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MXene-based composites against antibiotic-
resistant bacteria: current trends and future
perspectives

Siavash Iravani®*2 and Rajender S. Varma ©°

Today, finding novel nanomaterial-based strategies to combat bacterial resistance is an important field of
science. MXene-based composites have shown excellent antimicrobial potential owing to their
fascinating properties such as excellent photothermal effects, highly active sites, large interlayer spacing,
unique chemical structures, and hydrophilicity; they have great potential to damage the bacterial cells by
rupturing the bacterial cell membranes, enhancing the permeability across the membrane, causing DNA
damages, reducing the metabolic activity, and generating oxidative stress. After inserting into or
attaching on the surface of pathogenic bacteria, these two-dimensional structures can cause bacterial
membrane disruption and cell content leakage owing to their sharp edges. Remarkably, MXenes and
their composites with excellent photothermal performance have been studied in photothermal
antibacterial therapy to combat antibiotic-resistant bacteria and suppress chronic wound infections, thus
providing new opportunities for multidrug-resistant bacteria-infected wound healing. But, details about
the possible interactions between MXene-based nanosystems and bacterial cell membranes are rather
scarce. Also, the mechanisms of photothermal antibacterial therapy as well as synergistic tactics
including photothermal, photodynamic or chemo-photothermal therapy still need to be uncovered. This
review endeavors to delineate critical issues pertaining to the application of MXene-based composites
against antibiotic-resistant bacteria, focusing on their photocatalytic inactivation, physical damage, and
photothermal antibacterial therapy.

1. Introduction

Nowadays, a wide variety of two-dimensional (nano)structures
such as graphene and its derivatives, layered double hydroxides,
transition metal dichalcogenides, transition metal oxides, black
phosphorus, graphitic carbon nitride, hexagonal boron nitride,
boron nanosheets, and MXenes have been created for drug or
gene delivery, imaging, biosensing, cancer therapy and diag-
nosis, antimicrobials, and tissue engineering."” These mate-
rials have shown unique physical, optical, biological, and
chemical characteristics owing to their high surface-to-volume
ratios, surface charge, and uniform architectures/shapes.®®
Among them, MXene-based composites have been intently
designed with unique mechanical, thermal, optical, chemical,
and electronic properties as advanced drug delivery systems,
cancer nanotheranostic agents, tissue engineering materials,
electrochemical capacitors, electromagnetic shielding mate-
rials, photocatalysts, and biosensors.'**> MXenes are a family of
two-dimensional (2D) transition metal carbides, nitrides, and
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carbonitrides with a general formula of M,.;X, Ty, which were
discovered in 2011 (the synthesis of Ti;C,) and are created from
a bulk crystal termed MAX.'*"” MXenes have hydrophilicity,
inherently suitable conductivity, and great volumetric capaci-
tance, as they comprise molecular sheets generated from the
carbides and nitrides of transition metals like titanium. In
addition to bare MXenes, the surfaces of MXenes can be
terminated by functional groups bearing O, NH, S, Cl, Se, Br,
and Te.'® Both, the MXenes and graphene with large aspect
ratio, active chemical surface, and varieties of fabrication
techniques have shown excellent potential in flexible elec-
tronics, energy storage, and biomedical devices.'>** However,
the exceptional electrical conductivity and electrochemical
properties of MXenes render them promising candidates for
flexible electronics and planar devices.*** According to a study
by Li et al.,® MXenes are intrinsically hydrophilic and have
displayed higher electrical conductivity than solution processed
graphene.

The spread of antibiotic-resistant bacteria necessitates the
development of novel strategies to combat the acquired drug
resistance and biofilm formation.>*?* Since MXenes and their
derivatives have exhibited suitable antimicrobial potentials
with greatly reduced bacterial resistance (Table 1), they can be
considered as promising alternatives for targeted antibacterial
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Table 1 Some selected studies on MXenes and their composites against pathogenic bacteria
MXene-based systems Pathogenic bacteria Strategies Ref.
TizC, Ty E. coli Photocatalytic inactivation 43
TizC,Ty E. coli Photocatalytic inactivation 44
Ag/Ti;C,T, E. coli Photothermal bactericidal effects 45
Staphylococcus aureus
TizC,Ty E. coli Damage to the bacterial cell 28
Bacillus subtilis membrane; oxidative stress
Ti3C,Ty E. coli Physical damages 46
B. subtilis
TizC,T, E. coli Direct mechanical destruction 47
S. aureus
Nb,CT,; NbyC3T, E. coli Physical damages; oxidative stress 48
S. aureus
Cu,O0/MXene S. aureus Photocatalytic inactivation/ 49
Pseudomonas aeruginosa disinfection
TizCyTy E. coli Outer membrane damages, causing 50
cell growth inhibition
Bi,S3/TizCyTy S. aureus Photo-excited killing of bacteria; 51
E. coli photocatalytic inactivation
TizC, Methicillin-resistant S. aureus Photothermal ablation 52
vancomycin-resistant Enterococci
MnO, and MoS, grown on Tiz;C, E. coli Physical damages; changes of 53
MXene B. subtilis bacterial cell morphology; the main
target was peptidoglycan mesh in
bacterial cell walls
Ag,S/Ti;C, S. aureus Synergistic photocatalytic and 54

drug delivery as well as non-invasive tactics to fight antibiotic-
resistant bacteria.”**> These 2D structures could damage path-
ogenic bacteria via their sharp edges after insertion into and/or
fastening on the surface of bacteria, thus realizing the bacterial
membrane disruption and cell content leakage along with the
chemical damages after the generation of oxidative stress or
charge transfer.*® Similar to graphene, MXenes exhibited suit-
able antibacterial effects against pathogenic bacteria in a dose
dependent manner, but higher than those of graphene-based
nanosystems.”® MXene nanosheets with negatively charged
surfaces and hydrophilicity had efficient bacterial contact to
membrane surface, causing the microbial inactivation with
direct contact-killing mechanisms.>*** Hydrogen bonding
between oxygen-bearing groups of MXene-based materials and
the lipopolysaccharide strings of the cell membrane may
involve in the inhibition of bacteria via the avoidance of
nutrient intake. But, details pertaining to the possible interac-
tions between MXene-based nanosystems and bacterial cell
membrane are still rather scarce.”®?®

Photothermal therapy (PTT) is one of the innovative strate-
gies with promising biomedical potential, especially for treating
cancer. In this technique, nanomaterials are employed to
convert light into heat energy to eliminate cancer cells.*
Ongoing research aims to develop more effective photothermal
agents with self-regulating photothermal conversion capability
for selective obstructing cancer cells.* PTT using MXene-based
composites under light irradiation can be considered as non-
invasive alternative strategy to fight against bacterial prolifera-
tion. In this tactic, hyperthermia originating from the photo-to-
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photothermal effects

thermal conversion process on the PTT agents entails the
inactivation of proteins, cross-linking the deoxyribonucleic
acid, and destroying the bacterial cell membranes, thus facili-
tating the penetration of antibacterial compounds to eliminate
biofilm structures.** Such antibiotics-independent strategies
have been applied for destroying pathogenic bacteria with effi-
cient antibacterial effects and less light energy consumption.*
In this context, combinational techniques such as PTT/
photodynamic therapy (PDT) or chemo/PTT treatment of
bacterial infections have shown synergistic antibacterial effects
which can significantly improve the antibacterial efficiency,
especially against antibiotic-resistant bacteria; the permeability
of bacterial cell membranes can be enhanced by the heat
generated via PTT, thus promoting the intracellular permeation
of reactive oxygen species (ROS) or metal ions. In addition, by
applying these synergistic strategies, the dosage requirements
of photothermal agents or antibiotics are reduced, causing
better elimination of pathogenic bacteria as well as reduction of
possible side effects and improvement of therapeutic
efficiency.**

Finding related antibacterial mechanisms can help to
improve the functionality of MXenes as well as their inhibitory
effects against antibiotic-resistant bacteria.”® Several studies
have focused on the physical damages of pathogenic bacteria
through the disruption of cellular membranes as well as the
chemical effects induced by oxidative stress and ROS
formation.***®* However, non-invasive techniques such as PTT
and photocatalytic inactivation using MXenes and their
composites are still awaiting further exploration, especially

© 2023 The Author(s). Published by the Royal Society of Chemistry
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against antibiotic-resistant bacteria.*® Since some pathogenic
bacteria such as methicillin-resistant S. aureus exhibited resis-
tance capabilities towards oxidant-based clearance pathways
through the formation of antioxidants, the need to use novel
techniques via the design of targeted antimicrobial drug
delivery systems along with non-invasive strategies is felt more
than ever.*>®® Overall, the hybridization of MXenes with other
organic and inorganic materials can result in materials with
improved biocidal activities for versatile applications.®* MXene
nanosheets exhibited antimicrobial effects with direct
mechanical destruction/physical damages, and can be consid-
ered as metal-based bactericides.®” Recent advancements on
photothermal conversion and antibacterial mechanisms per-
taining to MXenes have been reported, as exemplified in the
case of Ti;C,T, MXene with potent antibacterial activity against
methicillin-resistant S. aureus (MRSA) and E. coli.>"** The design
of novel MXene-based nanosystems with targeted antibacterial
potentials can efficiently assist in controlling the bacterial
infections along with elimination of bacterial resistance.®® This
review endeavored to delineate critical issues pertaining to the
use of MXene-based composites against pathogenic and
antibiotic-resistant bacteria, focusing on recent developments,
important challenges, and future perspectives.

2. MXenes against antibiotic-resistant
bacteria

2.1. Photocatalytic inactivation

MXenes have been applied for photocatalytic inactivation of
antibiotic-resistant bacteria. For instance, TiO,-MXene
(TizC,T,) nanohybrid was prepared as photocatalyst for the
deactivation of E. coli** wherein this nanosystem exhibited
photocatalytic activity (~30%) with inactivation of E. coli (~3.4
log order) under UV,s, irradiation. The double membrane could
protect bacteria from photocatalytic oxidation while high
humidity could enhance the efficiency of photocatalytic inacti-
vation via the formation of additional ROS.** In addition,
MXenes (Ti3;C,T,) were applied in designing graphitic carbon-
supported TiO, hybrid nanostructures for photocatalytic and
bacteriostatic purposes.** Accordingly, these nanohybrid struc-
tures exhibited significant catalytic activity due to the formation
of multiple interfacial junctions generated by graphitic carbon,
TiO, nanoparticles, and MXenes, producing distinct interme-
diate energy levels for electron-hole pair separation and
improving the catalytic performance. They illustrated high
antibacterial effects (~97.4%) against E. coli under light expo-
sure due to the free radicals generating oxidative stress on
bacterial cells.* Li et al.>* demonstrated that the photocatalytic
performance of Bi,S;/TizC,T, could significantly enhance the
amount of ROS under near-infrared (NIR) radiation (808 nm) to
efficiently kill S. aureus (~99.86%) and of E. coli (~99.92%) with
the assistance of hyperthermia within 10 min. This study re-
ported the construction of an eco-friendly photo-responsive
Schottky junction deploying MXenes to successfully eliminate
bacterial infections.*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Photocatalysts comprising cuprous oxide (Cu,O) were
deployed with MXene nanosheets to show significant photo-
catalytic inactivation and synergistic antibacterial effects
against S. aureus (~97.04%) and P. aeruginosa (~95.59%).*° The
electrons from Cu,O were accepted by single-layer MXene with
large surface area, forming abundant electrons on their surfaces
to offer enhanced transfer of charge between bacterial cells and
Cu,0/MXene composites. MXene-based materials could stim-
ulate the surface plasmon resonance enhancement to generate
ROS on the surfaces of composites.*” Furthermore, Cu,O/
TizC,T, nanosheets were designed for the elimination of
multidrug resistant pathogenic bacteria (e.g., methicillin-
resistant S. aureus) from infected wound.®® Accordingly, the
Cu,O could enhance generation of electron-hole pairs, boost-
ing the photocatalytic formation of superoxide and ensuing
transformation into hydrogen peroxide under NIR irradiation.
Also, these nanosheets with sharp edges could directly damage
bacterial cell membranes along with localized photothermal
effects and generation of cytotoxic free radicals (in situ), dis-
playing broad-spectrum antimicrobial activities.®

2.2. Photothermal, chemo-photothermal, and
photodynamic therapy

PTT as quick and reliable technique has been deployed for
combating antibiotic-resistant bacteria and suppressing
bacterial infections without the development of drug resis-
tance (Table 2);** however, limited studies have focused on
synergistic PTT (with high temperature) and photodynamic
therapy (with high level of ROS) against antibiotic-resistant
bacteria. Photodynamic therapy is a two-stage treatment
strategy that combines light energy with a drug (photosensi-
tizer or photosensitizing agent) for biomedical applications,
especially for treating cancer; the photosensitizer is activated
by a specific wavelength of light energy, typically from a laser.*
In one study, anisotropic MXene@polyvinyl alcohol hydrogels
were constructed inspired by the hierarchical assembly of
anisotropic structures across multiple length scales of
muscles. The hydrogel not only endowed with excellent
mechanical properties (stress up to 0.5 MPa and strain up to
800%) to be applied locally for hyperthermia of infected targets
under NIR laser irradiation (808 nm), but also displayed
significant antibacterial effects against E. coli (~98.3%) and S.
aureus (~95.5%).** Owing to the excellent photothermal
features of MXenes, the main antibacterial mechanism
entailed hyperthermia and these hydrogels exhibited broad-
spectrum antibacterial activities. These composites could effi-
ciently promote the inhibition of wound infections and the
healing process of skin wounds in mouse wound models (the
rate of wound closure was ~98%); the hydrogels also effectively
promoted the proliferation of NIH-3T3 cells. The results
revealed that such MXene-based hydrogels with suitable
toughness and anisotropy features can be deployed as poten-
tial antibacterial wound healing dressings.** In another study,
MXene-based structures were designed for photothermal
ablation of antibiotic-resistant bacteria,****> with suitable anti-
bacterial effects under NIR laser light irradiation within
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Table 2 Some selected examples of PTT and photodynamic therapy strategies against antibiotic-resistant bacteria
MXenes Strategies Remarks Ref.
Ti;C,Ty Synergistic photothermal and - The viability loss of methicillin-resistant S. aureus was 67
photodynamic therapy significantly enhanced, including 45% for MXenes, 66%
for indocyanine green, and 100% for indocyanine green—
MXenes
V,N Photothermal effects with dual enzyme- - Significant anti-infective activity with excellent 68
like performances biocompatibility (in vivo)
- Photo-enhanced nanozyme catalytic performances for
the elimination of pathogenic bacteria and biofilms
Ti;C, Photothermal-magnetolytic coupling - The photothermal conversion efficiency was ~48.7% 69
antibacterial activities - MXene-based composites (120 pg mL ") significantly
eliminated E. coli and S. aureus (~100%)
Ti;C, Photothermal antibacterial therapy and - High biocompatibility and bone formation capabilities 26
osteogenic potential - Excellent photothermal effects against both Gram-
positive and Gram-negative bacteria
TizCyTy Photothermal effects along with physical - High light-to-heat conversion efficiency (~46.88%) 70
destruction and light-enhanced - Wound disinfection (in vivo) with negligible biological
enzymatic inactivation of methicillin- toxicity
resistant S. aureus
TizCy Ty Photothermal effects; photothermally - Robust interfacial interactions (hydrogen bonding) 71
driven membrane distillation - Excellent porosity (>91%) with high mechanical stability
Ti;C, Mild photothermal stimulation for - Photothermal-controlled oxygen release MXene-based 72
diabetic wound healing platforms
- Improved antioxidant and antibacterial potential
- Tissue adhesion, self-healing, injectability, and
hemostasis
- Applicability for infected diabetic wound healing
TizCyTy Photothermal antibacterial activity - Effective killing of bacteria under NIR irradiation (808 73

~20 min. This technique could physically damage the struc-
tures of methicillin-resistant S. aureus and vancomycin-
resistant Enterococci through direct contact and photo-
thermal effects.®® Antimicrobial activity of MXenes and their
related composites (such as TizC,T, and Ag/Ti;C,T,) could be
highly boosted upon exposure to NIR light.** The synergistic
antibacterial effects ensued because of photothermal bacteri-
cidal activities and physical damages which have been explored
for wound dressings and against antibiotic-resistant bacteria
(E. coli and S. aureus), with efficient display of wound healing
after NIR laser light irradiation.*® A combinational strategy was
deployed for combating pathogenic bacteria using MXenes,
gelatin methacrylate hydrogels, and bio-inert sulfonated poly-
ether ether ketone.®® Accordingly, the synergistic photothermal
effects of MXenes and polydopamine could be applied for
thermal ablation of the osteosarcoma cells under NIR irradia-
tion; the efficient antibacterial effects could be attained against
pathogenic bacteria after loading tobramycin drug. It appears
that such photo-thermally controlled multifunctional plat-
forms ought to be further studied, especially for cancer nano-
therapy along with the treatment of bacterial infections.*
Anti-biofouling fibrous photothermal membranes with high
flexibility comprising MXene-coated cellulose membrane have
been prepared for highly efficient solar-driven water steam
evaporation for water purification purposes.” These MXene/
cellulose photothermal membranes exhibited high efficiency

9668 | RSC Adv, 2023, 13, 9665-9677

nm) after 10 min
- ~100% bacteriostasis rate; good cytocompatibility

of light absorption (~94%) in a wide solar spectrum range with
a water evaporation rate up to 1.44 kg m~> h~" under one solar
illumination. These membranes with high antibacterial effi-
ciency (~99.9%) are considered as promising bacteriostatic
agents, which exhibited significant stability even under ultra-
sonication treatment and vigorous mechanical agitation owing
to the sturdy interactions between MXenes and cellulose.” In
addition, a NIR activated heterostructure catalyst was con-
structed from MXene (Ti3C,) and cobalt nanowires to perform
against pathogenic bacteria based on synergistic NIR-
stimulated ROS and hyperthermia (Fig. 1).”° The photo-
thermal effect could be highly strengthened owing to the
synergy of plasmonic cobalt nanowires and MXenes. Accord-
ingly, high antibacterial efficacy (>90%) was obtained against
pathogenic bacteria within 20 min, showing efficient platforms
with promising effects against antibiotic resistance. The
mechanistic studies have illustrated that the electrons were
stimulated upon the NIR laser illumination, from the valence
band (VB) of MXene to its conduction band (CB). Afterward, the
photogenerated electrons were transmitted to the surface of
cobalt nanowires to react with oxygen to form ROS; some turned
back to VB for recombination with holes via radiative transition,
while the others returned to VB for recombination with holes
via non-radiative transition. Besides, cobalt nanowires gener-
ated heat upon NIR irradiation, thus providing platforms with
significantly improved photothermal property.”

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 The synergistic antibacterial mechanism for MXene/cobalt nanowires (CoNWs) with suitable photothermal property against pathogenic
bacteria. SPEEK: sulfonated polyether ether ketone. Reproduced with permission from ref. 75 Copyright 2020 Elsevier.

Multimodal strategy for the control of bacterial infection was
introduced by designing MXene (Nb,C) nanosheets hybridized
with medical implant of titanium plates for bacterial clearance
and tissue regeneration applications. Accordingly, the platforms
exhibited competent antibacterial effects by avoiding the gener-
ation of biofilms and preventing bacterial growth along with the
stimulation of biofilm detachment (Fig. 2).”* Mechanistic studies
revealed that these composites could directly kill bacteria by
down regulating the metabolism pathways, including tricarbox-
ylic acid cycle and phosphotransferase system pathways. Besides,
these MXene-based composites could sensitize bacteria towards
hyperthermia and kill bacteria with NIR-responsive thermo-
therapy, thus paving a way for both bacterial/biofilm clearance
and tissue remodeling; they could alleviate extra pro-
inflammatory reactions and oxidative stress (in vivo),
enhancing the angiogenesis and tissue remodeling procedure.”®

Combinational chemo-PTT was introduced by deploying
biocompatible MXene (Ti;C,) hybrid hydrogels with special
membrane-disruption effects and high photo-thermal conver-
sion efficiency under NIR light irradiation (Fig. 3).”” Cipro-
floxacin (an antibacterial drug) was combined with the MXene
for the effective trap and killing of pathogenic bacteria; the
release of ciprofloxacin was enhanced by NIR light irradiations
to attain rapid and targeted ablation of bacteria. The excellent in
vitro bactericidal efficiency of ~99.99% could be obtained for
inhibiting methicillin-resistant S. aureus through the combi-
national chemo-PTT, providing nanosystems for efficient ster-
ilization and long-term bacterial inhibition. However, the pre-/
clinical ~studies along with the pharmacokinetics/

© 2023 The Author(s). Published by the Royal Society of Chemistry

pharmacodynamic evaluations ought to be undertaken by
researchers to develop such systems for clinical applications
(especially for chronic and diabetic wound healing).”

Size and morphology of MXene nanosheets are two crucial
factors affecting their antibacterial effects. Gao et al.”® evaluated
the antibacterial PTT efficacy of MXene (TizC,T,) nanosheets
with size-dependent behavior against methicillin-resistant S.
aureus (Fig. 4). Accordingly, by decreasing the size of MXene
nanosheets, their antibacterial effects could be increased under
NIR irradiation for 5 min. The size-dependent PTT efficacy of
MXenes was comparable to that of the control antibacterial
drug (vancomycin), offering new opportunities for the treat-
ment of antibiotic-resistant bacteria infections.” Besides,
MXene layers can significantly affect the antimicrobial proper-
ties. In one study, few- and multi-layer MXene (Ti;C,T,) nano-
sheets were designed for PTT against E. coli and S. aureus,”
wherein few-layer MXene nanosheets exhibited higher cyto-
compatibility and conversion of light to heat, while the multi-
layer nanosheets had a better efficacy towards the growth
inhibition of pathogenic bacteria owing to the improved
bacteria trapping capabilities. When multi-layer MXene nano-
sheets (100 pg mL~") were applied in combination with laser
treatment at 5.7 W cm ™ > (~5 min), the examined bacteria were
completely eliminated; this strategy could provide an irrevers-
ible cell death linked to the loss of cell integrity, on the basis of
results obtained from bacteria debris detection along with DNA
release quantification studies.”

A composite membrane fabricated from titanium carbide
(MXene), zeolite imidazole framework-8 (ZIF-8), and polylactic

RSC Adv, 2023, 13, 9665-9677 | 9669
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Fig.2 MXene-based composites with bacterial killing effects, including biofilm resistant, intrinsic bactericidal, and thermo-ablation of bacteria
strategies along with tissue regeneration features (in vivo). Reproduced with permission from ref. 76 Copyright 2020 American Chemical Society.

acid was introduced with the capability of generating singlet
oxygen and hyperthermia (the photothermal convention effi-
ciency was ~80.5%) against antibiotic resistant bacteria (the
bactericidal rate was >99.0%).*° The composite with efficient
PTT and photodynamic therapy under laser irradiation (808
nm) displayed excellent antibacterial effects against E. coli
(99.9%) and methicillin-resistant S. aureus (99.8%), thus
providing an ideal platform against drug resistant bacterial
infections and for wound healing without observable resistance
(in vivo).* Fu et al.®* constructed multifunctional biomass aer-
ogels using Ti;C,T, (MXene) and silver nanowires on bacterial
cellulose/chitosan composite aerogel by the deployment of
physical mixture, lyophilization and electrostatic adsorption
processes (Fig. 5). These composite aerogels were utilized as
health monitoring sensor and antibacterial PTT. They exhibited
robust photothermal conversion activity under NIR laser irra-
diation (808 nm), providing promising platforms with ~100%

9670 | RSC Adv, 2023, 13, 9665-9677

sterilizing effects owing to the synergistic antibacterial effects
acquired from chitosan and silver nanowires along with the
photothermal antibacterial effects of MXenes.**

2.3. Physical damages/inactivation and direct mechanical
destruction

MXenes, specifically Ti;C,T,, exhibited remarkable antibac-
terial effects through the physical damages and direct
mechanical destruction of bacterial cells.*® They disrupted the
cellular membranes of bacteria leading to cell damage and
eventual death. It has been reported that the antibacterial
activities of MXenes were size- and exposure-time-dependent,
and direct physical interactions between the sharp edges of
MXene nanosheets and bacteria cells can play crucial roles in
antibacterial features of these nanosheets.** Remarkably,
hydrophilic MXene (Ti;C,T,) coatings displayed suitable
antibacterial activities against both E. coli and B. subtilis.** Nie

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 MXene (TizC;) thermo-sensitive hydrogels (TSG) containing ciprofloxacin (Cip) for combinational chemo-phototherapy therapy against
multidrug-resistant bacteria, paving a way for sterilization and long-term inhibition of pathogenic bacteria. Reproduced with permission from ref.
77 Copyright 2022 Elsevier.

Fig. 4 (A—C) Scanning electron microscopy (SEM) images of methicillin-resistant S. aureus biofilm eradicated by MXenes. Scale bar = 1 pm.
Green arrows indicate the dimples on cell surface; red arrows indicate the dead cells with significant morphology alterations; red dot circles
indicate the separated methicillin-resistant S. aureus cells or clusters containing a few cells after biofilm broken; "—"and "+" represent no NIR and
with NIR, respectively. Reproduced with permission from ref. 78 Copyright 2022 Elsevier.
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et al. reported on the antibacterial properties of MXene-
hybridized silane films, resulting in physical damages and
direct mechanical destruction (Fig. 6).>” In addition, MXenes
(Ti5C,T,) exhibited higher antibacterial effects against path-
ogenic bacteria compared to graphene oxide, showing
concentration dependent bactericidal activities;*® more than
98% bacterial cell viability loss could be detected at 200 pg

P
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mL ™" of MXenes for both bacterial cells after 4 h of exposure.
These MXene-based structures physically damaged the
bacterial cell membranes, causing the release of cytoplasmic
materials from these cells. Also, the ROS dependent and
independent stress stimulation has been reported.>®

MXenes demonstrated appropriate antibacterial effects with
lateral sizes of 0.09, 0.35, 0.57, and 4.40 pm against E. coli and B.
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(A) The preparative process of composite aerogel from bacterial cellulose (BC), chitosan (CH), MXene, and silver nanowires (AgNWs). (B)

The antibacterial mechanisms of the composite aerogel against pathogenic bacteria. Reproduced with permission from ref. 81 Copyright 2022

Elsevier.
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Fig. 6 MXene-hybridized silane films with antibacterial properties; MXene (TizC,) sheets were hybridized into the y-glycidoxypropyl-
trimethoxysilane (y-GPS) film on AA2024 aluminum (Al) alloy surface. Reproduced with permission from ref. 27 Copyright 2020 Elsevier.

subtilis for 3 and 8 h in the dark. Smaller nanosheets had higher
antibacterial effects toward both the bacteria. Growth kinetics
analyses evidently illustrated that direct physical interactions
between the sharp edges of the nanosheets and bacteria
membrane surfaces could play crucial roles in antibacterial
properties, offering significant damages in bacterial cells in less
than 3 h to release cellular contents followed by the dispersion
of bacterial cells.*® Overall, antibacterial effects of MXenes are
influenced by atomic structures, morphologies, and sizes. In
one study, MXenes (Nb,CT, and Nb,C;T,) were analyzed for
their antibacterial effects against resistant bacteria (E. coli and
S. aureus).*® Accordingly, the size of MXene sheets and their
atomic structures could affect their antibacterial effects. After
3 h of incubation, Nb,CT, and Nb,C;T, demonstrated high
growth inhibition of 94.2% and 96.1% for E. coli and 91.6 and
93.7% for S. aureus, respectively. By reducing the lateral sheet
size of these MXenes, the viability of bacterial cells was also
decreased; higher antibacterial effects could be obtained by
smaller MXene nanosheets, which were related to their physical
damages and oxidative stress mediated by them.*® Zhou et al.*
introduced Ti;C,T, (MXene)-based composite with high
conductivity, biocompatibility, and antibacterial capabilities for
methicillin-resistant S. aureus-infected wound healing applica-
tions (Fig. 7). Thus, the scaffolds with self-healing manner,
electrical conductivity, tissue-adhesive property, antibacterial
performance were obtained through the reactions among the
poly(glycerol-ethylenimine), MXene@polydopamine

© 2023 The Author(s). Published by the Royal Society of Chemistry

nanosheets, and oxidized hyaluronic acid. The MXene@poly-
dopamine composites disrupted the bacteria membranes,
causing the leakage of proteins and eventual death. The outer
membranous protuberances of methicillin-resistant S. aureus,
membrane disruption, and leakage of cytoplasm contents could
be detected.®® The intracellular densities were significantly
reduced by applying the MXene-based composites owing to the
loss of some intracellular substance, indicating the membrane
disruption and leakage of cytoplasmic contents. The designed
MXene-based scaffolds could significantly enhance the wound
healing by anti-inflammatory influences, stimulating the cell
proliferation, angiogenesis, granulation tissue formation,
collagen deposition, and vascular endothelial differentiation.®

MXene (TizC,T,)-based membranes prepared by filtration on
a polyvinylidene fluoride support were applied for damaging the
surfaces of bacterial cells.®” These membranes exhibited higher
antibacterial effects against B. subtilis and E. coli compared to
the control polyvinylidene fluoride samples; the flow cytometry
evaluations illustrated ~70% population of dead and compro-
mised cells after 24 h exposure of both bacterial strains to the
membrane.*” MXene-based membranes with excellent poten-
tials against resistant bacteria should be further explored as
anti-biofouling membranes in the wastewater treatment. For
instance, membranes were constructed from MXenes (Ti;C,T,)
and silver nanoparticles for rapid water purification, showing
excellent growth inhibition toward E. coli (~99%).*® Physical
and chemical damages could synergistically kill the bacteria

RSC Adv, 2023, 13, 9665-9677 | 9673
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Fig. 7 The preparative process of multifunctional scaffolds (HPEM) for multidrug-resistant bacteria-infected wound healing purposes. MRSA:
methicillin-resistant S. aureus; PDA: polydopamine; GTA: glycerol triacrylate; PGE: poly(glycerol-ethylenimine); PEl: polyethylenimine. Repro-
duced with permission from ref. 83 Copyright 2021 American Chemical Society.

and offer efficient antimicrobial effects. It was revealed that
when ultra-small gold nanoclusters were conjugated on
surfaces of MXene nanosheets, they could effectively transport
into bacterial cells to produce localized ROS with high
concentrations. In combination with physical damages ensued
by MXene nanosheets, bacterial membrane lipids were effi-
ciently oxidized and their membranes and DNAs were frag-
mented, offering synergistic antibacterial effects.** These
nanosystems exhibited efficient bacterial death for both
Gram-positive and Gram-negative bacteria, with low ICs, values
of 11.7 pg mL ™" of MXene and 0.04 pm of gold nanomaterials.
Notably, they obstructed the formation of biofilm due to the
synergistic antibacterial effects, large surface area with higher
density of bactericides, and hydrophobic surfaces avoiding the
bacterial attachment.®

3. Challenges and perspectives

MXene-based composites have shown excellent potential in
fighting antibiotic-resistant bacteria. The main mechanisms for

9674 | RSC Adv, 2023, 13, 9665-9677

deactivating bacteria by these composites include rupturing the
bacterial membrane by sharp edges of MXenes nanoflakes and
ROS generation as well as photothermal deactivation of
bacteria.®**** Despite the developments in application of
MXenes and their composites against pathogenic bacteria, their
bactericidal mechanisms are still elusive. Studies have indi-
cated that the adsorbed MXenes on membrane surfaces of
bacteria could induce a local phase transition in a domain, and
the leakage of intercellular molecules at the phase boundary
could lead to defects and cell lysis.*® In this context, several
crucial parameters such as exposure time, size/morphology,
thickness, concentration, epitaxy effects, exfoliation condi-
tions, etching techniques/conditions, and surface charge/area
can affect the antimicrobial effects of MXenes.**

There are some key challenges associated with MXenes,
including their large-scale production, the cost of production
and economic viability, stability issues, and environmental
impacts/biosafety. Several studies have focused on improving
the production strategies to produce them in more efficient
manner and with cost-effectiveness, as exemplified in the case

© 2023 The Author(s). Published by the Royal Society of Chemistry
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of MXene fibers synthesized through a large-scale wet-spinning
assembly.®® For large-scale production of MXenes, sustainable
and environmentally-friendly techniques ought to be further
explored, avoiding the deployment of toxic and hazardous
agents along with usage of complex or laborious steps/instru-
ment.>® Designing MXenes with specific morphologies requires
taking into consideration a plethora of criteria that can affect
their properties; scaling up the manufacturing of MXenes and
their composites while preserving their quality and consistency
necessitates more explorations.*” On the other hand, the
biosafety of MXenes/derivatives is an important consideration
before their practical applications;*® as with any new material,
regulatory bodies need to assess their safety before they can be
deployed in commercial products. Several tactics have been
introduced for improving the biodegradability and biocompat-
ibility of MXenes, including modification/hybridization tech-
niques, fabrication of bioinspired structures, and greener
synthesis.*>* For instance, a greener option has been reported
for adjusting the potential cytotoxicity of MXenes after delam-
ination by harnessing the interactions between the surface of
MXene phases and collagen; surface modification with collagen
could reduce the cytotoxicity of MXenes (in vitro) and their
oxidative stress.**

Despite several advantages of MXenes such as hydrophilicity,
electrical conductivity, flexibility, and pseudo-capacitance, they
display poor stability under oxygen-containing circumstances
owing to the presence of active transition metals, possible
structural defects, and termination groups.®>** MXenes tend to
degrade or undergo structural alterations when exposed to
biological fluids, thereby affecting their performance and safety
in biomedical applications; long-term stability of MXene-based
materials with a minimal degradation rate is very important in
designing clinical devices from them such as biosensors.’***
The as-prepared MXenes are typically in a thermodynamically
metastable state and tend to react with trace oxygen or oxygen-
containing molecules. Some techniques have been introduced
for enhancing the stability of the as-obtained MXenes/
derivatives by adjusting the storage conditions and generating
shielding on the surface and/or edge of MXenes flakes.*® Several
studies have been organized to enhance the stability of MXenes/
derivatives. One approach is to modify the surface of MXenes
using additives such as polymers or surfactants.”® Another
strategy is to fabricate MXenes from MAX phases that have
a higher oxidation resistance than their corresponding metals,
as exemplified in the case of Al-Ti;C, MXene with improved
oxidation stability.”” Zhang et al.®® reported that the oxidation
stability of colloidal MXene (Ti;C,T,) aqueous solutions was
better in argon (Ar) atmosphere at room temperature than in air
atmosphere at low temperature, indicating the importance of
atmosphere and temperature on the stability of MXenes.*®

4. Conclusions

Today, with the indiscriminate use of antibiotics, bacterial
resistance is increasing. Thus, the necessity of designing
innovative nanosystems with targeted drug delivery capability
and low side effects along with non-invasive treatments based

© 2023 The Author(s). Published by the Royal Society of Chemistry
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on phototherapy for reducing bacterial resistance and effective
treatment of resistant bacterial infections is felt more than
before. In this context, combinational therapy and multi-
-mechanism antimicrobial agents with synergistic effects can
efficiently combat antibiotic-resistant bacteria. Among the
introduced materials, MXenes with high electrical conductivity,
hydrophilicity, and unique optical/thermal features, as well as
mechanical/electronic and tunable chemical properties can be
considered as attractive candidates in designing novel micro-
and nanosystems with antibacterial effects. MXene-based
composites can physically damage bacterial membranes and
chemically promote oxidative stress, showing high antimicro-
bial potentials for versatile environmental and biomedical
applications. Remarkably, the strategies for the photocatalytic
inactivation and photothermal ablation of antibiotic-resistant
bacteria using MXene-based composites are still in their stage
of infancy, demanding additional explorations. It appears that
with developments in green chemistry-based synthesis strate-
gies, future studies will move towards the simple, safer, and
environmentally-benign fabrication of MXenes and their
derivatives with high chemical stability and multifunctionality.
Overall, the main and possible mechanisms for the deactivation
or elimination of pathogenic bacteria by MXenes/derivatives
include the rupture of bacterial cell membranes by sharp
edges of MXenes nanoflakes, the inhibition of nutrient intake,
the formation of ROS, and photothermal deactivation of
bacteria. Finding the related antibacterial mechanisms along
with the toxicological and pharmacological/pharmacokinetics
studies can help to design next-generation MXene-based
composites with high antibacterial effects.
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