release of therapeutic agents. By incorporating
MXenes into wound dressings or coatings and then applying
NIR light, the localized heat can trigger the release of encap-
sulated bioactive molecules, such as growth factors or antimi-
crobial agents."** This on-demand release mechanism allows for
precise temporal and spatial control over the delivery of thera-
peutic agents, ensuring their effectiveness at the wound site.
MXene surfaces can also be modified with specific functional
groups or molecules to introduce additional functionalities,
such as improved biocompatibility, targeted drug delivery, or
enhanced cellular interactions.** For instance, a research team
created a multi-stimulus response MXene@AgNPs hydrogel
that achieved precise, controlled release of AgNPs by the pho-
toresponse and magnetic response, avoided the cytotoxicity that
resulted from the release of high concentrations of AgNPs in
a brief period of time, and ensured the bactericidal effect.”
According to the outcomes of animal studies, following the NIR
irradiation, the local temperature increased that further
elevated depth action of AgNPs and improved the therapeutic
impact of the fabricated compound on deep parts of the skin.

A temperature-responsive material was developed using
a composite nanobelt polyacrylonitrile and  poly-
vinylpyrrolidone modified with MXene, covered with a layer of
thermosensitive copolymers of acrylamide (AAm), acrylonitrile
(AN), and vinylimidazole (AAm-co-AN-co-VIm) (known as PAAV)
and used for the delivery of vitamin E.'” In the presence of NIR
irradiation, the photothermal ability of the fabricated formu-
lation was activated that led to increasing the temperature to
about 39 °C after just 3 min, in a repeatable way, which was
rapidly decreased after removing NIR. This photothermal effect
led to activation of thermal responsibility of the PAAV which led
to the release of vitamin E in a controllable manner. Exposing
the fabricated formulation to real wounds on mice confirmed
its effectiveness in healing wounds via inducing angiogenesis
and promoting cell proliferation (due to the presence of both
vitamin E and the photothermal effect).**®

A new antibacterial platform was introduced by a team,
which is based on the Schottky junction of bioactive zinc-based
metal-organic framework (Zn-MOF) and TizC,T, nanosheets
(known as Zn-MOF@Ti;C,T,). Zn-MOF has a porous accordion-
like structure, high porosity, and rich Zn 2p content. On the
other hand, Ti;C,T, nanosheets show excellent photothermal
performance with a high conversion rate. The resulting Zn-
MOF@Ti;C,T, hybrid can release Zn** and curcumin in
a controlled and accelerated manner under NIR irradiation.**®

Accordingly, the photothermal ability of MXenes is a prom-
ising way of enhancing wound healing through employing
different mechanisms. They could be used for enhancing
various processes such as cell proliferation, angiogenesis, and

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00239c

Open Access Article. Published on 21 May 2024. Downloaded on 3/17/2026 12:04:22 AM.

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

(cc)

Review

A/,ﬁ‘ B
. PS

In vitro HSP70

0 M-CSQ
+laser

Quercetin > == 4

o 2 f, PTT 4
/ \%J, o
IR ~ Cell deathg !

In vivo
Tumour ablation

Creation edge

Oral mucosal wound healing

Fig. 7

1.0 M-CS
+laser

1.0 M-CSQ
+laser

View Article Online

Nanoscale Advances

Before After

Before

CSQ

(A) Application of the M-CSQ scaffold for the treatment and reconstruction of oral mucosal wounds. (B) Scanning electron microscopy

(SEM) image of SCC25 and CAL27 cells before and after exposure to two different formulations. (C) The photograph of tumor size after treating
with different scaffolds on 1, 4, 7, and 14 days. Reprinted with permission from ref. 113. Copyright 2023, Elsevier.

extracellular matrix deposition or could facilitate the controlled
release of therapeutic agents and so enhance their potential for
accelerating wound closure and tissue regeneration. This pho-
tothermal effect could also be used for killing bacteria, thus
providing the antibacterial activity of the wound dressing
material on one side and preventing the bacterial drug resis-
tance on the other side.

4.5 Hemostatic facility

MXenes could also promote hemostasis making them prom-
ising candidates for applications in wound management and
control of bleeding.'” One key factor contributing to the
hemostatic ability of MXenes is their highly porous structure,
which allows for efficient absorption and entrapment of blood
components. MXenes possess a large specific surface area and
interconnected pore networks that facilitate the rapid adhesion
and aggregation of blood cells, platelets, and fibrinogen."*'*®
On the other hand, MXene contains a strong surface charge that
encourages platelet activation, blood cell aggregation, and clot
formation."° This aggregation process aids in the formation of
a stable clot and the promotion of coagulation, thereby effec-
tively controlling bleeding.*** The surface chemistry of MXenes

© 2024 The Author(s). Published by the Royal Society of Chemistry

can be tailored to enhance their interaction with blood
components and promote coagulation.”” Surface modifica-
tions, such as functionalization with carboxyl or amine groups,
have been shown to improve the adhesion of platelets and the
activation of clotting factors, further enhancing hemostatic
properties. One such example is an MXene@polydopamine
(PDA) decorated chitosan nanofiber wound treatment mat,
which showed better blood cell and platelet adherence in both
in vitro and in vivo studies.”” This was mostly due to the high
concentration of hydroxyl groups in MXene@PDA, which could
adhere to the blood cells and platelets and, upon coming into
contact with plasma fibrin, trigger blood cell aggregation,
platelet activation, and clot formation. Another team created an
antibacterial fiber membrane made of electrospun poly(-
polycaprolactone) scaffolds and polydopamine-coated MXene/
Ag;PO, bioheterojunctions (MX@AgP bio-HJs) in order to
employ NIR to accomplish sterilization and hemostasis and to
encourage the growth of new collagen and epithelial tissue.
Exposing the fabricated scaffold to NIR illumination led to
release of Ag" ions from MX@AgP NPs in the membrane that
resulted in an excellent bactericidal effect. Polydopamine
reduces Ag® ions back to Ag’ NPs, enabling the self-
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rechargeability of Ag" ions for subsequent phototherapy. In vivo
experiments, on the other hand, demonstrated that the photo-
activated nanofibrous membranes created a regenerative
wound microenvironment by eliminating bacteria, stopping
bleeding, and promoting epithelialization, collagen deposition,
and angiogenesis (Fig. 8).***

Overall, MXenes demonstrate remarkable hemostatic prop-
erties, characterized by their ability to rapidly induce blood clot
formation upon contact with blood, which is related to their
high surface area and surface chemistry, which promote
platelet adhesion and activation, leading to efficient hemo-
stasis. By quickly stopping bleeding, MXenes not only minimize
blood loss but also create an optimal environment for subse-
quent wound healing processes. The prompt initiation of clot-
ting helps establish a scaffold for tissue repair and reduces the
risk of infection, ultimately promoting faster and more effective
wound closure.

In Table 1, some of the other samples related to the appli-
cation of MXene based materials for wound healing applica-
tions are summarized.

5. Challenges
5.1 MXene production

One of the primary challenges of MXene-based composites is
the difficulty of producing large-scale materials with homoge-
neous features. MXenes are typically synthesized by etching
MAX phases, which involves the use of hydrofluoric acid,
a highly corrosive and toxic substance. The synthesis of MXenes
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also requires precise control over the reaction conditions, which
can be challenging to achieve at scale. Furthermore, the
synthesis of MXenes is a time-consuming process, and the yield
of the product can be low. Besides, dose, size, and surface
modifications of MXenes could affect their biocompatibility.
They also need surface modification to avoid loss of their
functional and structural properties and prevent their oxida-
tion.*>*** To overcome these challenges, researchers have
developed several approaches for large-scale production of
MXenes. One approach involves the use of safer and more
environmentally friendly etchants, such as sodium hydroxide or
ammonium fluoride, instead of hydrofluoric acid. Another
approach involves the use of advanced processing techniques,
such as microwave irradiation, to enhance the yield and reduce
the synthesis time of MXenes. Researchers have also explored
the use of continuous flow reactors and other process intensi-
fication techniques to improve the scalability of MXene
synthesis."*'%*

5.2 Economic challenges

Another challenge of MXene-based composites is the cost of
production and economic viability. The synthesis of MXenes
involves the use of expensive precursor materials, such as tita-
nium and aluminum, and the use of advanced processing
techniques, which can increase the production cost. Further-
more, the use of MXenes in wound healing and dressings
requires the development of specialized manufacturing
processes, which can further increase the production cost. To
overcome these challenges, researchers have explored several
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Table 1 The application of MXene-based composites in wound healing
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Formulation MXene effect Main achievements Ref.
Chitin/MXene composite sponges Improving the hemostatic efficacy Accelerating wound healing via 87
(CH/Au@sMX sponges) via enhancing the exhibiting predominant
haemocompatibility and increasing antibacterial activity, enhanced
the coagulation rate and enhancing hemostatic performance and
the antibacterial activity through promoting normal cell migration
the NIR effect
MXene/PVA hydrogel Improving the antibacterial activity Fabricating hydrogels with ideal 86
via the hyperthermia effect mechanical properties and broad-
spectrum antibacterial activity,
promoting cell proliferation and
inhibiting wound infection
MXene-loaded nanofibers (MNFs) Regulating neovascularization via Improving the healing of wounds 125
covered with dopamine-hyaluronic controlled release of growth factor and skin regeneration via
acid hydrogel (H) loaded vascular and helping in achieving scarless modulating the immune
endothelial growth factor, (V), healing via NIR-photoresponsivity microenvironment, inhibiting
(MNFs@V-H@DA) hybrid inflammatory effects, inhibiting
hydrogels excessive neovascularization and
extracellular matrix deposition
Polyvinyl alcohol/MXene/ Improving the mechanical Fabricating hydrogels with good 74
polyaniline hydrogels properties of the hydrogel and mechanical properties, electrical
providing antibacterial activity via conductivity, antibacterial activity,
the NIR effect capability of promoting cell
proliferation and migration, and
ability to accelerate skin wound
healing through improving
angiogenesis and collagen
deposition
Amoxicillin (AMX), MXene, and Providing controlled drug release Bacteriostatic activity and wound 11
polyvinyl alcohol (PVA) (MXene- via local hyperthermia healing capability
AMX-PVA) nanofibrous membrane
Titanium carbide (MXene)/zeolite Antibacterial activity that resulted Fabricating a smart responsive 126
imidazole framework-8 (ZIF-8)/ from NIR irradiation platform with: anticancer activity
polylactic acid (PLA) composite via photothermal and
membrane (MZ-8/PLA) photodynamic therapy,
antibacterial activity, and wound
healing capability
Bi,S;/Ti;C,T, MXene interfacial Antibacterial activity Eliminating bacterial infection via 127
Schottky junction producing an ecofriendly
photoresponsive Schottky junction
platform
Electrospun poly (lactic-co-glycolic Sterilizing the wound via producing Promoting wound regeneration via 128
acid) (PLGA) scaffolds, MXene/Ag,S H,0, and antibacterial activity improving the local deposition of
resulting from producing reactive collagen, promoting angiogenesis,
oxygen species via NIR antibacterial activity, and stopping
bleeding,
Nano-platform-scaffold of Ti;C, Antibacterial activity resulting from Providing antibacterial activity 129
MXene/MoS, (MM) NIR irradiation resulting from four different
mechanisms: photothermal and
photodynamic activity along with
peroxidase-like (POD-like) and
glutathione oxidase-like properties
and improving tissue regeneration
via promoting skin cell migration
K-M/PNIPAm hydrogel NIR-controlled drug release Fabrication of an intelligent 130
hydrogel with the capability of real-
time monitoring of health and NIR
responsive controlled drug release
MXene and spidroin-incorporated Providing the capability of sensitive Fabrication of microneedles with 131

microneedle scaffolds

monitoring of wound movement
and controlled drug release using
NIR irradiation

© 2024 The Author(s). Published by the Royal Society of Chemistry

high self-healing and mechanical
performance and promoting wound
healing via light responsive release
of drug
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Table 1 (Contd.)
Formulation MXene effect Main achievements Ref.
Electrospun Ti;C,T,/chitosan Antibacterial activity Producing a low-cost, high 12
nanofibers biocompatible and biodegradable

wound dressing mat with good

antibacterial activity
NIR-responsive Mxene nanofibers Controlling angiogenesis and the Fabrication of a wound dressing 132
and hydrogel double structure immune microenvironment via hydrogel with anti-inflammatory
system (MNFs@DFOM-H@AC) controlled release of drugs capability, appropriate

vascularization, and controlled

release of therapeutic compounds
Lens epithelial cells by Ti;C,T, Reducing the expression of Developing intraocular lens devices 8

MXene coatings

cytokines, preventing the epithelial-
mesenchymal transition,
downregulating mechanisms
related to myofibroblast
transdifferentiation and migration,

with the ability to suppress
hyperinflammation, prevent the
epithelial-mesenchymal transition,
and reduce posterior capsule
opacification

and promoting wound healing

approaches to reduce the cost of production of MXene-based
composites. One approach involves the use of alternative
precursor materials, such as iron or manganese, which are less
expensive than titanium and aluminum. Another approach
involves the development of simpler and more cost-effective
processing techniques, such as ball milling or ultrasonication,
for the synthesis of MXenes. Researchers have also explored the
use of low-cost and scalable manufacturing processes, such as
electrospinning or 3D printing, for the production of MXene-
based wound dressings.*****”

5.3 Stability

The stability of MXene-based composites is another challenge
that needs to be addressed. MXenes are susceptible to oxidation
and degradation, particularly when exposed to air or moisture.
The stability of MXene-based composites can be further
compromised when exposed to biological fluids, such as blood
or wound exudate, which can contain enzymes and other reac-
tive species that can degrade the material. To improve the
stability of MXene-based composites, researchers have explored
several approaches. One approach involves the use of protective
coatings, such as graphene or polymer coatings, to prevent
oxidation and degradation of the MXene nanosheets. Another
approach involves the use of crosslinking agents, such as
glutaraldehyde or genipin, to enhance the stability of MXene-
based composites. Researchers have also explored the use of
hybrid materials, such as MZXene-silk or MXene-collagen
composites, to improve the stability and biocompatibility of
MXene-based composites.'****

5.4 Environmental effect

The environmental impact of MXene-based composites is
another issue that needs to be considered. The synthesis of
MXenes involves the use of chemicals and energy, which can
have a significant environmental impact. Furthermore, the
disposal of MXene-based composites at the end of their useful

3528 | Nanoscale Adv., 2024, 6, 3513-3532

life can also have an environmental impact, particularly if the
materials are not biodegradable or recyclable. To address the
environmental impact of MXene-based composites, researchers
have explored several approaches. One approach involves the
use of green chemistry principles in the synthesis of MXenes,
such as the use of safer etchants and solvents and the use of
renewable energy sources. Another approach involves the
development of biodegradable and recyclable MXene-based
composites, such as MXene-cellulose composites or MXene-
chitosan composites. Researchers have also explored the use
of waste materials, such as agricultural waste or industrial by-
products, as precursors for MXene synthesis, to reduce the
environmental impact of the materials.'**"*>

5.5 Long-term biocompatibility issues

The biosafety and regulatory issues regarding the clinical
applications of MXene-based composites are also important to
consider. MXenes are relatively new materials, and their long-
term safety and biocompatibility are not fully understood.
Furthermore, the use of MXene-based composites in clinical
applications requires regulatory approval, which can be a time-
consuming and costly process. To address the biosafety and
regulatory issues of MXene-based composites, researchers have
conducted extensive biocompatibility studies. These studies
have shown that MXene-based composites exhibit low cytotox-
icity and are generally well-tolerated by cells and tissues.
However, further studies are needed to understand the long-
term effects of MXene-based composites on the body.
Regarding regulatory issues, researchers and manufacturers of
MXene-based composites need to comply with the regulatory
requirements of the countries where the materials are intended
to be used. The regulatory approval process for medical devices
and materials can be complex and can vary between countries.
Therefore, it is important for researchers and manufacturers to
have a clear understanding of the regulatory requirements
before developing and marketing MXene-based composites for
clinical applications.'**'*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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6. Perspectives

MXene-based composites have also demonstrated the ability to
promote tissue regeneration. The incorporation of MXenes into
scaffolds or hydrogels can enhance their mechanical properties
and improve their biocompatibility. Moreover, MXene-based
composites can promote cell proliferation and differentiation,
which can accelerate the regeneration of damaged tissues, such
as skin. Researchers can further explore the use of MXene-based
composites for tissue engineering and regenerative medicine
applications, including the development of 3D printed
implants, wound dressings, or patches for skin regeneration.
The biocompatibility of MXene-based composites is critical for
their use in wound healing applications, as they must be able to
integrate seamlessly with the surrounding tissue. MXenes have
already demonstrated excellent biocompatibility in several in
vitro and in vivo studies, and the incorporation of MXenes into
biomaterials can improve their biocompatibility. Researchers
can further explore various approaches to improve the
biocompatibility of MXene-based composites, such as the use of
biodegradable polymers or natural biomolecules, such as
collagen or hyaluronic acid. MXene-based composites can also
be used for targeted drug delivery, which can improve the
therapeutic efficacy of wound healing agents. Researchers have
already shown that MXene-based composites can act as carriers
for various drugs, such as growth factors, antibiotics, or anti-
inflammatory agents. Moreover, the surface of MXenes can be
functionalized to target specific cells or tissues, which can
enhance the specificity and selectivity of drug delivery. In the
future, researchers can explore various approaches to improve
the targeted drug delivery of MXene-based composites, such as
the use of stimuli-responsive polymers or the incorporation of
magnetic NPs. 6148

To enable the clinical translation of MXene-based compos-
ites in wound healing applications, clinical trials are needed to
demonstrate their safety and efficacy in humans. Several
preclinical studies have already demonstrated the potential of
MXene-based composites in wound healing applications, and
the results are promising. However, further studies are needed
to evaluate the long-term safety and efficacy of these materials
in humans. Moreover, the successful translation of MXene-
based composites to the clinic requires collaboration between
researchers, manufacturers, clinicians, and regulatory authori-
ties. The development and marketing of MZXene-based
composites also require regulatory approval from relevant
authorities, such as the US Food and Drug Administration
(FDA) or the European Medicines Agency (EMA). Researchers
must ensure that the materials meet all safety and efficacy
standards and comply with all regulatory requirements before
clinical trials can be initiated."***>*

7. Conclusion

MXene-based materials have shown great potential for wound
healing/dressing and bactericidal applications owing to their
unique properties and biocompatibility. Several studies have
investigated the application of MXenes and their composites for

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

skin wound repair as well as promoting fibroblast migration,
showing good biocompatibility and strong bactericidal poten-
tial. MXenes possess several properties that make them effective
in wound healing, including bactericidal properties, photo-
thermal effects, suitable cytocompatibility, rich functional
groups, and scavenging ability of active oxygen species.
Currently, there exists limited information available on the cost
and availability of MXenes compared to traditional wound
dressing materials. While traditional wound dressings made of
gauze, cotton, and other materials are widely available and cost-
effective, the employment of MXenes and their modified
composites in wound dressings is still in the early stages of
development. Overall, there are limited studies that directly
compare the effectiveness of MXene-based composites to
traditional wound dressing. However, given the promising
results of these materials in wound healing/dressing, it is
possible that they may become more widely available and cost-
effective in the future. In this context, challenges related to
cytotoxicity, long-term biosafety, lack of standardization, cost of
production, and environmental impact of production/disposal
are among the crucial aspects for future explorations.
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