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MXenes, a novel class of two-dimensional materials, have recently emerged as promising candidates
for biomedical applications due to their specific structural features and exceptional physicochemical and
biological properties. These materials, characterized by unique structural features and superior conductivity,
have applications in tissue engineering, cancer detection and therapy, sensing, imaging, drug delivery,
wound treatment, antimicrobial therapy, and medical implantation. Additionally, MXene-based composites,
incorporating polymers, metals, carbon nanomaterials, and metal oxides, offer enhanced electroactive and
mechanical properties, making them highly suitable for engineering electroactive organs such as the heart,
skeletal muscle, and nerves. However, several challenges, including biocompatibility, functional stability, and
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scalable synthesis methods, remain critical for advancing their clinical use. This review comprehensively
overviews MXenes and MXene-based composites, their synthesis, properties, and broad biomedical
DOI: 10.1039/d4tb02834a applications. Furthermore, it highlights the latest progress, ongoing challenges, and future perspectives,

aiming to inspire innovative approaches to harnessing these versatile materials for next-generation medical
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1. Introduction

Researchers have long been fascinated by biological structures
with intriguing functions, which have motivated the develop-
ment of various innovative nanomaterials. Beyond their
enhanced features, recent materials science and engineering
advances have created bioinspired nanostructures with multi-
functional capabilities. Researchers have designed structures
with distinct physicochemical properties by leveraging biomi-
metics and bioinspired materials derived from nature.

Two-dimensional (2D) materials have become a prominent
area of interest in materials science, particularly following the
discovery of graphene and its remarkable characteristics.””
MXenes, transition metal carbides, nitrides, and carbonitrides
represent a new class of 2D materials that have recently
garnered significant attention.®’

Due to their intriguing properties—such as exceptional
electrical conductivity, elastic mechanical strength, hydro-
philicity, and chemical stability—MXenes and MXene-based
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composites have been extensively researched for a wide range
of applications, including tissue engineering, regenerative
medicine, biological imaging and sensing, gene and drug
delivery, water desalination and treatment, and cancer
therapeutics.® 2

MXenes are produced by etching the ‘A’ layer element from
MAX phase ceramics. They combine hydrophilicity and adap-
table surface chemistry with surprisingly high conductivity,
surpassing other solution-processed 2D materials."® Despite
extensive research on biomedical applications, conventional
organic compounds with acceptable biocompatibility and bio-
degradability have seen limited development for clinical use
due to their poor thermal and chemical stability and limited
functionality."*'> However, 2D structures developed through
top-down techniques (such as ion exchange, ultrasonic exfolia-
tion, and micromechanical exfoliation) and bottom-up techni-
ques (including ion exchange, hydro/solvothermal synthesis,
microwave-assisted synthesis, chemical vapor deposition, and
topochemical transformation) have demonstrated promising
characteristics for biomedical applications.'®™*® For instance,
in preclinical settings, selenium-coated tellurium nano hetero-
junctions, which offer nontoxicity benefits, have shown promis-
ing results in eliminating lung and hepatocellular carcinoma.
According to this study, the photothermal treatment (PTT)-
based strategy can alter the tumor microenvironment and
significantly accelerate the death of malignant cells."
Scientists are also interested in developing novel micro- and
nanostructures with distinctive properties, particularly those
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influenced by nature. Various nature-inspired structures with
high activity have been investigated, including bioinspired
polymeric woods, lotus-leaf-like super-hydrophobic surfaces,
and nacre-like structures.>***

Bioinspired and biomimetic nanostructures have been
designed for various applications, including medicine and gene
delivery, biological systems for healing, textile industries, and
waterproofing.>”~>® These structures have demonstrated signif-
icant economic and environmental benefits compared to other
materials. They have proven more biocompatible and biode-
gradable in drug delivery and have better-targeting qualities
than conventional materials.”® Their enhanced targeting abil-
ities in cancer therapy have resulted in fewer adverse effects.
Combining biological and synthetic systems can create novel
drug delivery or gene carrier systems. Johnson et al. highlighted
the significant advantages of these delivery systems, including
improved biocompatibility, minimal toxicity, and reduced
immunogenicity.”” Additionally, bioinspired sensor systems
exhibit appealing characteristics such as ultra-sensitivity, low
power consumption, and self-adaptability.®*® A novel approach
for enhancing the mechanical properties, photothermal con-
ductivity, flexibility, adsorption performance, and electrical
conductivity of bioinspired MXene-based structures has
emerged through creative design.>® However, further con-
centrated research is needed to develop simple, low-cost, and
scalable methods for creating bioinspired MXene-based struc-
tures with superior characteristics and high performance.**”
Moreover, key attributes of bioinspired MXene-based structures—
such as stability, biosafety, and multifunctionality—can be
effectively regulated and enhanced through appropriate func-
tionalization processes.’®?® Specially designed MXenes for
biological applications are poised to take center stage in
research platforms dedicated to biomedicine and nanomedi-
cine. They can create the intelligent nano-systems of the future
with significant applications in biological and clinical
domains.>**° In this discussion, we explore the recent devel-
opments in MXenes and MXene-based composites, their biolo-
gical applications, and an outlook on future advancements.
This review aims to provide a comprehensive and methodical
exploration of the latest advancements in MXenes and MXene-
based composite materials for biomedical applications. We
delve into the synthesis of MXene-based composites, including
polymer, metal, metal oxide, and nanocarbon materials, and
analyze their exceptional electric, mechanical, thermal, optical,
and magnetic properties. Furthermore, we offer an in-depth
overview of their biomedical applications, including tissue
engineering, cancer diagnosis and therapy, advanced sensors
(biosensors, pressure sensors, humidity sensors, human
motion sensors, gas sensors), imaging modalities such as
luminous imaging, computed tomography (CT), magnetic reso-
nance imaging (MRI), and photoacoustic imaging (PAI), drug
delivery, wound treatment, antimicrobial therapy, medical
implants and sound energy harvesting and cochlear implant
(Fig. 1). By addressing the current challenges and unlocking the
potential of MXene-based materials, this review seeks to inspire
innovative approaches and accelerate progress in transforming
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Fig. 1 MXene-based materials and their biological applications.

these materials into groundbreaking solutions for modern
medicine.

2. Synthesis
2.1. Synthesis of MXenes

MXenes are synthesized by chemically selectively etching spe-
cific atomic layers from the layered carbide, nitride, and
carbonitride precursor. Generally, aqueous HF is used as an
etchant to selectively etch A layers from the corresponding MAX
phases at room temperature (Fig. 2). By removing the weakly
bonded Al layers from the Ti;AIC, phase, Ti;C,T, (Where T = OH
and F) was produced in a notable experiment.”’ The related
reactions are as follows:

Layered ternary carbides, nitrides,
and carbonitrides, respectively
MAX phases, comprised by
i "M," "A," and "X" |avef$.

l MAX ph |

l HF treatment

"A" layers from the MAX phase
e " are only selectively etched with
\ i) HF

‘ HF treated MAX phase

l Sonication

2-D Mxene sheets that were
physically ~ separated after
sonication

MXene sheets

Fig. 2 Schematic diagram of the development of MXene nanosheets via
exfoliation/degradation of the MAX phase®” (Copyright (2024) Royal
Society of Chemistry).
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TizAIC,(s) + 3HF(aq) — TizCy(s) + AlF5(s) + 3/2H,(g) (1)
TizCy(s) + 2H,0 — TizCy(OH),(s) + Hy(g) (2)
TizCy(s) + 2HF(1) — TizCyF,(s) + Ha(g) (3)

-F and -OH terminations are the products of reactions (2) and
(3). After the particles were separated by centrifugation, they
were washed with deionized water. MXenes typically have
stacked structures without delamination. Initially, sonication
was used to produce single- or few-layer MXenes, but this was
eventually replaced by the more effective intercalation of
dimethyl sulfoxide (DMSO).** With this technique, additional
MXene sheets from MAX phases containing Al were synthe-
sized. Whereas the MAxene phase has a layered hexagonal
structure, consisting of alternating stacks of M-layers and
A-group elements, with X-atoms occupying the octahedral voids
of the M-layers. M stands for early transition metals (such as Ti,
Zr, V, Nb, and Mo), A for IIIA or IV A elements (such as Al, Si,
Ga, and Ge), and X for C or N. While the chemical bond
between M and A possesses only metallic bonding capabilities,
the bond between M and X shows significant covalent, metallic,
and ionic properties.**> Through this bond-energy phenom-
enon, powerful acids or molten salts can selectively remove
the A layer from the MAX phase without breaking the M-X
bonds.**** Following the selective etching of the A layer, sur-
face functional groups (T,) such as OH, O, F, and Cl replace the
A element to form MXene (M,.:X,T,). The presence of the
surface functional groups enhances the electrical conductivity
and activity of the material, creating a wide scope of possibi-
lities for additional surface modification (Fig. 2).%*¢

Additionally, depending on the temperature and particle
size, different etching conditions (such as time and HF concen-
tration) are required to convert a specific MAX phase. For
instance, the time needed for etching and HF concentration
can be successfully reduced by grinding the MAX phase to a
smaller particle size.**™>° The first MXene, Ti;C,T,, was created
by Naguib et al. by soaking Ti;AIC, particles in 50% concen-
trated hydrofluoric acid (HF) at room temperature (RT) for two
hours.”"*> The X-ray diffraction (XRD) pattern before and after
etching Ti;AlC, is shown in Fig. 3(a). It is evident that after HF
treatment, TizC, T, replaces TizAlC,, as indicated by the shift of
the principal peak in the XRD pattern from around 40 to 10.
The similarity between the experimental XRD pattern following
HF etching and the simulated XRD patterns of Ti;C,F, and
TizC,(OH), (Fig. 3(a)) suggests the presence of functional
groups.

Subsequently, other MAX phases were effectively treated
using the HF etching technique, leading to the production of
numerous new MXenes, such as Ti,CTy, V,CT,, Nb,CTy, Ti,NT,,
TisC,T,, TisCNT,, Nb,CsT,, Ta,CsT,, V,CsT., Mo,TiC,T,,
Mo,Ti,C;Ty, Cr,TiC,T,, and others.***>7%° Developing alterna-
tive, safer etchants is necessary because HF harms the environ-
ment and human health. To produce Ti;C,T,, the less
hazardous combination of hydrochloric acid (HCI) and lithium
fluoride (LiF) was used, in which Ti;AlC, particles were soaked
for 24 hours at 35 °C.>* The synthetic sample exhibited fewer
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Fig. 3 (a) XRD spectra of TizAIC, before and after HF etching® (Copyright
(2011) John Wiley and Sons). (b) TEM image of TisC,T,>® (Copyright (2014)
Nature). (c) STEM image with EDX spectra of TizC,T,° (Copyright (2020)
Royal Society of Chemistry). (d) After HF reaction, SEM image of ZrzAlzCs>*
(Copyright (2016) John Wiley and Sons). (e) Crystal configurations of M,AX,
M3zAX,, and M4AXs phases®? (Copyright (2020) Royal Society of Chemistry).

flaws, as shown by the transmission electron microscopy (TEM)
image of Ti;C,T, in Fig. 3(b). However, the HCI and LiF mixture
uses the exact etching mechanism as the HF solution because it
contains hydrogen and fluoride ions. MXenes have also been
developed using other combinations of acids (such as H,SO,)
and salts containing fluorine ions (such as NaF, FeF3, KF, CsF,
and CaFZ).53 Nevertheless, these combination solutions still
emit some hazardous HF fumes during etching.

Additionally, ammonium hydrogen fluoride (NH,HF,) does
not release hazardous gases, can synthesize MXenes, and is a
mildly acidic, eco-friendly fluoride.®® The reactions were as
follows:

Ti;AlC,(s) + 3NH,HF, — (NH,);AlF4(s) + Ti;Cy(s) + 3/2H,(g)

(4)
Ti;Cy(s) + aNH,HF, + bH,0 — (NH;)(NH,4),Ti;C,(OH),F,

()

The atomic layers of Ti;C,T, are more regularly spaced and
appear to be more tightly bonded due to slower and less violent
reaction processes, along with the intercalation of both NH;
and NH,'. The energy dispersive X-ray spectroscopy (EDX)
maps and scanning transmission electron microscopy (STEM)
images of synthesized Ti;C,T, are shown in Fig. 3(c). The EDX
spectra confirm the presence of terminal hydroxyl and fluoride
groups on the surface of Ti;C,T,, displaying the distribution of
C, Ti, F, and O atoms over the STEM image.

Additionally, the first nitride-based MXene, Ti,N;T,, was
successfully synthesized by heating a combination of Ti AIN;
powder and molten fluoride salts at 550 °C in an argon
environment.®”* The synthesis of Ti,N;T, serves as an excellent
model for producing other 2D transition metal nitrides. Beyond
MAX phases, a new family of layered ternary and quaternary
compounds with the formula MnAl;C, or Mn[Al(Si)],C; can also
be used as precursors for synthesizing MXenes. MnAl;C, or
Mn[Al(Si)];,C; can be structurally represented as two-
dimensional Mn",C,, layers “glued” together with (AIC), or
[Al(Si)C],.°* These novel compounds have enabled the success-
ful production of Zr;C,T, and Hf;C,T,. For instance, Zr;Al;Cs
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was converted to Zr;C,T, by extracting the (AIC), units with a
50% concentrated HF solution.** The chemical reaction is as
follows:

Zr;Al;C5(s) + HF — AlF; + CH,(g) + Zr3C, (6)

After treating Zr;Al;Cs with HF, the XRD patterns (Fig. 3a)
show that the position of the highest peak shifts from (103) to
(111), and the intensities of the peaks originating from Zr;Al;Cs
significantly decrease. Additionally, the exfoliation of indivi-
dual Al-C layers along the basal plane is evident in the scan-
ning electron microscopy (SEM) image (Fig. 3(d)) of Zr;Al;Cs
following HF treatment, confirming the formation of Zr;C,T,.
In contrast, Hf;C,T, cannot be produced by HF etching away
the (AIC), units from Hf;Al;Cs due to the powerful interfacial
bonds between the Hf-C and Al-C units in Hf;Al;Cs.

A single-layer MXene typically requires additional proces-
sing, as synthesized MXenes are usually multi-layered.®* There
are currently two methods to reduce multi-layered MXenes to
single layers: mechanical delamination and delamination by
intercalation.® Intercalation is the primary method for produ-
cing single-layer MXene flakes, as multi-layered MXenes can
accommodate different ions and molecules between their
layers.®® Sonication in deaerated water can separate the inter-
calated MXenes into discrete sheets because intercalation
increases the interlayer spacing of multi-layered MXenes.*?
Both organic and ionic substances can serve as intercalants.
Organic molecules, such as dimethyl sulfoxide (DMSO), urea,
isopropyl amine, tetrabutylammonium hydroxide (TBAOH),
hydrazine, and other polar organic molecules, act as interca-
lants in the separation of HF-synthesized MXenes, and for
multi-layered MXenes generated with LiF + HCl or NH,F
etchants, Li* or NH," ions can intercalate between the
layers.®” These MXenes can thus be readily processed by
sonication without additional intercalation, and monolayer
MXenes can be obtained from HF-produced MXenes with
shorter c-lattice parameters (Fig. 3e). Furthermore, monolayer
MXenes produced using this technique contain fewer defects
than those made with alternative methods.®® Table 1 sum-
marizes some of the synthesized MXenes.

2.2. Synthesis of MXene-based composites

In recent decades, manufacturing composites has become an
increasingly common technique for developing stable and
adaptable materials. Research on MXene-based composites
has grown due to MXenes’ exceptional suitability for creating
multifunctional composites, owing to their 2D morphology,
layered structures, and high flexibility. MXenes have been
combined with various materials, including polymers, metal
oxides, and carbon nanotubes, to produce a range of innovative
new composites.

2.2.1. MXene-based polymer composites. MXenes, known
for their superior mechanical properties, hydrophilic surfaces,
and metallic conductivity, can significantly enhance polymers’
thermal and mechanical characteristics when incorporated
into composites. Single-layer MXenes are more compatible with
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Table 1 An overview of the synthesized MXenes

Initial Temp. Time
MXene component Etchants (cQ) (h)  Ref.
Ti,CT, Ti,AIC HF RT 10 55
V,CT, V,AIC HF RT 90 69
Ti,NT, Ti,AIN HF RT 24 70
Ti;C, Ty Ti;AIC, HF RT 2 51
Nb,CsT, Nb,AIC; HF RT 96 71
Mo,TiC,T, Mo,TiAlC, HF RT 48 60
Zr,C, Ty Zr;ALCs HF RT 60 54
Mo0,CT, Mo,Ga,C LiF + HCI 35 384 72
Cr,TiC,T, Cr,TiAlC, LiF + HCl 55 42 60
Ti,C,T, Ti,AlC, NH,HF, 80 12 61
TisCNTyx Ti;AICN LiF + HCI 35 12 73
Nb,CT, Nb,AIC HF RT 90 48
(Tig.sNbyg.5)2CTy  (Tio.sNbg.5),AlC HF RT 28 56
Ta,CsT, Ta,AlC, HF RT 72 56
V,C,T, V,AIC, HF RT 165 59
Mo, Ti,CsTy Mo,Ti,AlC, HF RT 48 60
TiyN,T, Ti,AlN, KF + LiF + NaF 550 0.5 62
T;C,Ty Ti;AIC, NH,F 150 24 74
V,CT, V,AIC LiF + HCI 90 48 75
Mo,CT, Mo,Ga,C LiF + HCl 35 384 72
Hf,C,T, Hf;[Al(Si)],Cs HF RT 60 76

polymers and offer higher accessible surface hydrophilicity
than multi-layered MXenes. As a result, MXenes are often
delaminated before being combined with polymers. This can
be demonstrated by fabricating a single-layer Ti;C,T,~polyvinyl
alcohol (PVA) composite.”” An aqueous PVA solution was
combined with a colloidal suspension of Ti;C,T, films, result-
ing in a TizC,T,~PVA composite (Fig. 4(a)). The high hydro-
philicity of PVA allows it to form strong hydrogen bonds with
Ti;C, Ty, which possesses high thermal stability. The Ti;Cy Ty~
PVA composite exhibited enhanced flexibility, tensile strength,
and compressive strength compared to the individual Ti;C,T,
and PVA components. Specifically, the Ti;C,T,~PVA composite
with 40 wt% Ti;C,T, had a tensile strength of approximately
91 + 10 MPa, about four times higher than that of the Ti;C,T,
film (Fig. 4(b)). This composite material also demonstrated
excellent conductivity.

Additionally, a two-step process was used to develop a
Ti;C,T,—polyacrylamide (PAM) composite.”® In the first step,

L Q A ® Conductive or dielectric

gM = Flexible

OH e T S
— MXene/PVA film Strong
MXene

“ . _?:'% “ \/

fo = —

F] —90% \

fw ~100% ( —

E 20{ # 7~

L Polymer < TiCz /~s DN101 T Polymer Chain ¥ Stress

Fig. 4 (a) Schematic diagram of the synthesis of the TizC,T,-PVA com-
posite; (b) stress—strain curves for PVA films containing various weights of
TisC,T,” (Copyright (2014) PNAS); (c) diagrammatic illustration of forces
functioning on the TisCoT,—~UHMWPE composite’® (Copyright (2015)
Elsevier).
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dimethyl sulfoxide (DMSO) was introduced into the interlayers
of Ti;C,T, to achieve complete delamination of the individual
layers. This increases the layer gap of Ti;C,T,. Afterwards, the
prepared Ti;C,T, and PAM solutions are thoroughly combined
and allowed to dry at room temperature for four to five days. By
altering the mass ratio of Ti;C,T, to PAM, various Ti;C,T,~PAM
composites can be developed. The composite exhibits a max-
imum electrical conductivity of 3.3 x 107> S m " and high
mechanical characteristics, with Ti;C,T, making up 6 wt% of
the composite. It has also been reported that UHMWPE (ultra-
high molecular weight polyethylene) can form composites with
Ti;C,T,. However, before fabricating the Ti;C,T,~-UHMWPE
composite, surface-modified Ti;C,T, powders must be pre-
pared; this modified surface can enhance the compatibility
and dispersion properties of TizC,T, in UHMWPE.”® The mix-
tures of surface-modified Ti;C,T, and UHMWPE are molded on
an automated vulcanizer, heated at a rate of 10 °C min™"' to
220 °C, and held for 30 minutes under 10 MPa. Fig. 4(c) shows
the technique by which Ti;C,T, improves the mechanical
characteristics of UHMWPE. The exceptional mechanical per-
formances of the Ti;C,T,~-UHMWPE composite can be attrib-
uted to the flexible TizC,T,’s ability to withstand greater stress
than UHMWPE and effectively prevent the formation and
development of cracks. This is achieved by transferring stress
from UHMWPE to Ti;C,T, along the polymer chains.

The modification of polymers is intended to assist in over-
coming their inherent weaknesses, neutralize the charge on the
surface of the nanoparticles, and stop the aggregation of the
particles.’ The photothermal effects and practical uses of
MXenes are severely limited by their uncontrollable protein
corona production and spontaneous aggregation in physiolo-
gical settings. Dong et al. combined an acidic chitosan (CS)
solution with Ti;C,T, suspension to create MX-CS hydrogels.®"
This allowed MRSA cell aggregation and MXene-induced
hyperthermia around the hydrogel, thereby enhancing the
photothermal effect and anti-MRSA activity (>99%). By cross-
linking branching MXene@PDA, polyglycerol-ethyleneimine
(PGE), and hyaluronic acid oxide (HCHO), biodegradable
HPEM scaffolds were developed.’” The scaffolds’ electrical
conductivity and thermal stability were enhanced by the addi-
tion of MXene@ PDA. By encouraging cell proliferation and
angiogenesis, inducing the formation of granulation tissue,
and operating as an effective anti-infection agent (99.03%
efficacious MRSA inactivation), HPEM scaffolds can signifi-
cantly speed up wound healing and skin reconstruction in
MRSA-infected wounds. To create bio-ink and composite hydro-
gel scaffolds for 3D printing, Ti;C,T, was combined with
gelatin methacrylate (GelMA), sodium alginate (Alg), and -
TCP.*? This combination prevented the growth of bacteria and
eliminated any bacteria that had already been attached to the
scaffolds, which multiplied significantly when exposed to NIR
irradiation. The scaffolds demonstrated long-term anti-
infective effectiveness as they broke down, and MXene was
gradually released. The bactericidal rate reached 98%, which
can treat infected bone defects in the mandible. Due to their
ability to impede the healing of wounds, bacterial infections
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and oxidative damage from different reactive oxygen species
(ROS) represent a serious risk to human health. To create the
multifunctional chiral supramolecular composite hydrogel sys-
tem known as LPFEG-MXene, MXene is co-assembled with
LPFEG.?* This system demonstrated significant photothermal
antimicrobial activity against S. aureus, P. aeruginosa, and E. coli
and broad-spectrum ROS-scavenging antioxidant capacity. It
also showed great potential for use in antimicrobial coatings
and the healing of infected wounds. Natural cationic antimi-
crobial polymers and quaternary ammonium salts are examples
of polymers having antibacterial qualities found in nature.
Zeng et al. were inspired by different functional approaches
for antifouling surfaces and self-assembled a polydopamine
layer onto the surface of MXene.®® They then added a quater-
nate polyethyleneimine derivative (PEIS) to the PDA layer by
Michael’s addition to obtain MXene-PEIS, an amphiphilic ionic
polymer-functionalized surface. The combined action of MXene
and quaternary ammonium groups on the antimicrobial led to
the excellent antibacterial and anti-biofouling characteristics of
the produced MXene-PEIS nanosheets (75% and 88% inhibi-
tion against E. coli and S. aureus, respectively). In general, the
mechanical capabilities of MXene-polymer composites are
superior to those of MXenes and polymers individually. Addi-
tionally, many exhibit strong electrical conductivity, making
them suitable for wearable electronics.®®

2.2.2. MXene-based metal and metal-oxide composites.
Copper (Cu), silver (Ag), zinc (Zn), and other metal and metal
oxide nanoparticles exhibit strong antibacterial properties and
have been utilized in a wide range of applications. Oxidative
stress, protein dysfunction, and membrane damage are the
primary mechanisms by which these nanoparticles induce
bacterial death.?”-®® Although silver nanoparticles (Ag NPs) have
demonstrated excellent antimicrobial properties against var-
ious microorganisms, their use in biomedical applications is
limited due to the instability of silver in the environment and
the potential for cytotoxicity and in vivo retention at high
doses.®”° Ag,S has shown promise as a photothermal therapy
(PTT) material. Still, its application in biomedical fields is
constrained by its narrow bandgap of 0.9 eV, accelerating the
recombination of photogenerated electrons and holes, thereby
hindering the photocatalytic reaction. To overcome this chal-
lenge, by introducing Ti;C,T,, the Ag,S/Ti;C, composite was
developed.”® In addition, Ti;C, enhanced the composite’s
photocatalytic activity and ROS production while also improv-
ing the separation efficiency of the photogenerated charge
carriers. Together, the Ag,S/Ti;C, composite reduced photody-
namic therapy (PDT) and PTT by up to 99.99%, effectively
accelerating the healing of infected mouse wounds. Conven-
tional gold nanoparticles (AuNPs) are generally inert to bac-
teria; however, ultra-small gold nanoclusters (AuNCs) with a
core size of less than 2 nm can penetrate bacterial cells and
cause the accumulation of reactive oxygen species (ROS), dis-
rupting bacterial metabolism and ultimately leading to cell
death. These AuNCs have demonstrated strong antibacterial
activity.”> When AuNCs were conjugated to the surface of
MXene nanosheets, synergistic antibacterial effects were
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observed with an antibacterial rate greater than 98%.°* Sharp
MXene nanosheets can penetrate bacterial membranes, and the
development of crumpled MXene-AuNC structures effectively
hindered biofilm formation. Additionally, the hydrophobic
surface of the crumpled structures prevents bacterial attach-
ment, increasing the density of biocides and enhancing the
bactericidal effect. Cu,O is a semiconductor, and MXene is a
conductor that creates stable Cu,O-anchored MXene
nanosheets, known as Cu,O/MXene.’* It demonstrated that
adding MXene improved the electron-hole pair separation
efficiency in Cu,O and successfully enhanced the electric
field. This led to greater ROS production and more effective
bacterial eradication through the localized surface plasmon
resonance (LSPR) phenomenon. Furthermore, Cu and Cu®*
ions can also cause harmful effects on bacteria, such as DNA
denaturation. The combined antibacterial efficiency of Cu,O/
MXene against S. aureus and P. aeruginosa was significantly
higher than that of either MXene or Cu,O alone, reaching
95.59% and 97.04%, respectively, under the synergistic effect
of Cu and MXene.

Porphyrins are commonly used as photocatalysts or photo-
sensitizers due to their potent ability to trap visible light, low
photogenerated electron-hole recombination, and rapid trans-
fer of photogenerated carriers. ZnTCPP/Ti;C,T, was synthe-
sized by using a hydrothermal method.”> When exposed to
visible light, ROS formation was observed in the ZnTCPP/
Ti;C,T, group, while it was absent in the Ti;C,T, group.
In vitro, antimicrobial tests revealed no significant change in
bacterial survival in a dark environment. However, following
10 minutes of visible light exposure, ZnTCPP/Ti;C,T, demon-
strated significantly higher inhibition rates against S. aureus
and E. coli, with inhibition rates of 99.86% and 99.92%,
respectively, compared to the Ti;C,T, group. Moreover, the
results suggested that the enhanced photocatalytic activity of
ZnTCPP/Ti;C,T, could facilitate wound healing. MXene, how-
ever, has limited capacity to scavenge ROS and cannot elim-
inate excess ROS surrounding the wound, leading to malignant
oxidation and severe inflammatory reactions that hinder
wound healing and cause discomfort for patients. Injectable
multifunctional hydrogel scaffolds (FOM) were developed by
doping anti-inflammatory CeO, nanoparticles and Ti;C,T, into
dynamically cross-linked hydrogels to address this issue.’®
In vitro trials demonstrated that FOM could reduce oxidative
stress, supply oxygen, and protect L929 cells in the wound
microenvironment. Furthermore, FOM exhibited outstanding
antibacterial capabilities, with 100% inhibition of E. coli, S.
aureus, and MRSA. Hu et al. developed a hydrogel composed of
natural polysaccharides, by incorporating Zn>* and Ti;C,T,.””
Including Zn>" enhanced the electrostatic interaction between
the hydrogel and negatively charged bacteria, reducing the
thermal conductivity distance of photothermal therapy (PTT)
and increasing the photothermal conversion efficiency. This
supported the involvement of the physical antibacterial mecha-
nism. MXene causes physical damage to bacterial cell mem-
branes, facilitating Zn*>* entry and exhibiting antibacterial
properties. Combining Zn** and MXene resulted in potent
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antibacterial effects, promoting skin regeneration and wound
healing.

2.2.3. MXene-based nano carbon composites. Many
MXene/graphene hybrid composites have been developed with
exceptional structural robustness, conductivity, flexibility, and
distinctive electrical, electrochemical, and mechanical proper-
ties. These advantages stem from the high efficiency of MXene
nanosheets as a hybridization matrix with graphene.’®°
When these composites are used in a polyethylene glycol
matrix, their through-plane thermal conductivity improves. At
a thickness of 2.5 mm, the proposed composites demonstrated
enhanced electromagnetic interference (EMI) shielding perfor-
mance of around 36 dB.'*" Studies have shown that magnetic
MXene (TizC,T,)-reduced graphene oxide aerogels, tethered by
magnetic nickel nano-chains, exhibit appropriate hydrophobi-
city, multifunctionality, and thermal insulation properties.’®
Furthermore, freeze-drying and reduction heat treatment tech-
niques were employed to prepare MXene (TizC,T,)-graphene
oxide hybrid foams. These foams exhibited excellent EMI
performance and enhanced electrical conductivity, making
them ideal candidates for use in innovative and next-generation
devices.'®> MXenes and graphene composites have also been
applied to build innovative nanoscale systems with potential
for drug delivery and cancer therapy/diagnosis.'**'** Biocom-
patible MXene (Ti,N) quantum dot-based devices, exhibiting
excellent targeting, selectivity, and stability characteristics,
have been proposed for photothermal therapy and cancer
photoacoustic imaging applications."®>'°® However, graphene-
and MXene-based nanostructures have also been used to
develop antiviral and antimicrobial surface coatings, medical
equipment (such as face masks), and innovative delivery sys-
tems for antiviral or antimicrobial drugs.'® With excellent
biocompatibility and effective multifunctionality, several
MXene and graphene-based nanocomposites have been used
in tissue engineering and regenerative medicine applications.
For instance, Mi et al. introduced 3D-printed tissue-engineered
bone scaffolds using MXene (TizC,)-based structures to repair
bone defects.'°® MXene structures were incorporated into com-
posite scaffolds made of sodium alginate and hydroxyapatite
via 3D printing using an extrusion method to promote bone
regeneration. These homogeneous scaffolds, with distinct
macropore morphologies and structures, demonstrated notable
mechanical strength, enhanced alkaline phosphatase activity,
increased osteogenic gene expression, appropriate biocompat-
ibility, and increased mineralized nodule formation and cell
proliferation. They may effectively promote bone regeneration
in vivo, offering excellent potential for bone repair.'°® MXene-
based composites exhibited appropriate hydrophilicity due to
functional hydrophilic groups, providing a favorable growth
medium for mesenchymal stem cells derived from bone
marrow.’*>'® The developed MXene-graphene hybrids have
also found application as electrodes in ion batteries, flexible
supercapacitors, and EMI shielding.’®'"" Nonetheless, there
have been significant investigations into their use in biosen-
sing. For example, MXene-graphene field-effect transistor sen-
sors were developed to detect coronavirus and influenza viruses

This journal is © The Royal Society of Chemistry 2025
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with high chemical sensitivity. These sensors utilize antibody-
antigen binding to achieve electrochemical signal transduction
after virus deposition onto the sensing material’s surface. The
detection limits were as low as ~125 copies mL™ " for the
influenza virus and 1 fg mL~" for the recombinant 2019-nCoV
spike protein."'> Furthermore, combining graphene and
MXene structures can produce porous materials with a high
capacity for enzyme binding, resulting in enhanced stability
and affinity.""® In one investigation, 3D porous Ti;C,T,~gra-
phene hybrid films were created using mixing-drying techni-
ques and subsequently employed to develop biosensors for
glucose detection (Fig. 5). The resulting biosensor exhibited
appreciable electrochemical catalytic performance towards glu-
cose biosensing, making it suitable for plasma glucose analysis.
The internal pore size could be optimized by adjusting the ratio
of MXene to graphene nanosheets, which would impact both
glucose biosensing performance and the immobilization of
glucose oxidase."*?

Additionally, MXene (Ti;C,T,)/graphene/polydimethylsilox-
ane layered structures developed through vacuum filtration
and pre-polymerization primarily consisted of two layers: the
flexible graphene/polydimethylsiloxane composite on the bot-
tom layer and the MXenes on the top layer. These composite
films can be used to create wearable strain sensors with a wide
range of linear responses, high sensitivity (with a low detection
limit of approximately 0.025%), excellent linearity (R> > 0.98),
and remarkable cycling stability (over 5000 cycles)."'* These
sensors are handy for the precise monitoring of full-range
human motions. Sensors based on layer-structured homoge-
neous MXene (TizC,T,)-graphene oxide films offer flexibility,
conductivity, and cycling stability advantages."'” In another
study, graphene-MXene composites were used to develop an
aerosol jet-printed flexible bimodal sensor. This temperature
sensor demonstrated competitive thermoelectric power output
(53.6 uv °C™') with high sensitivity, accuracy, stability, and
flexibility (showing minimal degradation after 1000 bending
cycles), creating numerous opportunities for producing
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multifunctional devices with biological applications."'® By
using graphene oxide to prevent MXene oxidation, these
MXene-graphene composites exhibited long-term stability.
The unique properties of these materials—such as high biocom-
patibility and linear sensitivity to humidity—warrant further
investigation for their potential use in biological and healthcare
devices, including smart actuators (e.g., respiratory monitoring
sensors).""® Additionally, MXene-reduced graphene oxide aerogels
were used to create 3D aerogel-based piezoresistive sensors with
exceptional linear sensitivity (331 kPa~' from 0 to 500 Pa and
126 kPa~" from 500 Pa to 7.5 kPa) and good conductivity."'” These
sensors showed fast response times (load 71 ms, recovery 15 ms),
low detection limits (1.25 Pa), and excellent performance and
stability (even after 17000 compression cycles). They hold
potential for developing sensors capable of real-time detec-
tion of human respiration, heartbeat, and vocalization,
demonstrating their future potential in flexible wearable
electronics.""”

3. Properties

In general, MXenes have the advantages of 2D materials, such
as mechanical resilience, huge specific surface area, high
Young’s modulus, thermal/electrical conductivity, ultrathin
architectures and adjustable band gap."'®*"*° Notably, MXenes
differ from most 2D materials due to their hydrophilic surfaces
and strong metallic conductivity.'*""***> As reinforcements for
multi-responsive functions, MXenes are particularly appealing
due to a number of additional characteristics. Last but not
least, (i) composition (such as solid solution and various
transition metal “M” and “X” elements), (ii) surface functio-
nalisation (via chemical and thermal treatment), and (iii)
structure/morphology alteration can be used to adjust their
properties and applications.'**™'**> Here, we discuss the main
properties of MXenes and MXene based composites (Table 2).

3.1. Electronic properties

Because of their high compositional diversity, various surface
functionalization options, and controllable thickness, MXenes
exhibit a wide range of electronic properties, from metallicity
and semiconductivity to topological insulativity."**”™"*®* Most
surface-functionalized MXenes and all bare MXenes are metal-
lic. The work functions (WFs) of metallic MXenes vary signifi-
cantly, ranging from 1.8 eV to 8 €V, as shown in Fig. 6.’ It is
evident that the WFs of MXenes depend on their surface
chemistry: for a given MXene, the presence of OH (O) groups
consistently decreases or increases the WF compared to the
bare surface, while F decoration can either increase or decrease
the WF, depending on the specific material. Notably, all OH-
terminated MXenes exhibit ultralow WFs (<2.8 eV), which are
lower than those of scandium (Sc) and among the lowest of any
elemental metal. In contrast, platinum (Pt) has the highest WF
among elemental metals, and some O-terminated MXenes have
WFs even higher than that of Pt. MXenes with F-termination
generally have WFs between OH- and O-terminated MXenes.
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Table 2 An overview of the properties of MXenes
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Properties Description

Range

Electronic properties

MXenes exhibit various electronic properties, from metallicity

Electrical conductivity = 9880 S cm™*

and semiconductivity to topological insulativity. The work func-
tions of metallic MXenes vary significantly, ranging from 1.8 eV

to 8 eV

Mechanical properties MXenes possess good mechanical properties and excellent

Young’s modulus = 400-1000 GPa

mechanical flexibility due to their strong M-N and M-C bonding Tensile strength = 8.2 MPa

Optical properties

MXenes are highly useful for photothermal treatment applica-

Transmittance = 91%

tions due to their potential to absorb light energy in the UV-
visible range, specifically between 300 and 500 nm wavelengths

Thermal properties
trical conductivity
Magnetic properties

MXenes exhibit strong thermal conductivity due to their elec-

MXenes are nonmagnetic in nature. The magnetism in some
MXenes typically arises from unpaired electrons in surface

722 Wm 'K !

The difference between the Fermi level and the max-
imum of the occupied spin-down band is large (2.9 eV),

transition metal atoms; thus, most of their magnetism is expec- indicating that 100% spin-filter efficiency can be pre-

ted to be affected by surface passivation

Jd(@)~ A A-A-a A
2 () A‘// A OH \ A A“4A‘ (/ o
A
T N S L e S S S e o Sc--= V- ===
?'14 Eare.' v F - - v
o s :
5 LAY T - - ¥/ ’-'-'g gla™
E b v o v L v "
= Y, * o o
Falpiaseorsy A e e N e e S s ]
S P . -
E3 - [Ate L
B (o]
] -
8—
T T TR AR T

Fig. 6 Work functions of MXenes with varying terminations: dashed lines
show the work functions of Sc and Pt for comparison. Bare, O-terminated,
OH-terminated, and F-terminated MXenes are denoted by black squares,
red circles, blue up-triangles, and cyan down-triangles, respectively'?’
(Copyright (2016) American Chemical Society).

Surface functionalization alters the surface dipole moment,
leading to changes in the WF."*’

Xu et al. estimated the work function of Ti,C(OH),F, to be
4.98 eV. Metallic MXenes with high or low WFs show significant
potential as Schottky-barrier (SB)-free metal contacts to 2D
semiconductors. The weak interfacial van der Waals (vdW)
interaction and the high or low work function of MXenes allow
for weak Fermi level fixation, facilitating SB-free hole (electron)
injection into the 2D semiconductor. It has been predicted that
typical 2D semiconductors, such as transition metal dichalco-
genides and blue phosphorene, can form n-type Schottky
barrier-free contacts with OH-terminated MXenes with ultralow
WFs. 127129130 MoS,, a well-known 2D semiconductor, is of
great interest due to its potential to replace silicon in next-
generation nanoelectronics.”*"'** However, making an SB-free
p-type contact with MoS, remains challenging due to its high
ionization energy of approximately 6.0 eV. Research indicates
that six materials (V,CO,, Cr,CO,, M0,CO,, V,C30,, Cr,NO,,
and V,NO,) can be used as metal contacts to MoS,, resulting in
MoS,-MXene interfaces with disappearing p-type Schottky bar-
riers. This enables highly efficient hole injection into MoS,."**

4286 | J. Mater. Chem. B, 2025, 13, 4279-4312

served in a broad bias range

Consequently, implementing high-performance MoS, field-
effect transistors with both polarities will be more feasible.

3.2. Mechanical properties

The mechanical properties of MXenes are particularly intri-
guing due to their strong M-N and M-C bonding. Previous
simulations suggest that the elastic parameters of MXenes
should be approximately twice as large as those of MAX phases
and that 2D materials like CdS, should be used. Despite having
elastic parameters 2-3 times smaller than those of graphene,
MXenes exhibit exceptional bending stiffness (1050 GPa), con-
firming their potential as reinforcing materials in composites.
MXenes interact more effectively with polymeric matrices than
graphene in composite applications."** The Ti;C,T, monolayer
has a Young’s modulus of 333 4 20 GPa, which is higher than
that of graphene oxide and MoS, but still considerably lower
than the 386 GPa value of Ti;C,0,."** Challenges such as the
lack of surface control over MXenes, geometric vacancies, and
weak interfaces in composite materials have impacted mechan-
ical estimations. Therefore, new experimental work should
focus on understanding how the synthesis process affects
defect formation and the functional groups of pristine
MXenes."*® A thorough evaluation of mechanical properties
and functional groupings based on theoretical and experi-
mental data may still be necessary. Additionally, the mechan-
ical properties of MXenes are influenced by the number of
atomic layers, denoted by n in the chemical formula M,,,1X,,.
For functionalized MXenes, the hardness and strength of
M,.1X,, T, increase as ‘n’ decreases."®” Experiments have shown
that adding carbon nanotubes or polymers to MXene compo-
sites can enhance their mechanical properties. Various polymer
combinations can improve MXene’s toughness, tensile and
compressive strengths, and flexibility to varying extents. For
example, the polyvinyl alcohol (PVA)-Ti;C,T, composite exhi-
bits significant compressive and tensile strengths and out-
standing flexibility. Specifically, the tensile strength of
TizC,T,~PVA composites is approximately four times higher
than that of Ti;C,T, alone.”® Additionally, Ti;C,T,~PAM and
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Ti;C,T,~-UHMWPE composites have shown good toughness
and yield strength.”®*38

3.3. Optical properties

Optical properties are crucial for applications in photovoltaic,
photocatalytic, transparent, and optically conductive electrode
devices, as they depend on visible and ultraviolet light absorp-
tion. Ti;C,T, films can potentially absorb light energy in the
UV-visible range, specifically between 300 and 500 nm
wavelengths.™*® Even at a film thickness of 10 nm, these films
exhibit 91% transmittance. Moreover, depending on the film
thickness, Ti;C,T, films can absorb a broad and strong band
of light between 700 and 800 nm, resulting in pale green
coatings that are highly useful for photothermal treatment
applications.’*® Interestingly, both film thickness and ion
intercalation can slightly optimize transmittance. For instance,
Verger et al. found that the transmittance of Ti;C,T, films
was reduced by urea, hydrazine, and DMSO but increased
from 75% to 92% when treated with tetramethyl ammonium
hydroxide."**

3.4. Thermal properties

Thermal stability, thermal conductivity, and thermal expansion
characteristics are the essential aspects of a material’s thermal
properties. MXenes exhibit strong thermal conductivity due to
their electrical conductivity, which is comparable to that of
graphene. When combined with a polymer, MXenes can
enhance the polymer’s heat conductivity. Cao et al. developed
MXene/PVDF nanocomposites using solution mixing. The com-
posite with just 5 wt% MXene showed a thermal diffusivity of
0.167 mm” s~ and a thermal conductivity of 0.363 Wm ' K,
roughly twice as high as that of pure PVDF.'*> MXenes are
used to enhance the thermal conductivity of polymer
materials."**™'*® It was noted that the nanosheet structure of
MXenes allows them to form hydrogen and chemical bonds
with polymers, acting as a bridge in the composites and
creating a network for heat conduction that facilitates heat
transfer between polymer chains. Additionally, MXenes reduce
the volatility of the polymer chain arrangement, which
decreases thermal vibrations and phonon scattering, further
improving thermal conductivity.'*> Moreover, MXenes, being
inorganic nanoparticles, significantly enhance the heat resis-
tance of polymer materials. Ti;C, was incorporated into linear
low-density polyethylene (LLDPE) to create MXene/LLDPE
nanocomposites. In thermal glass transition (T,) experiments,
the average values of T20%, T40%, and Ty,., increased, indicat-
ing that the nanocomposite improved thermal stability.'*® The
thermal stability of synthesized Ti;C,T,/PVA composites was
significantly enhanced compared to pure Ti;C,T, and pure
PVA, as evidenced by higher degradation and oxidation
temperatures.'*® By adding functionalized MXenes to a chito-
san (CS) matrix, hybrid membranes were developed, which
significantly increased thermal stability.'*” MXene composites
also enhance heat radiation, contributing to increased thermal
conductivity and improved thermal stability. The barrier effect
of MXenes helps boost heat resistance by preventing volatile
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compounds from escaping the bulk polymer during degrada-
tion, thus improving heat resistance.'*>*

3.5. Magnetic properties

Most of the 2D materials discovered so far are nonmagnetic,
which limits their application in spintronics. Consequently,
pursuing controlled magnetism in two-dimensional materials
has been a longstanding goal. Interestingly, some pristine
MXenes, such as Ti,C, Ti,N, Cr,C, Cr,N, and Mn,C, are
predicted to be intrinsic magnetic materials. Specifically,
Mn,C and Cr,N are antiferromagnetic, while Ti,C, Ti,N, and
Cr,C exhibit ferromagnetic properties.'*®**' Recently, mag-
netic MXenes with half-metallicity have garnered significant
attention. Half-metals have fully spin-polarized electrons at the
Fermi level, with one spin channel being metallic and the other
semiconducting. Cr,C is the first half-metal anticipated within
the MXene family."* Fig. 7(a) shows its band structure, with
visible metallic spin-up and insulating spin-down channels.
The half-metallic gap between the maximum of the occupied
spin-down band and the Fermi level is approximately 2.9 eV,
indicating that a wide bias range can maintain 100% spin-filter
efficiency. Consequently, predictions of half-metallicity have
also been made for Ti,C and Ti,N.*** Surface functionalization
can significantly alter the magnetic and electronic properties of
bare MXenes. The magnetism in bare MXenes typically arises
from unpaired electrons in surface transition metal atoms;
thus, most of their magnetism is expected to be affected by
surface passivation. Some MXenes, particularly those contain-
ing Cr and Mn, retain their magnetic properties after surface
functionalization.
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Fig.7 (a) The Cr2C band structure'®® (Copyright (2015) American
Chemical Society); (b) density of states of Cr,CFCl (right panel) and Cr,CF,
(left panel) on a SiC (0001) substrate™* (Copyright (2016) Royal Society of
Chemistry).
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Functional groups can impact their electronic structures
and magnetic couplings. For example, Cr,C changes from a
ferromagnetic half-metal to an antiferromagnetic semiconduc-
tor with a large band gap when functionalized with -F, -H,
-OH, or -Cl groups.'* Conversely, surface passivation with O
transforms Cr,N from an antiferromagnetic metal to a ferro-
magnetic half-metal, unlike Cr,C.">'*® The ferromagnetic-
antiferromagnetic transition in Cr,C appears to be induced
by symmetrical and asymmetrical functionalization. As
opposed to symmetrical functionalization, asymmetrical func-
tionalization introduces additional modifications to the elec-
tronic structure of Cr,C. The density of states (DOS) for Cr,CF,
(left panel) and Cr,CFCl (right panel) are shown in Fig. 7(b).">*
Compared to the symmetrical distribution of Cr,CF,, Cr,CFCl
exhibits characteristics of bipolar magnetic semiconductors,
where the conduction band minimum (CBM) and the valence
band maximum (VBM) have opposite spin polarizations. Other
MXene composites, such as Cr,CFCl, Cr,CCIBr, Cr,CHCI,
Cr,CHF, and Cr,CFOH, exhibit similar bipolar magnetic char-
acteristics, making them promising candidates for spintronic
applications."?

4. Biomedical applications of MXenes
and MXene-based composites
4.1. Tissue engineering

MXenes have shown remarkable potential in materials sciences
and stem cell-based tissue therapies.'®® Titanium carbide
(TisC,) MXene nanofibers have been used to develop innovative
biomaterials for cell culture and tissue engineering. Due to the
presence of various functional hydrophilic groups, these hydro-
philic composite nanofibers can be synthesized through elec-
trospinning and doping.’® The functional groups on the
surfaces of MXene nanofiber composites may provide suitable
environments for cell proliferation. The biochemical properties
were assessed using bone marrow-derived mesenchymal stem
cells (BMSCs). The resulting MXene composite nanofibers
exhibited excellent biocompatibility, significantly enhanced
cellular activity, and promoted the differentiation of BMSCs
into osteoblasts."”” Such innovative biomaterials with distinct
multi-biological properties are ideal for tissue engineering and
repair.'>® For instance, zero-dimensional (0D) TizC, MXene-
based quantum dots (QDs) have been utilized for immunomo-
dulation to enhance tissue repair following injury. These 2D
structures, which are compatible with BMSCs, were able to
selectively reduce human CD4" IFN-y" T-lymphocyte activation
while promoting the expansion of immunosuppressive
CD4'CD25" FoxP3" regulatory T-cells in a stimulated lympho-
cyte population. Tiz;C, MXene QDs were incorporated into a
chitosan hydrogel to create a 3D platform with improved
physicochemical properties for tissue repair and stem cell
delivery. The hydrogel composite maintained injectability and
thermal sensitivity while demonstrating good conductivity.'*®
Surgical failure and bone tumor recurrence remain significant
concerns due to residual malignant tumor cells and inadequate
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Fig. 8 Schematic diagram of the development of TBGS: (a) TizC, MXene
integration, degradation of the TizC, MXene on BGS and 3D printing of
pure BGS constitute all steps in the fabrication process of TBGS; in vitro (b)
and in vivo (c) photothermal ablation of osteosarcoma cells carried out
with TBGS; (d) bone-tissue repair and therapeutic outcomes for BGS and
TBGS implantation®® (Copyright (2019) John Wiley and Sons).

bone-tissue integration.">® As a result, developing multifunc-

tional therapeutic platforms for effective tumor treatment and
bone regeneration has become essential. One potential appli-
cation is the integration of the 2D Ti;C, MXene with 3D-printed
bioactive glass scaffolds to combine photonic hyperthermia for
simultaneous tumor ablation and bioactive scaffolds for bone
tissue reconstruction (Fig. 8).">° The composite scaffolds were
designed with optimal characteristics to achieve bone-tumor
ablation using near-infrared (NIR)-triggered photothermal
hyperthermia and remove the entire tumor from in vivo bone-
tumor xenografts. Integrating the Ti;C, MXene into composite
scaffolds can potentially enhance the in vivo growth of new
bone tissue within bioactive glass scaffolds. These scaffolds,
which offer the dual benefits of tumor ablation and bone tissue
regeneration, represent a promising alternative to other tissue
engineering devices for treating bone tumors.">’

In the NIR-II biological window, a soluble 2D MXene (Nb,C
nanosheets) system was developed using polyvinylpyrrolidone
microneedles for medical implantation and photothermal
tumor elimination.'®® The high-functioning photothermal
nano agents, Nb,C nanosheets, were incorporated into a bio-
compatible polyvinylpyrrolidone matrix. This resulted in a
microneedle system with sufficient skin penetration and dis-
tinctive solubility. Upon insertion into the tumor site, the
microneedles rapidly break down and release the nanosheets.
Due to their excellent biocompatibility and minimal toxicity or
adverse effects, these microneedle devices hold promise for
safe, effective, and minimally invasive localized therapy.'®® On
the other hand, designing and manufacturing conductive car-
diac patches to improve electrical coupling with the host tissue
represents a promising approach to enhancing heart tissue
regeneration. The alignment of myofibrils into bundles and
their organization within the ventricular myocytes significantly
impacts heart tissue functionality.’®® Although aerosol jet
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Fig. 9 (a) Viability percentage of iCMs on the TIsC,T, MXene-PEG hydro-
gel; (b) immunostaining characterization included three methods: (1)
connexin-43 staining, (2) sarcomeric alpha-actinin staining and (3) combi-
nation of connexin-43 and sarcomeric alpha-actinin staining. The straight-
line patterned MXene printed on glass, the unpatterned TizC,T, MXene,
and Hilbert's curve-patterned TizC,T, MXene printed on PEG were utilized
for immunostaining characterization; (c) Qrt-PCR analysis of the relative
MRNA expression of the cardiac markers MYH7, SERCA2, GJAl1, and
TNNTZ2; (d) an individual image obtained during the calcium flux timelapse
recording of an on-glass sample (left) and the calcium flux timelapse
image’s intensity (right); (e) the average intensity of calcium flux and time
(right) and a single snapshot from the calcium flux timelapse recording of
the TIsC,T, MXene-PEG hydrogel (left) (the pattern was categorized into
16 groups, each of which is depicted with a distinct colour)*®? (Copyright
(2022) Elsevier).

printing (AJP) offers high resolution and can print on soft and
hard tissues, it is especially suitable for producing cell-scale
printed patterns. This technology enables the creation of hybrid
tissue frameworks and allows printing on hydrogels of various
shapes.'®® Using AJP, MXene-integrated composites were pre-
pared for human cardiac patches. The conductive Ti;C,T,
MXene was printed in specific patterns onto a polyethylene
glycol (PEG) hydrogel, and the electroconductive cardiac
patches were aligned with human-induced pluripotent stem
cell-derived cardiomyocytes (iCMs).*®* To study cell attachment
and alignment, TizC,T, was printed on various substrates,
including glass, GelMA, and PEG hydrogels. Among the scaf-
folds created, Ti;C, T, MXene-PEG hydrogels exhibited excellent
alignment of iCMs with high vitality (Fig. 9(a and b)). qRT-PCR
analysis of Hilbert’s curve-patterned glass samples showed a
significant increase in the relative mRNA expression of cardiac
markers compared to straight line-patterned glass samples,
indicating better iCM maturity (Fig. 9(c)). Contraction
dynamics of the cardiac patches were evaluated by investigating
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Ca®" handling and conduction velocity (Fig. 9(d and e)). The
results demonstrated that the addition of Ti;C,T, MXene to
non-conductive hydrogels increased the synchronous beating
rate of iCMs. Additionally, injectable shape-memory composite
tissue scaffolds were developed for in vitro applications by
incorporating TizC, MXene quantum dots into chitosan-based
hydrogels."*® In another related study, chitosan-based hydro-
gels with honey, Tiz;C, MXene, and 0D fluorescent carbon dots
were created and applied to tissue engineering. These hydrogels
exhibited favorable compatibility with various stem cell types and
demonstrated antibacterial and anti-inflammatory properties.'®?
Another investigation incorporated TizC,T, nanosheets into a
reduced graphene oxide hydrogel to explore diverse applications,
including tissue engineering possibilities."®* It indicated that
MXene-based bio-composites exhibited immunomodulatory and
anti-inflammatory qualities, which make them ideal for tissue
engineering applications.’®®> Here, we also discuss various uses
of MXene-based nanocomposites in tissue engineering and regen-
erative medicine (Table 3).

4.2. Detection and treatment of cancer

Recently, there has been increasing attention on nanocompo-
sites made from two or more constituent materials."’* The
significance of 2D MXenes in creating multifunctional nano-
composites is recognized due to their distinct structural
features, metallic conductivity, rich surface chemistry, large sur-
face area, biocompatibility, hydrophilicity, and adjustable particle
size."”>""”7 MXenes possess a variety of functional groups on their
surfaces, allowing them to readily hybridize with other materials
such as polymers, MnO,, zinc oxide, mesoporous silica nano-
particles, Au nanoclusters, surface-superparamagnetic iron oxide,
2-C3N,, MnO,, and zinc oxide.”®'”® ¢ This versatility enables the
development of advanced functional nanocomposites with
enhanced therapeutic functionalities, including combinations of
photodynamic and chemodynamic therapies and multimodal
imaging capabilities, which cannot be achieved by single MXene
187 Specific examples of MXene-integrated
nanocomposites for cancer treatment are summarized in Table 4.

Nanocomposites of TizC,/g-C3N, have been developed to
combine photothermal therapy (PTT) with in situ oxygen gen-
eration to enhance photodynamic therapy (PDT).'®> The inte-
gration of Ti;C, with g-C;N, can significantly boost the
absorption of g-C;N, in the near-infrared spectrum, which in
turn enhances the photocatalytic activity of the resulting

nanosheets alone.

Table 3 MXene-based nanocomposites in tissue engineering and regenerative medicine

MXene nanocomposites Targeted tissue Therapy Ref.
TizC,T, MXene nanosheets Skin PTT 82

MXene/hydroxyapatite nanoparticle composite nanofibers Bone PTT 166
Nb,C@TP (Nb,C MXene titanium plate) Skin — 167
Nb,C MXene-integrated 3D-printed bone-mimetic scaffold Bone PTT 168
Muscle-inspired MXene/PVA hydrogel Skin PTT 169
MXene-amoxicillin-PVA nanofibrous membrane Skin — 170
Silica@Nb,C MXene-integrated 3D-printing bioactive glass scaffolds Bone — 171
Chitosan-hyaluronate hydrogel@Ti;C,T, MXene nanocomposites Skin — 172
Ultralong hydroxyapatite nanowires/titanium carbide nanocomposite Bone PTT 173
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Table 4 MXene nanocomposite incorporation for cancer treatment
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MXene nanocomposite Cancer Treatment Ref.

Carbon dot@Tiz;C,Tx Breast Sonodynamic therapy (SDT)/photothermal therapy (PTT) 188

Ti;C,@chitosan-MnFe,0, Pancreatic Chemodynamic therapy (CDT)/photothermal therapy (PTT)/magnetic 189

resonance imaging

MXene@agarose/TNF-o Colorectal Chemotherapy/photothermal therapy (PTT) 190
carcinoma

Nb,C plasmon (MXene)/Pt nanozymes/doxor-  Cervical Chemotherapy/photothermal therapy (PTT) 191

ubicin (DOX) carcinoma

MXene@hydrogel Melanoma Chemotherapy/photothermal therapy (PTT) 192

nanocomposites and increases the generation of reactive oxy-
gen species (ROS). The ROS generation and mitochondria-
targeted nanomedicine were further developed by modifying
Ti;C,/g-C3N, with triphenylphosphonium bromide (Ti;C,/
g-C3N,-TPP)."®® Under near-infrared (NIR) irradiation, synergis-
tic type I and type II PDT can occur (Fig. 10(a)). Ti;C,/g-C3N,
nanosheets (NSs) can generate abundant O, in type II PDT
through the breakdown of endogenous water when exposed to
light. This energy transfer to O, initiates the creation of
cytotoxic singlet oxygen (10,).

In type I PDT, electrons from the valence band (VB) of g-C3;N,
are energized to the conduction band (CB), producing photo-
activated electrons and holes."®® The excited holes react with
water molecules to generate hydroxyl radicals (*OH). Addition-
ally, excited electrons from g-C;N, may migrate to TizC,,
reducing O, to generate superoxide anions (O, ), a potent
ROS. Electron spin resonance spectra of g-C3N, and Ti;C,/g-
C3N, (670 nm laser, 0.48 W cm ™ ?) verified the generation of
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Fig. 10 (a) TizC,/g-C3sN4 nanocomposite illustrated as a photosensitizer
for enhanced PDT by the cooperative action of type | and type Il routes
when exposed to near-infrared radiation; (b) TizC,/g-C3sN4 hanocompo-
sites at different concentrations exposed to an 808 nm laser (0.8 W cm™2)
via photothermal heating curves; (c) after two weeks of various treatments,
images of MCF-7 tumour-bearing mice: () PBS (pH = 7.4, 10 mm); (ll) PBS
(pH = 7.4, 10 mm) reflected by a 670 nm laser (0.48 W cm™~2) and 808 nm
laser (0.8 W cm™2); (Ill) TizC2/g-C3N4-TPP; (IV) TisCo/g-CsN, reflected by a
670 nm laser (0.48 W cm™~2); (V) TisC/g-CsN, reflected by an 808 nm laser
(0.8 W cm™2); (VI) TisC»/g-C3N, reflected by a 670 nm laser (0.48 W cm™)
and 808 nm laser (0.8 W cm~2); and (VII) TizC,/g-C3Ny4-TPP reflected by a
670 nm laser (048 W cm™) and 808 nm laser (0.8 W cm™2). The
experimental irradiation time was five minutes'®® (Copyright (2020)
Elsevier).
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ROS, including *OH, O, ", and '0,. Under 808 nm laser irradia-
tion, Ti;C,/g-C3N, nanocomposites exhibited excellent photo-
thermal effects at various concentrations (Fig. 10(b))."®> In vitro
experiments showed that the zeta potential of TizC,/g-C3N,
nanocomposites increased from —4.5 to —22.4 mV compared
to pure TizC, nanosheets. The zeta potential was further
enhanced to 7.6 and —3.0 mV, respectively, by modifying the
surface with TPP and PEGNH,. This improvement provided
exceptional physiological stability in Dulbecco’s modified
Eagle’s medium (DMEM), fetal bovine serum (FBS), and
phosphate-buffered saline (PBS, pH = 7.4, 10 mM), which is
essential for in vivo applications.

A strong anticancer efficacy of Ti;C,/g-C;N,-TPP nanocom-
posites was demonstrated through in vivo multimodal PTT and
PDT in tumor-bearing mice (Fig. 10(c))."® PTT can be com-
bined with various therapeutic approaches, such as photody-
namic therapy,"®® radiation,"”* and immunotherapy,"®® for
effective cancer treatment. Zhang et al. developed a composite
with cellulose-based hydrogels and Ti;C, MXene loaded with
the chemotherapeutic drug doxorubicin (DOX). They demon-
strated the composite’s good photothermal properties, high
DOX loading capacity, and optimal biocompatibility for this
dual-modality photothermal/chemotherapy system.'® The
drug effectively destroyed tumor cells and prevented recurrence
when released in response to photothermal action. Deng et al.
recently described a novel multifunctional hydrogel known as
SP@MX-TOB/GelMA, synthesized with Ti;C, nanosheets, gela-
tin methacrylate (GelMA), sulfonated polyetheretherketone
(SP), and tobramycin (TOB)."”” The hydrogel demonstrated
effective photothermal properties, successfully killing osteo-
sarcoma cells and E. coli and S. aureus bacteria. It also
showed favorable osseointegration, biocompatibility, and
osteogenic activity for pre-osteoblasts. In another develop-
ment, composite nanosheets containing Ta,C; (tantalum
carbide) MXenes were created for multiple imaging-guided
photothermal tumor removal (Fig. 11).'®° These nanosheets
initiated a redox reaction on their surfaces, facilitating the
in situ formation of manganese oxide nanoparticles. The
integrated MnO, section of the produced composites was
modified to function as the tumour microenvironment-
receptive contrast entity for T1-weighted MRI, and the tanta-
lum portions might serve as superior contrast means
for contrast-boosted computed tomography (CT). With
appropriate contrast-enhanced photoacoustic imaging
applications, the photothermal-translation activity of the
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Fig. 11 Schematic diagram of the synthesis process and photothermal
tumour therapy with MnO,/Ta;C3—SP composite nanosheets influenced
by MR/CT/PA imaging. (a) The ball-and-stick model-based exfoliation
approach for 2D Ta4Cs nanosheets consists of HF etching and sonication
exfoliation; (b) the technique to develop MnO,/TasCs-SP nanocomposite
sheets involves several steps, like HF etching, sonication exfoliation, an
in situ redox reaction between TasCz nanosheets and post-introduced
KMnOy, and surface SP modification; (c) schematic diagram of theranostic
properties of MnO,/TasCs—SP nanocomposite sheets, i.e., effective PTT
ablation of cancer influenced by MR/CT/PA imaging*®® (Copyright (2017)
American Chemical Society).

developed MXene-based nanosheets could significantly limit
tumour growth by photothermal hyperthermia.'®®

By combining an engineered exosome vector with vanadium
carbide (V,C) quantum dots that have appropriate photother-
mal activity in the NIR-II range, Cao et al. proposed a novel
approach to increase the therapeutic efficiency of PTT (Fig. 12).
These quantum dots targeted the tumour cells. They entered
their nuclei, destroying them both in vivo and in vitro. The
developed nanosystem exhibited a prolonged circulation time,
high biocompatibility with the capacity to escape endosomes,
and potential for clinical applications."*® Ultrathin 2D molyb-
denum carbide (Mo,C) MXenes were developed for photonic
tumour hyperthermia.’® The substantial NIR absorption,
encompassing NIR-I and -II, the first and second biological
transparency windows, was demonstrated using computational
simulation, a unique approach for photonic-performance pre-
diction. Following external engineering modification, Mo,C-
PVA nanoflakes were produced with poly(vinyl alcohol) (PVA).
These nanoflakes demonstrated excellent biocompatibility and
quick biodegradability. In addition to exhibiting an intriguing
broad absorption band spanning NIR in the I and II regions,
subsequent nanoparticles had an optimal photothermal-trans-
lation efficiency (43.3% for NIR-II and 24.5% for NIR-I)."*°

This journal is © The Royal Society of Chemistry 2025
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Fig. 12 Schematic diagram of the (a) synthesis process of V2C-TAT; (b)
dual-target V2C-TAT@Ex-RDG nano agent for the cancer cell membrane
and nucleus for multimodal imaging-guided PTT in the NIR-Il bio-window
at low temperature (Ex = exosomes and RDG = Arg-Gly-Asp)*°® (Copyright
(2019) American Chemical Society).

4.3. Sensors

4.3.1. Biosensors in conjunction with wearable electronics.
MXene-based components have been actively and passively
utilized as electrocatalysts and redox transducers to detect
biomarkers, environmental pollutants, pharmaceuticals, and
nanoparticles.”’® The expansion of MXenes’ application in the
sensor domain is primarily attributed to their chemical char-
acteristics and easily adjustable surface functionalization.>**

Given these advantages, MXenes have gained popularity
across various sensors, including optical/electrochemical, gas/
humidity, and stress/strain sensors. However, MXenes have van
der Waals interactions between neighboring sheets, which lead
to a small interlayer gap and substantial aggregation. This
aggregation limits their potential applications.>*** To
enhance the properties of MXenes, expanding the interlayer
gap to increase surface area, create additional active sites, and
widen ionic transportation channels could be beneficial.>** For
instance, developing composites based on MXenes can improve
their efficiency through synergistic and additive effects. The
growing demand for novel diagnostic techniques has led to the
development of decentralized, user-friendly biosensors.
MXenes, with their unique structure, distinct surface chemis-
try, excellent conductivity, and biocompatibility, are well-suited
for developing cutting-edge electrochemical and biosensing
devices.?*>?% Table 5 provides examples of MXene-based bio-
sensors. Although MZXene-based composites are promising
biosensors in biomedicine, they generally have low brightness
in the optical domain. MXenes have been coupled with fluor-
escent dyes or quantum dots to enhance their photolumines-
cence properties.””” For example, rhodamine B was used to
modify the surface of Ti;C, MXene, which initially subdued the
dye’s fluorescence. However, in the presence of phospholipase
D, the fluorescence was restored as the dye detached from the

J. Mater. Chem. B, 2025,13, 4279-4312 | 4291


https://doi.org/10.1039/d4tb02834a

Published on 26 februar 2025. Downloaded on 22. 02. 2026 10:54:19.

Review

Table 5 An overview of MXene-based biosensors

View Article Online

Journal of Materials Chemistry B

MXene nanocomposite Probe

Sensing range Limit of detection Ref.

MXene-Au
MXene N-Ti;C, quantum dot/Fe** Glutathione
MXene-MoS, MicroRNA-21

MXene-derived quantum dot@Au
Prussian blue/Ti;C, MXene
TizC,-MoS, MXene

Ti;C,@ReS,

Exosomes
Toxic gases

MXene@Au
NPs@methylene blue

Prostate-specific antigen

MXene nanosheets. Electronic stretchable and flexible sensors
have introduced new possibilities for innovative applica-
tions.??®?°° These wearable sensors, which generate electrical
signals in response to mechanical stimuli, have potential uses
in humanoid robotics and intelligent medical diagnostics."
Due to their exceptional characteristics, MXenes are commonly
used as nanofillers in polymer matrices to create flexible,
elastic, and malleable electronics. For instance, Ti;C,Ty
nanosheets were incorporated into a glycerine/poly(dimethyl-
siloxane) film to develop a self-powered e-skin sensor. This
e-skin sensor demonstrated adequate sensitivity, allowing it to
track temperature changes between 15 and 25 °C.>'" MXenes
can also be combined with DNA through robust chelation
interactions to develop diagnostic composites. For example,
an electrochemical biosensor for gliotoxin detection was cre-
ated using Tiz;C, nanosheets modified with DNA nanostruc-
tures. The phosphoryl groups on the DNA nanostructures
facilitated interactions with MXene nanosheets, speeding up
electron flow between the electrochemical species and the
electrode surface. The altered conformation of the DNA after
attachment to target molecules resulted in a detectable electro-
chemical signal.

This biosensor showed a detection range of 5 pM to 10 nM
and a limit of detection of 5 pM for gliotoxins. These biosensors
could be further developed to detect additional mycotoxins
(Fig. 13(a and b)).>*® Wearable electrochemical biosensors for
sweat-based analysis face challenges such as inadequate dur-
ability, limited sensitivity, and instability of enzymes and
biomaterials with repeated use. MXene-based composites have
partially addressed these issues. For example, an MXene and
Prussian blue composite was used to detect perspiration bio-
markers, such as lactate and glucose. This electrochemical
biosensor demonstrated a high sensitivity of 35.3 A mm™"
cm? for lactate and 11.4 pA mm™ " cm > for glucose, with
excellent repeatability (Fig. 13(c-€)).>*

Another intriguing application of MXene-based biosensors
is in oral disease diagnosis. A bio-aerogel with a 3D porous
cellulose/Ti;C,T, MXene array was designed for diagnosing
periodontal problems. The embedded MXene nanosheets pro-
vided flexibility and exceptional mechanical properties. The
system could sense ammonia gas and pressure, making it
suitable for oral health monitoring.

The sensor demonstrated biodegradability, biocompatibil-
ity, and low H,0, concentrations during decomposition.**>
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Gram-negative/Gram-positive bacteria 3 x 10°-3 x 10° CFU mL ™"

Triple-negative breast cancer

Cancer-related miRNA-141
Ti;C,T, MXene-Au NPs@polyimide thin film Carcinoembryonic antigen

3 x 10° CFUmL™' 212

0.5-100 pm 0.17 pm 213
100 fm-100 nm 26 fm 214
5 fm-10 nm 1.7 fm 215
5 x 10>-5 x 10° particles pL ' 229 particles pL~' 216
10-100 ppm — 217
0.1 fm-1 nm 2.4 am 218
0.1-100 ng mL™" 0.001 ng mL™* 200
5 pg mL '-10 ng mL " 0.83 pg mL ' 219

Aerogels from bacterial cellulose and Ti;C,T, MXene (BC/
MXene) were flexible and rapidly degraded. This sensor plat-
form was designed to detect local ammonia diffusion and
occlusal force to prevent dental disorders. It showed high
sensitivity to occlusal force and could differentiate between
different contact points, demonstrating excellent sensitivity
and selectivity to ammonia produced by dental decay. These
MXene-based biosensors hold the potential for early detection
of oral diseases (Fig. 14(a and b)).>** The composite aerogel was
produced by freeze-drying, which facilitated the arrangement of
cellulose along the ice grain boundaries, creating a porous 3D
structure. This preparation technique enhanced the mechan-
ical strength of the sensing platform (Fig. 14(c)). The biosen-
sor’s pressure-sensitive responses were examined using triggers
such as finger bending, sound, and pulse (Fig. 14(d-f)). These
developments in MXene-based biosensors open new opportu-
nities for designing and fabricating advanced functional mate-
rials for various diagnostic and therapeutic applications.

4.3.2. Stress and pressure sensors. Piezoresistive, piezo-
electric, and capacitive are the three main types of pressure/
strain sensors. The Greek word for pressure is the source of the
prefix piezo. Applying pressure alters a material’s electrical
capacitance (capacitive pressure material), alters a piezoresis-
tive material’s resistivity, and generates charges in a piezo-
electric material. The following formula for the capacitance of
parallel-plate capacitors can be used to describe the operation
of capacitive pressure sensors:

eA
C= 7 (7)

where ¢ = dielectric constant; A = surface area of electrodes; and
d = distance between two electrodes. An applied force changes ¢
or d, changing C for a constant A. When a slight force is
applied, ¢ or d should fluctuate perceptibly to get high sensi-
tivity. The dielectric material must have a low compressive
modulus to meet this criterion. Aerogels and elastomeric
materials are two excellent examples of materials having a
low compressive modulus. When a dielectric layer of these
materials is subjected to a small force, it deforms significantly.
In these scenarios, an MXene can effectively increase the
dielectric constant and decrease the compression modulus of
a polymeric dielectric material, such as poly(vinylidene
fluoride-trifluoroethylene) (PVDF-TTFE), to improve its sensitiv-
ity. A potential method to create wearable, mechanically robust
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Fig. 13 (a) Schematic diagram of a typical label-free electrochemical gliotoxin biosensor based on the MXene-based nanocomposite including the

tetrahedral DNA nanostructure (TDN) and horseradish peroxidase (HRP); (b) amperometric response curves (concentration range: 0-10 000 pm) and the
examined logarithmic plot (amperometric current vs. gliotoxin concentration)??° are two examples of the electrochemical properties utilised for the
diagnosis of gliotoxins (Copyright (2019) Elsevier); (c) the portable electrochemical analyzer on the body attached to the wearable real-time sweat
monitoring patch, which provides electricity for monitoring glucose, lactate, and pH levels. It also connects wirelessly via Bluetooth to commercial
mobile phones; (d) schematic diagram of oxygen-rich sensing electrodes in wearable electrochemical biosensors, featuring conducting super
hydrophobic carbon fiber, carbon nanotubes, TizC,T,, and Prussian blue. The optical picture of the sensing patch system linked to a portable device;
(e) chronoamperometric response of the glucose/lactate sensor at different glucose concentrations (0-1.5 x 107> M, pH = 6 for glucose and 0-22 x
107* M, pH = 6 for lactate). The sensor calibration curve and typical responses over time are displayed in the inset. The chronoamperometric response

was observed at the 10th, 20th, 30th, and 40th tests for glucose/lactate®?! (Copyright (2019) John Wiley and Sons).

pressure sensors is MXene/PVDF-TrFE sandwiched between
two flexible polymeric electrodes. This can be used to create
capacitive MXene/polymer pressure sensors.>?” Fig. 15 shows
the fabrication of such MXene/polymer sensors. A change in
resistivity happens in MXene-based piezoresistive strain sen-
sors in response to pressure or force. In most cases, the
resistivity change is stated as AR/R,, where R, = resistivity of
the sensor material with no stretch and AR = difference in
resistivity before and after the strain. A strain sensor’s gauge
factor (GF) indicates the sensitivity.

_ AR/Ry

GF = AL/Ly (8)

where AL = absolute change in length and L, = original length
of the sensor before strain. The resistivity changes more when a
strain occurs when the GF is higher.

Lately, strain sensors with MXene and poly(dimethylsiloxane)
with a GF of 3.6 have been effectively constructed.?”® In the strain
range of 0-10%, MXene/elastomer sensors with a GF 43-107 were
also identified.””” The significance of a pressure sensor’s

This journal is © The Royal Society of Chemistry 2025

sensitivity is provided by

Al
5= APO ©)

where Al = changes in the electrical current; AP = pressure reading
before and after applying pressure; and [, = electrical current
when no pressure is exerted.”*® Most MXene/polymer sensors
generate a conductive network of MXene flakes when the MXene
concentration reaches a point known as the percolation concen-
tration. The MXene flakes of the network move closer to one
another when under pressure and detach from one another when
under strain. The gaps between MXene flakes increase with the
complexity of electrical charges moving through the MXene net-
work. Indeed, isolated or weakly linked flakes produce extra
resistance for charge transfer. The basis for the operation of
strain and pressure sensors containing electroconductive nano-
particles, such as MXene, is the relationship between the magni-
tude of electrical charge transport and the applied force.**®
4.3.3. Humidity and moisture sensors. Because they are
hydrophilic, MXene nanosheets are useful for humidity sen-
sing. That implies humidity monitoring and detection can be
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Fig. 14 Flexible sensing platform based on the BC/MXene bio-aerogel. (a)
and (b) Illustration and principle of the flexible sensor based on bio-aerogel
and BC/MXene; (c) schematic diagram of BC/MXene bio-aerogel
synthesis??® (Copyright (2023) Frontiers); (d) bending and straightening
the index finger induces the BC/MXene bio-aerogel flexible sensor to
adapt to a pressure-sensitive approach. The reaction exhibits varying
intensities and frequent shifts in response to varying degrees of bending;
(e) and (f) when attached to the throat, sound detection is achieved by
tracking the vibration of the vocal cords during speaking; when the flexible
sensor is connected to the wrist, human health is monitored through the
pulse signal of the BC/MXene-based BC sensor. In summary, it has been
determined that the average human pulse frequency is 70 times per
minute®®* (Copyright (2022) John Wiley and Sons).
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Fig. 15 Developing a sensitive pressure sensor through poly(3,4-
ethylenedioxythiophene) polystyrenesulfonate/polydimethylsiloxane elec-
trodes and PVDF-TYFE dielectric material®?® (Copyright (2019) American
Chemical Society).

done with MXene-based sensors. It is understood that water
seeping into the MXene network causes an increase in the
electrical conductivity of an MXene-based sensor. On the other
hand, An et al. observed that greater interlayer spacing and
tunnelling resistance between the sheets result from the inter-
calation of water molecules between MXene flakes.>*° They also
explained that this process is reversible, and the resistivity
decreases due to the water molecules’ deintercalation, which
shortens the interlayer distance. The humidity sensor was
sufficiently sensitive to identify and measure a person’s intake
and exhale rate when walking and jogging (Fig. 16).>*°
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Fig. 16 The MXene-based humidity sensor reacts by permitting water to
intercalate and decallate between its layers?*° (Copyright (2019) American
Chemical Society).

The rate of inhalation/exhalation is higher during running
than during walking, and this difference can be detected by the
humidity-detecting sensor due to the higher rate of water
intercalation between MXene layers during running. Regardless
of the mechanism, it is crucial to understand that the con-
ductivity of MXenes changes when water molecules penetrate
between their flakes, and due to this property, MXenes are
desirable for use in moisture and humidity detecting sensors.

4.3.4. Comprehension of human motion. Wearable sen-
sors are elastic nanocomposite sensors composed of elasto-
meric polymers. It has been mentioned that MXene/polymer
sensors can detect even minute movements in the human body
with sufficient accuracy.?”” The facial muscles of an individual
stretch and contract when they change their expression or
27 For instance, a person’s throat
muscles contract or relax differently as they speak. The motions

enunciate words differently.

of the throat muscles during the utterance of a particular
phrase create a distinct pattern that these sensors can detect
when affixed to the front of the neck or the skin of the face
(Fig. 17(a)). Consequently, voice detection can be done with
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Fig. 17 (a) MXene-based skin-mountable sensors for speech recogni-
tion?28 (Copyright (2020) Wiley) and (b) to detect minute motions in the
body by attaching MXene-based sensors to different body parts>*? (Copy-

right (2020) Royal Society of Chemistry).
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MXene-based sensors.*® Voice signals that have been analyzed
can subsequently be translated into commands for driving a
car. This indicates potential in robotics, artificial intelligence,
and autonomous vehicles.?”” Several reusable MXene/polymer
nanocomposite sensors are available to detect movements of
the hand, stomach, eyebrow, finger, and other body parts
(Fig. 17(b)).>*>*** Motion sensors based on MXenes can detect
and measure motion by comparing it to AR/R,. Authenticating
signatures is an intriguing use case for MXene-based motion
sensors. When signing a document, each person applies pres-
sure and takes a different time. It is possible to create a motion
sensor that resembles a thin sheet and insert it beneath the
document that needs to be signed.

Subsequently, the sensor produces an exclusive electrical
signal, which is analyzed by artificial intelligence equipped
with a signature database to verify the legitimacy of the
signature. Therefore, there are numerous security applications
for MXene-based motion sensors.**° A wearable motion sensor
can also be used as a pulse meter to detect heartbeat rate. The
heart’s performance can then be assessed by analyzing the
recorded signal.>*?

4.3.5. Gas sensors. Distinct gases have varying affinities to
the MXene surface. Consequently, their possibilities of adsorp-
tion on the MXene surface are different. Electrons from gas
molecules migrate to the MXene surface when molecules of a
gas with excellent affinity for the surface are adsorbed. Since
the electrical conductivity of MXenes depends on their electro-
nic configuration and surface functional groups, this changes
the conductivity of the MXene. Significant changes in MXene
conductivity are not brought about by gases that contact poorly
with its surface or that do not exhibit affinities towards it.”** An
MXene-based gas sensor’s reaction is explained as follows:

Ry — Ry

R= 100‘ (10)

a
where R, = sensor resistance in gas and R, = sensor resistance
in air. Furthermore, Al/I, can indicate the gas sensitivity, where
Al is the electrical current change upon gas contact and I, is the
electrical current before gas adsorption. A more accessible
MXene surface makes gas detection easier because gas detec-
tion depends on the interaction of a gas molecule with the
surface of an MXene. Therefore, a single-layer MXene with a
larger surface area is preferable to a multilayer or stacked
MXene in sensor manufacturing. By employing in situ polymer-
ization, Zhao et al. developed polyaniline (PANI) particles on
the surface of Ti;C, to stop MXene flakes from stacking and
preserve the surface for the adsorption of gaseous molecules.>*
This allowed for greater gas diffusion paths, an open structure
between the MXene layers, and reasonable access to the MXene
sensing layer.>*> Due to this change, the MXene/PANI sensor
demonstrated a 2.3-fold increase in ethanol sensitivity com-
pared to the original MXene. It also provided a significant
degree of flexibility to the MXene-based sensor (Fig. 18).>*
Wau et al. used a pristine MXene gas sensor and showed that the
sensor can distinguish between NH; and ethanol at concentra-
tions as low as 10 ppm.?** The sensor responded to a 25 ppm
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Fig. 18 (a) MXene-based gas sensors for ethanol detection; (b) flexibility
of the sensing layer of the PANI-modified MXene-based gas sensor®>®
(Copyright (2019) Wiley).
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NH; mixture with a response time of 45 s and recovered in 94 s.
The pristine MXene sensor’s NH; selectivity was four times
higher than its ethanol selectivity, indicating that it is appro-
priate for ammonia detection. However, the MXene/PANI gas
sensor effectively detected ethanol more than ammonia.*** The
strength of a gas molecule’s contact with a sensor surface is the
source of these variations.”*® Including PANI in the MXene/
PANI sensor enhanced the possibility that the functional
groups would interact with ethanol molecules and facilitate
electron transport from ethanol to the MXene surface com-
pared to a pure MXene sensor.>** Consequently, the selectivity
of MXene-based sensors for particular gas detection is
improved by tailoring the surface chemistry of MXenes through
polymer grafting. Various MXenes beyond Ti;C, can also be
utilized to develop and produce sensors. For instance, Ti,C
MXene for gas sensor applications was studied practically and
conceptually.”*® Simulation investigations confirm that when
the surface of single-layer Ti,C is enriched with oxygen func-
tional groups, it exhibits greater sensitivity for NH; than for
CO,, 0,, H,, and CH,. Additionally, outstanding NH; detection
was demonstrated via artificially flexible Ti,C/polyimide sen-
sors. A sensor for detecting nonpolar gases was created by
combining V,C, an MXene, with polyimide. It was possible to
develop temperature- and CO,-sensitive sensors by grafting
poly(2-(dimethylamino)ethyl methacrylate) onto the V,C
surface.>*

Here, in Table 6, we have presented a quick overview of
various MXene-based sensors and their application.

4.4. Imaging

Imaging technology is critical for accurate tumour staging and
localization, as well as for directing cancer treatment and
identifying post-treatment recurrences. It is an essential tool
for early cancer diagnosis. MXene nanosheets have excellent
physicochemical properties, making them highly promising for
diagnostic imaging. They can be used with various imaging
techniques, including magnetic resonance imaging (MRI),
photoacoustic imaging, CT, and fluorescence imaging.

Novel MXene-based reagent-based imaging approaches can
help overcome some of the frequent issues and limitations with
existing reagents. For instance, 2D MXene-based reagents have
quantum size effects for photoluminescence (PL) cell imaging,
which can improve elemental contrast for X-ray CT imaging and
intrinsic photothermal properties for PA imaging. This is in
contrast to traditional imaging reagents.
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MZXene based composites Application Ref.
Tiz;C,-rGO Pressure sensor 237
TizC,—chitosan Biosensor 238
Ti;C,-polyurethane Strain sensing fabric 239
TizC,-epoxidized natural rubber Self-healable intelligent sensor 227
TizC,-ink Strain sensor 240
Ti;C,-poly(vinyl alcohol) Wearable electronic sensors 229
Ti3C,-poly(dimethylsiloxane) Skin conformal sensors 233
Ti;C,-Ag nanoparticles Biosensor for glucose detection 241
Ti;C,-TiO, H,0, sensor 242
Ti;C,-modified sodium alginate-polyacrylamide Human motion sensor and biomonitoring sensor 232
Ti;C,-poly(diallyldimethyl ammonium chloride) Humidity sensor 230

4.4.1. Luminous imaging method. In aqueous solutions,
conventional MXene-based materials show extremely low lumi-
nescence properties; thus, no photoluminescence response is
visible. Researchers have employed several techniques to
improve MXene’s fluorescence qualities and increase the range
of potential biomedical uses. The fluorescence characteristics
of MXene materials can be enhanced by two primary methods.
One technique is to give MXenes luminous characteristics by
affixing a fluorescent species on their surfaces. Electrostatic
adsorption is used to load the cationic fluorescent medicine
DOX onto an MXene containing the p-terminus aluminum
oxide anion (Fig. 19(a)) to achieve coupling.>** This technology
can be used for biological imaging and anticancer therapy
because of the auto-fluorescence effect of anticancer medica-
tion DOX. The second approach is developing MXene quantum
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Fig. 19 (a) Schematic illustration of the development of TisC,-DOX?*®
(Copyright (2017) American Chemical Society); (b) UV-vis (solid line), PLE
(dashed line), and PL (solid line, Ex = 320 nm) spectra of (i) MQD-100, (ii)
MQD-120 and (iii) MQD-150 solutions under a 365 nm UV lamp and visible
light®>® (Copyright (2017) John Wiley and Sons); (c) (i and v) bright-field
confocal images (at 405, 488, and 543 nm) of RAW264.7 cells (ii—iv) with
MQD-100 and (vi-viii) with MQD-1202%° (Copyright (2017) John Wiley and
Sons).
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dots (MQDs) with luminescence characteristics. Like graphene
quantum dots (QDs), molybdenum disulfide QDs, and boron
nitride QDs, MQDs have luminescence characteristics depen-
dent on excitation, making them suitable for practical fluores-
cence imaging.***>*° Hydrothermal techniques are one of the
many ways MXene flakes can be broken down into quantum
dots with minimal diameters and outstanding photolumines-
cence (PL) capabilities.>**>>?
dots of inorganic two-dimensional nanomaterials, such as

The advantages of using quantum

MQDs, over conventional organic fluorescein are as follows:
low cytotoxicity, high dispersibility for bioimaging, high
chemical stability and photostability, high quantum yield of
photoluminescence, and tunable wavelength that can be
adjusted by varying the size, shape, or functionality of the
prepared quantum dots. The size effect and surface defects
are the two mechanisms of luminescence in 2D materials that
are still under debate, even though substantial photolumines-
cence effects may be seen in materials like graphene and
MXene quantum dots.”>>*** With the simple hydrothermal
technique, Xue et al. produced monolayered Ti;C,T, QDs at
temperatures of 100 °C (MQD-100), 120 °C (MQD-120), and
150 °C (MQD-150). They then showed that these MQDs have
excitation-dependent luminous features.>®> They ultimately
concluded that the MQDs showed excitation-related PL beha-
viour based on the UV-vis spectra and PL excitation (PLE)
spectra that were recorded with the greatest luminescence
(Fig. 19(b)). It was discovered that MQDs are sufficiently stable
to be employed in circumstances with a range of pH values by
examining the variation of PL intensities of MQDs at different
pH values. MQDs have a great deal of potential as biocompa-
tible multicolour cell imaging reagents. Initial MQD-100 and
MQD-120 cell imaging experiments were conducted by labelling
RAW264.7 cells (Fig. 19(c)).>*> Nb2CT, QDs were synthesized in
tetrapropylammonium hydroxide (TPAOH) solution through
ultrasonic-assisted physicochemical exfoliation.>*® In contrast
to conventional nanofluorescence, the synthesized Nb,CT, QDs
demonstrated remarkable chemical stability and biocompat-
ibility, particularly noteworthy enzyme-responsive biodegrad-
ability and exceptional anti-photobleaching capability
(Fig. 20(a)).

The growing frequency of MQD utilization has prompted an
increased investigation into MQD modification options. To
enhance MQD performance for cell imaging, appropriate
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Fig. 20 (a) The related height distributions and AFM pictures of Nb,CT,
quantum dots with various biodegradation treatments over 24 hours
duration time?®® (Copyright (2020) Elsevier); (b) diagrammatic representa-
tion of synthesis of N,P-MQDs?>” (Copyright (2019) Royal Society of
Chemistry); (c) emission spectra of fluorescence of N-P-MQDs, which
developed at 120 °C with various excitation wavelengths. In the inset, the
image was taken under UV light (365 nm)®>” (Copyright (2019) Royal
Society of Chemistry).

modifications can be made to improve their properties further.
To get greater quantum yields (QY), better stability, and more
surface active centres, doping with elements like N, Cu, and P,
among others, is an essential way, which can drastically alter
the electrical characteristics and structure of quantum
dots.>®*%° The photoluminescence quantum yield (PLQY)
was significantly raised to 20.1%, as Guan et al. synthesized
nitrogen-phosphorus functionalized Ti;C,T, MZXene-based
quantum dots (N,P-MQDs) with a hydrothermal approach
(Fig. 20(b)).>®” At 480 nm excitation, the newly created photo-
luminescent quantum dots showed intense green fluorescence
for the first time (Fig. 20(c)). As an additional illustration, DMF
was used as the solvent medium and nitrogen-doping agent to
synthesize a class of N-Ti;C,T, quantum dots utilizing two-
dimensional Ti;C,T, as the raw material.>®" After being further
added with DAP, the resulting N-Ti;C,T, quantum dots demon-
strated good dispersion stability and formed a composite
nanoprobe (N-TizC,T, quantum dots@DAP nanoprobe). Wang
et al. used a solvothermal method to simultaneously cut and
stack cleaved layers in an aqueous TMAOH solution to develop
extremely tiny MXenes with monolayer thickness, lateral
dimensions of 2-8 nm, and excellent and controllable
fluorescence.?®* Furthermore, Zhou et al. developed a method
for the synthesis of graphene quantum dots (GQDs) from
layered TizC,T, by solvent heat treatment of Tiz;C,T, in
dimethylformamide (DMF) for bioimaging.”®® The develop-
ment of MQD modification methodologies has led to ongoing
improvements in MQD performance for cellular imaging.
4.4.2. Computed tomography (CT) imaging method. Due
to deep tissue penetration, non-invasiveness, and excellent
spatial resolution, CT imaging is one of the most popular and
valuable diagnostic imaging techniques. The primary basis for
CT imaging is the variation in tissue absorption of radiation;
successive sections of a body component are scanned to create

This journal is © The Royal Society of Chemistry 2025
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Fig. 21 CT scans in vitro (a) with HU principles; (b) both the iopromide
solution and the MnO,/TasCsT,-SP composite nanosheet solution at
different concentrations (concentration of Ta, 1); (c) mice were injected
intravenously with MnO,/Ta4CsT,-SP composite nanosheets (20 mg kg2,
100 ul) for two hours, as demonstrated in the in vivo 3D reconstructed CT
(left) and contrast (right) images; (d) CT comparison of in vivo tumour
tissues before and after MnO,/Ta;C3T,-SP composite nanosheets were
administered intravenously*®® (Copyright (2017) American Chemical
Society).

3D images.”®*?®> Because of their propensity to attenuate
X-rays, nanomaterials containing high atomic number ele-
ments, including bismuth, cesium, tantalum, and tungsten,
are frequently regarded as possible CT imaging materials.”® As
iodine-containing compounds have a limited blood circulation
duration and are very toxic, they are not recommended for
patients who need repetitive CT scans or who are at high
risk.”*>?%” These agents are also the most widely used clinically
approved CT contrast agents. Accordingly, a common path in
the evolution of CT is seeking CT imaging agents with high
atomic number elements and improved biocompatibility. Many
biomedical researchers are interested in two-dimensional
materials like MXenes because of their distinct structural and
physicochemical features. The element tantalum (Ta) has a
high atomic number (Z = 73) and a high X-ray attenuation
coefficient. Tantalum’s X-ray attenuation coefficient at 100 eV is
4.3 cm® kg™, while for gold it is 5.16 cm® kg™ *.*°® S0, Ta,C;3T,, a
Ta-based MXene, is considered to be the best agent for CT
imaging.'®>?%9?’% The CT scans of MnO,/Ta,C;T,-SP composite
nanosheets exhibited an excellent linear positive connection
between the brightness and accompanying improved Houns-
field unit (HU) values and the concentration of Ta. This
correlation was enhanced with increasing Ta concentration
(Fig. 21(a and b)). In vitro CT images of MnO,/Ta,C;T,-SP
composite nanosheets demonstrated a stronger signal and
higher contrast at the same elemental concentration compared
with the CT imaging impact of iodine-based iopromide, which
is currently employed in clinical practice (Fig. 21(c and d)).'®°

4.4.3. Magnetic resonance imaging (MRI) method. Com-
pared to the CT method, which utilizes hazardous radiation, in
terms of imaging capabilities, MRI is another non-invasive
clinical imaging technology.>”" However, MRI technology can
immediately provide native 3D cross-sectional images without
reconstruction, better depict the structure of human soft tis-
sues, and does not harm the body with ionizing radiation.>”>
Gadolinium(m) complexes are commonly utilized as MRI
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Fig. 22 Comparison of CT scans of in vivo tumour tissues before and after intravenous injection of MnO,/Ta;CsT,-SP composite nanosheets: (a)
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with varying pH values; 1/T1 vs. Mn concentration. Imaging with T1 weighted input; (d) identifying the same MRI signal strength; (e) mice at various

intervals after the intravenous injection of MnO,/TizC,T,-SP composite nanosheets

contrast agents. However, in recent years, there has been
increasing concern about their toxicity to the kidneys. Persons
with renal insufficiency who use gadolinium(ur)-based MRI
contrast agents face the risk of developing deadly nephrogenic
systemic fibrosis (Nsf). At the same time, persons with normal
renal function have also been shown to have metallic gadoli-
nium deposits in their brains.?’”*?”* Thus, the scientific world
has focused much work on developing an MRI contrast agent
with high biosafety and low toxicity to enhance the quality and
specificity of MRI. Manganese (Mn)-based paramagnetic
agents are a unique class of biocompatible materials with
tremendous potential for therapeutic uses in magnetic reso-
nance imaging.>”>*’® For example, the “redox reaction-induced
growth” (RR-IG) method effectively immobilized paramagnetic
MnO, on the surfaces of Ti;C,T, nanosheets. Moreover, addi-
tional surface modification with soy phospholipids (SP) signifi-
cantly increased the stability of the MnO,/Ti;C,T, composite
nanosheets (MnO,/Ti;C,T,-SP).>’”> The developed MnO,/
TizC,T,-SP composite nanosheets can be used for tumour
MRI since the surface-anchored paramagnetic MnO, compo-
nent exhibits a unique pH-responsive T1-weighted MRI capa-
city. In the slightly acidic microenvironment of the tumour, the
Mn-O bond is readily broken to release Mn”" ions (Fig. 22(a)),
which maximizes the possibility of interaction between para-
magnetic Mn centres and water molecules, thereby enhancing
the T1-weighted MRI performance.”’”” This conclusion was
reinforced by in vivo studies in mice, where the MRI signal
was significantly enhanced in tumours (Fig. 22(d and e)),*’* as
well as by in vitro experiments showing the enhancement of the

4298 | J Mater. Chem. B, 2025, 13, 4279-4312

275 (Copyright (2017) American Chemical Society).

MRI signal (Fig. 22(b and c)) and the dissociative release of
Mn>" under acidic conditions (Fig. 22(a)). To assess the
potential of MnO,/Ti;C,T,-SP composite nanosheets, T1-
weighted imaging was conducted at different intervals after
the intravenous injection of a sufficient dose of MnO,/Ti;C,T,-
SP nanosheets (dose: 2 mg mL ™", 100 uL) into mice. A notable
brightening effect of MRI signals in tumours was seen in the
T1-weighted imaging data, and the signals progressively
improved with longer imaging duration (Fig. 22(d and e)).>”®
Liu et al. also tried to prepare agents for multimodal imaging.
They were able to immobilize superparamagnetic iron oxide
nanoparticles (IONPs) on the surface of a 2D MXene, Ta,C;Ty,
by producing Ta,C;T,-IONP through in situ growth, which gave
the TaCT/superparamagnetic iron oxide (IONP) nanocomposite
the ability to perform contrast-enhanced T2-weighted MR ima-
ging (Fig. 23(a)).””® Zong et al. developed an alternative method
to generate GAW,,@Ti;C, composites. They accomplished it by
depositing GAW,, on the surfaces of Tiz;C, nanoflakes, which
can be utilized as contrast agents for improved CT and MR
imaging (Fig. 23(b)).>”®

4.4.4. Photoacoustic imaging (PAI) method. PAI, a non-
invasive and non-ionizing biomedical imaging technology, has
recently gained interest. When a non-ionizing pulsed laser is
directed at biological tissues, the light-absorbing domains in
the tissues transform the energy into ultrasonic waves, also
known as photoacoustic signals. The photoacoustic signal is
converted into an image of the tissue distribution of light
absorption by the ultrasonic transducer being considered. This
signal contains information on the properties of tissue light

This journal is © The Royal Society of Chemistry 2025
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absorption. PAI contrast agents make deeper tissue imaging
possible, primarily avoiding light scattering effects and provid-
ing a higher spatial distribution rate for living objects than pure
optical tissue imaging.>”>*%® Therefore, an effective PAI con-
trast agent should have excellent photothermal conversion
ability to create a signal that significantly contrasts with the
PA signal formed by the surrounding tissue. The LSPR-effecting
MXene nanosheets are thought to be very appealing PAI con-
trast agents. Various MXenes with excellent photothermal con-
version properties, including Ti;C,Ty, Nb,CT,, and Ta,CsTy,
have been stated.'®%?°%?7>?81 Because of its excellent photo-
thermal conversion efficiency and biocompatibility, Ta,C;T,-SP
shows potential application in PA contrast agents. A photo-
thermal converter’s photothermal performance is primarily
determined by two parameters: the extinction coefficient ()
and the photothermal conversion efficiency (). The photother-
mal conversion efficiency indicates the photothermal conver-
ter’s effectiveness, whereas the extinction coefficient indicates
the amount of light that may be absorbed. Excellent near-
infrared photothermal properties were exhibited by 2D ultra-
thin Ta,C;T, nanosheets prepared by the liquid-phase exfolia-
tion method, which combines HF etching and probe
ultrasonication. These nanosheets had an extinction coefficient
of 4.06 g7 em™' at 808 nm, a photothermal conversion
efficiency of 44.7%, and excellent photothermal stability.>*°
MQDs, which exhibit a high and broad near-infrared absorp-
tion band, have potential uses in fluorescence imaging and as
excellent imaging agents for tumour photo-immunization. A

This journal is © The Royal Society of Chemistry 2025

Copyright (2021) Ivyspring International Publisher); (b) MRI signal intensity of a tumour in vivo and the liver of 4T1 tumour-bearing mice after

fluorine-free approach was used to create a MQD. The quantum
dots showed stronger and broader absorption capabilities in
the near-infrared region with an extinction coefficient as high
as 52.8 Ig7' em ™" at 808 nm and a photothermal conversion
efficiency as high as 52.2% because of the modification of a
large number of aluminum oxygen anions on their surface.
Zhang et al. created MXene quantum dots, which allowed for
simultaneous PTT effects and photoacoustic (PA) imaging of
tumours."'® Overall, MXene-based PAI is a potential imaging
tool that may overcome the penetration constraints of conven-
tional optical imaging techniques to obtain deeper tissue
imaging because of its low tissue attenuation coefficient.

4.5. Drug delivery

MXenes have a unique structure that makes them helpful in
building gene and drug delivery systems that will increase
targeted drug delivery, decrease drug toxicity, and enhance
the pharmaco-kinetics of therapeutic molecules. Nanoscale-
sized MXene materials make it easier to administer intravenous
therapy to the sick region and efficiently accumulate there
during treatment. Additionally, the substantial specific surface
area of MXenes results from their two-dimensional planar
topology, which offers many anchoring sites for medicinal
molecules on the surface of the laminar structure. At the
moment, cancer is a serious illness that poses a risk to human
health and claims many lives annually on a global scale. By
improving the cellular absorption of the payload and regulating
medication release, materials based on MXenes have the
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release patterns of Dox@TizC,T,-SP nanosheets in buffer solutions of
various pH; (c) the Dox release profiles at various pH levels attributed to
808 nm laser irradiation®®® (Copyright (2018) John Wiley and Sons).

potential to target cancer cells efficiently.'**?%27*% previously,
research indicates that MXenes are helpful anticancer agents.
Through layer-by-layer surface modification of doxorubicin
(DOX) and hyaluronic acid (HA), Chen et al. developed a
multifunctional Ti;C,-based nanoplatform (Ti;C,T,-DOX). This
was feasible due to the positive charge of DOX on the surface of
Ti;C,T, and the negative charge of tumour-targeted HA.>** The
photothermal performance and light-harvesting capabilities of
Ti;C,Ty, produced using tetrapropylammonium hydroxide
(TPAOH) intercalation, were further improved upon by adding
hydroxyl groups. By overexpressing CD44" on cancer cell mem-
branes, HA coating of the outer layer of the nanosheets
enhanced the system’s biocompatibility and allowed for active
targeting of tumour cells. This Ti3C2T,-DOX demonstrated a
drug loading capacity of up to 84.2%. Additionally, studies
conducted in vitro and in vivo demonstrated that the system
could display high biocompatibility, adequate pH sensitivity,
and drug-releasing behaviour caused by NIR lasers.>*?
Additionally, for highly effective tumour eradication, cancer-
fighting medicines (doxorubicin, DOX) can be loaded onto the
surfaces of Ti;C, nanosheets modified by SP that have a large
specific surface area (Ti;C,T,-SP) (Fig. 24(a)). In addition to
having a high drug-loading capacity (up to 211.8%), pH respon-
siveness (Fig. 24(b)), and NIR laser-triggered drug release
(Fig. 24(c)), TisC,T,-SP is a unique nano drug-delivery
system.?®® A possible drawback of the use of MXenes as drug-
delivery carriers is that they cannot provide a contained space
for significant drug loading. Based on simple sol-gel chemistry,
surface nanopore engineering of Ti;C,T, has been carried out
in a recent study to improve drug loading/release capabilities
and expand the biomedical uses of MXenes."®> With
cetyltrimethylammonium chloride (CTAC) as a mesoporous
guide and tetraethylorthosilicate (TEOS) as a precursor
(TizC,Ty@ mMSNs), a thin layer of mesoporous silica shell
was successfully applied to the surface of Ti;C,T, under alka-
line synthesis conditions. This improved the interfacial proper-
ties of Tiz;C,T, and combined the benefits of both materials as
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drug carriers, including a space-confined mesoporous struc-
ture, enhanced hydrophilicity, suitable surface chemistry, and
dispersibility. ~Arginine-glycine-aspartic acid (RGD) was
covalently linked to Ti;C,T,@mMSNs modified with polyethy-
lene glycol (PEG) to provide an active targeting response to the
tumour location. With a consistent pore size of 3.1 nm, a high
pore volume of 0.96 cm® g~ ', and a specific surface area of 772
m? g, the synthesized Ti;C,T,@mMSNs exhibit a good meso-
porous structure. Evaluations conducted both in vivo and
in vitro have demonstrated the high biocompatibility and
active-targeting capability of the novel MXene-based composite
nano-systems created by this method.

Combined with conventional chemotherapy and photother-
mal hyperthermia, these systems can completely eradicate
tumours without a significant recurrence.'®® Additionally,
MBEne, a promising post-MXene material, has just been cre-
ated as a versatile platform for nano-delivery. With the help of a
microwave-associated chemical etching technique, He et al
successfully synthesized a 2D zirconium boride nanosheet
(zBN) with good dispersion through hyaluronic acid (HA) sur-
face modification by borate esterification. ZBN has excellent
NIR-photothermal properties, with a high photothermal con-
version efficiency of 76.8% in the NIR-II aperture (1060 nm). By
loading doxorubicin (DOX) and NO prodrug (Gal-NO) on the
surface of ZBN-HA via borate esterification, high drug loading
(ZBN-HA/DOX and ZBN-HA/NO) was accomplished. Photo-
controlled intratumoral retention and drug release were
achieved using ZBN-HA/DOX and ZBN-HA/NO photo-pyrolysis,
facilitating HA deconjugation and ZBN aggregation.”®® Ulti-
mately, because of their 2-dimensional planar architecture
and nanoscale, MXenes are excellent drug carriers.

4.6. Wound treatment

The skin, which covers most of our body’s exterior, shields our
interior organs from harm, infection, heat, and light. Conse-
quently, any flaws in the skin have the potential to cause a
variety of illnesses, including wound infections, which can have
an impact on the health of individuals.?®”*%®
recovery requires multistep processes involving coordinating
multiple cell types found in the epidermis, dermis, and hypo-
dermis layers. The human body’s normal reaction to an injury
is skin wound healing, consisting of four highly integrated and
overlapping phases: hemostasis, inflammation, proliferation,

Skin wound

and tissue remodelling. For wound healing to succeed, these
steps must be followed precisely.>®® An ideal dressing for
wound healing should be antibacterial, maintain a steady
temperature, and inhibit the migration and multiplication of
cells.?**2% Hydrogel-based dressings have garnered much
interest in wound healing. Among their many benefits are their
remarkable adhesiveness to native tissues, ability to imitate the
biological microenvironment, ability to maintain a moist-like
environment surrounding the wound site, and high oxygen
permeability, which promotes optimal tissue regeneration.
Notwithstanding these advantages, hydrogels behave erratically
when healing wounds. To solve this issue, they are paired with
additional treatment approaches for desired behaviour.>??
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Fig. 25 (a) Hydrogels based on cellulose (rBC) and their synthesis strat-
egy; (b) confocal microscopy of staining for life and death. Scale bar:
100 pm; (c) The healing process of the wounds in the various treatment
groups on days O, 3, 7, and 14. Scale bar: 500 um; (d) on day 14, CD31*
microvessel immunohistochemistry staining, Masson's trichrome staining,
and histological examination of the repaired tissues with H&E were per-
formed. Collagen deposition (green arrow), hair follicle (red arrow), fibroblast
(yellow arrow), neutrophil (purple arrow), blood vessel (blue arrow), and
CD31* structures (brown)?2* (Copyright (2022) John Wiley and Sons).
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Based on similar reasoning, Yang et al. created a hydrogel
bandage consisting of MXene and bacterial cellulose that might
hasten the healing of wounds when exposed to external elec-
trical stimulation.”** The production of the cellulose/MXene
composite hydrogels involved both physical (hydrogen bond-
ing) and chemical (covalent cross-linking) interactions, as
shown in Fig. 25(a). Under various electrical stimulation poten-
tials, the fluorescence pictures demonstrated that the NIH3T3
cells on the cellulose/MXene hydrogels with varying MXene
content were highly active and displayed a higher cell density
than those on the hydrogels without MXene nanosheets
(Fig. 25(b)). The results showed a considerable change in cell
activity after cellulose/MXene hydrogels were combined with
external electrical stimulation. Additionally, outcomes from an
in vivo rat experiment demonstrated that this method might
hasten wound healing and encourage tissue regeneration.
Copper electrodes were used on the hydrogel dressing in an
in vivo experiment to apply an external electric field ranging
from 0 to 400 mV. According to Fig. 25(c), the macroscopic
images showed that the wounds treated with cellulose/MXene +
electric field (100 mV mm ') had smaller surfaces than the
other groups during therapy. When compared to a commercial
film and cellulose hydrogel, the MXene-integrated hydrogels
with or without an electric field caused the formation of new
blood vessels, normal epithelium, less inflammation, higher
density of fibroblasts, and a better wound healing effect,
according to histological analysis of healed tissues using H&E
and Masson’s trichrome staining as well as immunofluorescent
staining for CD31 (Fig. 25(d)). However, when an external
electric field was used, wounds healed faster and underwent
a more thorough re-epithelization and remodelling process.

4.7. Antimicrobial additives

As bacteria have grown more resistant to traditional antibiotics
over the past few decades, along with the growing challenge of
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finding new, effective antibiotics, antibiotic-resistant bacterial
illnesses have steadily become a serious hazard to public
health. Determining new antimicrobial medicines to combat
drug-resistant bacterial diseases is, therefore, one of the main
goals of this field. Graphene and MoS,, two critical examples of
2D nanomaterials, provided a wealth of outstanding chances
for investigating extremely potent antibacterial drugs because
of their distinct 2-dimensional structures. Compared to
antibiotics, novel 2D nanoparticles have greater membrane
penetration. The primary antibacterial mechanisms of 2D
nanoparticles have been reported to be the generation of
reactive oxygen species (ROS) and free radicals, enhanced
oxidative stress, damage to genomic DNA, damage to cellular
structural integrity, and physical damage to cell membranes
due to the sharp edges of 2D materials.>*>>° MXene-based
materials are regarded as high-potential antimicrobial agents
because of their ability to load several antimicrobial functional
groups, their large specific surface area, and their feasibility for
functionalization and chemical modification.

The first observation that Ti;C,T, shows better antibacterial
efficiency compared with graphene oxide was made by Rasool
and Mahmoud et al, who observed that Ti;C,T, exhibited
antibacterial behaviour in colloidal suspensions.** The colony
counting method was used to examine the inhibitory effects of
three materials: delaminated Ti;C,T, nanosheets, ML-MXene,
and TizAlC,T,(MAX). The results showed that all three materi-
als had an inhibitory effect on B. subtilis and E. coli. More
precisely, a Ti;C,T, colloidal solution led to viability losses of
B. subtilis and E. coli of 97.04 £+ 2.91% and 97.70 + 2.87%,
respectively. After that, researchers measured the growth curves
and cell viability of bacteria in Ti;C,T, colloidal solutions at
different concentrations and discovered that the antibacterial
action of the solution was dose-dependent. At a concentration
of 200 pg mL™" of TizC,T,, the rate of bacterial inhibition
exceeded 99%. Furthermore, Ti;C,T, exhibited more significant
cell inactivation than GO when comparing the antibacterial
properties of the two substances. Through the investigation of
glutathione oxidation, SEM and TEM pictures, and LDH
release, the antibacterial mechanism of Ti;C,T, nanosheets
was hypothesized as follows: Ti;C,T, adsorbs on the surface
of the cell, rupturing the cell membrane and ultimately causing
damage and cell death. Using flow cytometry and fluorescence
imaging techniques, the antibacterial performances of MXene
nanosheets of different lateral sizes (0.09, 0.35, 0.57, and
4.40 pum) against Bacillus subtilis and Escherichia coli bacteria
were investigated by Shamsabadi et al.

They confirmed that MXene’s antibacterial performances
were both size-dependent and exposure-time-dependent, which
was the first study of MXene’s primary antimicrobial mode of
action.*** Scientists employed a broth microdilution assay for
the first time to ascertain the relationship between the anti-
bacterial activity of MXene nanosheets and their contact with
bacterial cells. They found that the sharp edges of MXene
nanosheets severely destroyed the bacterial cell walls, causing
the release of bacterial DNA and the eventual diffusion of the
bacteria (Fig. 26(a)). Electrospun CS nanofiber mats were
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Fig. 26 (a) The antibacterial activity of MXenes is dependent on both size
and exposure period. Fluorescence imaging analysis was carried out
following the treatment of Bacillus subtilis and Escherichia coli with
100-ug mL™' MXene nanosheets with sizes of 0.09 and 0.57 pm3°!
(Copyright (2018) American Chemical Society); (b) Membranes con-
structed from 21% Ag@MXene, MXene (TizC,T,), and PVDF (control) also
exhibited antibacterial activity>°® (Copyright (2018) Royal Society of
Chemistry); (c) diagrammatic illustration of improving Cu,O/MXene anti-
bacterial activity;>* (d) diagrammatic illustration of the antibacterial
mechanism of Cu,O/MXene®* (Copyright (2020) Elsevier).

functionalized with Ti;C,T, sheets for the first time to develop a
flexible bandage material with exceptional antibacterial proper-
ties, which led to a cell reduction rate of 95% against Gram-
negative bacteria (Escherichia coli) and 62% against Gram-
positive bacteria (Staphylococcus aureus).’*> MXenes are used
to make multifunctional composite films that exhibit great
antibacterial properties and excellent biocompatibility and
promote wound healing. Materials such as chitosan, electro-
spun poly(polycaprolactone), and chitin are used in this
process.>** %> MXenes have recently demonstrated that they
can be modified by employing metal nanoparticles and metal
oxides with antimicrobial activity (like copper, zinc, silver, etc.)
to further improve antibacterial qualities.®® Through self-
reduction of AgNO; to produce AgNPs on the surfaces of MXene
nanosheets, Ag@MZXene composite nanopore membranes were
developed.*®® E. coli was cultivated for 24 hours at 35 °C on
PVDF (control), MXene, and 21% Ag@MXene composite mem-
branes. The findings showed that the MXene membrane had an
inhibition rate of roughly 60% against E. coli, whereas the 21%
Ag@MXene composite membrane prevented the development
of E. coli up to 99% (Fig. 26(b)). Practical antibacterial efficacy
against Pseudomonas aeruginosa and Staphylococcus aureus bac-
teria was demonstrated by a cuprous oxide-anchored MXene
nanosheet, with inhibition rates of 95.59% and 97.04%,
respectively.”* The antibacterial activity of the Cu,O-anchored
MXene nanosheets was significantly higher than that of the
original MXene nanosheets due to the combined effects of
MXene (acceleration of photoelectron transfer), Cu,O (antibac-
terial activity and photocatalysis), the production of reactive
oxygen species (ROS), and ionophore resonance (Fig. 26(c
and d)). MXenes are a new multipurpose wound dressing
because of their potent antibacterial qualities. In addition,
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the mild photothermal activity promotes angiogenesis and cell
proliferation, which speed up the remodelling and repair of
injured tissues.>*” The creation of wound dressings based on
MXenes has garnered increasing interest. Gold nanoparticles
(AuNPs) have several unique characteristics, such as low toxi-
city, photothermal and polyvalent effects, and the ability to
speed up skin regeneration by increasing the migration of
keratinocytes and fibroblasts. By adding gold nanoparticles
(AuNPs) to MXene-based nanomaterials within the network of
chitin sponge, Xu et al. created a chitin/MXene composite
sponge. The created composite sponge encouraged regular skin
cell migration to repair the infected wound and showed potent
antibacterial activity through the synergy of the capture
and photothermal effects.®® An antibacterial nanofibrous
membrane like MXene-AMX-PVA nanofibrous membrane is
used to treat bacterially infected skin wounds by combining
amoxicillin (AMX), MXene, and polyvinyl alcohol (PVA). The
hyperthermia caused by MXene under reduced power density
NIR irradiation slowed down bacterial growth and accelerated
AMX release, which improved the rate at which bacterially
infected wounds healed."”°

4.8. Medical implants

Despite the widespread use of medical implants in clinical
therapy today, several issues still need to be resolved, including
immunological response, infection following surgery, inade-
quate healing, and tumour recurrence. Because of their excep-
tional biocompatibility, biodegradability, and antimicrobial
activity, MXenes can be applied as a surface coating on
implants to improve and toughen implants and even signifi-
cantly reduce the probability of tumour recurrence and bacter-
ial infection.'®”'68308399 A novel multifunctional implant
(Sp@MXGelMA) that combines MXene nanosheets, gelatin
methacrylate (GelMA), and bioinert sulfonated polyetherether-
ketone (SP) was developed to fight the difficulties of tumour
recurrence and bacterial infection complications associated
with conventional treatments for osteosarcoma.>'® The
Sp@MXTOB/GelMA implant has been shown through in vitro
and in vivo experiments to exhibit excellent osseointegration,
osteogenic commitment of preosteoblasts, and cytocompatibil-
ity. These properties render the implant a highly promising
treatment for bone loss with osteosarcoma resection. Yin et al.
integrated photonic-responsive 2D niobium carbide Nb,CT,
nanosheets into 3D-printed bone-mimetic scaffolds to treat
osteosarcoma.*®® The unique photonic response of the inte-
grated 2D Nb,CT, nanosheets in the second near-infrared (NIR-
II) biological aperture with a high tissue penetration depth
allows them to block tumor regrowth and effectively kill bone
cancer cells. Furthermore, the neovascularisation and migra-
tion of the damaged area can be significantly aided by the
biodegradation of 2D Nb,CT,-integrated 3D-printed scaffolds,
which would significantly speed up osseous regeneration
to mend more significant bone defects. In recent years,
human bone marrow mesenchymal stem cells have been
demonstrated to undergo osteogenic differentiation more
quickly in response to several two-dimensional materials,
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including graphene.’"'*'> The ability of MXenes, graphene
analogs, to promote osteogenic differentiation and cell prolif-
eration has also been demonstrated.’”® Zhang et al first
investigated the application of Ti;C,T, MXene films in bone
tissue engineering and GBR treatment.*' Cellular assessments
showed that Ti;C,T, has good cytocompatibility and can pro-
mote cell proliferation. Further evidence of Ti;C,T, film’s safety
in vivo was demonstrated through the host tissue response to
MZXene films, which exhibited no appreciable inflammation or
harmful side effects. Furthermore, MXenes stimulated early
osteogenic differentiation of osteogenic cells, as demonstrated
by the results of alkaline phosphatase (ALP) assay and qRT-PCR
of MXenes. These observations were further supported by
research using rat calvarial deficiency models. After developing
the ultra-thin 2D MXenes, Shi et al. recently used Micro-CT,
histological evaluations, and UHMWPE particle-induced osteo-
lysis models to demonstrate the function of few-layered Nb,C
(FNQC) in reducing the production of inflammatory cytokines
and preventing osteoclastogenesis via ROS scavenging.’'
Furthermore, recent research demonstrates that two-
dimensional Ti;C,T, MXene promotes the differentiation of
neural stem cells (NSCs) and the electrophysiological matura-
tion of neural circuits, providing a crucial and encouraging
avenue for the development of a body of evidence promoting
the use of Ti;C,T, MXene in the neural interface or scaffold in
stem cell therapy and nerve tissue engineering from morphol-
ogy, physiology, and functionality. Cultured NSCs on TizC,T,
MXene films exhibited the capacity to stimulate NSC matura-
tion by differentiating into neurons with greater efficiency and
longer neurites. Moreover, Ti;C,T, MXene demonstrated no
discernible impact on voltage-gated Na* or K" currents. How-
ever, it amplifies explicitly the amplitude of voltage-gated Ca®*
currents, potentially leading to longer neurons and longer neur-
ites. Additionally, it boosted spiking, which in turn improved
synaptic transmission. By specifically raising the frequency rather
than the amplitude or quantity of synapses, Ti;C,T, MXene
improves synaptic transmission.*'® Thus, MXene research offers
a new kind of nanomaterial and opens up a new avenue for
MXene use in biomedical applications because of its tumor-killing
action and capacity for bone regeneration.

4.9. Sound energy harvesting and cochlear implant

The flawless operation of implanted medical equipment, such
as pacemakers and neurostimulators, should be promised for a
long time, which calls for energy sources with limitless capa-
city. Ultrasound waves are one of the most accessible and least
attenuated energy sources that can safely charge implanted
devices because of their low attenuation through human tis-
sues. Nonetheless, most implantable energy harvesting
devices on the market lack adequate biocompatibility and
require particular materials and intricate manufacturing pro-
cedures. Here, we explored how MXene-based composites can
capture ultrasonic energy. In this regard, the same MXene-
homopolymeric hydrogel was employed for sensing.”**?'” It
shows a fundamental device construction with two ecoflex
coverings encasing a layer of the Ti;C,T,~PVA hydrogel. The
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MXene-based device’s output voltage increased to 2.8 V when
the ultrasonic tip was placed directly in contact with it. With
the entering ultrasonic wave, the voltage changed at a specific
frequency (20 kHz). Furthermore, the device demonstrated its
potential for in vivo charging by functioning in biological
tissue-like media (water, hydrogel, and ecoflex) at varying
distances between the tip and the device. Microdevices and
wireless sensors can be sustained autonomously by materials
and gadgets that capture acoustic energy. However, brittle
piezoceramics, which are the basis of conventional acoustic
energy harvesters, have limited their application in wearable
electronics. The piezoelectric polymer PVDF-TTFE electrospun
onto fabric-based electrodes enables acoustic harvesters to
overcome these drawbacks. For the best electromechanical
performance, polarisation locking of the electrospun PVDF-
TrFE was induced using two-dimensional (2D) Ti;C,T, MXene
flakes. It was determined that the mechanically strong, light-
weight, and flexible device could detect and collect energy in
the 50-1000 Hz sound frequency band at sound intensities
between 60 and 95 dB, with a high sensitivity of 37 VPa '. At
200 Hz and 95 dB, the maximum output power is 19 mW
em*.*'® Furthermore, hair cell function could be replaced by
piezoelectric materials because these materials can produce
electric charge in response to sound wave vibration. In order to
replace cochlear hair cells with self-powered acoustic sensors, a
novel method utilising piezoelectric nanocomposite filaments,
specifically poly(vinylidene fluoride) (PVDF), poly(vinylidene
fluoride)/barium titanate (PVDF/BT), and poly(vinylidene fluor-
ide)/reduced graphene oxide (PVDF/rGO), has been developed.
With an overall acoustoelectric energy conversion efficiency of
3.25%, these flexible filaments have a unique capacity to
produce electricity in response to frequency noises from 50 to
1000 Hz at moderate sound pressure levels (60 to 95 dB),
reaching the audible range. With a high sensitivity of
117.5 mV (Pa cm?) ™, these flexible filaments function as self-
powered acoustic sensors and show promise for possible use in
cochlear implants.*'® Recently, energy harvesting techniques have
shown great promise in demonstrating cochlear implants with
consistent and reliable power, extending their operational life and
improving user experience.** However, MXenes promise a new
avenue for recharging small electronic devices in the future,
including wearable innovative technology, implanted biomedical
devices, and remote Internet-of-things equipment.

5. Challenges and future prospects

The exceptional physicochemical characteristics of MXenes,
including their strength and stiffness, excellent chemical sta-
bility, high surface area, good hydrophilicity, and metallic
conductivity, have inspired scientists to extensively explore
their biomedical applications. Despite their potential, the
commercialization and the development of low-cost, eco-
friendly manufacturing processes face several significant chal-
lenges. To address these hurdles, focusing on green chemical
processes is crucial. Environmentally friendly and nature-
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Fig. 27 Significant challenges related to manufacturing and application of
MXenes.

inspired synthesis methods can reduce MXene toxicity and
improve biocompatibility.'*'*#"3>3?? syrface functionaliza-
tion and modification can help resolve some challenges, such
as MXenes’ stability and biocompatibility. For instance, func-
tionalization strategies such as silylation effectively mitigate
spontaneous oxidation, stabilize MXenes, and enhance surface
properties like hydrophilicity.>***® Functionalization with
phenylsulfonic groups has also improved specific surface area
and dispersibility.**® Furthermore, adjusting lamellar spacing,
number of layers, and particle size enables tuning of optical
and electrical properties, offering opportunities for targeted
applications.®®*?”2?®  Hybridization with low-dimensional
materials, including metals, metal oxides, and polymer
nanomaterials, provides novel functionalities. For example,
noble metal nanoparticles grown on flexible biomimetic
MXene papers exhibit exceptional electrocatalytic performance,
stability, and sensitivity for superoxide (O2*-) detection,
making them promising for high-performance flexible
bioelectronics.*****! Similarly, integrating MXenes with nat-
ural polymers like cellulose and chitosan enhances their med-
icinal applications while improving biocompatibility. However,
understanding these materials’ cellular and molecular interac-
tions with human tissues remains essential to minimize toxi-
city and ensure safe clinical use.**®?*>** The commerci-
alization of MXenes demands a comprehensive approach to
optimize their production and application. This includes sys-
tematic biocompatibility examinations (in vitro and in vivo),
environmental stability assessments, surface chemical charac-
terization, and nanotoxicological evaluations. Additionally, pre-
clinical studies should investigate biological responses to
MXene-coated implants, ensuring effective integration with
the host tissue.?**73*¢ Balancing stability and degradation rates
is critical to enhancing therapeutic efficacy while minimizing
potential side effects (Fig. 27).>****77*%° Analytical optimization
of targeted and controlled release behaviors is necessary for
drug delivery. Recent advancements such as hetero-structured
nanocarriers using Ti;C, MXenes and cobalt nanowires
demonstrate dual stimuli-responsive drug release and mag-
netic regulation, enabling synergistic chemo-photothermal
cancer treatment.>**>** Similarly, the MXene-based composite
nanoplatform for hepatocellular cancer showcases improved
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hydrophilicity, drug delivery efficiency, and surface engineering
for precise targeting.’*>?*7*43734% Integrating MXenes with
noble metals or natural polymers continues to enhance their
multifunctionality, offering transformative potential in bioelec-
tronics and therapeutic systems and systematically addressing
current challenges, such as biosafety, scalable manufacturing,
and regulatory systems. By systematically addressing current
challenges, such as biosafety, scalable manufacturing, and
regulatory compliance, MXenes are poised to revolutionize
biomedicine, delivering innovative solutions for diagnostics,
therapeutics, and clinical applications.

6. Conclusion

Due to their unique morphologies and ultrathin structural char-
acteristics, MXenes and their composites have demonstrated
remarkable potential in biomedical applications, particularly
tissue engineering. Their exceptional physicochemical, optical,
electrical, and biological capabilities offer exciting opportunities
for developing versatile scaffolds with properties such as highly
efficient photothermal conversion, controlled drug release, and
stimulatory tissue regeneration. These advancements present
significant potential for treating various diseases and malignan-
cies, including tumors and cancers. MXenes can be functionalized
for multiple biomedical applications and produced using simple,
cost-effective processes. Modifying synthetic features and imple-
menting optimal conditions can tailor their surface properties for
specific uses such as tissue engineering, imaging, and sensing.
MXenes and their composites exhibit high biocompatibility and
can be engineered with antibacterial, anticancer, and immuno-
modulatory effects. Their remarkable electrical and optical prop-
erties make them excellent candidates for sensing applications.

Future research should focus on developing responsive scaf-
folds for mechanical and electrical fields, which could be used in
regenerative medicine, intracellular fluorescent probes, partition
membranes for artificial organs, and bio-electronic interfaces for
neurotransmitters and bio-electronic signal recognition. Investi-
gating novel, sustainable, and environmentally friendly synthetic
methodologies for MXenes and their composites is crucial. These
innovations could enable rapid sensing of cancerous cells and
low-cost treatments, as well as advance tissue engineering. It is
essential to systematically and analytically assess the effects of
MXene size and composition on their properties, including their
interactions with drugs and their toxicity, biodegradability, bio-
compatibility, histopathological effects, and biosafety concerns.
Appropriate biofunctionalization and chemical surface modifica-
tions can enhance functionality, stability, bioavailability, biode-
gradability, and biocompatibility. These techniques also help
reduce adverse effects and immune system reactions while
improving targeting capabilities.
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