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MXenes Antibacterial Properties and Applications:

A Review and Perspective

Farzad Seidi, Ahmad Arabi Shamsabadi, Mostafa Dadashi Firouzjaei,
Mark Elliott, Mohammad Reza Saeb, Yang Huang, Chengcheng Li, Huining Xiao,*

and Babak Anasori*

The mutations of bacteria due to the excessive use of antibiotics, and gen-
eration of antibiotic-resistant bacteria have made the development of new
antibacterial compounds a necessity. MXenes have emerged as biocompat-
ible transition metal carbide structures with extensive biomedical applica-
tions. This is related to the MXenes’ unique combination of properties,
including multifarious elemental compositions, 2D-layered structure, large
surface area, abundant surface terminations, and excellent photothermal
and photoelectronic properties. The focus of this review is the antibacterial
application of MXenes, which has attracted the attention of researchers since
2016. A quick overview of the synthesis strategies of MXenes is provided and
then summarizes the effect of various factors (including structural proper-
ties, optical properties, surface charges, flake size, and dispersibility) on the
biocidal activity of MXenes. The main mechanisms for deactivating bacteria
by MXenes are discussed in detail including rupturing of the bacterial mem-
brane by sharp edges of MXenes nanoflakes, generating the reactive oxygen
species (ROS), and photothermal deactivating of bacteria. Hybridization of
MXenes with other organic and inorganic materials can result in materials
with improved biocidal activities for different applications such as wound
dressings and water purification. Finally, the challenges and perspectives of

1. Introduction

2D nanomaterials have found widespread
applications in water treatment,! photo-
catalysis and electrocatalysis,>#  sen-
sors,”l and various biomedical purposes,
including tissue engineering,/®’ cancer
therapy,®’! bio-imaging and antimicrobial
applications.'?! One of the fast-growing
areas of 2D materials is the MXenes
family. MXenes are 2D transition metal
carbides and nitrides with the general
M, X, T, formula in which M stands for
transition metal (such as Ti, V, Nb, and
Mo), X represents carbon and/or nitrogen,
n is 1-4, and T, shows terminal groups
of the MXenes (F, OH, O, etc.).!t"13]
Various types of multilayered and delami-
nated MXenes have been synthesized and
applied for different applications such as
energy storage," catalysis,™ sensors,%]
separation,”18l and biomedical." The fast

MXene nanomaterials as biocidal agents are presented.

growth of MXenes in different applica-
tions is due to their unique combination
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of properties, including high hydrophilicity (water contact
angles of 20-30° for Ti;C,T, and Ti,CT, films),? electronic
conductivity (>20 000 S cm™ for Ti;C,T, thin film),?!! and parti-
cular optical properties (a nonlinear absorption coefficient of
-1072! m? V=2 for Ti;C,T,)?% along with excellent ion adsorption
capacity (a mercury ion adsorption capacity of 4806 mg g! for
Ti3C,T, nanosheets).[?3] Additionally, MXenes have the highest
mechanical stiffness in solution-processed 2D materials at
300—400 GPa, for Ti;C,T, and Nb,C;T,.[24

MXenes have been widely employed for various types of
biomedical applications such as biosensing, medicine, bio-
imaging, drug delivery, and cancer therapy. A combination of
unique properties including rich chemistry, optical absorbance,
metallic conductivity, redox trait, excellent electron transfer
capability along with high hydrophilicity, and acceptable bio-
compatibility are unique features of MXenes for the develop-
ment of biosensors for in vitro and in vivo analyses.*”] For
instance, the changes in the surface terminations of MXenes
through interactions with different molecules (such as various
redox agents) lead to significant variations in MXenes proper-
ties.?*?7l The pH- and near-infrared (NIR)-responsive behavior
makes them suitable candidates for fabrication of controllable
MXene-based drug delivery systems.?$2°l Moreover, MXenes
can eradicate tumor cells by synergistic photothermal ablation
and chemotherapy due to their high photo-to-heat conversion
efficacy.*” Among various biomedical applications of MXenes,
their antimicrobial uses have attracted increasing attention and
are the main focus of this review. Microbial infection is still a
serious issue worldwide, causing millions of deaths annually.
While various antibiotics have been developed to defeat bacterial
infections, the overuse of antibiotics resulted in the mutation
of bacteria and the generation of antibiotic-resistance versions
that are challenging to be treated with the present antibiotics.
Therefore, the production of new generations of antibiotics is
vital. One strategy to deal with this issue is using various anti-
bacterial nanomaterials such as carbon nanotubes (CNTs),3!
graphene-based nanomaterials,*234 metal-organic frameworks
(MOFs),13>3¢ metal nanoparticles,*”) polymeric nanoparticles,*®!
and metal oxide nanoparticles.’?4 MXenes are among the
newest candidates for antimicrobial nanomaterials.

A major advantage of MXenes over many other nano-
materials is the tunability of their atomic structure and com-
position to provide more vigorous antimicrobial activities as
we cover in this review. Additionally, MXenes can be pro-
cessed in different forms, such as thin films**? or thick
membranes,*! and can be combined with polymers to fabri-
cate polymer composites.l*! Since most MXene compositions
are composed of C, N, and nontoxic transition metals (Ti, Nb, Ta)
to biological tissues, they have shown good biocompatibility as
they can be degraded and disposed in the body of mice.[*8]
Therefore, antibacterial MXenes are proper candidates to be
used for treating infected wounds without any concerns about
cell cytotoxicity. In this review, first, we provide a brief discus-
sion about the MXene structure types, compositions and their
synthesis, and other critical properties for antibacterial appli-
cations. We then present the possible antibacterial modes of
action of MXenes, followed by recent progress in the fabrica-
tion and development of antibacterial MXenes along with
various structural factors that can affect the biocidal activity of
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MXene nanosheets. Additionally, we discuss various types of
modifications to improve the biocidal performance of MXenes
and summarize the applications of MXenes as biocompatible
biocidal agents at the end of this review.

2. Synthesis of MXenes

MZXenes are mainly synthesized via top-down chemical etching
routes and most precursors used to date are MAX phases.
The M, ;AX,, generally known as MAX phases, are hexagonal
close-packed nanolayered compounds of ternary transition
metal carbides and nitrides.*>1 M is an early transition metal
(Ti, Nb, V, etc.), A refers to an element mainly from IIIA and
IVA groups in the periodic table (such as Al and Si), X repre-
sents C, N, or a mixture of them, and n can be 1-4.5% There
are four main types of MAX phase structures named 211, 312,
413, and 514 representing M,AX, M3;AX,, M,AX;, and MsAX,,
respectively. The main difference between these MAX phase
structures is the number of MX layers between each A layer
(Figure 1).

Up to now, synthesis of over 155 MAX phases have been
reported.’!! The M, A, and X elements that have been used in
MAX phases are illustrated in Figure 1 and marked in blue, red,
and black colors. MAX phases have several unique properties
in the world of ceramics as they are machinable and thermal
shock resistant and thermally/electrically conductive. However,
MAX phase layers have weak biocidal activities, whereas 2D
MXenes are well-known for excellent biocidal activities through
various mechanisms discussed later in this review.

Different methods for the synthesis of MXenes are summa-
rized in Figure 2. Selective etching is a top-down chemical pro-
cedure for fabricating MXenes from the MAX phase through
selective removal of the A layer. Up to now various etchant
methods have been practiced for this goal including hydro-
fluoric acid (HF) etching, acid/fluoride salt etching (such as
hydrochloric acid (HCl)/sodium fluoride (NaF),% HCl/lithium
fluoride (LiF),°) HCl/iron trifluoride (FeF;),®! and ammo-
nium hydrogen difluoride (NH,)HF,®%), alkali etching,®364
electrochemical etching,®%! and molten salt etching.!'>¢]
Different etching agents can strongly affect the type and content
of the terminal groups of MXenes nanosheets, flake size, and
morphology, which can possibly impact the antimicrobial
activities of MXenes. However, the effect of this factor has not
been studied yet.

Among all these methods, utilizing an aqueous HF solution
for selective etching of the A layer in MAX phases has been
widely explored.'Zl Typically, the etching process using a HF
solution to synthesize Ti;C,T, from Ti3AlIC, MAX phase involves
the removal of the Al layer in the form of AlF; to produce
the multilayered Ti;C,T, MXene with OH, O, and F terminal
groups. Subsequent delamination through chemical inter-
calation or mechanical exfoliation of the HF-etched-MXenes
produces the monolayer delaminated Ti;C,T, nanosheets.
Usually, chemical intercalation delamination with cations
such as Li ion has been used as the method to weaken the
dominant interlayer forces, and then MXene nanosheets are pro-
duced by a mild manual shaking or sonication.%8! Multilayered
MXenes have been intercalated by various organic molecules
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Figure 1. Different structures of MXenes and the possible elements that have been utilized for the fabrication of different MAX phases.

(such as hydrazine,®” dimethyl sulfoxide (DMSO),/*” urea,
n,n-dimethylformamide,[® isopropylamine,’/” and n-butyl-
aminel’Y), surfactants /2 and cations.’>” More recently, three-
roll milling was shown to be an effective method of mechanical
exfoliation without the need for any cation intercalants.”!

Chemical transformations, including ammoniation of
transition of metal carbides,> carburization of transition metal
sulfides,> and deoxygenation and carburization,®! are other
top-down methods for MXenes synthesis. Chemical vapor
deposition (CVD)P! and salt-templated growth®® are bottom-up
methods for synthesizing high-quality thin sheets of MXenes.
CVD affords MXenes with high purity and fewer defects,
unlike the etching method. However, fabrication of mono-
layer MXenes by CVD has not been achieved yet, implying
the requirement for further development and modification of
this procedure. To the best of our knowledge, the antibacterial
activity of the MXenes prepared by these bottom-up methods
has not been explored.

3. Critical Properties of MXenes
for Antibacterial Applications

This section covers the most critical properties of MXenes that
can contribute to their antibacterial activities. The properties of
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MXenes depend on the composition, layer number, and size
of the nanosheets. These properties can determine the appli-
cations of MXenes in various fields, including as antimicrobial
agents.

3.1. Effect of Structural Properties of MXene on
Their Antibacterial Properties

MXenes have 2D hexagonal close-packed structures in which
M elements are in a closely packed configuration, and X
atoms are positioned in the octahedral sites. The terminal
functional groups (T) on the surface of MXenes are usually
—OH, =0, or —F, as discussed earlier.”*78] MXene 2D layers
are connected through weak van der Waals and H-bonding
interactions of the surface termination groups. However,
the M-X and M-T atoms in interlayers are bonded by strong
covalent and ionic bonds. A layer of Ti;C,T, as the most
utilized MXene has a thickness of ~ one nanometer as it was
measured using atomic force microscopy (AFM)."*-81 When
MXene flakes are stacked in the form of films or composite
structures, the distance between two MXenes nanosheets
(interlayer distance) can vary depending on the intercalant
species in between layers, and it is usually around <1.0 to
1.5 nm in MXene films.

© 2023 Wiley-VCH GmbH
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Figure 2. Different MXenes synthesis approaches.21353-58] |) Top-down methods: a) A Ti;AIC, exfoliation procedure via wet acid etching MAX/non-
MAX phases; b) wet etching MAX phase without acid; and c) fabrication of multilayered and delaminated Ti,N;T, via molten salts at 550 °C under
argon atmosphere. Il) Chemical transformation approaches. d) Ammoniation of V,C and Mo,C to obtain their transition metal nitrides V,N and Mo,N
at high temperatures; e) carburization of MoS, to Mo,C under H, and CH,; and f) synthesized Mo,C MXene by carburization and de-oxygenation of
MoC. IIl) Bottom-up methods. g) Chemical vapor deposition (CVD) of &-Mo,C on a Cu support; and h) salt-templated growth procedure to prepare

Mn3;N; MXene under an ammonia atmosphere.

The delamination and intercalation conditions of MXenes
can impact their biocidal activity.®¥ Sonication in different
solvents, such as water, DMSO, and isopropylamine, and in
the presence of different compounds, such as hydrazine mono-
hydrate, NaOH, and KOH leads to MXene nanosheets with
different physiochemical properties (Table 1). Evaluation of
the antibacterial activity against Escherichia coli (E. coli) using
the colony forming unit (CFU) count method showed that the
required time for inactivating 50% of bacteria by 100 ug mL™
multilayer Ti;C,T, was =280 min which was reduced to
137, 120, 76, 53, 80, and 70 min, respectively, for MXenes
sonicated in water, DMSO, isopropylamine, hydrazine mono-
hydrate, NaOH, and KOH.®2 The more robust antibacterial

activity of isopropylamine- and hydrazine monohydrate-treated
MXenes were attributed to the more oxidative severe damage to
cell membranes by generating higher contents of the reactive
oxygen species (ROS).

Beyond the surface of MXenes, the morphology and the
core M-X atomic structures of MXenes can change their
bactericidal properties.®¥l When multilayer MXene powders are
delaminated (increase of the sonication time in Figure 3a—c),
larger inhibition zones were observed due to the more acces-
sible sharp edges in delaminated MXenes for two Nb,CT, and
Nb,C;T, MXenes. By increasing the sonication time for the
delamination of MXenes, the lateral flake sizes are reduced
(Figure 3b,c left to right panels), which leads to more effective-

Table 1. Physiochemical properties of different Ti;C,T, MXenes treated with different delamination and intercalation agents.(*?

Treatment d-space [A] Thinness [nm] Zeta Potential [mV] Hydrodynamic Diameter [nm]
Untreated 9.8 N/A —-20.5 N/A
Water delamination 10.2 284 -23.2 1003
DMSO delamination 10.6 30 -17.8 783
iPA delamination 12.9 24 -16.5 288
HMH intercalation 13.2 14 =27.1 34
NaOH intercalation 12.1 n -234 262
KOH intercalation 12.2 10 —24.3 215

Abbreviations: iPA = isopropylamine; HMH = hydrazine monohydrate.
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Figure 3. a) Schematic illustration of different MXene flakes with various lateral sizes. It has been shown that increasing the ultrasonication time would
decrease the lateral size of the MXene flake. Chemical structure and TEM images of b) Nb,CT, and c) Nb,C3T, MXene nanosheets were delaminated
by ultrasonication after 40, 80, and 120 min. Increasing concentrations of both MXenes to 120 g mL™" would decrease the cell viability of d) E. coli and
e) S. aureus treated with delaminated Nb,C5T, and Nb,CT,. Adapted with permission.[83 Copyright 2020, American Chemical Society.

ness of MXenes toward killing the E. coli and Staphylococcus
aureus (S. aureus). Also, increasing concentrations of both
MXenes to 120 pg mL™ would decrease the cell viability of
E. coli, and S. aureus treated with delaminated NDb,C;T, and
ND,CT, ((Figure 3d,e). Additionally, the thickness of the MXene
core (n in M, 1X,T,) can affect the antimicrobial performance
of MXenes. For example, while Nb,CT, and Nb,C;T, have
similar M-X bonds (Nb-C), the former has two layers of
M with a layer of X (Nb-C-Nb), and the latter has four layers of
M atoms, and three layers of X atoms (Nb-C-Nb-C-Nb-C-Nb).
The bactericidal activity of the thicker MXene, that is Nb,C;T,,
is slightly lower than the thinner MXene (Nb,CT,) as shown
in Figure 3. These studies indicate that the number of layers
can play a critical role in the ultimate antimicrobial behavior of
MXenes.

Besides the morphology of MXene layers, the types and
contents of the surface terminations (T) can also affect the
properties of MXenes.®*#] Hydroxyl (—OH) and fluoride (—F)
groups require one electron to reach a stable state, whereas
oxygen (=O) needs two electrons to attain a stable state. It has
been reported that =O terminations provide higher strength
and better thermodynamic stability than the other termination
groups.[888] By increasing temperature and longer storage, the
OH-terminated surfaces tend to be converted into O-terminated
surfaces by releasing H, gas. To the best of our knowledge,
the effect of the surface functional groups of MXenes on their
antimicrobial behavior has not been determined. Comparative
studies with other similar nanomaterials highlighted the crit-
ical role of the surface functional groups in the biocidal activity
of the nanomaterials.-0
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3.2. Effect of Optical Properties of MXene on
Their Antibacterial Properties

MXenes have tunable optical properties depending on their
composition and structure® and can strongly absorb lights in
a wide range from ultraviolet-visible (UV-Vis) to NIR areas,/*?
which leads to their biomedical applications in photoacoustic
imaging (PAI) and photothermal therapy (PTT).”* In
addition to the strong absorption in the solar spectrum, high
surface area and abundant free radical distribution can con-
tribute to the photo-to-thermal conversion of MXenes. They can
absorb light energy significantly owing to their satisfactory elec-
tromagnetic wave absorption capacity. Also, a high density of
the surface carriers of MXenes can produce heat, and thereby
dominates their photothermal activities. The photothermal
of MXenes adds fast light-to-heat conversion to the inherent
antibacterial blade effect and could boost the final anti-
bacterial activity through the so-called nanothermal blade effect
(Figure 4a). Through the production of heat, PTT is able to
enhance the permeability of bacterial membranes and increase
the intracellular penetration of ROS and metal ions. Addition-
ally, hyperthermia from light-to-heat conversion in PTT leads
to protein denaturation and damage to DNA in the bacteria
structure.l””%8 Notably, resistance to PTT, despite resistance to
antibiotics, is a less likely phenomenon.”” The UV-Vis-NIR
spectra of MXenes have been used as a guide for photothermal
conversion. The absorption spectrum of Ti;C,T, in the range
of 400-1200 nm showed a broad peak at 650-850 nm; thus,
Ti;C, T, can absorb light at 808 nm, and this phenomenon can
add rapid temperature increase and lead to improved biocidal
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Figure 4. The effect of a) optical properties, b) dispersity, and c) stability of MXene on their antibacterial properties. MXenes’ high photothermal con-
version efficiency would enforce a high near infrared-induced effect that would inhibit the bacteria cell by photothermal therapy. The high dispersity of
nanomaterials in water would increase the active surface area for interaction with bacteria. Therefore, higher biocidal rates can be obtained; however,

the oxidation of MXene would negatively affect this parameter.

activity. In contrast, lights with wavelengths out of this range
(e.g., 532 and > 980 nm) on Ti;C,T, has almost no light-to-heat
effects. Nb,CT, has a broad peak in the NIR with a maximum
peak at =915 nm[®Y and had been used in photothermal studies
in NIR-I (750-1000 nm) and NIR-II (1000-1350 nm).**l The
photothermal effect of Ti;C,T, nanosheets has an internal
light-to-heat conversion efficiency of 100%, indicating a perfect
energy conversion.”” The MXene-coated polyvinylidene
fluoride (PVDF) could absorb the sunlight and increase the
temperature to 75 °C in <400 s. Additionally, light absorption
can induce the generation of singlet oxygen (10,) on the surface
of MXene nanosheets.['00101]

MXenes effective photothermal properties can be used for
rapidly eradicating bacteria through NIR-induced PTT.[02103]
The temperature of colloidal dispersions of Ti;C,T, at
concentrations of 30, 250, and 500 pg mL™! upon 5 min irradia-
tion at 808 nm increased to around 45, 55, and 65 °C, respec-
tively, indicating the significant photothermal effect of Ti;C,T,
nanosheets.'% Additionally, the excellent biocompatibility of
the highly concentrated MXene suspension (500 ug mL™) can
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be attributed to replacing the fluorine terminal groups with -OH
groups through hydrothermal treatment MXenes under expo-
sure to a NaOH solution.'®] Upon 20 min of NIR irradiation at
808 nm on 100 pg mL™! of Ti;C,T, solution, effective bacterial
inhibition (>95% of E. coli & >99% S. aureus) was achieved.[0%]
Further investigations proved the ability of Ti;C,T,/NIR for
fast eradication of other 13 types of gram (-) and (+) bacteria,
even antibiotic-resistant bacteria such as vancomycin-resistant
enterococcus (VRE).1%2 Unlike Ti;C,T,, Nb,CT, showed weak
biocidal activity even in the light, and V,CT,/NIR showed
vigorous biocidal activity only against S. aureus. The reason
is attributed to the strong plasmonic properties of Ti;C,T,.l1%4
Indeed, a plasmonic peak in the range of 650-850 nm in the
NIR region was reported for Ti;C,T, which 808 nm light is
within this range. However, no peak was observed in that
region for Nb,CT, and V,CT,.

The photothermal conversion effect provided by MoOs_,QDs/
Ti3C,T, on fabrics inhibits bacterial growth.%] The presence
of Ti;C,T, endows excellent biocidal activity against E. Coli
and S. aureus under light with a very high sterilization rate of
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99%. ROS are generated because of the electronic transition
of MoO;_,QDs/Ti;C,T,. After passing through the cell mem-
branes, the reaction of the generated ROS with organic sub-
stances in the bacteria leads to bacteria death. Generally, the
excellent antibacterial performance of the MXene-based com-
posites can be ascribed to high electrical conductivity, promo-
tion of carbon layers, and high photothermal conversion effect.
These properties endow MXenes' capability for killing bacteria
through synergistic heat generation and oxidative stress. It
has been reported that nanomaterials with photothermal(!6:107]
and oxidative stressl!%1% properties are proper candidates for
antimicrobial applications. Figure 4a graphically summarizes
the effect of MXenes’ optical properties on their antibacterial
properties.

3.3. Effect of MXenes Dispersion on
Their Antibacterial Properties

Under the dispersed condition, the stability of the dispersion
has a great influence on the antimicrobial properties of the
system. Aggregation and sedimentation reduce the contact
area between the bacteria with the antibacterial agent whose
ultimate effect is the decline in the antibacterial proper-
ties. Addition of chelating ligands is a common strategy for
improving the stability of colloids!"% and has been developed
for stabilization of MXenes colloids."""? Practically, MXenes
dispersions have high colloidal stability in water due to their
highly hydrophilic surface. The negative effect of agglomera-
tion on the antimicrobial activity of CNTs and graphene-based
nanomaterials was reported previously.?*!3] For example, the
presence of high content of oxygen groups on graphene oxide
(GO) endows higher dispersibility for GO compared to reduced
GO (rGO). Higher dispersibility, in turn, provides more oppor-
tunities for GO to be in contact with bacteria and deactivate
bacteria through sharp edges. The comparison of the anti-
bacterial activity of different graphene-based nanomaterials
against E. coli showed the strong effect of the degree of
dispersibility on the biocidal activities so that the order of
GO > rGO > graphite (Gt) > graphite oxide (GtO) was reported
for the antibacterial activities.' In the case of MXenes,
agglomeration in aqueous colloidal solutions is a less likely
phenomenon. Mahmoud et al. reported a higher antibacterial
activity for the delaminated-Ti;C,T, dispersion compared to that
of the multilayered-Ti;C,T, dispersion."®"l At concentration
of 100 pg mL™, the delaminated-Ti;C,T, showed antibacterial
efficacy of 977 and 97.0% against E. coli and B. subtilis whereas
these values were 30.6 and 33.6%, respectively, for the multi-
layered-Ti;C,T,. Less agglomeration tendency in the delami-
nated-Ti;C,T, along with a higher number of sharper edges
provide more contact with the cell membrane, in comparison
to the multilayered-Ti;C,T,, resulting a stronger antibacterial
activity for the delaminated-Ti;C,T,.

Due to the —F, —OH, and =0 termination groups, MXenes
have negative zeta potentials in —30 to —60 mV under neutral
conditions.™® The high surface charge of MXenes combined
with their high hydrophilicity allows high dispersion of MXene
nanosheets in water through H-bonding formation between
H,0 and the terminal groups."®1 Comparison of the
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colloidal dispersibility of delaminated Ti;C,T, flakes modi-
fied with hydrazine and KOH, and with water as the control
showed improved dispersibility of KOH- and hydrazine-modi-
fied Ti;C,T, samples.?l The pH of aqueous solutions of hydra-
zine-Ti;C,T,, KOH-Ti;C,T,, and control Ti;C,T, were around
78, 9.8, and 6.5, respectively, indicating a higher number
of terminals ~OH groups in the modified ones. The disper-
sion of these MXenes remained almost stable at pH values of
5-12 without agglomeration whereas at pH< 5, closer to the
isoelectric points can lead to lower electrostatic repulsion and
reduced dispersibility. Accordingly, the MXenes can produce
stable dispersions under physiological pH conditions without
any surfactant.

The stable colloids of MXenes in various solvents allow the
fabrication of membranes through vacuum filtration, spin- and
spray-coating methods for developing thin-films,24122 and
uniform composites by mixing with other materials.123124 So
far, the influence of MXenes dispersity on their antibacterial
properties is unknown. Determining the relationship between
MXenes' dispersity and their biocidal activity is critical for
antibacterial and biological applications. Figure 4b graphically
summarizes the effect of MXenes' dispersity on their anti-
bacterial properties.

3.4. Effect of MXene Stability on Their Antibacterial Properties

One of the main shortcomings of MXenes’ dispersion is the
gradual degradation by hydrolysis in water and the dissolved
oxygen in solutions, transforming the morphology of MXenes
from flakes to oxide particles.'?>7'%”] Metal oxide nanoparticles
show fewer sharp edges than nanoflakes which can decline
the antibacterial activity of MXenes. Therefore, removal of the
dissolved oxygen in water by degassing!?®! or adding anti-
oxidant agents such as sodium ascorbatel’?l to suppress the
oxidation of MXenes during the storage period can prevent such
a devastating phenomenon. Modification of MXenes can also
improve the stability against oxidation.'? However, controlled
oxidation of MXene flakes can be beneficial for their antibac-
terial performance, by formation of anatase TiO, nanocrystals
on amorphous carbon through controlled oxidation of Ti;C,T,
in air% Aging Ti;C,T, membrane for 30 days improved its
antibacterial performance. While the fresh Ti;C,T, membrane
impeded the growth of E. coli and Bacillus subtilis (B. subtilis) by
67 and 73%, respectively, the 30-day aged membrane hindered
the growth of 99% of both E. coli and B. subtilis colonies.!3! The
formation of TiO, nanocrystals on the membrane surface due
to Ti3C,T, degradation is beneficial for improving the overall
antibacterial properties. Figure 4c graphically summarizes the
effect of MXenes' stability on their antibacterial properties.
Generally, modification of MXene surface with antibacterial
agents can protect MXenes from oxidation and might have a
dual effect on the MXenes stability and antibacterial activity.

3.5. Effect of MXene Flake Size on Their Antibacterial Properties
The size and shape of 2D nanomaterials are critical factors in

determining the ultimate biocidal activity.’3>133 The size of
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nanosheets directly affects dispersibility, adsorption ability,
and the number of sharp edges that can physically damage
the microorganisms’ membrane. Incubation of E. coli with
100 pug mL™! Ti;C,T, nanosheets with lateral sizes 0.09, 0.35,
0.57, and 4.40 um for 3 h under dark conditions reduced the
bacteria viability by 70, 55, 40, and 20%, respectively and the
values for B. subtilis were around 92, 90, 85 and 75%, respec-
tively.*¥l These results indicate the binding effect of the size of
nanosheets. Smaller MXenes flakes exposed more sharp edges
and a higher possibility for diffusion into the cells to damage
the cytoplasmic components, including DNA.

Using Nb-based MXenes, Pandey et al. showed that the
size of nanosheets of MXenes could change their bactericidal
properties.®3] Increasing the time of sonication for delamina-
tion delivers nanosheets with smaller sizes. For both Nb,C;T,
and ND,CT,, the antibacterial activity of MXenes against E. coli
and S. aureus increased for MXenes with smaller lateral sheet
sizes due to the sharper edges and more corners in smaller
nanosheets. Scanning electron microscopy (SEM) images
(Figure 5) clearly showed the membrane damage with cell lysis
induced by the MXene nanosheets.

3.6. Effect of MXene Surface Charges on
Their Antibacterial Properties

Generally, positively-charged nanomaterials can adsorb bac-
teria species because bacteria have a net negative surface
charge under most environmental conditions. In nanomate-
rials with negative surface charges, surface modification has
been used to enhance their anchoring activity. For example,
the GO nanosheets were modified using azithromycin,
citraconic anhydride (CA), and polyethyleneimine to
prepare nanocomposites with a positive surface charge.[13]
Selective anchoring of bacteria, induced by the positive
surface charge and destructive effect of GO,!3¢ results in
bacteria death.

Treated with DL-Nb,CT -160

0
=
&
5
&
(5]

www.small-journal.com

Ti3C,T, colloidal solutions with low concentrations have
shown weak biocidal activity. This observation can be related
to the negative surface charge of both MXene and bacteria,
which minimizes their contact in dilute solutions. The tun-
able chemistry of MXenes allows for adjusting their surface
charge through functionalization.™ Using cationic polymeric
poly-r-lysine (PLL) molecules, the surface charge of delami-
nated Ti;C,T, flakes was changed toward a positive value.['38
Compared to the pristine Ti;C,T, with a negative surface
charge, electrostatic adsorption of E. coli with the modified sur-
face charge engineering MXene (positively charged) reduces
the number of viable cells by two orders of magnitude at
200 mg L.

Phage therapy using a bacteriophage is an effective method
to combat bacteria species. However, bacteria species alter
during a bacteriophage's attack by preventing adsorption of
the bacteriophage and inhibiting bacteriophage DNA entry.
To combine bacteriophage target properties and the anti-
bacterial potential of MXene, bacteriophages were bonded to
Ti;C, T, nanofragments.*! To attach bacteriophages to MXene,
it was modified by Fe ions to prepare MXene with the Fe—O
functional group, followed by mixing the freeze-dried modified
MXene with the bacteriophage suspension. Electrostatic inter-
actions between MXene and bacteriophage result in the forma-
tion of a potent antibacterial agent. Besides targeting bacteria
by a bacteriophage, ROS and sharp edges of MXenes cause
membrane rupture (Figure 6). High accumulation of MXene
in the bacteriophage cell wall enhances its attachment to the
bacteria membranes, leading to the fast killing of bacteria.

Molecular dynamics (MD) simulation of interactions between
highly positivity-charged modified Ti;C,T, MXene nanosheets
with a model bacterial membrane showed that adsorbed MXene
on the membrane surface promoted a local phase transition in
a domain wherein the fluidity of the phospholipid was similar
to that of the gel phase.l The lipids directly under the MXene
adhered to the MXene surface and showed different collateral
translation motions from the surrounding phospholipids. The

Treated with DL-Nb,C,T -183

Figure 5. SEM images of bacteria cells (a) before treating, and after treating with 120 ug mL™ of, b) delaminated- Nb,CT, nanosheets with lateral sizes
of 160 nm (delaminated-Nb,CT,-160) and c) delaminated-Nb,C;T, with lateral sizes of 183 nm (delaminated-Nb,C;T,-183). Adapted with permission.[®l

Copyright 2020, American Chemical Society.
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Figure 6. a) The schematic illustration of gram-negative bacteria cell structure. b) Three outcomes of out membrane cell interaction with bacteriophage,

Ti3C,T, MXene, and bacteriophage-laden Ti;C,T, MXene.[3%

strong electrostatic interactions between the highly-charged
MXene surface and zwitterionic lipid head groups lead to the
formation of a denser and thinner phospholipid membrane
in the MXene-phospholipids layer domain compared to the
peripheral phospholipids. As a result, it impacts the lateral
diffusion of the bacterial phospholipids layer. The tension
between the two phases results in defect formation in the mem-
brane, reducing its resistance and ultimately leading to cell
death due to the leakage of molecules from the phase boundary
defects caused by the adsorbed MXene nanosheets.
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4. MXenes as Antimicrobial Agents

4.1. Antimicrobial Modes of Action

Before presenting different MXenes antibacterial behavior and
effectiveness, we summarized various modes of action against
different microorganisms investigated and proposed (Figure 7).
Because study of the antimicrobial activity of MXenes is still in its
infancy, more investigations on the antimicrobial mechanisms
and mode of action of these 2D nanomaterials are required.
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Figure 7. Antibacterial mechanisms of MXenes.

4.1.1. MXenes as NanoKnives

The first study on the antibacterial activity of MXenes by
Rasool et al. proposed the damage to the cell walls of bacteria
by the sharp edges (the so-called “nanoknives”) of 2D Ti;C,T,
nanosheets,] which is similar to the proposed antibacterial
mechanisms for GO or rGO through the mechanical damage
of cell membranes.">132142183] SEM images of bacteria after
interaction with MXene flakes showed severe membrane dis-
ruption and cytoplasm leakage induced by the sharp edges
of Ti;C,T, nanosheets (Figure 8a). By increasing the MXene
concentration, the bacteria are trapped or wrapped with thin
sheets of MXene and then form agglomerates. In addition to
the sharp edges, other factors were essential for the antibac-
terial activity of Ti;C,T,, including 1) high hydrophilicity and
anionic nature of Ti;C,T, enhance the bacteria inactivation via
direct the contact-killing mechanism; 2) H-bonding between
oxygenate groups of MXene with lipopolysaccharide cords on
the bacteria membrane disrupts the nutrient intake by the
bacteria.

The detailed study on the antibacterial mechanism of
colloidal Ti;C,T, nanosheets by Shamsabadi et al. confirmed
the damage to the cell wall by the sharp edges of MXenes.['34
Incubation of E. coli and B. subtilis with 100 pg mL™ Ti;C,T,
nanosheets with a relatively small lateral size (90 nm) for 3 h
under dark conditions reduced the bacteria population by
70 and 92%, respectively. As can be seen, a higher activity
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against Gram-positive bacteria was observed for Ti;C,Tyx com-
pared to Gram-positive bacteria and it agrees well with pre-
vious studies.* The difference in antibacterial activity
of MXene toward both bacteria species might be related to
dissimilarities in the structure and surface charge of the
bacteria. The outer protective lipid membrane in the cell wall
of Gram-negative bacteria can prevent direct damage of MXene
nanoknives.*! Despite a thick peptidoglycan layer in the cell
wall of Gram-positive bacteria, the deficiency of the protective
membrane makes them vulnerable upon exposure to the sharp
flakes of MXene. In addition, as Ti;C,Tx is negatively charged
more repulsion may be created with Gram-negative bacteria as
they have lower isoelectric points than those of Gram-positive
bacteria. Same behavior was observed for GO and GO-Ag-MOF
nanomaterials.4

By increasing the contact time to 8 h, the antibacterial
effect of 90-nm MXene was increased to >95% against both
bacteria species. The proposed mode of action involved a
first direct contact of MXene nanosheets with the bacteria
surface and then tearing down the bacteria wall by the sharp
edges of the MXenes (Figure 8b). Bacterium's cell wall which
has a thickness of around 20-50 nm!™>¢l can be cut easily
by the sharp edges of MXenes (1 nm). It was speculated that
smaller nanosheets permeate the microorganisms through
direct physical penetration or endocytosis. The penetrated
nanosheets cleave the DNA of bacteria leading to their death
(Figure 8Db).
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Figure 8. a) SEM images of the E. coli and B. subtilis after treating, respectively, with A) 0 ug mL™, B) 50 ug mL™", and C) 100 ug mL™" Ti;C,T,. The
cell membrane remained intact in the absence of MXene, whereas membrane disruption cytoplasm leakage (see red circles) was observed in MXene.
Adapted with permission.l!l Copyright 2015, American Chemical Society. b) The schematic proposed mechanism for the antimicrobial property of
Ti3C,T, nanosheets. Adapted with permission.['¥ Copyright 2018, American Chemical Society.

4.1.2. MXenes as ROS Generators

The so-called ROS are chemically reactive oxygen molecules
with unpaired electrons that have the ability to kill bacteria and
cancer cells.'"! Four main types of ROS are superoxide anion
radicals (O,™), hydrogen peroxide (H,0,), singlet oxygen (*0,),
and hydroxyl radicals ("OH). These reactive oxygens are pro-
duced either from water or oxygen through a series of complex
redox reactions. In most of the studies, the activation energy
for these reactions is provided by the absorption of light.
Ultrasound has also been used as an alternative strategy for
generation of ROS by MXenes even under dark conditions.
ROS generation by MXenes through ultrasound has mainly
been applied for cancer treatments.*$-152] However, to the best
of our knowledge, the responses of MXenes to ultrasound for
antibacterial applications are not investigated yet. In the pro-
cess of ROS generation, the oxidation of water sequentially
produces hydroxyl radicals, hydrogen peroxide, superoxide
anion radicals, and singlet oxygen whereas incomplete reduc-
tion of oxygen can sequentially produce superoxide anion radi-
cals, hydrogen peroxide, and hydroxyl radicals.>31>4

ROS generation and oxidative stress production have been
proven for most of the well-known 2D nanomaterials.[>>15¢]
Due to the rich electronic properties of MXenes, V1571 oxidative
stress and generation of ROS have been considered as other
pathways for killing bacteria in MXenes.3! It has been shown
that active Ti-O sites on the surface of Ti;C,T, nanosheets can
form electron/hole pairs upon light irradiation. The available
surface terminal groups and excellent electrical conductivity
of MXenes prevent the electron/hole re-combinations, and
thereby boost the photocatalytic activity. The redox reactions on
the surface of MXenes induce ROS generation; therefore, the
generated ROS by a few-layer Ti;C,T, is much higher compared
to that of multilayer Ti;C,T, nanosheets.>®1>% In fact, the ROS
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generation in MXenes is related to their intrinsic structure
and electronic properties. Therefore, various factors such as
the number of MX layers, stacking of the MXene sheets and
their sizes, defects, and doping can modulate the ROS genera-
tion of MXenes. Additionally, density functional theory (DFT)
calculations have shown that the surface terminations and
surface modification of MXenes can significantly change the
optical, mechanical, and electrical properties of MXenes which
directly can affect the redox capability and ROS generation by
MXenes.[17:160]

Ti;C,T, nanosheets with fewer stacked sheets produce
higher ROS content due to the higher content of available Ti-O
surfaces, which leads to more redox reaction sites.’>” The
steady-state concentrations of different ROS types by Ti;C,T,
flakes intercalated by different agents in the presence of UV or
vis light are given in Table 2.12% The presence of light was essen-
tial as very low ROS can be produced in dark conditions. This
result clearly shows the effect of the intercalation of MXenes on
their ROS generation capability (Figure 9a). Additionally, these
data suggest the photochemical stability in hydrazine-Ti;C,T, >
KOH-Ti3C,T, > water-Ti;C,T,. Indeed, surface-adsorbed K* in
KOH-Ti3C,T, generates a middle layer that hinders coupling
between Ti*" and ROS. In contrast, chemically adsorbed hydra-
zine molecules to the surface of hydrazine-Ti;C,T, flakes
provide stability by absorbing photoelectrons and reacting with
the generated ROS.

ROS are produced and consumed by different microorgan-
isms at controlled concentrations; however, excess ROS induces
oxidative damage to biomacromolecules (such as lipids, pro-
teins, and DNA) and cell membranes in microorganisms,
which can lead to mitochondrial dysfunction and cell death. The
effect of MXene type and dose on the intracellular ROS level in
E. coli (Figure 9b) indicates inhibiting the activity of antioxidant
enzymes in bacteria by MXenes, which results in accumulation
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Table 2. The steady-state concentrations of different ROS types produced by different intercalated Ti;C,T, flakes under UV-Vis illumination after
24 h (HMH = hydrazine).l?0l

MXene 10,[x 107 mol L7 *OH [x 107 mol L] 0, [x 107 mol L]
uv H,0-Ti,C,T, 6.23 477 6.28
HMH-TisG,T, 0.83 121 1.05
KOH-Ti,C,T, 163 2.38 2.56
Vis H,0-TisC,T, 347 2.82 3.96
HMH-Ti;C,T, 0.83 0.94 0.83
KOH-Ti,C,T, 120 152 2.10

of ROS inside the cells.B?l The excess ROS induces oxidative  in bacteria, upon incubation with MXenes (Figure 9¢) indicates
damage to various cell segments. Levels of protein oxidation  the deactivating of this enzyme by ROS generation.

in E. coli incubated with different concentrations of Ti;C,T,

confirmed the higher oxidation levels at higher MXene con-

centrations (Figure 9c). Additionally, high malondialde-  4.1.3. MXenes as Nanothermal Blades

hyde production, a product of membrane lipid peroxidation,

confirms the oxidative damage to the bacteria membrane by =~ MXenes have excellent photothermal activity,'*1¢!l and there-
ROS generation from MXenes (Figure 9d). The decline in  fore, killing bacteria through the photothermal process upon
superoxide dismutase activity, an essential antioxidant enzyme  light irradiation has been considered one of the mechanisms
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Figure 9. Schematic illustration of MAX phase structure and delamination process toward the synthesis of MXene. The effect of various delamination
agents toward the synthesis of different MXenes after 3 h incubating with E. coli on b) the relative intracellular ROS concentrations of bacterial cells,
c) the level of oxidized protein, d) relative malondialdehyde concentrations as criteria of membrane oxidation, and e) the intracellular superoxide
dismutase content.Z
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for the biocidal activity of MXenes.[121%3] There is a wide range
of thermal resistance among bacteria, even among those
belonging to the same species.®2 There is no clear under-
standing of why bacteria behave in this way, and the final events
leading to heat-induced bacteria inactivation are still unclear.
Upon exposure to light, MXenes with high photothermal
efficiency heat up,/'®’l leading to serious damage to nearby path-
ogens. In fact, the generated heat can severely affect the bacteria
membrane which mainly is composed of lipids, proteins, and
polysaccharides. Damaged membranes change the membrane
permeability as well as intracellular homeostasis.**1%] DNA
denaturation and protein denaturation™ are other direct
effects of heat that can result in bacteria inactivation. Several
studies have used the “nanothermal blade” expression to show
the dual effect of MXenes in killing bacteria by both sharp
edges and heat production.%3 Practically, hyperthermia facili-
tates the rupturing of the bacterial membrane by the sharp
edges of MXenes. The mechanism of deactivating bacteria by
the nanothermal blade MXenes was further evaluated by MD
simulation.'®”] It was found that penetration of the hydrophilic
Ti;C,T, into the hydrophobic lipid membrane of bacteria is not
a spontaneous process. The required energy barrier for this

@)
Ti,C,MXene

www.small-journal.com

process depends on the direction and dihedral angles (@) of
penetration. As shown in Figure 10, penetration through the
corner sites and by higher dihedral angles requires less energy
which is attributed to the reduction of the cell membrane
tension energy and splay energy upon increasing the @8l and
the smaller contact area during insertion. [’

Interestingly, the barrier force for cell membrane penetration
for other nanomaterials such as gold nanoparticles (AuNPs,
250 pN),I”% CNT (0.6 nN),l”! graphene (2.2 nN)72I are much
smaller than the value required for Ti;C,T, (=10 nN). This can
be related to higher hydrophilicity of MXenes and less contact
area between cell membranes with CNT or AuNPs com-
pared to Ti;C,T,. In addition, the initial calculated velocity for
penetration of MXenes is much higher than that of other nano-
materials. Accordingly, the cell penetration of MXenes must
happen under extreme conditions. Strong van der Waals and
H-bonding interactions stick the Ti;C,T, nanosheets to the
cell lipid membrane. Then, significant heat transfer between
the Ti;C,T,-lipids polar head interfaces upon light irradiation
increases the plasma membrane temperature up to 61 °C. This
high temperature prominently disturbs the plasma membrane
and destabilizes it, inducing cell death.

Figure 10. The critical force required for the insertion of the Ti;C,T, nanosheet. a) Pull force is applied to the barycenter of a single layer Ti;C,T, with
a corner site and a smooth site toward the membrane. b) Pull direction toward the cell membrane. c) Ti;C,T, nanoflakes are inclined to penetrate the
plasma membrane with sharp corner sites vertically with the help of an external force. d) Ti;C,T, nanoflake clinging to the plasma membrane with the

photothermal effect.
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Table 3. The schematic illustration of MXene structures that have been used as an antibacterial agent against different types of bacteria and the
susceptibility method used for the evaluation. The complete details for each MXene and related studies are available in Table S1 in the Supporting

Information.
Type of MXene Type of Bacteria Susceptibility Method
Ti3C,Ty Escherichia coli Plate colony count

Bacillus subtilis

Sarcina

VRE

Staphylococcus aureus

Escherichia coli
Staphylococcus aureus

Flow cytometry
Fluorescence Imaging

Disk diffusion

Bacillus subtilis

Plate colony count
Disk diffusion

Bacillus subtilis
Pseudomonas aeruginosa
Acinetobacter baumannii
Salmonella Typhi
Burkholderia cepacia
Enterobacter cloacae
Klebsiella aerogenes
Proteus mirabilis

Enterococcus faecalis
Streptococcus agalactiae

Klebsiella pneumoniae

In summary, the antimicrobial properties of MXenes
include synergistic effects of both chemical and physical
factors. Direct physical contact between sharp edges of
nanosheets with the microbe membrane can tear up the mem-
brane and induce the leakage of cytoplasm contents. Simulta-
neously, the chemical inactivation of microbes through ROS
and heat generation because of light absorption by MXenes
can further improve the biocidal activity of the nanosheets.
Additionally, the release of low concentrations of the metal
ions upon oxidation of the MXenes contributes to the deacti-
vation of microorganisms.

4.2. The Antibacterial Properties of MXenes

and MXene-based Nanocomposites

4.2.1. The Antibacterial Properties of MXenes

Among various MXenes, only Ti, Nb, and V MXenes have

been studied as 2D antimicrobial nanomaterials against fungi
and different types of gram (+) and gram (-) bacteria. Table 3

Small 2023, 19, 2206716
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and Table S1 (Supporting Information) summarize the utilized
MXenes under different conditions along with the antibacterial
results.

The first report on the antibacterial activity of MXenes in
2016 was related to Ti;C,T, against E. coli and B. subtilis using
single- and few-layer Ti;C,T, nanosheets in colloidal solu-
tions.'I The results showed that delamination of the MXenes
and the use of individual 2D sheets can improve antibacterial
activity by increasing the surface area and sharp edges of 2D
sheets. The bacterial growth inhibition for colloidal solutions
of the MXene precursor (Ti;AlC, MAX phase), multilayer
Ti3C,T,, and delaminated Ti;C,T, were <20%, =30%, and >97%,
respectively. The antibacterial efficiency of Ti;C,T, was concen-
tration-dependent (bacterial inhibition> 99% at 200 pg mL™
in 4 h contact) with stronger activity against gram (+) bacteria
(B. subtilis) than gram (—) bacteria (E. coli). The less effectiveness
of MXene on E. coli is due to the slightly more negative surface
charge of gram () contributing to its higher resistance to the
MXene nanosheets which have negative surface charges, in
agreement with the antibacterial results of other 2D nanoma-
terials.”7>74 Additionally, the antibacterial activity of Ti;C,T,

© 2023 Wiley-VCH GmbH
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was stronger than GO. However, another study indicated
that delaminated Ti;C,T, has almost no antibacterial activity
against E. coli,l””! which probably can be related to the differ-
ence in the morphology of the 2D sheets, sharpness of the flake
edges, and their sizes. The authors did not report the lateral
size of nanosheets and mentioned the need for further work to
investigate the impact of flake size and the tendency of redox
reactions, which can notably affect the final antibacterial prop-
erties of MXenes.

The atomic structure of MXenes can dramatically affect
their biocidal activity. A thinner titanium-containing MXene,
Ti,CT, showed no zone inhibition activity against E. coli
whereas Ti;C,T, can inhibit bacterial growth. The reason
was attributed to the atomic structure and stoichiometry of
elements in the MXene components.l7® Similarly, Ti,CT,
showed no biocidal activity against various gram-positive
bacteria (B. subtilis, S. aureus, and Sarcin), indicating the
important role of atomic structure and stoichiometry of
the MXenes (Ti,CT, versus Ti;C,T,) on their antibacterial
activity.l””l In addition to antibacterial activity, it has been
demonstrated that delaminated Ti;C,T, nanosheets have
an antifungal activity to significantly inhibit the growth of
Trichoderma reesei fungus.

A combination of several properties such as a 2D layered
structure, excellent NIR absorption, and competent photo-
thermal conversion properties can make the monolayer
TiVCT, a robust candidate material for sterilization.[8]
Nanoblades TiVCT, were synthesized by etching TiVAIC
MAX using an HCI/LiF solution. The photothermal property
of monolayer TiVCT, MXene was verified as the temperature
of a TiVCT, solution (40 ug mL™) increased from 27 °C to
~31 °C during 5 min under NIR laser (808 nm, 0.1 W cm™).
The bacteria deactivation rate of TiVCT, against E. coli and
B. subtilis [(40 ug mL™!), NIR irradiation (808 nm), 30 min]
was 100% and 99.8%, respectively, indicating no more
negligible sterilization effect of TiVCT, compared to that of
Ti3C2Tx.

4.2.2. MXene Hybrids and Composites for
Improving Antimicrobial Activity

MXene active surfaces have been used for attaching dif
ferent structures to further tune their antimicrobial proper-
ties. Metal and metal oxide nanoparticles, other 2D materials,
and polymers have been used for endowing new properties or
improving the antibacterial properties of MXenes. Hybridiza-
tion of MXenes with other materials can provide synergistic
effects, leading to enhanced antibacterial properties.

Hybrids with Metal and Metal Oxide Nanoparticles: Various
types of nanoparticles such as Sn0,,[7! TiO,,180181 Cy,0,11%2
Mn;0,,183 MnO,,[®4 and Sb,05;15 have been applied for modi-
fications of MXenes. The antibacterial properties of MXenes
through physically damaging bacterial membrane structure
and chemically induced oxidative stress can be further pro-
moted by combination with other antibacterial nanomaterials.
A potential solution to fight against antibiotic-resistant bacteria
is to develop multi-mechanism antibacterial materials with
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synergistic effects.*¥ Table S2 (Supporting Information) pro-
vides a summary of different composites containing MXenes
along with their antibacterial applications.

The simplest chemical modification of Ti;C,T, without
applying an external modifier agent for improving the
biocidal activity is the controlled oxidation of MXenes to form
TiO, nanocrystals in the MXenes structure.'3¢-188] The carbon
atoms in Ti;C,T, are converted to CO, and removed from
the nanosheet structures in the oxidation process. It is pos-
sible to prevent the loss of carbon atoms by controlling the
oxidation process so that graphitic and amorphous carbon-
supported TiO, hybrid nanostructures with high photocata-
lytic activity can be obtained. Antibacterial activity against
E. coli under light exposure for non-oxidized MXene was only
around 52% which increased to 97% for graphitic carbon-
supported TiO, hybrid nanostructures.'®® The antibacterial
activities under dark conditions for non-oxidized MXene and
graphitic carbon-supported TiO, hybrid nanostructures were
around 43% and 62%, indicating the critical role of light in
generating ROS for deactivating bacteria. Additionally, the
killing efficiencies for pure TiO, against E. coli in dark con-
ditions or under light exposure were around 55% and 71%,
indicating the weaker photo-activity of pure TiO, than
TiO,-Ti;C,T, and MXene-based TiO,-carbon hybrid structures
due to the generation of less ROS by pure TiO,. The enhanced
photocatalytic activity was attributed to the synergetic effect
between graphitic carbon and the vacancy defects in the TiO,
nanoparticles on the MXenes nanosheets. Graphitic carbon in
TiO, enhances carrier transfer pathways, which can facilitate
charge transport.

Silver, one of the most well-known antibacterial metals,|
has been used by several research groups to improve the
biocidal activity of MXene nanosheets. Combining Ti;C,T,
nanosheets with Ag nanoparticles provides antiseptics with
excellent performances and long-term antibacterial activity.['¥’]
In addition to acting as nanoknives, Ti;C,T, nanosheets provide
the PTT antibacterial mode. Comparative photothermal prop-
erties showed that in response to 5 min NIR irradiation at
808 nm, the temperature of a 200 ug mL™ Ti;C,T, suspen-
sion increased to 60 °C. In contrast, under the same condition,
the Ag/Ti;C,T, solution temperature increased only to 50 °C.
For in vivo and wound healing applications, hyperthermia
can be harmful, and therefore the photothermal property of
Ag/Ti;C,T, is enough to guarantee the fabrication of proper
materials for wound healing. Interestingly, in the absence
of NIR and for concentrations up to 200 ug mL™, neither Ag
nor Ti3C,T, showed any antibacterial activity against E. coli,
but Ag/Ti;C,T, showed evident bactericidal activity. On the
contrary, NIR irradiation enhanced the antibacterial activity
of Ag, Ti;C,T,, and Ag/Ti;C,T,. The effect for Ag/Ti;C,T, was
significant at concentrations above 100 pug mL™l, complete
inhibition of bacterial growth was achieved. Composite
Ag/Ti;C,T, showed a synergistic antibacterial mode of action
combining PTT of MXenes with Ag* release. Practically, the
photothermal activity of MXenes reduces the effective required
dose of Ag ions and improves the biocidal efficacy.

Covering the surface of Ti;C,T, with Al,03/Ag, SiO,/Ag, and
SiO,/Pd through the sol-gel method increased the antibacterial

37]
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Figure 11. a) Schematic structure of Ag-Ti;C,T,-Cu,0O nanocomposites. TEM images of b) Ti;C,T, nanosheets, c) Ti;C,T,-Cu,O nanocomposites,
d) Ag-Ti;C,T,-Cu,O nanocomposites. SEM images of e) control P. aeruginosa, f) control S. aureus, g) Ag-Ti;C,T,-Cu,O treated P. aeruginosa, and
h) Ag-Ti;C,T,-Cu,O treated S. aureus P. Adapted with permission.[®!l Copyright 2020, Elsevier.

properties of MXene against both gram-positive and gram-
negative bacteria.'®" The reason was attributed to the synergistic
effect through possible release of Ag* or Pd* along with the PTT
effect of MXenes nanosheets. MXene-based nanocomposites
(Ag-Ti;C,T,-Cu,O) with vigorous photocatalytic bacterio-
static activity were developed through a wet chemical method
(Figure 11a).°l Electrostatically self-assembly between posi-
tively charged Cu (II) and Ag(I) with negatively-charged Ti;C,T,
nanosheets leads to the complete wrapping of the nanosheets
onto the nanoparticles. The generation of double charge
transfer channels by the ternary nanocomposites increased the
photocatalytic performance of the nanocomposite, resulting
in higher ROS content. While Cu,0O nanoparticles bacterio-
static efficiencies were around 76 and 74% respectively, against
P. aeruginosa and S. aureus, these efficiencies were increased
to 86% against both bacteria for Ti;C,T,@Cu,0 and to over
99% for Ag-Ti;C,T,-Cu,O. SEM images (Figure 1le-h) showed
damage to the morphology of the bacteria upon contact with
Ag-Ti3C,T,-Cu,0. The improved antibacterial activity originated
from the synergistic effects of three factors including released
Cu and Ag ions, generated ROS, and the sharp edges of Ti;C,T,
nanosheets.

Surface modification of the Ti;C,T, by Cu,O (Figure 12a) and
their atomic interactions provided synergistic effects for anti-
bacterial properties.'”? Zeta potentials of Ti;C,T, nanosheets,
Cu,0 nanoparticles, and Cu,0-Ti;C,T, nanosheets were around
-43, +15, and -4 mV, respectively. Indeed, highly negatively
charged MXene nanosheets could strongly adsorb the positive
Cu,0 through tight electrostatic interactions. Comparing the
biocidal activity of Cu,0, MXenes, their physical mixture, and
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Cu,O0-Ti3C, T, (Figure 12b) demonstrates the stronger biocidal
activity Cu,O-Ti3C,T,. The antibacterial activity of the neat
MXene and Cu,O were around 42 and 84% against P. aeruginosa
and 56 and 85% against S. aureus, respectively, while the anti-
bacterial activity of the mixture and Cu,0-Ti;C,T, were around
83 and 97% against P. aeruginosa and 82 and 96% against
S. aureus, respectively. The primary biocidal mechanism for
Cu,0 is ROS generation. However, it is highly demolished
by severe photo corrosion due to the accumulation of photo-
generated electrons and holes inside the Cu,O crystal.'®3 The
mechanism for synergistic antibacterial ability of Cu,0-Ti;C,T,
is depicted in Figure 12c. MXene can improve the separation
efficiency of electron-hole pairs in Cu,O leading to generation
of more ROS for bacterial deactivation. Additionally, the surface
plasmon resonance (SPR) in the local area on Cu,O-Ti;C,T,
surface further increases the ROS generation by enhancing
the electric field. The third synergistic factor is the release of
Cu (II) ions which can destroy the cell wall of bacteria. Finally,
the sharp edges of MXenes can rupture the cell membrane and
facilitate the diffusion of Cu(Il) into the cell structure which
ultimate effect is the bacteria-killing.

Gold nanoparticles could improve the antimicrobial proper-
ties of MXenes by enhancing ROS generation. For fabrication
of the hybrid gold nanocomposite (AuNC)-Ti;C,T, structure,
first, the modified Ti;C,T,-NH, was prepared by function-
alization of the surface of Ti;C,T, nanosheets (0.9 um) with
3-aminopropyl triethoxysilane (APTES) and then gold nanoclus-
ters (AuNCs, size < 2 nm) with -COOH groups on the surface
were covalently coupled to the Ti;C,T,-NH, through amide
formation."” Comparative evaluation of the antibacterial
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Figure 12. a) Process for fabrication of Cu,O-Ti;C,T, hybrid structure. b) Antibacterial evaluation against S. aureus and P. aeruginosa after 3 days of
contact for control, Ti;C,Ty, Cu,0, the mixture of Cu,0 with Ti3C,T,, and Cu,O-Ti3C,T,. ¢) lllustration of the charge separation process in Cu,O-TizC,Ty
and its antibacterial mechanism through ROS generation. Adapted with permission.[¥2 Copyright 2020, Elsevier.

properties of Ti;C,T,, Ti;C,T,-NH, with AuNCs@Ti;C,T, (at
concentration 25 {1g mol™, equal to 0.085 UM AuNCs) against
S. aureus showed the killing percentage of 40%, 44%, and >98%,
respectively. The killing efficacy values against E. coli were
around 36% and 96%, respectively, for Ti;C,T, and AuNCs@
Ti;C,T,. Notably, the killing efficiency of neat AuCNs for both
bacteria at such a low concentration was <5% indicating the
importance of the synergistic effects in the structure of AuNCs@
Ti;C,T,. The 1Cs, for neat Ti;C,T, and AuCNs for S. aureus were
around 32.2 ug mL ' and 2.4 uM, which, respectively, reduced to
11.7 ug mL™ and 0.04 uM for AuNCs@Ti;C,T,. Despite the very
low content of gold, the ROS generation by AuNCs@Ti;C,T,
was more than two times higher than that for Ti;C,T,. In this
low concentration, neat AuNCs generate a meager amount
of ROS, which cannot be the origin of antibacterial activity.
Furthermore, the crumpled AuNCs@Ti;C,T, could prevent
biofilm formation. A combination of physical (by MXenes) and
chemical (by MXenes and AuNCs) antibacterial mechanisms
was responsible for the ultimate antibacterial activity of this
composite. The sharp edges of MXenes can physically rupture
the cell membrane and facilitate the internalization of AuNCs
into the bacteria cell to produce localized ROS, which can result
in lipid membrane and DNA oxidation and finally bacterial
death. A NIR-activated heterostructure catalyst composed of
2D Ti;C,T, and 1D cobalt nanowires (CoNWs) with improved
antibacterial activity was developed by Liu et al.'®! The NIR
absorption capability at 808 nm for Ti;C,T,/CoNWs was a little
stronger than that of the neat Ti;C,T,, which was attributed to
the d-d transition of Co that improves the light absorbance.
Additionally, the photoluminescence (PL) intensity of Ti;C,T,/
CoNWs was weaker than that of the pristine Ti;C,T, indicating
inhibition of the electron-hole recombination in Ti;C,T,/
CoNWs. These results lead to the higher ROS generation by
Ti;C,T,/CoNWs compared to Ti;C,T, which implied the more
robust photocatalytic activity of MXenes after modification

Small 2023, 19, 2206716

2206716 (17 of 32)

by CoNWs. Furthermore, the photothermal property of the
Ti;C,T,/CoNWs was higher than that of pristine Ti;C,T,. As
a result, the temperature of Ti;C,T,/CoNWs coated on the
surface of sulfonated polyether ether ketone (PEEK) increased
by 7 °C than Ti;C,T, upon 808 nm NIR irradiation for 20 min.
In the dark condition, both Ti;C,T,/CoNWs and Ti;C,T,
showed almost no antibacterial activity. In contrast, upon NIR
laser (808 nm, 1.5 W c¢m™) irradiation for 20 min, Ti;C,T,
showed 40% and 25% antibacterial activity against S. aureus
and E. coli, respectively. Respectively, the killing efficiencies
increased to 92% and 80% for Ti;C,T,/CoNWs. A synergetic
NIR-induced PTT/photodynamic therapy (PDT) was mentioned
for the antibacterial mechanism of Ti;C,T,/CoNWs. The NIR
irradiation increased the bacterial membrane permeation by
photothermal-induced hyperthermia and then generated ROS
by NIR passed through the bacterial membrane easily which
results in oxidative stress and leakage of the bacterial protein.
MXene/other 2D Composites: 2D MoS, nanomaterials vertically
aligned on Ti;C,T, MXene were used as antibacterial material
against gram(+) and gram(-) bacteria.® MoS, has demon-
strated robust antibacterial activity.'””1%l MXene nanosheets
with a thickness of ~ 1 nm (monolayer) to 350 nm (multilayer)
were used for vertically tethering 100 nm flower-shape MoS,
through the thermal treatment of (NH,),MoS,. The immo-
bilized MoS, nanosheets act as nanoknives to tear down the
bacteria membrane, which leads to the release of cytoplasmic
materials and bacteria death (Figure 13). However, the thicker
PM (peptidoglycan mesh) layer in gram (+) bacteria increased
its resistance against MoS,/ Ti;C,T, nanocomposite.

MXene with GO sheets have also been studied for anti-
bacterial applications. To enhance 3-hydroxybutyrate-co-
hydroxyvalerate (PHBV) use in biological applications, it is
important to make it hydrophilic and antibacterial. To achieve
these, MXene/GO composites were grafted on PHBV.*’ Excel-
lent hydrophilicity and 2D structure with very thin thickness

© 2023 Wiley-VCH GmbH

85UBD| SUOLULLOD BAFR.D 3|l dde au3 Aq pausenob a2 sajoiie YO 8sn JOSa|nJ 10} Akeiq1 T 8UIIUO 8|1 UO (SUORIPUOD-PUe-SWe}/WI00" A3 | 1M ARe1q1[Bu|uo//:SANY) SUORIPUOD pue SWid L U1 88S *[¥202/TT/ST] U0 ARiqIT8ulluO AB|IM *esoofedsn L ewede|Y JO AISRAIIN - Befznoll 1usepeq efeso N Aq 9T/902202 |ILUS/Z00T 0T/10p/wod’ A3 im Axeiq1jeul|uo//sdny woiy papeojumod ‘bT ‘€202 ‘6289ETIT



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

www.small-journal.com

Mos, rGO MXene
(a) m/_ Cansule N\NN NN
Bacteria : Cellwall
Ce] | . Plasma membrane
<D > —»  MoS,NanoKnife
Nucleoid b
Pilus Cross Section ,, ——Ribosome My—)‘ MOSZ/rQO
el 2 NanoKnife
Flagellum i °
MoS,/MXene NanoKnife
e ™
= = Nk N N
m | W2 N\N
MoS,/rGO MoS,/MXene (C) oo m E coli o
s & m B. subtilis
g 80
.©
& 60+
O
8 404
QL
0 4
2 a =
hS = o
S 7. (o3}
? & & & @
@ g S o 3
g o S
S < &

Figure 13. a) The schematic illustration of bacteria cell and nanoknife mechanism. b) Fluorescence imaging, and c) flow cytometry results of the
antibacterial activity of MoS,, MoS,/rGO, and MoS,/MXene nanomaterials against E. coli and B. subtilis bacteria (conditions: 100 ug mL™ of the nano-
materials for 3 h contact time under dark condition). Adapted with permission.®®l Copyright 2018, American Chemical Society.

and ROS generation provided by GO and MXene result in high
hydrophilicity of the nanocomposites (PHBV/MXene/GO) with
robust microbial activity (97%). As expected, increasing the
content of GO/MXene to 1.0 wt.% enhances the inhibition
effect significantly.

The Antibacterial Properties of Organic-Coated MXenes: Like
other nanomaterials, coating the surface of MXenes nanosheets
with polymers is another strategy for providing materials
with more robust biocidal activities. However, this modifica-
tion of MXenes to improve biocidal activity has not developed
extensively.

Coating poly(L-lysine) (PLL) on MXenes can reverse the
charge of the nanosheets, which results in a direct effect
on the biocidal activity of MXenes. Functionalization of the
negatively-charged surface of 2D Ti;C,T, flakes by the cationic
PLL through electrostatic adsorption reverses the charge of
the flakes to become positive up to + 40 mV at a Ti;C,T,:PLL
weight ratio of 1:4.38 Additionally, this simple modification
could reduce the size of the MXene flakes from 800 nm to
around 300 and 100 nm using MXene: PLL weight ratio 1:1 and
1:4, respectively. Unlike other studies, the authors observed no
antibacterial activity against E. coli for the unmodified Ti;C,T,,
which was attributed to the negative charge of the MXene
and its aggregation in aqueous solutions, as in this study the
authors made a Ti;C,T, with relatively close to zero zeta poten-
tial, unlike the typical Ti;C,T, MXenes. Their 2D Ti;C,T,/PLL
with a positive charge and less aggregation at 200 pug mL™
concentration could significantly retard the E. coli growth.
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5. Applications of MXene as
an Antibacterial Agent

Dealing with antibacterial infections is essential in many
areas. MXene-based antibacterial materials have been explored
mainly in wound dressing, water purification membranes, and
solar-driven water purification systems.

5.1. Fabrication of Wound Dressings

Hydrogels and electrospun fibers are proper candidates for
wound dressing applications, and therefore, various types of
antibacterial hydrogels?%-2%4 and electrospun fibersi?®! have
been developed for treating wound infections. MXenes as bio-
compatible materials have been applied to endow antibacterial
properties to these types of wound dressings.[200]

Electrospun chitosan (CS)-bandages incorporated by MXenes
were applied as antibacterial wound dressing membranes.3!
The MXenes could uniformly disperse on the nanofiber sur-
face. The glutaraldehyde-crosslinked MXene/CS nanofiber
mates showed a bacterial reduction of around 95 and 62%
against E. coli and S. aureus compared to the control CS fibers.
The thicker peptidoglycan cell wall of gram(+) S. aureus was
the main reason for its stronger resistance against antibacte-
rial sharp edge agents.’”) In addition to antibacterial activity,
these mats showed appropriate biocompatibility with cell
viability of over 85% against Hela cells after 72 h exposure. The
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Figure 14. a) Illustration of in vivo wound healing process. b) Photographs for the wounds in Sprague-Dawley (SD) rats treated with different dressings.
c) Images of wounds on different days after treatment with commercial Tegaderm wound film, rBC, and rBC/MXene nanocomposite in the presence/
absence of an external electric field (EF). d) Wound area after different times treated by various dressings. Reproduced with permission.[?%l Copyright

2020, Wiley-VCH.

porous nanocomposite hydrogels of Ti;C,T,/chitosan/hyaluro-
nate containing 5 wt.% MXene could deactivate >99% of
E. coil and S. aureus.?%® Addition of multilayer Ti;C,T, MXene
to a solution of regenerated bacterial cellulose (rBC) in the
NaOH/urea/water system and then crosslinking with epichlo-
rohydrin leads to Ti;C,T,/rBC nanocomposite hydrogel.l2%l
The growth of NIH3T3 cells on these nanocomposite hydro-
gels was even better than neat rBC, indicating no cytotoxicity
and excellent biocompatibility. Furthermore, the wound closure
by a Ti;C,T,/rBC composite hydrogel dressing was faster than
the neat rBC (Figure 14). Additionally, by exposing an external
electrical stimulation, the proliferation activity of cells improved
and faster wound closing was obtained.

A self-healing, electrical conductive, and tissue-adhesive
MXene-based hydrogel with strong antibacterial and hemostatic
properties and good biocompatibility was developed to treat
methicillin-resistant S. aureus (MRSA)-infected wounds.[2’]
This multifunctional scaffold was prepared by the Schiff-base
crosslinking reaction of a mixture of branched poly(glycerol-
ethylenimine)  (PEIG), polydopamine-modified = MXene
nanosheets (PDA/MXene), and oxidized hyaluronic acid. This
hybrid hydrogel with 0.53w% Ti;C,T, MXene showed effec-
tive antibacterial activity against E. coli, S. aureus, and MRSA
with growth inhibitions of around 98.6, 99.9, and 99.0%,
respectively, indicating more potent biocidal properties than
well-known antibiotics such as ampicillin (Figure 15a). Further-
more, a cytotoxicity test against L929 cells at the concentrations
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of 5-25 pug mL™! showed excellent biocompatibility of this
hydrogel with cell viability of over 99% (Figure 15b) which
makes it a proper material for biomedical applications. Com-
parison of the closure of MRSA-infected wounds in mice after
dressing with blank, commercial 3M hydrogels, PEIG/oxidized
hyaluronic acid hydrogel, and hybrid hydrogel (Figure 15c),
respectively, revealed a reduction of around 37, 12, 34, and
> 75% of the wound size after 7 days indicating the excel-
lent anti-infection wound healing performance of the hybrid
hydrogel.

A multifunctional MXene-containing implant hydrogel
was developed by Yin et al. to treat osteosarcoma and bacte-
rial infection.?' In the first step, the MXene nanosheets were
functionalized with tobramycin (TOB), an antibacterial drug
with positive charges, through electrostatic interactions. Finally,
a mixture of TOB@MZXene was coated on the surface of the
sulfonated PEEK in the presence of dopamine and then soaked
in an aqueous solution of gelatin methacrylate (GelMA) in the
presence of a photoinitiator and exposed to UV irradiation for
the formation of a crosslinked hydrogel. This hybrid struc-
ture showed intense antibacterial activity against E. coli and
S. aureus (Figure 16a) due to a combination of cell wall damage
by the sharp MXene nanosheets and damage to the mRNA of
bacteria by tobramycin (TOB). Furthermore, the presence of
the MXene adds photothermal property of the hydrogel so that
temperature could increase >60 °C by 10 min irradiation at
808 nm (Figure 16b), killing cancer cells (Figure 16c).
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Figure 15. a) Antibacterial activity of different samples against E. coli, S. aureus, and MRSA. (HCHO = oxidized hyaluronic acid; HPE = poly(glycerol-
ethylenimine) /oxidized hyaluronic acid hydrogel; PDA = polydopamine). b) Cytotoxicity of HPEM scaffolds against L929 cells at different concentrations
for 24 h (NC = control). c) Photographs of MRSA-infected wounds in mice after different days treating with commercial 3 M, HPE, and HPEM dressings.
Reproduced with permission.[?%?l Copyright 2021, American Chemical Society.

Chen et. al developed an injectable thermosensitive niobium
carbide (NDb,CT,)-based hydrogel (Nb,C@Gel) with antioxida-
tive and antibacterial properties for diabetic wound healing.*!"
The hydrogel was prepared by mixing a cold aqueous solu-
tion of poly(lactic acid-co-glycolic acid)-b-poly(ethylene glycol)-
b-poly(lactic acid-co-glycolic acid) (PLGA-PEG-PLGA) triblock
copolymer with a cold aqueous dispersion of Nb,CT, nanosheets
(an average size of 153 nm, a zeta potential of —47 mV) followed
by increasing the mixture temperature to 37 °C. The hydrogel
exhibited good biocompatibility with keratinocytes, fibroblasts,
and endothelial cells, three main cells in wound healing. The
ND,CT, nanosheets at a concentration of 40 pg mL™ showed
poor antibacterial activity in the absence of light, but upon NIR
laser (808 nm) irradiation for 5 min temperature could increase
to 48 °C leading to death of 90% for S. aureus and 81% for
E. coli. The diabetic wound in mice treated by Nb,C@Gel
showed complete closure in 17 days whereas the ones treated by
control or hydrogel (without Nb,CT,) remained exposed after
17 days.

In situ growth of zeolite imidazole framework-8 (ZIF-8) on
the surface of Ti;C,T, and subsequent electrospinning with a
polylactic acid (PLA) solution leads to membranes with NIR-
regulated high PTT/photodynamic therapy (PDT) properties
for healing wounds infected by methicillin-resitant S. aureus
(MRSA) (Figure 17a,b)."l While MXene has a negative
surface charge, coating by ZIF-8 reversed the charge to a
positive value. NIR irradiation of ZIF-8/MXene hybrid disper-
sion in water (100 mg L) could increase the temperature to
56 °C in 10 min with a photothermal convention efficiency of
80%. Hyperthermia and ROS generation under NIR irradia-
tion lead to bactericidal rates over 99.8% for both E. coli and
MRSA for the MXene/ZIF-8/PLA membrane. In vivo inves-
tigation of MRSA-infected skin wounds in Kunming mice
revealed > 99% healing of the wound treated by NIR-irradiated
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ZIF-8/MXene/PLA membrane, whereas the wounds treated
only by NIR or ZIF-8/MXene/PLA membrane showed < 90%
healing during the same period (Figure 17b). Figure 17c sum-
marizes the wound healing process using antibacterial aids.

Grafting Nb,CT, MXene on the surface of a titanium plate
(TP) implant provides a hybrid Nb,CT,@TP implant with
strong anti-infection properties.?3l Under NIR irradiation, the
temperature of this material could increase to 70 °C in 2 min
indicating its solid photothermal properties. The formation of
bacterial biofilms from MRSA and E. coli on Nb,CT,@TP were,
respectively, around 190 and 74 times lower than those of the
pristine TP, indicating the intrinsic biofilm resistance of the
hybrid material. However, the antibacterial performance was
boosted in the presence of NIR irradiation due to the strong
photothermal property of the Nb,CT,@TP composite. In vivo
evaluation of the Nb,CT,@TP implant against the eradication
of MRSA infection in the mouse model showed that in the
presence of NIR (808 nm), this implant can effectively kill the
bacteria in vivo. Furthermore, it alleviates the inflammation in
the damaged tissue and, therefore, improves angiogenesis and
tissue regeneration.

5.2. Fabrication of Anti-biofouling
Membranes for Water Purification

Biofouling is one of the main drawbacks of water separation
membranes,?¥ and therefore, the development of antimicro-
bial membranes has been proposed to address the biofouling
issue during the water treatment process.[?'>21]

Incorporating MXenes in the structure of membranes can
provide membranes with improved anti-biofouling perfor-
mances due to the potent antimicrobial activity of MXenes
nanosheets. Rasool et al. prepared antifouling MXene-based
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Figure 16. Bacterial growth of a) S. aureus and b) E. coli after treatment with PEEK, methacrylate SP/GelMA, SP/MXene/GelMA, and SP/MXene-TOB/
GelMA. (PEEK = polyether ether ketone; SP = sulfonated PEEK; MX = MXenes; GelMA = gelatin methacrylate; MX-TOB = tobramycin-modified MXene).
c) SEM images of S. aureus and E. coli after treatment with materials. d) Photothermal performance of SP/MXene-TOB/GelMA containing different
concentrations of MX-TOB. e) Anti-tumor test of different scaffolds against Human osteosarcoma cancer cell line MG-63 and murine preosteoblastic
cancer cell line MC3T3-E1 with and without irradiation. Reproduced with permission.?'% Copyright 2020, American Chemical Society.

membranes by filtering a dilute colloidal single-layer Ti;C,T,
nanosheet solution on polyvinylidene fluoride (PVDF) mem-
branes.3! The high aspect ratio of the nanosheets guarantees
the formation of uniform 2D nanochannels and reduces the for-
mation of meso- and macro-pores across the membrane. While
the neat PVDF membrane showed hydrophobicity having a
water contact angle of 81°, modifying with MXene increased
the hydrophilicity significantly to a contact angle of 37°. Addi-
tionally, the presence of MXene wrinkles and edges increased
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the roughness of the PVDF membrane. The MXene@PVDF
membranes showed growth inhibition of 73% for B. subtilis and
67% for E. coli compared to the control PVDF with no activity.
Increasing the thickness of the MXene layer showed no effect
on the antibacterial activity indicating the surface deactivation
of bacteria. As discussed before, aging of the hybrid mem-
brane is in favor of the antibacterial activity. The density of
the growing bacteria on the surface of MXene@PVDF mem-
branes was lower than PVDF, and the bacteria were damaged
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infected would healing process. Apated with permission.?'2 Copyright 2021, Elsevier.

significantly by the MXene layer. Ti;C,T, nanosheets could rup-
ture the bacterial membrane and kill the bacteria. Therefore,
the MXene membrane prevents bacterial growth and biofilm
formation, which is crucial in water purification membranes.

The addition of silver nanoparticles (AgNPs) to the MXene
membrane was used to improve the antifouling and water flux
properties.*I The Ag@Ti;C, T, hybrid membrane was produced
by self-reducing AgNO; into AgNPs by the Ti;C,T, nanosheets
as a reducing agent, followed by vacuum-assisted filtration on
a PVDF support. The antibacterial evaluation against E. coli
at 35 °C for 24 h revealed the bacteria growth inhibition of
around 0, 60, and > 99% for PVDF, MXene@PVDF, and
Ag@MXene@PVDF, respectively. Also, AgNPs, by generating
slit interspacing (1-4 nm) between the MXene nanosheets, pro-
duce nanopores in Ag@MXene@PVDF, leading to improved
water flux. Effective rejecting of large molecules, including
bacteria by nanopores, and excellent anti-biofouling preparties
thanks to the antibacterial activity of Ag@MXene are essen-
tial factors for inhibiting the reduction of water flux of the
membranes.

Coating PVDF membranes with delaminated Ti;C,T,
through vacuum filtration improved the antibiofouling per-
formance.® In that study, the effect of different exfoliation
agents for Ti;C,T, (Figure 18 top panel) was also considered.
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The water contact angle, water flux, and estimation of biofilm
formation by comparing the corresponding optical densities
(OD) are depicted in Figure 18. MXenes improved the hydro-
philicity of the membrane significantly (Figure 18a), with the
best performance for hydrazine-delaminated Ti;C,T, with a
water contact angle of =40°. While coating the PVDF mem-
brane with hydrazine-delaminated Ti;C,T, reduced the water
flux slightly (Figure 18D), it improved the antibiofouling signifi-
cantly (Figure 18c), which is a critical factor for long-term use of
the membrane.

While membranes are applied for water purification
through the filtration process, aerogels are another alternative
for water purification through the adsorption of pollutants.[?"]
Aerogels composed of APTES-modified Ti;C,T, nanosheets,
polyethyleneimine, and sodium alginate crosslinked by
epichlorohydrin were applied as porous antibacterial mate-
rials for water treatment.?®l In addition to the removal of
Cr (IV) and Congo Red dye as pollutant components from
the aqueous medium, this aerogel showed a killing effi-
ciency of over 99.99% against both E. coli and S. aureus after
only 2 h incubation. Indeed, this multifunctional aerogel
can simultaneously remove metallic and organic pollutants
from the water along with sterilization of water by killing
microorganisms.
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5.3. Fabrication of Solar-Driven Water
Purification by Antibacterial MXenes

Solar evaporation technology is a facile, green, and sustainable
strategy for the production of potable water by utilizing solar
energy for heating and production of vapor at temperatures
lower than the boiling temperature of water.?122l One of the
main challenges in these systems is the low photothermal con-
version efficiency (30-45%) due to weak solar adsorption and
significant heat losses. Different strategies such as improving
light adsorption, reducing heat loss, and fabrication of more
porous hydrophilic materials have been used to improve steam
generation efficiency.?2!l One of the most promising strategies
is the development of two-layer structures in which a porous
membrane with an upper photothermal surface is floating on
the water.[???l Effective heat localization on the top surface of
the membrane can evaporate a thin film of water with a high
yield.[223224 The photothermal property of MXenes makes them
proper candidates to be applied for the fabrication of mem-
branes for solar-driven water steam generation.?>225:226]
Additionally, the antibacterial properties of MXenes can
lead to the fabrication of sterilized purified water and prevent
biofouling on the evaporator surface. A flexible MXene/cellu-
lose photothermal membrane with excellent light adsorption
and anti-biofouling properties was developed by dip-coating
cellulose membrane into a Ti;C,T, MXene dispersion for
effective solar steam generation (Figure 19a,b).?”] MXene
nanosheets could create a smooth nanolayer on the surface
of cellulose fibers. Comparative results showed that the light
adsorption of MXene/cellulose membrane in the range of
300-1500 nm was 94%, whereas, for the analogous GO/cellulose
membrane, it was around 87% (Figure 19¢). Additionally, the
surface temperature of the membrane after floating in water
reached around 45 and 33 °C after 10 min solar illumination,
respectively, for MXene/cellulose and GO/cellulose membranes
(Figure 19d). The evaporation rate and solar steam efficiency
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under the solar illumination of 1 sun were around 1.44 kg m2.h
and 86% for MXene/cellulose membrane. In contrast, the
values were around 0.45 kg m™2h and 54% for GO/cellulose
membrane (Figure 19e). Anti-biofouling results showed the
production of aggregates of bacteria on the surface of neat
cellulose and GO/cellulose membranes, whereas negligible
bacteria were attached to the MXene/cellulose surface. The
strong antibacterial properties of MXene/cellulose membrane
(99.99% for E. coli and 99.98% for S. aureus) (Figure 19f-i)
endow effective anti-biofouling properties in the MXene-
cellulose membranes.

Ag nanoparticles modified MXene nanosheets/polyacryloni-
trile (Ag@MXene/PAN) electrospun nanofiber was another
solar steam generation system with excellent antibacterial
properties and evaporation performance.?l The UV-Vis-NIR
light absorption efficiency for MXene/PAN and Ag@MZXene/
PAN nanofibers reached around 83 and 93%, respectively.
Under 1 sun illumination, the surface temperature of PAN,
MXene/PAN, and Ag@MXene/PAN nanofiber membranes
could increase to around 36, 49, and 57 °C, respectively. In turn,
the evaporation rates of 1.51 and 1.36 kg m~2h and solar vapor
conversion efficiencies of 81 and 92% were reported, respec-
tively, for MXene/PAN and Ag@MXene/PAN nanofiber mem-
branes. Furthermore, the strong antibacterial activity of the
Ag@MXene/PAN membrane (99.9% against E. coli) can effec-
tively prevent biofouling formation on the surface of the mem-
brane, reducing the efficiency of the solar evaporator system.

5.4. Miscellaneous Applications of Antibacterial MXenes

Dip coating of an aluminum sheet in a water/ethanol
mixture of yglycidoxypropyltrimethoxysilane (#GPS), tetraethyl
orthosilicate (TEOS), and MXenes and subsequent heating
curing generated an MXene/silane film on the surface of the
Al sheet with a thickness of 13 um and excellent antibacterial
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Figure 19. a) Schematic description for the fabricated anti-biofouling MXene/cellulose membrane steam generator. b) Photograph of MXene/cellulose
membrane with good flexibility. c) Adsorption of light by MXene/cellulose and GO/cellulose membranes in the wet state. d) Increasing the tempera-
ture of the water, the surface of MXene/cellulose, and GO/cellulose membranes under 1 solar sun illumination at different irradiation times. e) Water
evaporation rate and evaporation efficiency for water, the surface of MXene/cellulose, and GO/cellulose membranes under 1 solar sun illumination.
f~i) Antibacterial efficiency of MXene/cellulose and GO/cellulose membranes against E. coli and S. aureus. Adapted with permission.??’] Copyright

2019, American Chemical Society.

and anticorrosion properties.??%l In the absence of MXenes, the
generated films showed microcracks; however, by introducing
MXene, these microcracks were not observed, indicating the
positive effect of MXene in improving the compact structure
of the coating. Since microbial corrosion from various micro-
organisms plays an essential role in the corrosion of metals, 23"
therefore, fabrication of antimicrobial coating for metals can
address this issue. While near »GPS/TEOS coating showed
almost no antibacterial activity against E. coli, the hybrid coating
containing MXene could almost deactivate all E. coli.

Coating the surface of Spandex yarn textiles with poly-
dopamine (PDA) followed by coating with MXene/Ni?* lead to
conductive MPNi/Spandex coating as a wearable health moni-
toring dressing with antibacterial properties (Figure 20a).l23!
This coated composite, which has a high sensitivity (5.7 x 10*
gauge factor), low detection limit (0.11%), and wide sensing
range (0.11 to 61.2%), can be used as strain sensors to monitor
biological activities at both large and small scales. Strong photo-
thermal properties of MXenes lead to a temperature increase of
MPNi/Spandex coating to 95 °C in 10 s and 98 °C in 1 min upon
NIR irradiation (808 nm, 1.25 W cm~2)(Figure 20b). Importantly,
by tuning the intensity of the NIR irradiation, it was possible
to adjust the surface temperature of MPNi/Spandex coating
(Figure 20c). Additionally, this composite coating showed solid
antibacterial properties (99.9% killing efficacy against E. coli)
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in the presence of NIR irradiation (Figure 20d). Synergistic
effects between MXenes, PDA, and, Ni?" were responsible for
providing this vigorous biocidal activity, so the absence of any
of these components in the coating afforded weaker biocidal
activity.

6. Cytotoxicity and Environmental
Impacts of MXenes

Based on the applications mentioned in the previous sections
for MXenes-based antimicrobial agents, biocompatibility and
having environmentally friendly characteristics are crucial for
biomedical and environmental applications. MXenes wastes
can be released into environments and exposed to our body
through skin, respiratory and gastrointestinal systems. It is
already reported that various types of other nanomaterials such
as graphenes(?32 and CNTs[2*3 can create toxicity for tissues and
live organisms. Therefore, the practical applications of MXenes
need to take into consideration for possible toxicities. There are
several comprehensive reviews reporting the recent progress
on the cytotoxicity evaluation of MXenes.[?*23¢] Some reports
attributed the cell cytotoxicity of MXenes to the oxidative stress
induced by the generated ROS. On the other hand, there are
other studies reporting higher cytotoxicity of MAX phases

© 2023 Wiley-VCH GmbH

85UBD| SUOLULLOD BAFR.D 3|l dde au3 Aq pausenob a2 sajoiie YO 8sn JOSa|nJ 10} Akeiq1 T 8UIIUO 8|1 UO (SUORIPUOD-PUe-SWe}/WI00" A3 | 1M ARe1q1[Bu|uo//:SANY) SUORIPUOD pue SWid L U1 88S *[¥202/TT/ST] U0 ARiqIT8ulluO AB|IM *esoofedsn L ewede|Y JO AISRAIIN - Befznoll 1usepeq efeso N Aq 9T/902202 |ILUS/Z00T 0T/10p/wod’ A3 im Axeiq1jeul|uo//sdny woiy papeojumod ‘bT ‘€202 ‘6289ETIT



ADVANCED
SCIENCE NEWS

sl

www.advancedsciencenews.com

www.small-journal.com

MXene/Ni#/PDA

‘IZO g 0.00 Wicm® =de 0.50 Wicm®  =de 0.75 Wicm®
s ooty linelyitntimat 80| o Experiment Value
O o 250 Wicm® w0 275Wicm® w0 3.00 Wicm® Linear Fitting Curve
¢__100 o
] —~ 60
S w o
® — 40
Gé.J_ 60 <
20
& 40 Re=0084 )
o o ¢ Slope=42.7 °C(W/cm?)
0 50 100 150 200 250 300 350 10 15 20 25 30 35
Time (s) Power Density (W/cm?)

MXene/Spandex

MXene/PDA/Spandex

MXene/Ni/Spandex  MXene/Ni/PDA/Spandex

Figure 20. a) Description for preparation of conductive MPNi/Spandex composite coating. b) The time-dependent surface temperature of
MPNi/Spandex composite coating upon irradiation by NIR with different intensities. c) A linear relationship between equilibrium temperature and
NIR intensity. d,e) Viability of E. coli after exposure to different modified Spandex textiles in the presence and absence of NIR irradiation (Abbreviations:
M = MXene, P = polydopamine, Ni = Ni?* jons). Adapted with permission.?*l Copyright 2021, American Chemical Society.

compared to that of the corresponding MXenes while ROS
generation by MAX phases is much less than MXenes. There-
fore, not only the ROS content but also direct physicochemical
interactions between the cells with MXenes have a great influ-
ence on the final cytotoxicity.?34

In vitro cell-based assays are the common methods for
evaluating the cytotoxicity of nanomaterials including MXenes.
One of the main biomedical applications of MXenes is cancer
therapy?”’! which the cytotoxicity of MXenes has been well
studied in most of the published papers in this scope. In treating
the cancerous (A549 and A375) cells by Ti;C,T, MXenes, the
cell viability was above 70% even at a high MXene concentra-
tion of 500 mg L. Similarly, the use of Ti;C,T, MXene for
photothermal ablation of 4T1 cancer cells showed no cytotox-
icity even at high Ti;C,T, concentrations (600 ug mL™) for 48 h
exposure time.[?*® Evaluating cytotoxicity of Ti;C,T, and their
precursors on human fibroblasts and Hela cells indicated tox-
icity for TiC and MAX phases at a concentration of 400 pug mL™!
whereas the cell viability for Ti;C,T, remained above 80%.12%]
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Zhang et al. reported no cytotoxicity on umbilical vein endothe-
lial cells (HUVECS) after exposure to Ti;C,T, nanosheets at a
concentration of 500 pg mLL[24]

The cytotoxicity of MXenes depends on the cell type since
there are several studies reporting the cytotoxic effects of
MXenes. Exposure of the human mesenchymal stem cells
(hMSCs) to Ti;C,T, nanosheets at concentrations > 50 ug mL™
reduced the cell proliferation significantly while at lower
concentrations no obvious toxicity was observed.?*l
Similarly, evaluating the cytotoxicity of Ti;C,T, MXene to neural
stem cells showed high toxicity at MXenes concentrations
> 25 pug mL™! through severe apoptosis and disturbing the cell
membrane.?*]

Interestingly, it was shown that oxidation of V,CT, can
turn it into a toxic material for cells.?*] In vitro cytotoxicity of
delaminated V,CT, onto immortalized keratinocytes (HaCaT)
and malignant melanoma (A375) human cell lines indicated
that over time the V2* and V3* species are converted to V# and
V>* counterparts. After 48 h only around 50% cell viability was
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reported for the concentrations above 50 pg mL™L2*l Oxida-
tion of Ti-based MXenes showed similar results. Oxidation
of Ti;C,T, into TiO, upon sonication or thermal treatments
increased the cytotoxicity of the MXene with cell viability of
<20% for cancerous cell lines at an MXene concentration of
500 pg mL~L24]

7. Conclusions and Future Perspectives

MXenes are a fast-growing family of 2D materials and anti-
bacterial applications have been one of the areas of their studies
since 2016. MXenes combination of hydrophilic surfaces with
negative surface charges (-30 to =50 mV) and the possibility of
changing the surface charges to positive mV by surface func-
tionalization, control of 2D flake sizes from =100 nm to a few
um have made them a candidate for interaction with bacte-
rial and killing them. MXenes have tunable optical properties
and many of them have extinction peaks in the UV-Vis—NIR
region. The rich electronic properties of MXenes contribute
to generation of different ROS types (including O,, ‘OH,
and '0,) which are effective species for killing bacteria. The
sharp edges of =1-nm-thick MXene flakes combined with ROS
have been described as the main mechanism for deactivating
bacteria. Regarding the antibacterial mode of action of MXenes,
more studies are needed along with a comparison with other
2D nanomaterials. For example, one appealing feature of
MXenes is having a high metallic conductivity with a plethora
of transition metals that might contribute to their antibacterial
activities.

Additionally, by shining light in the NIR wavelength MXenes
can be heated up due to the photothermal activity of MXenes,
which can kill bacteria by increasing the temperature as well
as accelerate the penetration of MXenes sharp edges into the
bacteria membrane. Future studies should focus on the temper-
ature needed to achieve the antibacterial photothermal therapy
for various MXenes with different photothermal activity, and
investigate the possibilities if the temperature does not reach
this threshold.

The thickness of the 2D sheets of MXenes can be controlled
which is unique in the 2D world, by changing the number of
M-X atomic layers (n in M,,;;X,T,), for example, Nb,CT, and
Nb,Cs3T,. The thinner MXenes (e.g., Nb,CT,) showed higher
effectiveness against both gram-positive and gram-negative
bacteria (including S. aureus, B. subtilis, VRE, S. agalactiae,
E. faecalis, Sarcina, K. pneumoniae, P. aeruginosa, A. baumannii,
S. typhi, E. coli, B. cepacia, E. cloacae, E. aerogenes, and
P. mirabilis) possibly due to the sharper edges. Also, changes
in number of M-X atomic layers can control the optical proper-
ties, and with many of M,XT, and M;C,T; (n =1 and 2) having
extinction peaks in UV-Vis—NIR region while M,C;T, MXenes
(n = 3) have almost no peaks in this region. As a result, Nb,CT,,
TiVCT,, and Ti;C,T, (n =1 and 2) are used for the photothermal
eradication of different bacteria. Despite the versatile transition
metal used for preparing MXenes, only three MXene families
(Ti, V, and Nb) have been studied. Development of a dataset
including various MXenes composed of different transition
metals is urgently needed to understand how antibacterial
activities of MXenes are affected by transition metals.
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The span of studied MXenes’ antibacterial applications varies
from the fabrication of wound dressing materials for facili-
tating the wound healing process to the production of sterilized
water through MXene-based membrane processes and solar-
driven water purification systems. Furthermore, the biocidal
activities of MXene coatings by inhibiting microbial corrosion
play an important role in metal protection. Additionally, similar
to other 2D nanomaterials,**! MXenes have the potential to be
used for antibacterial food packaging.

As cleavage of DNA by Ti;C,T, nanosheets was proposed
using fluorescence imaging and flow cytometry techniques,
exploring interactions of the MXenes with the DNA molecules
can be of interest. Note that the MXene has different charac-
teristics from GO; for example, the functional groups at the
surface terminations (T,) of the MXene flakes (such as =O,
—OH, and —F) provide the flakes with high hydrophilicity,
high negative surface charge, and excellent electronic conduc-
tivity. Time-resolved fluorescence techniques can characterize
the kinetics and thermodynamics of DNA-MXene interactions,
including adsorption and desorption processes. To better
understand the interactions at the molecular scale, MD simu-
lation should be implemented. These studies may reveal new
applications of MXenes in medical, biomedical, bioscience,
biosensors, and biotechnology fields.

One of the problems of available MXenes for long-term
applications is the gradual oxidation in air or by oxygen-
dissolved in aqueous media. This issue affects the photo-
thermal, photoelectronic, and biocidal properties of MXenes.
Accordingly, new strategies for improving the stability of
MXenes are in demand. At the same time, developing new
MZXenes with higher environmental stabilities is crucial.
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