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ARTICLE INFO ABSTRACT

Keywords: The COVID-19 pandemic has adversely affected the world, causing enormous loss of lives. A greater impact on
SARS-CoV-2 the economy was also observed worldwide. During the pandemic, the antimicrobial aprons, face masks, steril-
(238\1/\/1[[;('19 izers, sensor processed touch-free sanitizers, and highly effective diagnostic devices having greater sensitivity
viaene . and selectivity helped to foster the healthcare facilities. Furthermore, the research and development sectors are
Antiviral activity . . . s 1 . . .. . . .
. - tackling this emergency with the rapid invention of vaccines and medicines. In this regard, two-dimensional (2D)
Biocompatibility

nanomaterials are greatly explored to combat the extreme severity of the pandemic. Among the nanomaterials,
the 2D MXene is a prospective element due to its unique properties like greater surface functionalities, enhanced
conductivity, superior hydrophilicity, and excellent photocatalytic and/or photothermal properties. These
unique properties of MXene can be utilized to fabricate face masks, PPE kits, face shields, and biomedical in-
struments like efficient biosensors having greater antiviral activities. MXenes can also cure comorbidities in
COVID-19 patients and have high drug loading as well as controlled drug release capacity. Moreover, the
remarkable biocompatibility of MXene adds a feather in its cap for diverse biomedical applications. This review
briefly explains the different synthesis processes of 2D MXenes, their biocompatibility, cytotoxicity and antiviral
features. In addition, this review also discusses the viral cycle of SARS-CoV-2 and its inactivation mechanism
using MXene. Finally, various applications of MXene for combatting the COVID-19 pandemic and their future
perspectives are discussed.

Biomedical applications

1. Introduction reproduction number Ry and epidemic doubling time of COVID-19,

which indicate the infection rate of the virus. The researchers found a

The history of pandemics goes long back to Athens in 430B. C. and
continued with plague, leprosy, the black death, the Columbian ex-
change, the Great Plague of London, cholera, Fiji measles, Russian flu,
Spanish flu, Asian flu, HIV, SARS, MERS, and the present-day COVID-19
pandemic [1]. First reports of the Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2) virus were found in the Hubei Province of
China which spread to more than 200 countries in a short period [2].
Taking into account the highly infectious and contagious nature of this
virus, World Health Organization (WHO) declared it a public health
emergency of international concern (PHEIC) on 30th January 2020 and
designated it as the novel coronavirus disease 2019 (COVID-19) [3]. Li
et al. [4] implemented a mathematical modeling technique to find the

* Corresponding authors.

reproductive number of 2.2 (Ry greater than 1) and an epidemic
doubling time of 7.5 days, proving the highly contagious nature of the
SARS-CoV-2 virus. The extremely infectious nature of the SARS-CoV-2
disease has made havoc among people, creating greater health im-
pacts and a higher level of mortalities. Not only the health illness but
also the hazardous wastes generated during the pandemic has resulted in
environmental pollution and greater spreading of the virus [5]. To
combat this misery, researchers all over the world set out to discover
advanced technologies for medication and vaccine delivery as well as to
mitigate the spread of the virus.

The superior physicochemical properties of nanomaterials can be
greatly explored to tackle this emergency. The extraordinary quantum
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mechanical properties of the nanomaterials can be utilized to build so-
phisticated biomedical instrumentations like photosterilizers, touch-free
sanitizers, contact tracing tools, etc. [6]. The production rate and
durability of biomedical equipment like PPE Kkits, face shields, respira-
tors, etc. can be improved by the readily synthesized efficient nano-
materials. Highly sensitive, rapid, and accurate detection of the viral
infection by improved clinical methods like serological tests can be done
by using the rapid sensing and conducting properties of the 2D nano-
materials [7]. The antipathogenic features of the nanomaterials can be
utilized to inactivate the SARS-CoV-2 viruses by generation of photo-
catalytic/ photothermal/ photodynamic therapy-induced reactive oxy-
gen species. The coating of nanomaterials on the face masks and PPE kits
can filtrate and inactivate the virus by their superior antiviral properties
[7]. The high surface area of the 2D nanomaterials can be used for a
greater drug loading and the nano range of the materials can provide
point-specific drug delivery to internal organs like COVID-19 affected
alveoli [7]. The nanomaterials can be designed to activate/inactivate
the immune system, thereby providing efficient vaccine delivery and
prevention of cytokine release syndrome (CRS) [7]. The nanomaterials
can also be used as potent biosensors for the detection of SARS-CoV-2
viruses and their related biomarkers (Fig. 1) [7].

Since the emergence of the pandemic, the development in finding a
suitable vaccine has been progressing with a greater effort. The COVID-
19 vaccines mainly rely on the administration of antigens based on the
mRNA, DNA, recombinant proteins, viral vectors, and attenuated or
inactivated viruses, focusing mostly on the inactivation of viral S pro-
teins [8]. However, the delivery of these therapeutics is hindered due to
their vulnerability to enzymatic degradation and impermeability to cell
membranes [9]. The polymeric, inorganic, or lipid-based nanoparticles
can be used as encapsulation to avoid these issues and to provide
effective non-invasive (nasal, oral, transdermal, pulmonary, etc.)
methods for drug and vaccine delivery [9]. For improving the efficacy of
vaccines and considering the mutation of the viruses, the nanomaterials
can be functionalized with different types of molecules targeting specific
pathogens [7]. Nanomaterials with specific and non-specific mecha-
nisms of antiviral action can be administered to inhibit viral activity
[10]. The nanomaterials having a specific mechanism of action, target
particular surface receptors or ligands of the virus; whereas the nano-
materials having a non-specific mechanism of action inhibit any part of
the virion [10]. The nanomaterials can modify the function of accessory
proteins (ORF7a), spike glycoproteins (S), envelope (E), and membrane
(M) proteins, etc. of the virus [10]. In some cases the nanomaterials
releases various ions and therapeutics that pass through the envelope to

e @
w

Use of
nanomaterials in
PPE

—p Entranceto
respiratory tract

Neutralization of
viral particleshy @
nanomaterials

/

Nanomaterial-based Systemic

PDT
+ROS
Nanomaterial-based
vaccines and
immunomodulation

—’V

inactivation of
SARS-CoV-2

Activation of
immune system

FlatChem 33 (2022) 100377

disrupt virus protein machinery by dysfunctioning the proteases like
NSP3 (pappain-like protease), NSP5 (main protease), NSP7, NSP8, NSP9
(RNA replicase), NSP10, NSP13 (helicase), etc. (Fig. 2a) [10]. The
nanomaterials also release the inhibitors of ACE2 and TMPRSS2 to
inhibit the entry complex formation. If the virus breaks the barrier and
enters the host cell, the nanomaterials provide the second line of defense
by the disruption of virion endosomal acidification, intracellular vesicle
formation for RNA transcription, blocking of crown shape molecular
pores, packaging, and exocytosis of new virions, etc. (Fig. 2b) [10].

Among the nanomaterials, the 2D MXene can play a great role to
combat the pandemic due to its superior antiviral activities, photo-
catalytic and photothermal properties, greater conductivity, excellent
surface structure, superior sensing, and electromagnetic shielding
properties, etc. The superior antiviral properties of MXenes can be uti-
lized for coating face masks, PPE kits, face shields, etc. making them less
infectious and reusable [11]. This can also help for environmental
remediation by the less exposure to disposable plastics made out of face
masks and PPE Kkits, etc [12]. The enhanced photocatalytic and photo-
thermal activities of MXenes can help to inactivate the virus [13,14], as
well as the superior sensing activities can help to build efficient bio-
sensors that can detect the COVID-19 virus and other biomarkers in the
case of patients having comorbidities [15]. The greater drug loading and
point-specific drug release capacity of MXene can be utilized for deliv-
ering the drug in remote parts of the internal organs of COVID-19 pa-
tients [16]. Along with these, the greater biocompatibility and lesser
cytotoxicity of MXene reduce the risk of poisoning as seen in the case of
other advanced materials [17].

Many advanced nanomaterials have been explored to date for the
detection and inactivation of the SARS-CoV-2 virus, but they also have
lots of limitations. Seo et al. [18] fabricated a graphene-based field-ef-
fect transistor (FET) biosensor by coating a specific antibody of SARS-
CoV-2 spike protein. The COVID-19 FET sensor successfully detected
the antigen protein as well as measured the viral load in culture medium
and clinical samples. However, the device lacks resilience and requires
pre-processing of the virus sample, due to the comparatively low signal-
to-noise ratio of the graphene sensing material. The MXene-graphene
FET sensor fabricated by Li et al. [19] eliminated the loopholes of
graphene-based FET sensor for the detection of the SARS-CoV-2 virus.
The authors used a virus-sensing transduction material (VSTM) con-
sisting of both MXene and graphene. They found that the enhanced
performance is due to the hydrophilic surface functional groups and
accordion-like structure of MXene that provides greater active sites for
virus adsorption. The zero band gap of graphene also restricts its
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Fig. 1. Prospective applications of nanomaterials in combatting COVID-19 pandemic. Adapted from Ref. [7], Copyright 2020, American Chemical Society.
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application as a biosensor for the fast and accurate detection of viruses,
whereas the metallic nature of MXene provides a greater bandgap for
sensing [20]. On the other hand, transition metal dichalcogenides
(TMDs) have a greater band gap, but the high electrical noise limits their
sensing application [21]. MXene-based biosensors provide extremely
low noise and ultrahigh signal-ro noise ratio, which is beneficial for
rapid sensing activity [22]. MXenes have reported a greater adsorption
capacity than graphene and a faster rate of removal than carbon nano-
tubes [23]. This property can be beneficial for faster adsorption and
removal of virus, cytokines, and other biomarkers from the body of
COVID-19 patients. Although MXenes have made tremendous progress
in biomedical instrumentations and antimicrobial applications, their
properties are less explored in the field of antiviral applications. Hence,
this review deeply studies the MXene antiviral properties as well as the
perspectives of using MXene as a sword to win the battle against the
COVID-19 pandemic. Table 1 summarizes different properties of
MXenes that can be useful for prevention and diagnosis of Covid-19
virus.

Table 1
Summary of prospective prevention and diagnosis of COVID-19 using 2D
MXene.

Sl MZXene properties MXene based prevention and Ref.
No. diagnosis of COVID-19

1 Photocatalytic Virus inactivation [13]
2 Photothermal Virus inactivation [14]
3 Anti-inflammatory Vaccine and drug delivery [17]
4 Adsorption Removal of contaminants [33]
5 Amino acid adsorption Trapping of virus [72]
6 Modification of spike Hindrance of virus life cycle [73]

protein

7 Histocompatibility Reduced cytotoxicity [82]
8 Photoacoustic imaging Diagnosis of internal organs [84]
9 Urea Adsorption Dialyzer [107]
10 Porous structure Fabrication of face masks [112]
11 Sensing Biosensor (detection of biomarkers) [123]
12 Viscoelasticity 3D printed biomedical instruments [129]
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2. 2D MXenes

MXenes are the large family of 2D transition metal carbides, nitrides,
or carbonitrides, discovered in 2011 by Gogosti et al. [24]. They have a
chemical formula of M, 1X;,Tx (n = 1 to 4), where M is an early tran-
sition metal (Ti, V, Cr, Nb, Mo, etc.), X is carbon and/or nitrogen, and Ty
indicates the surface termination groups like -F, -OH, -O, etc [15,25].
TigCaTx, TiaCTy, TioNTy, TigCNTy, VoCTy, NboCTy, CraTiCoTy, TizSiCoTy,
Mo4VCyTy, etc. are some of the examples of synthesized MXenes, from
which the TigCyTy is the most explored one [26]. Till now more than 30
MXenes have been synthesized and more than 100 MXene stoichiome-
tries have been predicted by simulations, making them one of the largest
families of 2D materials [17]. The double transition metal MXenes are
comprised of two transition metal atoms as compared to mono transition
metal MXenes [27]. The double transition metal MXenes are of two
types, i.e. solid solutions having a random distribution of transition
metals in the M sites of the 2D structure ((Ti, Nb),CTy, (Ti, V)oCTy, etc.)
and ordered forms having in-plane (Mo4,3Y2,3CTx, M0o4,3Sc2,3CTx)/out-
of-plane (Mo,TiCyTy, MoyTioCsTy, CraTiCoTy, etc.) ordered structures
(Fig. 3) [28]. MXenes name is derived from graphene due to their similar
properties [29]. They have hexagonal layered structures similar to their
parent MAX phases, in which the X layers are interleaved between the M
layers with functional groups attached to the surface structure [30,31].
The scanning electron microscopy (SEM) images confirm the lamellar
structure of the MXenes [32]. The bonding between the M and A ele-
ments is purely metallic, whereas the M—X bond combines the charac-
teristics of covalent, ionic, and metallic bonds, but the M—A bonds are
quite unstable as compared to the M—X bonds [29]. They have excellent

M,XT,

Out-of-plane ordered
double transition metal
MXenes

In-plane ordered
double transition
metal MXenes

Solid
solution
on M site

(MIyMII1-y)2XTx (MlyM

II1-y)3X2Tx
8 R A&

8

Solid solution

FlatChem 33 (2022) 100377

physicochemical properties, which lead to their wide range of applica-
tions in energy storage devices, gas sensing, catalysis, electromagnetic
interference shielding, and biomedical fields [13,31,33,34]. Fig. 4 gives
a representation of MXene applications in various sectors [31].

3. Synthesis of 2D MXenes

MXenes can be synthesized by both top-down and bottom-up
methods [28]. In the top-down methods, the A layers are etched out
from the 3D MAX or non-MAX phase precursors resulting in the 2D
layered MXenes. The strong metallic bond between the M and A layers
of the MAX phase resists its exfoliation by mechanical shearing methods
[29]. The high-temperature treatment can exfoliate the A layers but the
synthesized MXenes lose their layered structure due to recrystallization
of the material [29]. Therefore, the exfoliation of A layers can be ach-
ieved by using chemical etching methods like hydrofluoric acid (HF)
etching, alkali etching, acid/fluoride salt etching, molten salt etching,
and electrochemical etching, etc. followed by sonication or intercalation
with organic bases or cations [35]. Intercalants like dimethyl sulfoxide
(DMSO) [36], urea [37], isopropylamine [38], hydrazine monohydrate
[39], tetrabutylammonium hydroxide (TBAOH) [40], tetramethy-
lammonium hydroxide (TMAOH) [41], aryl diazonium salts [42], etc.
are commonly used for increasing the interlayer distance, thereby
resulting in the efficient exfoliation of MXenes. Also, the cations like
ARY, Mg?*, Lit, Na*, K, NH{, etc. are intercalated spontaneously or
electrochemically to achieve the exfoliated MXenes [43]. Fig. 5 illus-
trates etching, intercalation and delamination processes of MXenes
[31].

In-plane
ordered
vacancy
MXenes

¢

(3

.S &¢ 0°

(MIYMII1'V)4X3TX (MIaM"bM"'cMW1-a-b-c)4X3Tx

Color Legend

Al 1
o Eite W \ ? 1OMorM'  OM'  © Terminations(T,) |
7§ 1oMm omv °oXorC °o N

MZ(CyN1-y)Tx M3(CyN1-y)2Tx : _____________________ ‘I
______________________________________________ :
! Chemical Legend 1
L _M:Sc Ti,V,Cr, Y, Zr,Nb, Mo, Hf, Ta W__X:CandiorN _ T,:0,0H,F,CI, Br,S, Se, Te,NHy o _ |

Fig. 3. Classification of single and double transition metal MXenes. Reproduced with permission from Ref. [28], Copyright 2021, John Wiley and Sons.
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Naguib et al. [44] synthesized the first MXene Ti3C; by etching the A
layers of the TigAlC; MAX phase in 50% HF acid at RT for a duration of
2hr. This mechanism can be illustrated as follows;

M, AX, + 3HF—>M,, X, (s) + AF3+ 1.5H,(g) €))

My X, (s) + 2HF =M, X,Fs + Hy(g) 2

Although MXenes were tremendously etched out using HF, the
hazardous and toxic nature of the acid discard it as an efficient etchant

for MXene synthesis [45]. Hence, more effective green synthesis
methods were followed by the HF etching. Ghidiu et al. [46] etched
Ti3AlCo MAX phase by the in situ formed HF using the less aggressive
acid/ fluoride salt mixture of HCl and LiF. Subsequently, other MXenes
like MooCTy [47], VoCTy [48], TigCNTy [49], etc. were synthesized using
different combinations of acids (HCl or HySO4) and fluoride salts (KF,
NaF, CsF, CaFj, etc.). Simultaneous etching and delamination of the
MXenes were obtained due to the Li" ion intercalation within the in-
terlayers [50].
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HCI (aq) + LiF (aq)—HF (aq) + LiCl (aq) 3

MXenes obtained by this method were having a larger interlayer gap
and minimum crystal defects as compared to the HF etched MXenes
[51]. Halim and coworkers synthesized Ti3Cy MXene films by etching
the Al layers of sputter-deposited epitaxial TizAlC, films using NH4HF,
as an etchant [52]. These etching processes result in the negative surface
functional groups terminations on the MXene surface like -F, -OH, -O,
etc., which is responsible for the formation of their stable colloidal so-
lutions [53]. The structure and properties of the synthesized MXenes
largely vary depending upon the atmospheric moisture and tempera-
ture, exposure to UV radiations, delaminating agents, etching time,
etching solution, etc. [50]. For example, the increase in temperature
helps in accelerating the exfoliation of MXenes but it leads to the
enhancement of oxidation too [50]. Similarly, higher atomic number
and larger bond energy MAX phases require high concentration etchants
and greater etching time [29]. Conversely, as compared to the top-down
methods, in the bottom-up methods, MXenes are synthesized by the
combination of their corresponding atoms/molecules. Xu et al. [54] first
used this strategy to synthesize the Mo,C MXene by the chemical vapor
deposition (CVD) method. Followed by this, other bottom-up methods
like template method [55], plasma-enhanced pulsed laser deposition
method (PEPLD) [56], etc. were discovered for the synthesis of MXenes.
Fig. 6 describes the evolution of MXene synthesis methods over the past
decade [57].

4. A brief story on SARS-CoV-2 and its viral mechanism

To study the antiviral properties of MXenes, it is essential to deeply
understand the mechanism of virus infection. Coronaviruses are a group
of encapsulated RNA viruses that have an approximate spherical struc-
ture with a dimension of 60-140 nm [58]. The club-like spike proteins
emanating from the surface of the virion resemble the structure of a solar
corona, giving it the name coronavirus [59]. These viruses cause both
acute and chronic illnesses in humans and animals. Among the six
coronavirus species discovered so far, four of them cause common flu,
whereas the Severe Acute Respiratory Syndrome Coronavirus (SARS-
CoV) and the Middle East Respiratory Syndrome Coronavirus (MERS-
CoV) are fatal [60,61]. The SARS-CoV-2 is named so by considering the
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similarity of the virus with the previous SARS-CoV outbreak [62]. The
genome sequence of the SARS-CoV-2 virus shows similarities with the
previous strains of SARS-CoV and MERS-CoV, but has a greater trans-
mission rate. For example, the sequence analysis showed similarities of
more than 80% with SARS-CoV and more than 50% with MERS-CoV
[63]. The human cell entry receptors for both the SARS-CoV-2 and
SARS-CoV variants are the same angiotensin-converting enzyme II
(ACE2) protein [64].

To develop drugs and vaccines for the diagnosis of the COVID-19
disease, it is essential to know the genomic sequence of the SARS-CoV-
2 virus. The Global Initiative on Sharing All Influenza Data (GISAID),
a platform that provides open access genomic sequence data of the
influenza viruses has reported 8 clades of the SARS-CoV-2 genomes,
among which the mutated clades GR, S, and GH are found in most of the
countries worldwide as compared to other clades having wild type ge-
nomes [65]. Researchers have reported the missense mutation in the
SARS-CoV-2 spike protein D614G as the predominant clade of viral
infection in most countries, due to its greater binding affinity to ACE2
receptors, efficient cellular entry, and minimal antibody interactions
[66-68]. This mutation has been found mostly in the GH and GR clades
of the SARS-CoV-2 virus, making it more promising for the faster
spreading of infection [17].

The crystal structure study of the C-terminal domain of the SARS-
CoV-2 spike S protein reveals the binding affinity of the virus to
human ACE2 receptors [69]. The attachment of the spike S protein of the
virus to the ACE2 receptor leads the Transmembrane serine protease 2
(TMPRSS2) to facilitate protease activity for cell entry [70]. As binding
of the virus is a key factor for the initiation of infection, inhibition of this
mechanism can lead to the reduction of viral infection to a greater
extent. Treatments using recombinant ACE2, monoclonal antibodies,
TMPRSS2 inhibitors, etc. have been widely recommended to impede
viral binding [71]. Followed by the cell entry, the internalization of the
virus occurs by endocytosis. The low pH of the endosome results in the
uncoating of the viral genome and release into the cytoplasm for further
viral RNA and protein synthesis, resulting in the assembly of viral in-
fections (Fig. 7) [7]. Several antiviral therapies have been administered
to date for the regulation of viral RNA production, cytokine release, and
blood coagulation [71].
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5. MXenes as antiviral material
5.1. Antiviral activities

The superior antiviral properties of MXenes impart a great promise
for its biomedical applications. The hydrophilic MXene contains a su-
perior negative surface functional groups, which when applied as a
coating on face masks, PPE Kkits, etc. traps the viruses and either in-
activates or kills them by interacting with the outer spike proteins. The
strong adsorption between the MXene surface and the amino acids
contained in the peplomers results in the trapping of the virus onto the
surface of MXene and its subsequent inactivation [11,72]. Unal et al.
[17] delineated the antiviral properties of the most explored Ti3CyTx
MXene by treating them with the SARS-CoV-2 (GR, GH, S, and other
clades) infected Vero E6 cells culture. The qRT-PCR results of the viral
GR clade infected supernatant reported a 99 % reduction of the viral
copy numbers for the dilution till 1: 3,125. Whereas, no significant viral
inhibition was observed for the other clades (Fig. 8A-D) [17]. These
findings emphasized the importance of considering the viral genotypes
and mutations while evaluating the antiviral efficacy of the nano-
materials and other candidate molecules. A remarkable improvement in
the viability of the virus-infected Vero E6 cells was observed in the
presence of MXene with minimal cytotoxicity (Fig. 8E, F) [17]. The
authors also studied the antiviral activities of TizCoTy, TasCsTy,
Mo,Ti2C3Ty, and NbsC3Tx MXenes by exposing them to the GR clade of
the SARS-CoV-2 and found out Ti3CyTy to be the most potent antiviral
among all of them [17]. TigCyTx exhibited 99% viral copy numbers
reduction at a concentration of 0.32 pug/ml (1: 3,125 dilution), whereas
Mo, TioC3Tx reported a reduction of 95% viral copy numbers at a con-
centration of 100 pg/ml (Fig. 9B) [17]. NbsCsTyx and Ta4C3Tx did not
show any significant antiviral activity either with GR and GH clades
having D614G missense mutation or with other clades (Fig. 9A, C, E, F)
[17]. The researchers also subjected the culture to TiO3 nanoparticles to
prove that, it’s the Ti3CoTx MXene that exhibits antiviral activity and not
the Ti particles (Fig. 9D) [17]. Ghasemy et al. [73] experimented with
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the interaction of Mo-C, Ti>C, and Mn,C MXene nanosheets with the
spike proteins of the SARS-CoV-2 virus and found out that MXenes not
only adsorb the spike proteins effectively but also modify their sec-
ondary structure. This hinders their interaction with the angiotensin-
converting enzyme 2 (ACE2) receptors of human cells, which are
responsible for the COVID-19 infection. The authors also observed a
greater potential of MnyC MXene for inhibiting the infection as
compared to other MXenes [73].

Ghasemy et al. [73] studied the antiviral activities of MXenes by
doing in-silico molecular dynamics simulations. They exposed the
nanosheets of MosC, TisC, and MnyC to the spike proteins of the SARS-
CoV-2 and analyzed the interaction of MXene exposed spike proteins
with ACE2 receptors by molecular docking analysis. They reported
docking energy of —351.7 kJ/mol for the interaction of spike proteins
and ACE2 receptors without any exposure to MXene. The re-docking
analysis of MXene treated spike proteins and ACE2 receptors exhibited
lesser interaction energies of —312.7, —271, and —253 kJ/mol for Mo,C,
Ti»C, and MnyC MXenes, respectively. The authors attributed the lesser
energy to the distorted structure of MXene treated spike proteins that
hindered the interaction with ACE2 receptors. As reported in the liter-
ature, to diminish the stability of spike proteins, it is required to increase
the turn, bend, and coil while decreasing the a-helices and B-sheets of
their secondary structure. Among the three MXenes, Mn,C reported the
lowest docking energy revealing the highest portion of the turn, bend,
and coil (Fig. 10a). In accordance with the configurational analysis, the
energy analysis of the interaction between MXenes and spike proteins
reported the highest interaction energy for Mn,C MXene with an energy
level of —290 kJ/mol [73]. The interaction energies for Mn and Ti-based
MXenes were favoured by van der Waals forces, whereas the interaction
energies for MoyC MXenes were dominated by electrostatic forces
(Fig. 10b). The entropy analysis of the interlinkage between spike pro-
tein and deformed spike protein with ACE2 receptors exhibited a lower
entropy for the MXene treated spike proteins/ACE2 systems. This
decrease in entropy revealed greater stability and suppression in the
infection rate of the spike protein/ACE2 system. MnyC MXene, having
the greatest interaction energy reported the lowest entropy followed by
TioC and MosC, respectively (Fig. 10c). The decrease in the compactness
of spike proteins led to a reduction in stability and weaker interaction
with ACE2 receptors. The compactness was measured by the difference
in the initial and final radius of gyration. All MXenes gave rise to a
reduction in the radius of gyration, but Mn,C exhibited the most nega-
tive value of —0.3 (Fig. 10d) [73]. This is in line with the impact of
MXene on the secondary structures of spike proteins that reduce the
number of active sites by structural molding. Fig. 10h and i show the
conformation of the interaction between ACE2 and spike protein before
and after the exposure to Mo,C MXene. Furthermore, the average
number of hydrogen bonds (H-bonds) for the Mn,C exposed spike pro-
tein/ACE2 system was the lowest with an average number of 8, which
confirms the lesser interactions of MXene treated spike proteins
(Fig. 10e). In addition to this, the RDF analysis reported a lesser distri-
bution of the MXene-mediated spike proteins in the vicinity of ACE2
receptors, revealing a lesser probability of infection (Fig. 10f). More-
over, the RDF analysis of the MXene/spike protein system reported the
highest RDF value of 3.4 for the MnyC/spike protein interaction,
showing a greater affinity of MnyC MXene to the spike proteins,
compared to TioC and Mo,C MXenes (Fig. 10g). The greater performance
of Mn,C over Mo,C can be attributed to the smaller size of Mn atoms that
offer a greater contact area with the spike proteins and contributes to a
greater deformation. Despite the fact that Ti atoms are smaller than Mn
atoms, the metallic nature of Mn,C promotes greater electron donation,
resulting in the profound deformation of spike proteins [74].

5.2. Photo-induced activities

Studies have shown a relative inhibition of the COVID-19 virus ac-
tivities with increasing temperature [75]. The elevated temperature
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disintegrates the genomic sequence of the virus, resulting in its inacti-
vation [76]. With the increase in temperature, the disintegration be-
comes faster. The efficient photothermal properties of MXenes can help
to kill the virus by facile optical to thermal conversion methods [14].
This property can be beneficial for the self-disinfection of PPEs, masks,
gloves, and other protective units. Li et al. reported 100% internal light
to heat conversion efficiency for the Ti3Cy MXene, thus enabling MXene
a suitable nanomaterial for antiviral applications [77]. Lin et al.
observed superior photothermal stability and greater photothermal
conversion efficiency of ~44.7% for the Ta4C3 MXene nanosheets [78].

Along with this, the photocatalytic properties of MXenes can inactivate
the virus by interacting with its spike proteins [13]. Thus, efficient
photo-sterilizers with greater performance can be fabricated by using
these properties of MXenes. Photodynamic therapy can be used for the
excitation of photosensitizers by radiating a light source in the presence
of oxygen to produce reactive oxygen species (ROS) leading to the
damage of the SARS-CoV-2 virus structure [79]. Zhang et al. [80]
studied the photo-induced properties of the Mo,C nanospheres in the
near-infrared region and found its extraordinary photothermal and
photodynamic therapy efficiency along with CT imaging and
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photoacoustic imaging features with superior biocompatibility. The
excellent photodynamic properties of MXenes can lead to the treatment
of virus-infected organs along with the fabrication of efficient touch-free
sanitizers and sterilizers [81].

5.3. Biocompatibility and cytotoxicity

The biocompatibility and cytotoxicity of MXenes have been studied
by many authors to foster their medical applications as nano agents for
drug loading and vaccine delivery. Nasrallah et al. [82] studied the
cytotoxicity of TigCoTx MXene using an in vivo zebrafish embryo model.
The authors reported that no teratogenic or neurotoxic effect was
observed in the embryo growth up to the MXene concentration of 100
ug mL~}, which keeps the MXenes in the “practically nontoxic” group,
according to the Acute Toxicity Rating Scale by the Fish and Wildlife
Service (FWS). The toxicity of MXene was investigated at the early
embryonic stage as well as during angiogenesis [83]. The authors
experimented with the avian embryos at 3 and 5 days of incubation.
They found an adverse effect on the early stage of embryogenesis as
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~46% of the MXene treated embryos led to death within 1-5 days and
inhibition of the angiogenesis of the chorioallantoic membrane of the
embryo within an incubation period of 5 days. The authors also observed
gene deregulation in the MXene treated embryos, confirming the toxic
effect of MXene at higher concentrations. Han et al. [84] found that the
TizCyTx MXenes have a superior drug loading capacity of up to 211.8%
as well as on-demand point specific drug release by the pH-responsive
and near-infrared laser triggering techniques. When injected intrave-
nously into the body of the mouse, the MXenes reported a greater his-
tocompatibility, efficient photoacoustic imaging, and their gradual
excretion out of the body with no toxic effect, which makes them a
promising biosafety material. The in vitro and in vivo studies of the
soybean phospholipid (SP) modified TasC3 and polyvinylpyrrolidone
(PVP) modified Nb,C colloids etc. exhibited negligible toxicity when
injected into the body of a mouse [78,85]. Dai et al. [86] studied the
biosafety and biocompatibility of MXene based MnOy/Ti3Cy-SP com-
posite by injecting its different doses into healthy Kunming mice. The
authors observed no losses in weight, no tissue damage, or abnormal
behavior in the mice even after an exposure of 30 days. The authors
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concluded that the biocompatible natural amphiphilic molecules of SP
enhanced the biocompatibility and dispersibility of MXenes.

For better exploration of MXenes as effective drug and vaccine de-
livery platform, the biocompatibility of MXenes towards the human
immune cells has to be tested. Unal et al. [17] studied the response of
human immune cells to the Ti3CoTx MXenes by exposing pure samples of
human peripheral blood mononuclear cells (PBMCs) and immortalized
human T lymphocytes (Jurkat cells) to TizCyTx for 24 hr. No cytotoxic
effect was observed for the MXene treated Jurkat cells, PBMCs, CD4 + T
cells or CD8 + T cells, monocytes as well as in classical monocytes (C.
monocytes), non-classical monocytes (N. C. monocytes), and interme-
diate monocytes (Int. monocytes), etc. as compared to the EtOH 70%
positive control (Fig. 11A-D) [17]. The authors also exposed Ti3CoTx +
LPS to the stimulated PBMCs population and found a notable reduction
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of the CD25 activation markers as compared to the LPS positive and
negative control [17]. A similar reduction in the TNFa levels of the
PBMCs supernatant was found with the treatment of Ti3CyTx + LPS
against the LPS positive control [17]. To study the impact of Ti3C2Tx on
human immune cells in detail, Unal and coworkers identified 17 clusters
of differentiation markers (CD) on the cell surface of PBMCs (10), T and
B cells (7) respectively, using the single-cell mass cytometry technology
(CyTOF) and applied viSNE computational approach to construct single-
cell resolution plot [17]. With the help of this method, the researchers
found 9 remarkable immune cells (CD 45 + ) populations i.e., CD4 + Th.
cells, CD8 + Th. cells, B cells, C. monocytes, Int. monocytes, N. C.
monocytes, natural killer cells (NKs), plasmacytoid and myeloid den-
dritic cells (pDCs and mDCs), respectively (Fig. 11E) [17]. Using the
method of cisplatin staining, the ability of cisplatin to enter into necrotic
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and apoptotic cells, the viability of the PBMCs were studied by using the
viSNE computational single-cell resolution plot and heat map indicating
the LD mean marker counts (Fig. 11F, G) [17]. The study also reported
no impact of the TigCyTx MXene on the functionality of the CD25 or
CD69 markers for PBMCs, CD4 T cells, or CD8 T cells. Whereas a sig-
nificant reduction of CD69 expression was observed for the monocytes,
especially for intermediate monocytes with no change in CD25 expres-
sions, indicating the reduction of proinflammatory activity of the in-
termediate monocytes (Fig. 12) [17].

The exposure of an external agent to the body results in the higher
production of cytokine hormones, provoking the cytokine storm and
damaging internal organs [87]. In the case of COVID-19 patients with
extreme severity, there is an increased production of cytokines like TNF-
o, IL-10, and IL-6, etc. which leads to the fatal condition of patients with
severe damage to internal organs [87,88]. Therefore, it is crucial to
remove the excess cytokines from the body in no time. To explore the
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impact of TizCoTx MXene on cytokine production, the researchers
applied CyTOF to study the growth rate of IFN-y, IL-17f, IL-17a, TNF-a,
IL-6 cytokines as well as the Granzyme B and Perforin proteins that
contribute to the immune response of cells [17]. The heat map reveals a
feeble production rate of the cytokines indicating the anti-inflammatory
properties of MXenes (Fig. 13) [17].

6. Inactivation mechanism of MXene towards SARS-CoV-2

To understand the inactivation mechanism of MXene towards the
SARS-CoV-2 virus, Unal and coworkers [17] conducted the proteomic
analysis of the virus-infected Vero E6 Cells in exposure to MXene. A total
of 158 differentially expressed proteins were found in this study among
which 68 proteins were down-regulated and 90 were up-regulated with
the exposure to MXene. Gordon et al. [89] found 332 high confidence
proteins after studying the interaction between the SARS-CoV-2 proteins
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Mechanism of MXene-dependent anti-SARS-CoV-2 activity

Fig. 14. Figure illustrating the SARS-CoV-2 virus
inhibition mechanism by Ti3C,Tx MXene. TizCoTx
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pathways, mitochondrial function, viral replica-
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The host proteins NUTF2, GNG5, and GRPEL1
regulate the antiviral mechanism of TizCyTx
MXene by interacting with certain SARS-CoV-2
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Inhibition of these signaling mechanisms in Vero
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CoV-2 virus. Reproduced with permission from
Ref. [17], Copyright 2021, Elsevier.
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and human cell proteins. A comparative study with the protein dataset
of TigCoTx MXenes and the dataset of Gordon et al. reported similarity of
59 interacted proteins, among them NUTF2, GNG5, and GRPELL1 are the
most significant ones. These proteins interact with certain SARS-CoV-2
viral proteins such as NSP15, NSP7, and NSP10 respectively, that are
involved in the different biological and metabolic pathways of the virus

[90,91]. NSP15 takes part in vesicle trafficking and nuclear transport
machinery. NSP7 plays a role in membrane trafficking as well as G-
protein coupled receptor signaling. NSP7 and NSP10 alter the endo-
membrane compartments to facilitate viral entry and replication. Thus,
the interaction of TizCoTx MXene with the viral signaling mechanisms in
Vero E6 cells leads to inhibition of the SARS-CoV-2 virus (Fig. 14) [17].
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7. Defeating COVID-19 with 2D MXene

The superior antiviral activities, greater photocatalytic/photo-
thermal properties, and excellent biocompatibility of MXenes can be
utilized in an effective way to defeat the COVID-19 pandemic. Many
researchers are working worldwide to combat the pandemic and the
addition of MXenes in this field can lead the research a step ahead.

7.1. Fighting with comorbidities

The COVID-19 patients having comorbidities like lung infection,
kidney injury, diabetes, etc. have reported a higher mortality rate. Along
with this bacterial and fungal infections and neural disorders are most
likely detected and exhibited a greater impact on the health of COVID-
19 patients even after recovery. Therefore, it is necessary to cure those
diseases along with preventing the infection of the virus. Several reports
have shown the cases of encephalitis in COVID-19 patients resulting in
neural tissue degradation and other neural disorders [92]. Better treat-
ment can be done by utilizing the high electrical conductivity of MXenes
to regenerate the neural tissues and increase neuronal electrical activ-
ities (Fig. 15) [93]. Studies have shown that the porous nanofiber
scaffolds enhance tissue regeneration by promoting cell adhesion, cell
growth, diffusion of nutrients and vascularization, etc. [94,95]. This
porosity and high surface area of the nanofiber scaffolds can be achieved
by utilizing the unique layered structure of MXenes [96].

The COVID-19 infected patients have also reported a coinfection of
bacteria and fungi in the respiratory tract, which needs antimicrobial
therapy [97]. MXenes can be a potent material in this regard due to their
antimicrobial properties. Lim et al. studied the antifungal properties of
MXenes by growing the fungus tricoderma reesei on delaminated Ti3CyTx
nanosheets and found no germination of hyphae and spores even after a
culture of 11 days (Fig. 16) [98]. Shamsabadi et al. exposed the samples
of Bacillus subtilis and Escherichia coli to the colloidal solution of MXene
nanosheets and observed the release of bacterial DNA within 3hrs of
cultures followed by the bacterial cell dispersion as a result of the strong
interaction between the MXene nanosheets and bacterial cell membrane
(Fig. 17) [99].

7.2. Drug delivery applications

The high aspect ratio and greater hydrophilicity of MXenes with
lesser cytotoxicity provide a great promise for higher drug loading and
point-specific drug delivery to the internal organs like lungs, specifically
in the case of SARS-CoV-2 virus-infected patients [100]. Liu et al. [101]

Fig. 15. Illustration of neural tissue regeneration using the high electrical
conductivity of MXenes. Reproduced with permission from Ref. [93], Copyright
2020, Elsevier.

14

FlatChem 33 (2022) 100377

reported a superior drug loading capacity of 225.05% in the case of
Ti3Cy-cobalt nanowire heterojunction based nanocarriers. The hydrogel
nanocomposites of TizgCy/polyacrylamide exhibited greater drug loading
of 97.5-127.7 mg g ' and drug release ability of 62.1%-81.4%,
respectively [16]. The superior hydrophilicity of MXenes can provide a
greater solubility with the body fluids and can efficiently enhance the
drug uptake by body tissues [102]. Higher drug loading and facile
encapsulation methods for structured drug delivery can be achieved by
the tunable surface chemistry of MXenes [7,103]. Wu et al. [104]
fabricated pH/near-infrared multi-responsive microcapsules consisting
of hollow hydroxyapatite, chitosan/hyaluronic acid multilayers, gold
nanorods, and MXene by a layer-by-layer approach. The microcapsules
were loaded with doxorubicin, which is a potential therapeutic drug
against SARS-CoV-2 [105]. The fabricated microcapsules exhibited a
greater drug loading capacity, distinct photothermal conversion effi-
ciency, and biocompatibility. This property can be beneficial for
remotely controlled drug delivery applications.

7.3. Biomedical instrumentations

The hydrophilic nature and negative surface functionalization of
MXenes can be combined to fabricate different biomedical instruments
like biosensors, dialyzers, sterilizers, etc. COVID-19 patients under he-
modialysis are more prone to infection due to the non-removal of uremic
toxins from the body [106]. Meng et al. [107] reported an adsorption
efficiency of up to 94% between MXene and urea, which helps in the
removal of uremic toxins from the dialysate in the case of patients under
hemodialysis. The authors also observed greater urea adsorption for the
Ti3CoTx MXene as compared to the TioCTx and MoyTiCoTy MXenes and
improved cell life with the exposure of MXene up to 24 h, making it a
suitable material for biomedical applications [107]. The combination of
paramagnetic behavior along with the high atomic number of MXenes
results in incomparable attenuation of X rays, which can be useful for the
computed tomography (CT) scanning of the virus-affected lungs to
measure the extent of infection followed by appropriate diagnosis [108].

The excess release of cytokines in SARS-CoV-2 virus-infected patients
results in CRS and lymphocytic apoptosis leading to a detrimental
impact on the internal organs [87]. Studies have shown improved sur-
vival of early-stage sepsis patients by the removal of cytokines from the
bloodstream [109]. The porous carbon structure of MXene can be
implemented to adsorb the cytokines like IL-6, IL-10, TNF-a, etc. using
extracorporeal perfusion (ECP) techniques, which are the major in-
flammatory factors in COVID-19 patients [96,110]. Wang et al. [23]
used Ti3CyTx MXene nanosheet as an absorbent in the hemoperfusion
therapy to remove cytokines from the blood of COVID-19 patients
(Fig. 18). They found that MXene sheets have efficient removal capac-
ities of the cytokines like IL-6, which is approximately 13.4% higher
than the conventional activated carbon absorbents. Molecular-level
analysis revealed that the hydrogen bonding between IL-6 and MXene
nanosheets promotes absorption and the transformation of the second-
ary structure of IL-6 from a-helix to p-sheet results in their immobili-
zation. The authors also observed greater blood compatibility with no
side effects on the human blood composition.

MXenes show a great promise for biosensing activities because of
their excellent physicochemical properties, greater active sites provided
by enriched surface termination groups that can immobilize the bio-
molecules, admirable electrocatalytic activity, enhanced enzyme
loading capacity provided by the larger specific surface area of the
multi-layered structure, and superior biocompatibility [111,112]. Most
of the patients affected by COVID-19 are found to be asymptomatic,
which is a major reason for the faster spreading of the disease [113].
Therefore, early detection and diagnosis are the keys to prevent new
infections. The MXene-based biosensors can play an effective role in the
detection of biomarkers without any invasive methods [112]. Li et al.
[19] fabricated an MXene-graphene FET sensor by using an ultra-
sensitive VSTM that combines the continuity of large-area high-quality
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Fig. 17. Schematic of the release of bacterial DNA followed by bacterial cell
dissolution by the exposure of MXene nanosheets. Reproduced with permission
from Ref. [99], Copyright 2018, Americal Chemical Society.

graphene and the high chemical sensitivity of MXene. The (3-amino-
propyl) triethoxysilane (APTES) functionalized VSTM were coated with
SARS-CoV-2 antibodies. The binding of spike proteins to the antibodies
changed the surface charge distribution of the VSTM membrane, which
was observed by the electrochemical signal transduction. The fabricated
device reported a low limit and wide range of detection with enhanced
specificity and response time. The authors attributed this excellent result
to the huge surface terminations of MXene that provides relatively
greater binding sites for APTES.

Due to the lower mutation rate of nucleocapsid genomes over spike
genomes, most of the national RTPCR protocols target the nucleocapsid
gene for accurate detection of SARS-CoV-2 [114]. However, gene
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detection using RTPCR requires a tedious process of sample preparation,
high-cost fluorescent probes, and a long processing time, which is not
able to cope with the sudden outbreak of the pandemic. Therefore, fast
and accurate detection is the need of the hour. Chen et al. [115] fabri-
cated a single-stranded DNA (ssDNA)/ Ti3CyTx biosensor by the surface
functionalization of ssDNA probes on TizCyTx films through noncovalent
adsorption. The hybridization of the ssDNA probe with the SARS-CoV-2
nucleocapsid gene results in the detachment of double strained DNA
from the Ti3C,Ty surface, contributing to an enhanced channel con-
ductivity (Fig. 19). The ssDNA/ Ti3CyTx biosensor exhibited a low limit
of detection of ~ 10° copies/mL in saliva with a faster response. The
authors also claimed that the self-collected saliva samples are less
invasive, can reduce healthcare worker exposure, and eliminate the
need for sample collecting tools like swabs.

Liu et al. [111] fabricated MXene based microfluidic biosensor chip
with a combined effect of dialysis and subsequent detection of urea, uric
acid, and creatinine biomarkers in the blood sample, which can help to
reduce the fatality of kidney affected COVID-19 patients [106]. Studies
have shown a greater rate of COVID-19 mortality in the case of patients
having comorbidities, and diabetes is one of them, which reported a
two-fold fatality rate [116]. The efficient and timely detection of blood
glucose level by MXene-based glucose sensors can help to reduce the
mortality rate to a greater extent [117]. Rakhi et al. [118] fabricated
GOy/Au/MXene/Nafion/GCE composite glucose detection biosensors
having superior stability, repeatability, and reproducibility. In the
glucose concentration range of 0.1 to 18 mM, the biosensor exhibited a
linear amperometric response with a detection limit of 5.9 uM and
greater sensitivity of 4.2 pAmM ™! respectively [118]. Lei et al. [119]
conducted an in vitro perspiration analysis of a wearable MXene/Prus-
sian blue-based composite biosensor and found sensitivity of up to 35.3
pAmM ! em~2 for glucose detection. Along with these, MXene-based
biomedical instruments like pulse oximeters, respirators, sterilizers,
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ventilator components, etc. can be fabricated by using the facile 3D
printing methods [120].

Researchers have reported cases of sudden cardiac death in COVID-
19 patients [121]. To mitigate this high rate of mortality, regular
assessment of biomarkers like Cardiac troponin I (cTnl) is greatly
required for patients having myocardial injuries like acute myocardial
infarction [122]. Mi et al. [123] developed a ratiometric sensing tech-
nology based on the referable EC signal of Dox vs. the electrochemical
signal of methylene blue or electrochemiluminescent signal of
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doxorubicin-luminol. The greater specificity of TrO4-aptamer for cTnl
binding and the superior sensing matrix of the tetrahedral DNA
anchored Au/Ti3Cy MXene along with the improved sensitivity provided
by the in situ hybrid chain reaction amplification resulted in an effective
biosensor for the accurate assay of c¢Tnl biomarkers [123]. Peng et al.
[124] synthesized TizCy nanosheets-based fluorescence DNA biosensors,
that reported a greater selectivity and sensitivity for the detection of PCR
amplified HPV-18 from the clinical samples. Similar techniques can be
adopted for the SARS-CoV-2 viruses by targeting the virions, virus RNAs,
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virus surface antibodies/antigens, or other biomarkers, etc. by the spe-
cific surface functional group of MXene nanosheets (Fig. 20) [112].

7.4. MXene based face masks and PPE kits

Over the last few years, researchers have successfully synthesized
low density, porous, and lightweight MXene foams having superior
properties for biomedical applications [125]. The lightweight and
porous MXene foams can fit into the requirement for pure air due to their
particulate filtration properties. This particularly has a greater need in
this COVID-19 pandemic situation due to the high dependence on face
masks that prevents virus contaminations [126]. Although the face
masks work as a virus shield, once the viruses get stuck in the outer layer
of the face mask, it remains active for a longer period. Hence, proper
handling and disposal of face masks have become a critical need. The
major benefits of the MXene foam-based face masks is that they not only
adhere to the viruses but also inactivate them by their antiviral prop-
erties [112]. Similar virus inactivation and safety methods can be ach-
ieved by the coating of MXene on PPE kits and other medical devices.
These MXene based face masks, PPE kits, face shields, etc. can help to
bring down the infection rate, mostly caused by COVID-19 infected
asymptomatic persons [127]. Along with this, the flexibility and trans-
parency of MXenes can also be utilized to fabricate flexible and trans-
parent medical spectacles, face shields, etc. with antiviral properties
[128].

8. Conclusion and outlook

MXenes can be a prospective material for the prevention and diag-
nosis of the COVID-19 disease due to their excellent antiviral activities.
But some of the properties of MXenes like its hydrophilic nature are
prone to environmental factors like high temperature, high moisture
content, etc. which results in its surface oxidation. Thus, high temper-
ature resistant biomedical instruments using MXene need sophisticated
research. The use of antioxidants and optimization of storage conditions
can further enhance the stability of MXene. Along with this, it is required
to improve the antiviral properties of the MXenes and reduce their
cytotoxicity, to promote its applications in biomedical fields. Reports
have shown that, although MXenes are safe bioagents, in some cases
they have hindered the normal functionality of internal organs like
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increased airway resistance in pulmonary systems by accumulating in
the cytoplasm of alveolar epithelial and endothelial cells, resulting in
respiratory disorder. Therefore, special care has to be taken while
administrating MXene for biomedical applications. The application of
MXenes and their aerosols for the development of broad-spectrum
antiviral drugs especially for lung infection diagnosis has yet to be
explored.

In addition to the prevention and diagnosis of the disease, the use of
MXene to build a virus-free environment is the need of the future.
Although MXenes were discovered a decade ago, the antiviral properties
of MXenes have not been much explored yet. There is very little litera-
ture exists on its antiviral applications. With a deep understanding of the
viral interaction with MXene, their properties can be further modified to
enhance their antiviral behavior. The composite of MXenes with other
metals and their nanoparticles (e.g. Cu, Ag, Au, etc.) having antiviral
properties can improve the virus inactivation. The fabrication of MXene
coated antiviral face masks, PPE kits, and biomedical instruments has
been done on the laboratory scale but still, it is not commercialized due
to the issues of durability, scalability, and cost-effectiveness. Therefore,
low-cost and high-yield green synthesis approach has to be discovered
for the scalable synthesis of MXenes and their nanocomposites. Efficient
synthesis methods to increase the interlayer space and surface area of
MXene can expose more active sites for viral inactivation. The adhesion
of MXenes, when applied as a coating on metals and polymer surfaces is
still one of the primary difficulties that have to be addressed. As in the
future, many pandemics will grasp the world due to extreme environ-
mental degradation, researchers should get ready to face those with
their incredible innovations on antiviral MXene. Not only the in-
novations but also the transition of MXene antiviral therapy from bench
to bedsides is highly required.
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