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Advanced approaches in skin wound healing —
a review on the multifunctional properties of
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In recent years, the use of MXenes, a class of two-dimensional materials composed of transition metal
carbides, nitrides, or carbonitrides, has shown significant promise in the field of skin wound healing. This
review explores the multifunctional properties of MXenes, focusing on their electrical conductivity, photo-
thermal effects, and biocompatibility in this field. MXenes have been utilized to develop advanced wound
healing devices such as hydrogels, patches, and smart bandages for healing examination. These devices
offer enhanced antibacterial activity, promote tissue regeneration, and provide real-time monitoring of
parameters. The review highlights the synthesis methods, chemical features, and biological effects of
MXenes, emphasizing their role in innovative skin repair strategies. Additionally, it discusses the potential
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of MXene-based sensors for humidity, pH, and temperature monitoring, which are crucial for preventing
infections and complications in wound healing. The integration of MXenes into wearable devices rep-
resents a significant advancement in wound management, promising improved clinical outcomes and

rsc.li/nanoscale enhanced quality of life for patients.
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1. Introduction

Skin wound healing is a delicate and coordinated multistep
process that might fail because of systemic or local factors that
disrupt the microenvironment, hinder the repair progression,
and potentially lead to chronic or non-healing wounds. With
the rising cost of treatments each year, skin wounds affect
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millions of people worldwide. As a sort of “silent epidemic”,
the mortality rate of chronic diabetic foot ulcers is around
30%, similar to cancer.! Therefore, efficient wound healing to
restore the injured site to its normal state is crucial and
urgent.

In general, skin wound therapies are classified into “con-
ventional” or “regenerative”. Conventional wound therapies
involve infection control through regular dressing changes and
weekly debridement of damaged tissues. For large or full-
thickness skin defects, split-thickness skin autografts are com-
monly used. Autografts come with drawbacks such as the need
for multiple surgical interventions, limited availability, hyper-
trophic scarring, and possible functional alterations. In con-
trast, regenerative wound healing leverages advanced bio-
medical research technologies such as stem cell and gene
therapy, targeted drug/growth factor delivery, and bioengi-
neered skin grafts. These approaches aim to restore the orig-
inal function of the skin and repair damaged tissues effec-
tively, resulting in improved wound healing without scarring.
Early strategies focused on regenerating the skin’s layer-by-
layer structure using bioengineered scaffolds or hydrogels
encapsulated with cells." As our understanding of the healing
process has grown, the focus of chronic wound treatment has
shifted from simple debridement and topical dressing to more
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advanced microenvironment therapy, using biomaterials and
nanomaterials to achieve unprecedented effects.

MXenes are a class of two-dimensional materials composed
of transition metal carbides, nitrides, or carbonitrides, known
for their excellent electrical conductivity, mechanical strength,
and versatility in various applications such as energy storage,
sensors, and biomedical devices. In this Review, we will focus
on the use of MXenes nanomaterials in the field of skin regen-
eration, and how the electrical and photothermal properties of
MXenes have induced the design of multifunctional devices
for therapy and sensing.

In section 1, we describe the synthesis methods and chemi-
cal features of MXenes with a specific highlight on light
absorptivity and electrical conductivity. In section 2, we
describe generically the biological effects of MXenes on
eukaryotic and prokaryotic cells. After describing the general
mechanism of skin repair (section 3), we move to patches and
hydrogels specifically designed for wound healing, indeed
even if many studies on antibacterial and regenerative pro-
perties of MXenes are available,>® we will focus on those
devices that have been designed for skin diseases, including
melanoma, chronic and diabetic wounds. MXenes, with their
high conductivity and versatility, have garnered significant
interest in the field of sensors,* in section 5 of this Review, we
focus on MXene-based sensors that combine wound healing
properties with wound monitoring capabilities. Humidity
sensors can provide real-time moisture monitoring of wounds
- which is crucial for preventing infections and complications,
PH sensors indicate healing progress and infection, and temp-
erature sensors signal inflammation. These technologies,
based on the unique properties of MXenes, create multifunc-
tional platforms that facilitate wound healing and provide real-
time monitoring of critical wound parameters. Integrating
these functions into wearable devices and smart bandages rep-
resents a significant advancement in wound management,
promising improved clinical outcomes and enhanced quality
of life for patients.

2. MXenes chemical structure and
properties

MXenes are two-dimensional (2D) materials defined by the
general formula M,,,,X,T,, where M is a transition metal, X
corresponds to carbon or nitrogen, T denotes a surface-termi-
nating functional group (OH, F, O, H, etc.) and n is an integer
with a value ranging from 1 to 3.> The M-X bonds consist of a
mixture of covalent, metallic, and ionic bonds which make
them appealing for many applications.®

The first synthesis of MXenes dates to 2011, when Prof. Yuri
Gogotsi and coworkers carried out the exfoliation of TizC,T,,
which led to the production of 2D nanoctystals TizC,Ty.”

The bidimensional MXenes are obtained from a precursor
three-dimensional (3D) MAX phase,® hexagonal layered tran-
sition metal carbides and nitrides with a generic formula of
M,+1AX,, (n = 1, 2 or 3), where M is an early transition metal, A
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is an element from groups 13 and 14 in the periodic table and
X is carbon or nitrogen.’ The periodic table in Fig. 1A from ref.
10 illustrates the elements used in MAX phases and MXenes.

Different synthetic strategies have been explored in recent
years and can be divided mainly into two approaches: top-
down and bottom-up approaches. The top-down pathway con-
sists of selective etching from MAX or non-MAX Phases.
General etchants used for production contain fluoride ions,
such as hydrofluoric acid (HF). Naguib et al. reported the exfo-
liation of Ti;C,T, powder using an HF solution, followed by
washing with deionized water and centrifugation to obtain the
desired product Ti;C,.”

The use of fluoride-containing etchants is due to the strong
metallic bonds between the ‘M’ and ‘A’ elements, which could
not be separated by mechanical exfoliation. In addition,
MXenes derived by selective HF etching may carry different ter-
minations on their surfaces (i.e., OH, H, O, F, etc.) which are
generally referred to as T, in the general formula M, ;X,Ty.
The HF concentration and etching time increases as the incre-
ment of M atomic number, which can be attributed to the
stronger M-Al bonding: a larger number of M valence elec-
trons requires stronger etching to break the metallic M-A
bonds.® Different milder and safer bifluoride etchants have
been explored (such as NH,HF,, NaHF,, and KHF,)."?
Interestingly, it has been discovered that MXenes can also be
obtained from non-MAX phases, such as Mo0,Ga,C."> As a
result of exfoliation treatment, solid dense MAX particles are
converted to a loosely packed accordion-like layered structure.®

The bottom-up strategies involve different techniques,
among which the most common method is represented by
chemical vapour deposition.'* Fig. 1B from ref. 11 effectively
shows the transformation from MAX precursors to MXenes.
When the number of stacked layers is less than 5, the few-layer
MXenes (FL-MX) nomenclature is generally used. Otherwise,
they can be referred to as multi-layer MXenes (ML-MX), with
selective biological properties depending on the layer
number.”” Given the wide range of different combinations
possible, different MXenes, such as Ti;C,, Ti,C, Nb,C, V,C,
TizCN, Mo,C, and Ta,C; (see Fig. 2 from ref. 11) have been syn-
thesized to date, among which Ti;C,T, is the most common
and well-studied MXenes in the medical field.

Electrical conductivity is thought to be one of the most
exploitable properties of MXenes for the near future, especially
for its use in optoelectronic-based devices, health sensors, and
wearable thermoelectric devices.

Electrical conductivity is directly linked to the chemical
morphology of MXenes'®'” according to specific features: (i)
mono-layer, few-layers, or multi-layers structure, (ii) different
light or heavy transition metals of the M element, (iii) the
thickness of MXenes monolayer, (iv) the synthesis conditions
and/or the post-etching treatment and (v) the functional
groups attached to the surface.'>"”

The ability of some materials, including MXenes, to convert
light into heat - generally known as the photothermal effect -
is particularly appealing in the biomedical sector. This prop-
erty can be exploited to carry out specific anti-cancer and anti-
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Fig. 1 (A) Periodic table of elements used for MAX phases and MXenes. The periodic table highlighting elements used in MAX phases and MXenes.
Elements in striped light blue are utilized in MAX phases, while those in blue are found in both MXenes and MAX phases. Dark grey elements rep-
resent carbon and nitrogen. Intercalated ions and surface functional groups are depicted in green and yellow, respectively. Adapted with permission

from ref. 10. Copyright 2019 American Chemical Society. (B) Scheme shows the transformation from MAX precursors to MXenes. The A element is
eliminated through the selective etching process, which leads to the introduction of T, functional groups. The bone structure formed by carbide (or

nitride) elements and transition metals remains constant. Reproduced with permission from ref. 11. Copyright 2021 Wiley-VCH GmbH.
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Fig. 2 Illustration of chronological production of MXenes from 2011 to 2021. Modified with permission from ref. 11. Copyright 2021 Wiley-VCH
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Fig. 3 (A) Illustration of the photothermal conversion exhibited by 2D MXenes. Reproduced with permission from ref. 19. Copyright 2020 Wiley

Online Library. (B) lllustrates the extinction coefficient ¢ (L g™*

cm™) vs. wavelength (nm) for different MXenes. The extinction coefficient — also

referred to as the ‘'mass attenuation coefficient’ — represents how deeply a material can be penetrated by a beam of electromagnetic radiation. This

coefficient can be indicated by L g

m™, and related multiples or submultiples, to describe materials in solution. (NIR wavelength is in the range of

780 to 2500 nm). Reproduced with permission from ref. 20. Copyright 2022 American Chemical Society.

bacterial treatments, such as Photodynamic Therapy (PDT)
and Photothermal Therapy (PTT)"® (Fig. 3).

During photothermal conversion, a photon coming from a
specific electromagnetic radiation hits the material’s surface
and is absorbed by the material itself. This leads to photo-
excitation (i.e., movements of electrons), eventually resulting
in heat production. Different mechanisms have been
suggested to explain the photothermal conversion and the
most occurrent has been reported to be: (a) localized surface
plasmon resonance (LSPR) effect, (b) electron-hole effect and
(c) conjugation or hyperconjugation effect."® The LSPR effect
occurs when the electrons on the material’s surface exhibit the
same frequency as the photon hitting the surface. When the
oscillation is resonant, the subsequent decay might follow two
alternative pathways: one radiative process re-emits photons
and can lead to light scattering, while during the other non-
radiative process hot electrons - resulting from excitation - are
hypothesized to be translated into thermal energy that rises

This journal is © The Royal Society of Chemistry 2024

the surrounding temperature by the vibration of lattice scatter-
ing."”” The LSPR effect is usually observed in metal nano-
particles®® however, according to recent studies, this effect
might also explain the photothermal mechanism in the specific
case of MXenes.”> Also, the LSPR effect seems to happen,
especially in the near-infrared (NIR) region, which is the region
used for PDT and PTT, thus confirming the promising potenti-
alities of MXenes in the biomedical field. NIR can deeply pene-
trate biological tissues due to the low absorption of NIR light by
hemoglobin and water."” Finally, MXenes have been shown to
exhibit a high extinction coefficient (see Fig. 3B from ref. 20).

3. Toxicity of MXenes towards cells
and bacteria

MXenes have recently attracted interest in the biomedical
field, due to their low toxicity, high biocompatibility, and NIR

Nanoscale, 2024, 16, 18684-18714 | 18687
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absorption capacity.>® At present, MXene-based treatments are
exploited to selectively destroy cancer cells and/or bacteria
cells while limiting damage to healthy tissues.

To achieve a deeper insight into MXenes’ toxicity, a distinc-
tion can be drawn between effects on eukaryotic cells or
against bacteria. However, MXenes cell damage can be owed to
three main mechanisms: (i) nano-knives effect; (ii) response to
reactive oxygen species (ROS); (iii) additional factors (ie.,
surface modification, MXene synthesis method, exposure time,
etc.), see Fig. 4 from ref. 24.

The “nano-knives effect” refers to the sharp shape that
characterizes the edges of bidimensional MXenes’ nanosheets.
Their direct physical interaction results in damage both for the
cellular plasma membrane and bacteria’s wall, as previously
described for other 2D materials such as graphene.*® In the
case of cells, the damage of cells’ membrane can cause the
outflow of cytoplasm in the outer environment.> This effect is
enhanced in the case of few-layers MXenes compared to multi-
layer MXenes. FL-MXs have smaller dimensions, which makes
it easier to enter the cell,**” and the effect is amplified by the
inability of cells to recover from damages caused by high con-
centrations of MXenes.**

The degree of toxicity depends on the cell line used for the
tests, probably due to the different chemical composition and
structure of the cell membrane, which is the main barrier
against MXenes. Likewise in the case of bacteria, the “nano-
knives effect” leads to the breakage of bacteria’s outer
envelopes.

Furthermore, a large interest has recently merged concern-
ing the behavior of MXenes towards ROS species (Fig. 4). IT
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was shown that the chemical constituents of MXenes’ structure
influence the response of MXenes towards radical species,
resulting in two different effects: ROS scavenging and ROS pro-
duction. MXenes tend to produce radicals (such as superoxide
anion O, and hydroxyl radical HO") when they come in
contact with O, and H,0.?® This pro-oxidant effect results to
be increased when MXenes are irradiated with wavelengths
belonging to the NIR spectrum,?® which makes MXenes ideal
candidates for PTT treatment of cancer. ROS species are posi-
tively exploited to specifically address cancer cells, leading to
the damage and destruction of tumors.***

On the other hand, a specific type of MXenes based on
niobium - Nb,CT, and Nb,C;T, - have recently shown the
ability to spontaneously absorb and scavenge a considerable
amount of ROS.*> Regarding bacteria, ROS species exhibit a
different effect depending on the chemical composition of bac-
teria walls of Gram-positive and Gram-negative bacteria. Gram-
negative bacteria (i.e., E. coli) have a peptidoglycan layer fol-
lowed by an outer lipopolysaccharide membrane. This outer
membrane is absent in Gram-positive bacteria (i.e., S. aureus),
that have the peptidoglycan layer as the most external.** Outer
layers play a role in defending bacteria from ROS species pro-
duced in the outer environment. In the case of Gram-positive
bacteria, the peptidoglycan layer efficiently inhibits the
entrance of ROS species, while for Gram-negative bacteria, the
lipopolysaccharide layer shows a higher susceptibility to ROS,
since radicals might initiate radical chain reactions that lead
to the production of endogenous ROS species. Although ROS
species may impact with different intensity on Gram-positive
and Gram-negative bacteria, a recent study showed that the
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effect of few-layer and ML-MX after NIR irradiation is compar-
able both against Gram-positive and Gram-negative bacteria.®

A list of further factors that affect MXenes toxicity com-
prises (i) surface modification: functional groups on MXenes’
surface can result in an increased or decreased toxicity; (ii) the
method of MXene synthesis might induce a toxic effect due to
the presence of residues of etching agents, such as HF; (iii) the
size: smaller MXenes have shown to be more cytotoxic since
they can penetrate cells by endocytosis; (iv) dose and exposure
time.?®

4. Skin repair

4.1. General requirements for skin repair

Skin, whose general structure is depicted in Fig. 5A from ref. 1,
represents the largest organ in the human body, the barrier
between the body and the external environment.** The outer-
most layer of the skin (epidermis) consists of epithelial cells,
although it also includes keratinocytes, melanocytes,
Langerhans cells, and Merkel cells, among others.*> Overall,
the epidermis plays a crucial role in maintaining the body’s
homeostasis by regulating water loss and protecting against
UV radiation and infection. Keratinocytes produce keratin
which prevents water loss due to evaporation while by utilizing
melanocytes the epidermis protects the skin from UV rays.*
Tightly packed layers of keratinocytes, with the presence of
specialized immune cells such as Langerhans cells, contribute
to the skin’s ability to defend against infections. The dermis is
the intermediate layer of skin and is connected to the epider-
mis via the basement membrane composed of collagen,
laminin, nidogenes, and proteoglycans, which form a complex
reticular structure. The dermis provides structural support,
hosts blood and lymphatic vessels, nerve endings, and various
appendages, and is regulated by resident fibroblasts and

(a) (b)
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macrophages.®” Fibroblasts are responsible for the synthesis
and the renewal of extracellular matrix made of carbohydrates
and other molecules secreted by cells such as growth factors,
cytokines, and enzymes, whereas macrophages contribute to
eliminating foreign material and damaged tissue. The deepest
skin layer, the hypodermis, is mainly composed of loose con-
nective tissue and adipose tissue made of adipocytes. This
inner layer provides nourishment through blood vessels that
cope with nutrients and oxygen supply, including the dermis
and epidermis; isolation through adipose tissue, which also
helps to regulate body temperature; and energy reserve for the
body since adipocytes store excess energy in the form of
triglycerides.*

If a skin injury occurs, a four-stage repair process begins,
encompassing the hemostatic, inflammatory, proliferative, and
remodelling stages as shown in Fig. 5B from ref. 1. The exposure
of vascular endothelial cells and the presence of exogenous
molecules in the wound activate the coagulation cascade,
leading to platelet activation, accumulation, and thrombus for-
mation at the injury site.*® The resulting platelet thrombus,
along with fibrin and fibronectin, forms hemostatic insoluble
clots that facilitate the attachment of immune cells. These
immune cells release cytokines and inflammatory factors, which
promote the migration and aggregation of additional inflamma-
tory cells, thereby initiating the inflammatory response.’® In
addition to fostering inflammation and recruiting macrophages,
neutrophils in the area engage in phagocytosis and release reac-
tive oxygen species, antimicrobial peptides, and proteolytic
enzymes to eliminate necrotic tissue and pathogens. As the
inflammatory response progresses, macrophages transition
from a pro-inflammatory to an anti-inflammatory phenotype,
releasing various growth factors that encourage angiogenesis,
fibroplasia, and keratinocyte re-epithelialization.*

During the proliferative stage, keratinocytes, fibroblasts,
and endothelial cells proliferate under the influence of growth
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(A) Anatomical illustration of skin structure. (B) Schematic representation of four steps for wound healing. Reproduced from ref. 1 under
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factors such as Epidermal growth factor (EGF), Fibroblast
growth factors (FGF), and Vascular endothelial growth factor
(VEGF). Fibroblasts synthesize substantial amounts of type III
collagen, proteoglycans, and fibronectin to form an extracellu-
lar matrix, which serves as a scaffold for cell migration and
proliferation.* VEGF induces endothelial cells to migrate to
the injury site and proliferate, forming new capillaries.*” The
capillaries, extracellular matrix, and keratinocytes in the
wound form granulation tissue.

The healing process transitions into the remodelling stage
approximately 2-3 weeks after injury, focusing on the for-
mation of scar tissue. The granulation tissue, primarily com-
posed of type III collagen with low elastic tension, is gradually
replaced by type I collagen, which has higher tensile strength
and is typical of normal skin tissue fibroblasts and collagenase
continuously degrades and regenerates collagen in the granu-
lation tissue, eventually producing a scar with mechanical
strength comparable to normal skin.** Concurrently, excess
capillaries and residual inflammatory cells formed during the
repair process are gradually eliminated through apoptosis, cul-
minating in the formation of scar tissue.**

In summary, ensuring proper neovascularization and regu-
lating the immune microenvironment at the wound site is
essential for rapid skin repair and scarless healing.
Neovascularization is critical for providing nutrients; however,
excessive vascularization can cause adverse effects, worsening
tissue deterioration and leading to scar formation.*®
Additionally, inflammation should be kept under control: early
anti-inflammatory therapy can prevent the accumulation of
local inflammatory cells, inhibit the surge of inflammatory
cytokines, and prevent further damage.*® In this case, the anti-
inflammatory M2 macrophages play a crucial role in inhibiting
the excessive proliferation of fibroblasts and the over-depo-
sition of the extracellular matrix during the later stages of
wound healing.*”

4.2. Wound models

External injuries, due to physical stimuli such as burns, radi-
ation exposure, and blunt force are the most common skin
damage. Different models are available to study wound
healing and the in vitro wound scratch assay consisting of
dermal fibroblasts and/or epidermal keratinocytes grown in 2D
culture plates is the most basic. This method creates a cell-free
region in a confluent cell monolayer using mechanical
(pipette tip, cell scraper, metallic micro-indenter, and tooth-
pick), optical (laser), electrical (electric cell-substrate impe-
dance sensing), or thermal tools.*®

The introduction of the 3R principle and growing concerns
about animal welfare have prompted countries to take action
to reduce and replace the use of animals, particularly in the
pharmaceutical and cosmetic industries. In addition to
numerous laboratory-developed epidermis tissues, commer-
cially available epidermis models are constructed using
primary keratinocytes and scaffolds (Fig. 6 from ref. 49). The
primary purpose of using scaffold materials for in vitro bio-
mimetic epidermal tissue reconstruction is to promote the
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adhesion of basal keratinocytes and facilitate the formation of
the basal layer, thereby enhancing the performance of the
reconstructed biomimetic epidermis tissues. A variety of
scaffold materials have been investigated for this purpose,
including fibrin, collagen, gelatin, glycosaminoglycans, and
decellularized extracellular matrix. However, natural scaffold
materials often suffer from insufficient mechanical properties
and long gelation times. In contrast, synthetic scaffold
materials exhibit more controllable mechanical and physico-
chemical properties. Examples are polyethylene glycol, polylac-
tic acid, polycaprolactone, and poly lactic-co-glycolic acid,
photocurable scaffold materials, such as gelatin-methacryloyl
(GelMA), hyaluronic acid methacrylate, methacrylate silk
fibroin, and poly (ethylene glycol) diacrylate (PEGDA).*°

There are three main categories of 3D epidermis fabrication
techniques: traditional tissue engineering techniques utilizing
transwell chambers, epidermis-on-a-chip techniques based on
microfluidics, and recently emerging tissue engineering tech-
niques that employ 3D bioprinting (Fig. 6). The key distinc-
tions among these three fabrication techniques lie in whether
they involve fluid shear forces and how keratinocytes are
seeded onto the polycarbonate membrane of the transwell
chamber. Traditional tissue engineering techniques involve
manually inoculating keratinocytes into a transwell chamber.
The polycarbonate membrane of the transwell chamber pro-
motes the adhesion of basal keratinocytes and the formation
of the basal layer. By cultivating these epidermal cells at the
air-liquid interface (ALI), an active, multi-layered epidermis
resembling human skin is formed. The ALI facilitates the
differentiation of epidermal cells and the formation of the
stratum corneum.”® Pumpless-guided gravity microfluidic
systems nourish cultures with a membrane, promoting epider-
mal proliferation and differentiation. This process leads to the
development of a functional epidermis with characteristics
like the human epidermis. The epidermis-on-a-chip technique
using a pump-driven dynamic microfluidic system cultivated
human keratinocytes, forming an integrated epidermal struc-
ture similar to normal human skin. This dynamic culture
improved the epidermis’s barrier function. The microfluidic
system with a multi-chamber design enhanced reproducibility.

3D bioprinting enables the creation of a heterogeneous
skin model comprising both the dermis and epidermis using
multiple printing heads equipped with various cell-laden
bioinks which contain cells, proteins, growth factors, and
other bioactive molecules to produce physiologically bio-
mimetic skin models. The extrusion modules produce a fibro-
blast-populated dermis on a functional transwell system.
Subsequently, keratinocytes are evenly distributed on it using
the inkjet module. This straightforward biofabrication method
creates mature skin models with a stratified epidermis similar
in thickness and morphology to human epidermis. These bio-
fabrication tools can be applied to engineer both healthy and
diseased-skin models. After the formation of the full-thickness
(FT) skin on the transwell system, wounding can be created by
automatically inserting a needle at a constant depth and speed
into the tissue.*®

This journal is © The Royal Society of Chemistry 2024
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Pump-driven dynamic flow systems: epidermis on a chip

(A) Illustration of various 3D epidermis creation methods. (A) 3D biomimetic epidermis tissue constructed using inkjet and extrusion printing

techniques. (B) Epidermis-on-a-chip approach utilizing a pumpless, gravity-fed microfluidic system. (C) Epidermis-on-a-chip method employing a
pump-activated dynamic microfluidic system. Reproduced with permission from ref. 49. Copyright 2024 The Authors. Published by Elsevier Ltd.

In vivo wound models facilitate the study of interactions
between multiple cell populations during repair, allow the
investigation of various elements of the healing process, and
enable the selective depletion of specific genes to assess their
impact on wound healing. These models also support the
study of a functional immune system, the creation of multiple
wounds within one animal, and the simulation of different
wound-healing causes such as burns, surgery, and crushing
injuries. The most used species for these studies are rats and
mice, despite there are documented differences between
rodent and human skin structure and physiology. Rats are a
better choice than mice for wound healing studies due to the
differences in skin characteristics. For example, mouse skin is
thinner and has fewer layers of keratinocytes compared to rat
skin, leading to faster wound healing.>°

While rats, mice, and rabbits are common in experimental
dermatological studies, pig skin is considered the most anato-
mically and physiologically similar to human skin, though
more expensive and prone to infections. Excisional wounds are
among the most used wound healing models and are con-

This journal is © The Royal Society of Chemistry 2024

sidered to resemble acute clinical wounds, which require
healing by secondary closure where the skin edges are not
sutured together. Other models include burn or diabetic
wounds. Burn wound healing models can be created either by
water scalding (hot water) or thermal damage (hot metal
plate). Two of the most frequently used models to simulate
impaired healing processes are related to diabetes and nutri-
tional conditions commonly observed in wound care clinics.
Diabetic animal models can be created through chemical or
dietary induction, surgical manipulations, or systemic
mutations such as diabetes/diabetes (db/db) and obese/obese
(ob/ob) mice. Chemically induced type 1 diabetes is usually
achieved by administering drugs like alloxan or streptozotocin.
On the other hand, genetic models allow the investigation of
the natural mechanisms of diabetes without the potential side
effects of chemical treatments. Other systemic factors, such as
metabolic diseases (including metabolic syndrome and
obesity), increase the concentration of ROS and disrupt the
wound healing process and can be used to analyze delayed
wound repair.>°
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5. Current skin treatments based on
MXenes

Despite MXenes being a relatively recently synthesized
material, their applications centered on wound healing and
skin patches have been numerous over 13 years, with more
than ten patents on wound dressing published.>!

Given the multiple biological activities and stimulus
responsiveness of MXenes, many studies have focused on
different diseases, such as diabetic chronic wounds or cancer
treatment. The tables in the following sections summarize the
antibacterial, tissue regeneration, and therapeutic applications
of MXenes-based materials together with their specific sensing

capacity.

5.1. Wound healing

Effective wound healing patches should possess several critical
requirements, including strong antibacterial properties to
prevent infection, the ability to promote neovascularization to
enhance blood supply and tissue regeneration, and the syner-
gistic anti-inflammatory effects to reduce scar tissue for-
mation. Additionally, they should be biocompatible, ensuring
no adverse reactions when in contact with the skin, and
capable of maintaining a moist environment to facilitate
healing. Durability, flexibility to conform to wound contours,
and the ability to deliver therapeutic agents in a controlled
manner are also essential for optimal performance.’

Two fundamental features of MXenes are used in these
applications: the NIR adsorption that induces eventual drug
release or produces PTT effects on bacteria/cancer cells/
immune cells, or the intrinsic MXene-polymer properties, such
as conductivity. Indeed, electrical conductivity improves cellu-
lar repairing properties or can improve antibacterial effects
with or without the combination of NIR effects. Furthermore,
electrical conductivity provides sensor properties of the
patches as described in section 5.%*

In Table 1, the wound healing patches developed for
general purposes are reported. The polymeric structure of the
patches is usually made of polyvinyl alcohol, acrylamide-based
hydrogels, chitosan, sodium alginate and hyaluronic acid,
among many others. Polydopamine (PDA) is also often added
to hydrogels for its photothermal conversion capabilities and
strong adhesive properties, which can be combined with
various organic and inorganic molecules. Furthermore, PDA-
based hydrogels and scaffolds can effectively mimic the extra-
cellular matrix, facilitating cell attachment and growth.

5.1.1. Antibacterial effects in MXene wound dressing.
Antibacterial effects can be achieved by combining MXenes
with amoxicillin,*® silver nanoparticles,”***®” ciprofloxacin,®®
antimicrobial peptides,”® natural antibacterial compounds
such as chitosan® " or ions such as copper whose release can
be spontaneous or obtained upon NIR irradiation.>”>#6%81,88

Among many polymers, chitosan, an exoskeleton bio-
polymer derived from chitin, has garnered significant atten-
tion for its antibacterial properties, which include electrostatic
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interaction and physical damage of bacterial membranes and
metal chelation.?® Chitosan-MXenes have been used to embed
fabric in super-hydrophilic Ti;C,T,-PDA-decorated non-woven
fabric;®" chitosan-Ti;C,-and positively charged cobalt tungsten
nanocomposites have been used to reduce inflammation
during the initial stages of wound healing process while
keeping good antibacterial effects®® and in burn wound
healing.®® In addition, chitosan and MXenes have also been
combined to obtain cryogels® and sponges® with hemostatic
and wound healing properties.

As previously discussed, antibacterial effects of MXenes can
be obtained by direct contact with the nanomaterial or, more
effectively, by a light-triggered production of ROS or local
increase in the temperature, i.e., by PDT or PTT.®”"* In most
of the papers, a power density comprised between 0.2 and 1.5
W em™? for an exposure time of up to 10 (rarely up to 15)
minutes and a wavelength of 808 nm has been used. An excep-
tion is the work of Su et al., which is based on a therapy using
a 980 nm laser with multiple treatments,*® which has been
demonstrated to promote ROS generation.*®

Interestingly, besides exogenous ROS generated by PDT/
PTT, Yang et al. designed a Ti;C, MXene/MoS,-based strategy
to attack the intracellular oxidative stress protection mecha-
nisms of bacteria. The two-step mechanism is based on Mo**
peroxidase (POD)-like activity, which converts hydrogen per-
oxide to 'OH and is oxidized to Mo®". In turn, Mo®" possesses
glutathione oxidase-like activity, which can oxidize glutathione
(GSH) to glutathione disulfide (GSSG) and be again converted
to Mo"". This cyclic Mo**/Mo®" redox pair can significantly
reduce GSH and create a ROS hurricane in bacteria when com-
bined with extracellular PDT-generated ROS. Furthermore, to
avoid the impact of ROS on healthy tissues fibroblast growth
factor-21 (FGF21) has been loaded in the patch to reduce
inflammation and accelerate fibroblast migration and wound
repair in vivo Fig. 7 from ref. 66.

Kang and colleagues also achieved multiple effects exploit-
ing PTT and ROS generation from the wound dressing, using
quaternary ammonium-modified chitosan-sulfonic betaine
acrylamide hydrogel loaded with Ti;C,/Fe nanosheets. The
nanosheets demonstrated both catalase (CAT)-like and POD-
like activities, with MXene’s high conductivity enhancing the
electron transfer rate and facilitating the conversion between
Fe(u) and Fe(ur). The POD-like activity, combined with PTT,
provided potent antibacterial effects, while the CAT-like activity
generated oxygen and alleviated tissue stress. In vivo experi-
ments confirmed that the hydrogel significantly promoted
burn wound healing by supporting granulation tissue regener-
ation, epithelial layer formation, and collagen deposition. The
zwitterionic sulfonate betaine acrylamide component exhibi-
ted excellent antifouling properties, preventing protein adsorp-
tion, bacterial adhesion, and subsequent wound infection.®®

Copper ions have been proven to possess broad-spectrum
antibacterial efficacy, effectively disrupting bacterial cell mem-
branes, generating ROS, and interfering with essential
microbial enzymes and DNA replication. In the work of Liu
and colleagues, copper ions are released in response to NIR

This journal is © The Royal Society of Chemistry 2024
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colour of GSH in different media. (b) Illustrates the percentage of GSH consumption with and without NIR irradiation applied to different materials.
(c) Reaction of GSH with DTNB, giving GSSG and TNB as final products. (d) Images by fluorescence microscopy describing intracellular ROS pro-
duction in different samples. (e) POD-like reaction compared to GSH-like reaction applied for E. coli. Reproduced with permission from ref. 66.
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stimulus from Ti;C, hyaluronic acid hydrogel with photother-
mal antibacterial effects, and concurrently ROS scavenging
and angiogenesis promotion.”” Similarly, PVA/PDA/Ti;C,/Cu$S
hydrogel can exhibit both PTT and PDT activated by NIR with
copper-sustained antimicrobial capacity.>®

Since the bactericidal effect of phototherapy can be time-
limited, Yang and colleagues created an antibacterial fibrous
membrane composed of electrospun polycaprolactone
scaffolds and PDA-coated Ti;C, Ag,PO, bioheterojunctions
(MX@AgP). Under NIR illumination, the MX®@AgP nano-
particles in the nanofibrous membranes exert a strong bacteri-
cidal effect and release Ag' ions, preventing bacteria from mul-
tiplying. When NIR light is removed, PDA reduces Ag" ions to
Ag nanopatrticles, enabling the self-rechargeability of Ag* ions
for subsequent phototherapy (Fig. 8 from ref. 59).

In vivo results demonstrate that photoactivated nanofibrous
membranes can regenerate infected wounds by killing bac-
teria, stopping bleeding, increasing epithelialization, and
inducing collagen deposition on the wound bed, as well as
promoting angiogenesis.>”

The same authors conceived an infection microenvi-
ronment-activated nanocatalytic composed of electrospun poly
(lactide-co-glycolide) (PLGA) scaffolds, Ti;C,T,/Ag,S bio-hetero-
junctions and lactate oxidase (LOx). This system works by the
PLGA membranes gradually degrading into lactate, which LOx
then converts into pyruvic acid hydrogen peroxide (H,O,).
Then under NIR light Ti;C,T,/Ag,S bio-heterojunctions cata-
lyze the H,0, to produce hydroxyl radicals ("OH) via Fenton-
like reactions, achieving rapid and synergistic sterilization in
combination with PTT. In vivo studies show that these mem-
branes effectively transform chronic wounds into a regenera-
tive state by killing bacteria, stopping bleeding, promoting
epithelialization, and enhancing collagen deposition and
angiogenesis.®

Fig. 8
Copyright 2022 Wiley-VCH GmbH.
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5.1.2. NIR-mediated drug release and electrical stimulation
of patches. A previously discussed NIR responsiveness of
MXenes is largely exploited in this field of research. The infra-
red stimulus can be exploited to confer shape memory and
prohealing properties to hydrogel”® or release growth factors,
as previously described for FGF21.°° MXene nanosheets in
polyacrylonitrile/polyvinylpyrrolidone nanobelts together with
a thermosensitive PAAV-coating layer can release vitamin E,
which positively impacts in vivo healing and angiogenesis in
the wound.” Also, adenosine can improve neovascularization
when released from Ti;C, microneedle patch’® or hepatic
growth factor (hGF) can improve migration of cells towards the
wound via the c-Met-mediated signalling after NIR irradiation
of MXene-agarose patch.”

Electrical stimulation (ES) of the patch can be exploited in
multiple phases during wound repair. In the early phase of
inflammation, ES induces cytokine production and recruit-
ment of immune cells. During the inflammation phase, a
certain degree of improvement of antibacterial effects can be
achieved by ES; the edema that might form in the wound can
be decreased, and the fibroblasts, endothelial cells, and epi-
thelial cells, are stimulated to migrate in the damaged tissue.
Finally, scar tissue thickness can be diminished by ES.**

Examples of uses of ES to accelerate skin repair by exploit-
ing MXenes electrical conductivity include alginate dialde-
hyde-gelatin,”® bacterial-derived cellulose and Ti;C,T,”" or
electrospun PCL-gelatin-6 TizC,T, membranes.”” In the latter,
a double tissue repair-antibacterial effect was achieved with a
significant promotion of wound healing compared to the com-
mercial Tegaderm patch. Also, Ti;C,T, hydrogels composed of
chitosan and PVA modulated cell behavior and provided ES
antimicrobial capacity under ES at 1 V with good biocompat-
ibility and wound healing after 14 days of treatment.”®> Feng
and colleagues demonstrated that external ES of skin wounds

MXene/Ag,PO,

Electron trap
©
a0\
0 @
5o, )
Qo

S o,

Enhanced O,
adsorption

Ilustrates the electron transition process initiated by NIR irradiation of MXene/AgsPO, material. Adapted with permission from ref. 59.
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treated with Ti;C,T, polyvinylidene fluoride electrospun fibers,
allows the repairing of skin or oral defects, however even the
physiological current is sufficient for oral mucosa healing with
the same treatment, due to the not significant differences in
gel with or without ES in the latter case.”

Concerning the combination of NIR and ES, a Ti;C,T, acid
acrylic ionic gel enhanced skin wound healing due to combined
NIR antibacterial effects on E. coli and S. aureus and increased
cell migration due to ES in infected mice.”* In this study, while
the inflammation and necrotic tissue were evident in the wounds
in the control, only the combined ES and PTT, decreased the
margins of the wound with enhanced collagen deposition, lower
expression of TNF-a and upregulation of FGF-2.

5.1.3. Proangiogenesis and antiinflammatory effects.
Angiogenesis is modulated by several signalling molecules,

VMP
Emm Sonication & ",, :
- »
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with vascular endothelial growth factor A (VEGFA) represent-
ing the central signal to stabilize new vessels and control
their permeability by binding to VEGF receptors. Several
ions can elevate neovascularization by upregulating VEGFA
expression and stabilizing hypoxic inducing factors 1a
(HIF-1a) expression (endogenous pathway); on the other
end, supply of VEGFA or biomimetic peptides - known as
VEGFA-mimicking peptides (VMPs) - can activate receptors
via exogenous pathway.®! In recent work, Li and colleagues
exploited the double activation of both VEGF pathways for
ischemic wound healing using MXene, copper sulfide (CuS),
and VMP obtaining vascularization capabilities thanks to
copper-facilitated VEGFA secretion from fibroblasts, endo-
thelial cell proliferation and migration, leading to increased
angiogenic effects (Fig. 9). Furthermore, PTT and PDT bac-

i [

KKLTWQELYQLKYKG!

Ti,AIC, phase (MAX)  Multi-layered MXene Single-layer MXene CuS/MXene CuS/MXene@VMP
C® T.OF® A@® TiClayer [l Allayer [l VMP peptide «* %, sec =

Fibroblast

Antibacterial and angiogenic
bio-heterojunctions
(2A bio-H.

“‘f%g"m‘} bisﬂmul?lnry )strahegy
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ERK 1/2

eNOS

\Vascular,
permeability.
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Fig. 9 Synthesis of Cu/MX@VMP 2° bio-HJ system for antibacterial treatment (a) and wound healing (b). Reproduced with permission from ref. 81.
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tericidal activities have been observed in an in vivo model of
ischemic infected wound.®!

VEGF release has been also exploited for large-scale defects
restoration via skin flap technology based on 3D-printed Ti;C,
N-isopropylacrylamide (NIPAM)-alginate scaffold. Skin flaps
are used in large trauma, tumor, or congenital defects but
suffer from necrosis due to poor blood supply and this paper
is one of the few examples of 3D printed MXene scaffold. With
the NIR-mediated increase in temperature, the VEGF release
has been controlled using reversible shrinkage/swelling pro-
perties and obtaining low inflammation and wound healing
in vivo.®*

Electrospun PLGA fibers loaded with Ti;C, nanosheets and
VEGF-silica nanoparticles spin-coated with dopamine-hyaluro-
nic acid hydrogel were used to obtain an immune-controlling
band-aid that avoided excessive immune stimulation and scar
formation. The NIR irradiation at 808 nm induced the release
of VEGF, while the hydrogel continuously produces diallyl tri-
sulfide and H,S promoting polarization of macrophages
towards the anti-inflammatory M2 phenotype. The macropha-
gic release of anti-inflammatory cytokines regulates the
immune microenvironment at the wound site while the scar is
kept vascularized via the VEGF-controlled release.®°

Neovascularization and synergistic anti-inflammatory
effects have also been obtained when combining deferoxamine
mesylate and acetylsalicylic acid with MXene NIR responsive
electrospun Poly(i-lactide) nanofibers.””

Normal Wound Microenvironment
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Anti-inflammatory effects are essential for the treatment of
psoriasis disease when the hyperproliferation of keratinocytes
and infiltration of inflammatory cells into the epidermis
induce skin thickening. Photo-thermally dissolvable hyaluro-
nic acid microneedle patch has been demonstrated to be
useful for the release of IL-17 mAbs thanks to the NIR acti-
vation of Ti;C, MXenes in the hydrogel.*> The combination of
patch loading with MXenes and IL-17 mAbs irradiating by NIR
showed a decrease of inflammatory cytokines such as IL-17,
IL-6, IL-22, IL-23a, and IFN-y. This result demonstrated that
the patch loaded with MXenes activated by NIR can inhibit epi-
dermal proliferation and alleviate psoriatic skin inflammation.
Interestingly, MXene combined with multi-walled carbon
nanotubes sensors can also be exploited for psoriasis screen-
ing of the metabolic fingerprint with laser desorption/ioniza-
tion-mass spectrometry.’”

5.2. Chronic and diabetic wounds

Currently, approximately 537 million people worldwide are
living with diabetes, and around 25% of these individuals
eventually require surgical amputation.”® Due to their unique
microenvironment, diabetic wounds are more prone to infec-
tion and are challenging to heal. The four phases of normal
wound healing can be disrupted or delayed in diabetic patients
(Fig. 10) since biochemical disorders including hyperglycae-
mia, dyslipidaemia, and insulin resistance, lead to tissue
damage, excessive inflammation, and destruction of tissue.

Diabetic Wound Microenvironment

R i d Inflammato Blood »,
~ @ Fibrocyte -+« VEGF @ ol ry .MMpg )glucose g Macrophage :,Glucose *ROS,

Fig. 10 Microenvironments in normal wound (left) and diabetic wound (right). Reproduced with permission from ref. 95. Copyright 2022 The

Authors. Published by Elsevier Ltd.
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The abnormal function of immune cells hampers the suppres-
sion of inflammation, significantly increasing the suscepti-
bility to infection. Once a chronic wound becomes infected,
persistent inflammation maintains a cycle of infection, inflam-
mation, and inadequate repair. Furthermore, studies indicate
that excessive oxidative stress and reduced antioxidant capacity
are key factors in the non-healing of diabetic wounds. The
balance between pro-angiogenic and anti-angiogenic factors,
crucial for maintaining blood vessel perfusion to deliver nutri-
ents and oxygen, is disrupted. This results in reduced angio-
genesis and nerve cell dysfunction. In addition to hyperglycae-
mia, a reduction in several neuropeptides associated with
neuropathy impairs vasodilation and angiogenesis, leading to
ischemia.*

Unlike normal wounds, diabetic wound infections often
involve multiple drug-resistant bacterial species. Increasing
evidence points to microbiome dysbiosis in the skin of dia-
betics, with higher colonization of S. aureus and S. epidermidis.
Bacteria such as Staphylococcus and Streptococcus produce
proteolytic factors that disrupt the skin barrier, with S. aureus
potentially spreading infections to the bone and bloodstream.
Unfortunately, systemic antibiotics have limited effectiveness
in chronic wound sites, especially when a bacterial biofilm is
present.”®

In Table 2 the specific MXenes-based solutions for diabetic
wounds are summarized.

Multifunctional scaffolds with self-healing and tissue
adhesive features, electrical conductivity, antibacterial activity
and rapid hemostatic capability are represented by TizC,T,
PDA hyaluronic acid scaffolds, that also have anti-inflam-
mation effects, promoting cell proliferation, and angiogenesis,
stimulating granulation tissue formation even in MRSA
infected mice.”” Also based on hyaluronic acid, the micronee-
dle patch containing Tiz;C, can eradicate MRSA infection
in vivo using photothermal treatment.”®

The active ingredient extracted from Salvia miltiorrhiza
cryptotanshinone has both anti-inflammatory/antioxidant
effects and antibiofilm effects and has been demonstrated to
be extremely effective on MRSA-infected mice when combined
with the PTT with Ti;C, PDA hydrogels.*®

To reduce the contribution of inflaimmatory response an
injectable self-healing alginate hydrogel containing Ti3C,T,
has been combined with antioxidant ultrasmall ceria CeO,
and applied to treat MRSA-infected skin in rats using Pluronic
F127 as a crosslinker. The scaffold possesses multifunctional
properties including fast haemostatic capacity improved
migration and cell proliferation when electrically stimulated
(in vitro test) and re-epithelialization compared to commer-
cially available Tegaderm 3M films and Aquacel Ag."*® Genetic
analysis of CeO,/Nb,C photothermal effects on ampicillin-
resistant E. coli and S. aureus (MRSA) in diabetic mice dis-
played dysfunction in energy metabolism, cell morphology,
and oxidative stress systems of photothermally treated
bacteria.'®"

Also based on alginate, poly(N-isopropyl acrylamide)-algi-
nate Ti;C,-wrapped Fe;0,@SiO, magnetic nanoparticles can

This journal is © The Royal Society of Chemistry 2024

In vivo wound healing for chronic and diabetic infections

Table 2

Triggering

Antibacterial mechanism/

tested species

Ref.

mechanism/sensor

In vivo model

Tissue Regeneration/therapeutic effects/other

Composition

97

MRSA-infected mice

Wound healing, anti-inflammatory and

haemostatic effects

E. coli, S. aureus and methicillin-
resistant S. aureus (MRSA)
E. coli, S. aureus MRSA

Ti;C,Ty, poly(glycerol-ethylenimine), PDA,

oxidized hyaluronic acid
TizC,, hyaluronic acid

98

NIR-mediated PTT

MRSA-infected

SD rats

Controlled ROS effects, re-epithelialization,

increased collagen deposition, and angiogenesis
and inhibition of pro-inflammatory factors

PDA has ROS scavenging effects to promote

929

NIR-mediated PTT

MRSA- infected

Cryptotanshinone + NIR,

Ti;C,T, cryptotanshinone, PDA
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TizC,-wrapped Fe;0,@SiO, magnetic nano-
particles poly(N-isopropyl acrylamide)-algi-

TizC, Ty, CeO,, polyethylenimine oxidized
nate hydrogel

sodium alginate injectable hydrogel
Ti;C,, acrylic acid methacrylamide dopa-

TizC, hyaluronic acid, PDA hydrogel
mine hydrogels

Nb,C, CeO, nanocomposite
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release silver ions due to thermal shrinkage after NIR
irradiation and induce the repair of the wound in diabetic
rats.®® In vivo studies revealed that the system irradiated with
NIR enhanced wound healing, antibacterial activity and angio-
genesis. Immunohistochemistry analysis showed an increase
of CD163 markers in hydrogel loaded with silver nanoparticles
and irradiated with NIR, compared with controls and non-irra-
diated hydrogel. CD163 positivity demonstrated an increase in
the M2 macrophages population in the system which produces
anti-inflammatory cytokines and promotes tissue regeneration.

Hyaluronic acid PDA-coated TizC, nanosheets have been
developed through the oxidative coupling of catechol groups
catalyzed by the H,0,/HbO, system.'®> The DA enhances HA
tissue adhesion, which helps to prevent bacterial invasion,
maintain moisture, and achieve haemostasis. Additionally, the
DA molecules impart anti-inflammatory properties to the
HA-DA-based hydrogels by regulating macrophage polariz-
ation, promoting skin reconstruction. HbO, serves dual func-
tions: it acts as an HRP-like enzyme to catalyze hydrogel for-
mation and as an oxygen carrier to control oxygen release,
stimulated by heat from NIR irradiation. Ti;C, MXene
nanosheets convert NIR into heat, kill bacteria, and scavenge
ROS to maintain intracellular redox balance and alleviate oxi-
dative stress.

This injectable hydrogel accelerates the healing of infected
diabetic wounds by supplying oxygen, scavenging ROS, eradi-
cating bacteria, and promoting angiogenesis and M2 macro-
phage-polarization.'%*

Similarly, sponge-like macro-porous acrylic acid methacryla-
mide dopamine hydrogels containing Ti;C, MXene can also
reduce inflammation and facilitate water/air transport whit
long-term antibacterial effects, remarkably on S. epidermidis,
which has been rarely studied in MXene skin wound repair
devices. Possessing high ROS scavenging capacities (96%
scavenging ratio at 120 minutes) the wound closure rate
increased from 39% to 81% within 7 days with increased
neoangiogenesis due to VEGF and TGF-p1 expression.'®

Even if not specifically mentioned in this paragraph, other
MXene-based solutions have been tested against multidrug-
resistant species, though not precisely for wound healing
applications.'®*"1%¢

5.3. Wound healing for cancer treatment

With the increasing incidence of cutaneous melanoma, there
is a growing focus on understanding the best surgical treat-
ment strategies. The primary recommended standard of care is
wide local excision surgery, where the tumor is removed with a
margin of clinically unaffected skin. However, less than 1% of
the surgical margin is examined, leading to significant recur-
rence rates. As a result, alternative surgical methods, such as
Mohs micrographic surgery (MMS), have been proposed since
it conserves tissue while examining nearly 100% of the
margin. MMS is particularly suitable for skin tumors with a
high likelihood of recurrence and for cancers located in areas
where preserving skin is critical. When a lesion is relatively
large, especially on the face, it is more likely that a flap or graft

18700 | Nanoscale, 2024, 16, 18684-18714
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would be necessary, making MMS the preferred excision
method."***'* To kill remaining cells and/or boost the
immune system, radiotherapy (RT) can be used to induce DNA
damage in cancer cells. Adjuvant RT to the primary lesion is
typically recommended for patients at high risk of recurrence,
particularly those with desmoplastic neurotropic melanoma
and lesions in the head and neck region. Other indications for
adjuvant RT include tumors thicker than 4 mm, the presence
of ulceration, satellitosis, positive surgical margins, and
mucosal origin.""* RT is also considered a viable alternative to
surgery for medically inoperable patients, those who refuse
surgery, or when surgery might result in poor cosmetic out-
comes.'™ Imiquimod-based treatment therapy can also be
exploited for local treatments since it can penetrate the epider-
mal barrier, and act as an agonist for Toll-like receptors, which
initiate the innate immune response and bridge to adaptive
immunity. Additionally, imiquimod can be used as a neoadju-
vant, adjuvant, or complementary therapy.'**

As described in section 1, MXene-based PTT impairs both
bacteria and cancer cells. Besides systemic MXene-based mela-
noma drug delivery systems based on photothermal effects''?
or delivery of molecules such as pH-sensitive quercetin TizC,T,
nanoparticles,’*® local melanoma treatment with MXene-
based patches has been proposed by a few groups, as summar-
ized in Table 3. Dong and colleagues created a Ti;C,T, doxo-
rubicin-loaded agarose hydrogel for infrared-mediated release
of chemotherapeutic that efficiently killed mouse melanoma
cells in vitro after 5 minutes at 808 nm,.'®” TNF-a can be also
released from MXene-agarose gels to obtain NIR light-control-
lable pro-apoptotic signalling in cancer spheroids (HCT116
cells).”*

Since many devices possess unequal thermal distribution
between the upper part and the lower part that contacts skin,
Ding and colleagues designed a Ti;C,T, gelatine PLA mem-
brane with advanced thermal management during NIR
irradiation.'®® The MXene coating on the upper surface gener-
ated heat, which was efficiently transferred to the lower surface
due to the superior thermal properties of MXene and its ability
to enhance infrared thermal radiation. The improvement of
the unidirectional thermal conductivity allowed for NIR-
mediated antibacterial effects even against antibiotic-resistant
species, cancer treatment, and wound healing at the same
time.

An electrostimulation-augmented photothermal patch (eT-
patch) comprising poly (acrylamide-co-acrylic acid) TizC,T,y
hydrogel has been developed by Ju and colleagues (Fig. 11
from ref. 117). eT-patch is transparent and biocompatible with
healthy tissues and can trigger apoptosis and pyroptosis in
melanoma cancer cells both in vitro and in vivo."® Similarly,
Zheng et al designed a multi-responsive electronic skin
(e-skin) for on-demand drug delivery, designed to facilitate
melanoma postoperative therapy. The e-skin has been con-
structed using a natural porcine dermal matrix, MXene
nanosheets, silver nanowires, and mesoporous hollow silica
microspheres for doxorubicin drug-loading. e-skin exhibits
responsiveness to temperature, pH, and electric stimulation,

This journal is © The Royal Society of Chemistry 2024
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Table 3 Cancer Wound dressing using MXenes
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Antibacterial

mechanism/tested Tissue regeneration/therapeutic
Composition species effects/other Triggering mechanism/sensor  Ref.
Ti3C,T, doxorubicin agarose hydrogel . Mouse melanoma cells (B16-F10) Infrared mediated thermal 107

killing mediated by Dox

Ti;C, agarose/HgF, Agarose/TNF-o —

Wound healing, anticancer effects

increase and release of drugs
from the hydrogel
NIR-mediated release of drugs 91

(subcutaneous HCT116 tumours in
mice)

E. coli and S. aureus
MRSA

Ti;C,T, PLA gelatin electrospun
nanofibers

Cancer treatment (subcutaneous
B16F10 tumours in mice), wound

Photostimulation 108

healing (rats) and antibacterial
effects

Ti;C,T, Poly (acrylamide-co-acrylic acid) — —
hydrogel, eT-patch

Melanoma treatment via
photothermal and ES in melanoma-

Photostimulation ES 109

bearing C57BL/6] mice model

Porcine acellular dermal matrix (PADM),
MXene, silver nanowires (AgNWs),
doxorubicin microspheres (TSOHSiO,
@Dox), PADM-MX-Ag-Si@Doxe-skin

AgNWs and MXene
efficacy against,
S. aureus and E. coli

Melanoma post-operative therapy
(anticancer effects of Dox) and
wound-healing acceleration in
C57BL/6 mice

Doxorubicin release Triggered 84
by body temperature, pH, ES
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Fig. 11 eT-patch used for PTT treatment combined with ES. The patch is made up of ionic gel doped with MXene's nanosheets (TizC,T,).
Reproduced with permission from ref. 117 under Creative Common license.

enabling controlled drug release with strong antibacterial
effects against S. aureus and E. coli and support of electro-
physiological activities that enhance wound healing and thera-
peutic control while monitoring pH changes, cell proliferation,
and tumor size (Fig. 12 from ref. 84).

6. Combined wound healing and
sensing

Wearable sensors based on MXenes are numerous and have
been discussed in other excellent Reviews.''®'?? In this
section, we will focus on sensor systems such as hydrogels,

This journal is © The Royal Society of Chemistry 2024

microneedles patches, or fabric that also have specific activi-
ties for skin wound healing, summarized in Table 4.

As discussed in the previous section, in cancer wound
healing devices such as et-Patch or e-skin, the antibacterial or
regenerative effects can be combined with wearable sensors,
with MXenes offering improved conductivity and controllable
responsiveness to NIR for drug release, or capability of local
Es.84,109,123

Ti;C,T, nanosheets deposited on cellulose nonwoven fabric
exhibit sensitive and reversible humidity response enabling
wearable respiration monitoring. They can also serve as low-
voltage thermotherapy to kill S. aureus in rat skin wounds and
enhance wound healing when electrically stimulated."**

Nanoscale, 2024, 16, 18684-18714 | 18701
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In the AgNPs/Ti;C,T, guar gum and phenylboronic acid
grafted sodium alginate hydrogel for cardiovascular and
muscle-related diseases diagnosis and wound repair, besides
the improved mechanical strength and conductivity, an
effective rheological self-healing property, with ductility and
stretchability has been achieved (Fig. 13 from ref. 133). This
hydrogel degraded within 45 days in PBS and had no evident
cytotoxicity. The hydrogel had antibacterial effects due to the
embedded silver nanoparticles with in vivo wound repair
demonstrated after 12 days. When a wearable epidemic
sensor was produced with the hydrogel, it recorded wrist
bending motions, pulse performance, and electrophysiologi-
cal signals (such as ECG and EMG signals) with a higher
signal-to-noise ratio than commercial electrodes.®® TizC,Ty-
based sensor with silver-mediated antibacterial effects can
respond to electrical stimuli that enhance wound healing
even in diabetic rats, while providing electromechanical
responsiveness. The hydrogels maintained stability and func-
tionality over 100 cycles of pressure and strain, indicating
excellent mechanical and electrochemical reliability. The
incorporation of MXene nanosheets and zwitterions in the
hydrogel forms conductive pathways, enhancing the resis-
tance changes under stress, which contributed to their high
sensitivity.?”

Recording patient movement can be beneficial for wound
healing monitoring and prompt intervention. A microneedle
Ti;C,T,-based patch with a geometry inspired by Shark Tooth

18702 | Nanoscale, 2024, 16, 18684-18714

or intestinal wrinkles was reported by Gao and colleagues
using a two-step method that envisaged MXene solution
pouring on a pre-stretched silicone rubber mold modified with
laser patterned conical grooves (Fig. 14 from ref. 134). Silk
fibroin, polyurethane, and silk protein spidroin were then
poured as a supporting substrate. This elastic film was sensi-
tive to motion when attached to human skin thanks to MXene
electrical conductivity and demonstrated in vivo wound
healing effects mediated by NIR-controlled release of human
epidermal growth factor (hEGF)."**"**” The same technique for
microneedle synthesis was used to obtain a patch capable of
pH, glucose, and motion monitoring."*>™**” Ti;C,T,, silk spy-
droin and aloe vera gel have been 3D-printed or used as temp-
erature microneedle NIPAM sensors to repair and/or monitor
wound healing in mice.'*®

MXenes have been also combined with graphene to obtain
a multifunctional hydrogel scaffold made of chitosan/human-
like collagen composites along with the 2D materials. The
hydrogel induced hemostasis, moisture permeability, mechan-
ical flexibility, electroactivity, and self-healing capabilities and
promote healing through the delivery of electrical signals to
the wound."*

Due to their self-powered capabilities, Triboelectric nano-
generators (TENGs), which are miniature self-powered devices
that can harvest mechanical energy from body movements
such as breathing, heartbeat, and limb motions, and convert it
into electrical energy have garnered significant interest in

This journal is © The Royal Society of Chemistry 2024
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wearables devices. The TENG Ti;C, skin sensor made with
gelatin and Ecoflex has both NIR and electroactive properties
that have been combined in vivo for mice wound healing.'*° In
the electrically stimulated mice group, the wound area is
reduced significantly — in association with new blood vessel
formation and both the collagen fiber content and hair follicle
density are increased. The use of another TENG band-aid
made with PVA/Ecoflex/Ti;C,T,/borate/gly(glycerol) hydrogel
repaired diabetic rat full-thickness wounds.?® Furthermore, it
was found that the hydrogel’s mechanical strength increased
compared to the control, and cell proliferation rate was
enhanced by ES. In vivo experiments on diabetic rats showed
that wounds treated with the Band-Aid healed faster compared
to the control group. TizC,T, PDA silver poly(acrylamide-co-sul-
fobetaine methacrylate) stretchable and biocompatible hydro-
gel has also been designed to achieve both sensing and wound
healing in diabetic rats. The hydrogel has been enriched with
silver ions to kill S. aureus and E. coli."*' The sensing capabili-
ties have been tested for finger and elbow bending, knee

18704 | Nanoscale, 2024, 16,18684-18714

bending while walking, jogging, and running, and long-term
heartbeat monitoring in rats.

As depicted in section 4.2, diabetic wounds remain in a
hyperglycaemic environment for extended periods, leading to
prolonged oxidative stress at the wound site and significantly
higher levels of H,0, and glucose in the microenvironment.
Consequently, a hydrogel that responds to ROS and glucose
has been designed using a phenylboronic acid-modified flax-
seed gum and PVA to form a dynamic phenylboronate ester.'*>
This hydrogel has been enriched with a blend of PDA-grafted
MXene, chlorogenic acid, r-ascorbate-2-phosphate trisodium
salt, and exosomes derived from adipose-derived stem cells.
The catechol structure in PDA imparts strong wet tissue
adhesion, while chlorogenic acid provides antioxidant and
antibacterial properties. This combination, along with stimuli-
responsive exosome release, accelerates healing, promotes
wound angiogenesis, and reduces ROS and inflammatory
responses. It has been shown that this ROS/glucose-responsive
hydrogel system can reduce ROS and inflammatory responses

This journal is © The Royal Society of Chemistry 2024
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reserved.

by repairing the electron transfer chain, thereby promoting
skin damage repair in a mouse model of type I diabetes as
shown in Fig. 15 from ref. 132.

7. Future perspectives

We have described many examples of treatment based on
MZXenes, from chronic wounds to diabetic, and cancer
wounds. Some applications for other skin conditions exist and
might be treated with MXenes in the future. For example, psor-
iasis topical treatment can help to protect the affected skin
from further irritation and scratching, which can inhibit infec-
tion and promote healing. Additionally, the development of
new wound dressing technologies might help to maintain
moisture in the skin, reducing dryness and flakiness. However,
there is a lack of MXenes-based antibacterial bandages specifi-
cally designed for psoriasis. Psoriasis therapies include chemi-
cal agents, corticosteroids, and stem cell transplantation but,
so far, only IL-17 monoclonal antibodies (mAbs) have been
used specifically for psoriatic treatment in combination with
MXenes.*

Also, atopic dermatitis, a skin condition dependent on
Th2-cells, cytokine, immunoglobulin E, and eosinophilic
responses might benefit from MXene regulation of immune
response.’*"*® As an example of immune regulation by
MXene nanoparticles, vanadium carbide (V,C) MXenes rep-

This journal is © The Royal Society of Chemistry 2024

resent enzyme-mimic nanomaterials with adjustable ROS-
scavenging catalytic activity. When combined with DNase-I
they can disassemble biofilms and reorientate neutrophil func-
tions. Indeed, V,C ROS scavenging reduces the release Of
NETs from neutrophils by inhibiting the ROS-neutrophil elas-
tase/myeloperoxidase-peptidylarginine deiminase 4 pathway
and enhances the phagocytic activity of neutrophils through
activating the ROS-PI3K-AKT-mTOR pathway, thereby skewing
neutrophils from NETosis toward phagocytosis. Besides, with
the remodelling of the microenvironment, DNase-I activity is
maintained for long-term, augmenting its penetration depth
in biofilms, thereby completely degrading eDNA and NETs.
Biofilm lysis further facilitates the functional conversion of
neutrophils and accelerates the elimination of bacteria and
biofilm debris through phagocytosis in diabetic wounds
(Fig. 16 from ref. 139).

Melanoma treatment has been proposed with doxorubicin,
but other drugs might be combined with MXenes patches to
create new regenerative therapies. Indeed Electrochemotherapy
(ECT) is one of the applications of electroporation (EP) and is
currently employed in clinical practice to treat cutaneous and
subcutaneous tumors, particularly melanoma. The combi-
nation of EP with chemotherapy significantly reduces the need
for surgical intervention, allows for localized cancer treatment,
lowers the required drug dose, and minimizes the side effects
of systemic chemotherapy."*® ECT enhances drug delivery by
using EP to destabilize the cell membrane, facilitating drug

Nanoscale, 2024, 16, 18684-18714 | 18705
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permission from ref. 132. Copyright 2024 Elsevier B.V. All rights reserved.

diffusion into the cells and thereby enhancing the local cyto-
toxic effect. Two cost-effective agents commonly used in ECT
are bleomycin and cisplatin, both of which have demonstrated
significant  tumor reduction in  malignant
melanoma.'*"'*” In melanoma patients receiving anti-PD1
immunotherapy with pembrolizumab, ECT has been shown to
enhance local response and tumor control on cutaneous
metastases without significant toxicity. The application of elec-
tric pulses also generates ROS, which plays a role in the cell
death signalling cascades, further stimulating the innate
immune system.'*> ECT and bleomycin-cisplatin combination
might be a future therapy to test exploiting NIR-mediated
release from MXene hydrogels together with their electrical
conductivity. Injectable MXene hydrogels might also be
exploited with unresectable, recurrent, or refractory melanoma
with cutaneous, subcutaneous, or nodal metastases. Include

size

18706 | Nanoscale, 2024, 16, 18684-18714

intralesional injection of oncolytic viruses, such as
Talimogene laherparepvec (T-VEC), the first genetically modi-
fied herpes simplex virus-1-based oncolytic Food and Drug
Administration (FDA) approved immunotherapy. This intratu-
morally injectable drug is engineered to preferentially replicate
within tumors and stimulate antitumor immune responses
both locally and systemically.'** Finally, the treatment of non-
melanoma skin cancer has not been studied, as an example
MXenes might be exploited in combination with drugs such as
retinoids."**

Bacterial infections of the skin are commonly caused by
species, with  Staphylococcus  aureus  and
Streptococcus pyogenes being the most prevalent. S. aureus,
including MRSA, is notorious for causing abscesses and
wound infections, while Streptococcus pyogenes is fre-

quently associated with conditions such as erysipelas and

various

This journal is © The Royal Society of Chemistry 2024
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Reproduced with permission from ref. 139. Copyright 2023 Wiley-VCH GmbH.

scarlet fever. Though many patches have been tested against
S. aureus and E. coli, other bacterial species have been
poorly tested, future MXenes research might focus on S. pyo-
genes as well as fungal species responsible for dermatologi-
cal infection.'®

It is also important to consider that all tests conducted so
far have been performed in vivo on mice or rats. However, the
principle of the 3Rs advocates for the replacement of animal
testing with more sustainable in vitro models,**® including 3D
bioprinting and lab-on-a-chip  testing technologies.
Incorporating these advanced in vitro models in the field of 2D
materials can enhance the precision and ethical standards of
research, potentially accelerating the development of effective
treatments while reducing reliance on animal models (see
section 2).

Although there have been advancements in wound monitor-
ing, the development of techniques based on artificial intelli-
gence (AI) of the dressing itself is still lacking."*” In 2022,
Kalasin and colleagues focused on the development of a
binary wearable system that integrates an Al-guided sensor

This journal is © The Royal Society of Chemistry 2024

with a smart, battery-free bandage for chronic wound monitor-
ing."*® The Ti;C,T, MXene-based system tracked the skin
healing stages of participants with pruritic conditions treated
with topical corticosteroids. The healing process was classified
into three phases: inflammation, proliferation, and remodel-
ling, using pH-responsive voltage as a key indicator. Real-time
data from the wearable sensor were processed through a deep
artificial neural network algorithm and the wearable sensor
displays the healing progress on an integrated LCD screen.
The system demonstrated a 94.6% accuracy in recognizing
healing stages and provided efficient real-time monitoring of
treatment efficacy in patients with various skin conditions, i.e.,
allergic skin rash, urticaria, psoriasis, and chronic dermatitis
(Fig. 17 from ref. 148).

In the near future, the Al-based wound dressing might
itself possess antibacterial or electrical stimulating properties
for wound healing. Also, new research may directly print
MXenes wound dressing on patients using in situ bioprinting
with robotic arm following the 3D tissue morphology by a
scanning software.'*%*>°
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8. Conclusions

This review emphasizes the potential of MXenes in revolutio-
nizing skin wound healing through their unique multifunc-
tional properties. The development of MXenes-based hydro-
gels and patches has demonstrated significant advance-
ments in antibacterial efficacy, tissue regeneration, and real-
time monitoring capabilities. These materials not only
enhance the healing process but also provide a robust
framework for integrating sensors that monitor critical
wound parameters. Future research should focus on opti-
mizing the synthesis and functionalization of MXenes to
further improve their biocompatibility and therapeutic
efficacy. The promising results from in vivo experiments
highlight the need for clinical trials to validate the safety
and effectiveness of MXenes-based treatments. Ultimately,
the incorporation of MXenes into advanced wound care
solutions holds great promise for addressing the challenges
of chronic and non-healing wounds, offering a new horizon
in biomedical applications.

18708 | Nanoscale, 2024, 16,18684-18714
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