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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
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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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Fig. 4

(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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Fig. 5 The results of in vivo experiments conducted to assess the anti-infection and wound healing properties of HPEM scaffolds. (A) The skin
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
intensity of IL-6, (G) granulation tissue thickness, and (H) collagen content in wound tissues based on panel E (scale bar = 100 um, n = 6; *p <
0.05 and **p < 0). Reprinted with permission from ref. 84. Copyright 2021, American Chemical Society.

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 a