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Infectious diseases caused by viral or bacterial pathogens are one of the most serious threats to humanity.
Moreover, they may lead to pandemics, as we have witnessed severely with the coronavirus disease 2019
(COVID-19). Nanotechnology, including technological developments of nano-sized materials, has
brought great opportunities to control the spreading of such diseases. In the family of nano-sized
materials, two-dimensional (2D) materials with intrinsic physicochemical properties can efficiently favor
antimicrobial activity and maintain a safer environment to protect people against pathogens. For this
purpose, they can be used alone or combined for the disinfection process of microbes, antiviral or anti-
bacterial surface coatings, air filtering of medical equipment like face masks, or antimicrobial drug delivery
systems. At the same time, they are promising candidates to deal with the issues of conventional anti-

Received 1st October 2021,
Accepted 27th November 2021

DOI: 10.1039/d1nr06476b

microbial approaches such as low efficacy and high cost. This review covers the antiviral or antibacterial
activities of 2D materials and highlights their current and possible future applications. Considering their
intrinsic properties, 2D materials will become part of the leading antimicrobial technologies for combating
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A. Introduction

The word “microbes” or “microorganisms” refers to small
organisms that can only be seen under a microscope and cover
bacteria and viruses. Viruses do not contain ribosomes, mito-
chondria or other cell-like organelles. For this reason, they
cannot replicate without the metabolic processes of the host
cell, and therefore they are completely parasitic. This property
of viruses differentiates them from other microorganisms
including bacteria, most of which can replicate on their own,
although they can also be parasitic.' Infectious diseases
caused by pathogenic bacteria and viruses have been threaten-
ing human health for many years and resulted in losses of
millions of lives.>”> Mankind has seen several worldwide pan-
demics that were caused by influenza viruses in the 1900s and
2000s, human immunodeficiency virus infection/acquired
immune deficiency syndrome (HIV/AIDS) in 1981, severe acute
respiratory syndrome (SARS) in 2003, Middle East respiratory
syndrome (MERS) in 2012 and most recently a novel severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2 or
namely COVID-19) in 2019.>>%” These diseases can be easily
transmitted from infected to healthy individuals through res-
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piratory droplets, aerosols, contacts or body fluids.® Therefore,
the need for antimicrobial drugs, vaccines, and new scientific
and technological developments has come into prominence in
order to deal with the growing problem of such infections.**"°
In particular, since the beginning of the COVID-19 pandemic,
nanotechnology has shown to be successful in combating
viruses in different applications, including the development of
vaccines or personal protective equipment (PPE)."*"®

2D materials include graphene, graphene-based materials
(GBMs) (e.g., graphene oxide (GO), reduced graphene oxide
(rGO)), graphitic carbon nitride (g-C;N,), transition metal
dichalcogenides (TMDs) such as molybdenum disulfide
(MoS,), transition metal oxides such as manganese dioxide
(MnO,), black phosphorus (BP), transition metal carbides and
nitrides (MXenes) such as titanium carbide (Ti;C,T,), mono
elemental materials like phosphorene (P) and layered double
hydroxides (LDHs). They have unique optical, electrical, and
mechanical properties enabling their use in various bio-
medical applications.'>**?* Thanks to these intrinsic pro-
perties, their low cost and large-scale production, they
have also been studied for various antimicrobial
applications.” *162>% Firstly, in order to enhance the
barrier properties of face masks/personal protective equipment
(PPEs), 2D materials have been used to coat their surfaces.
Unlike existing masks such as N95, these materials may allow
a mask to be used several times by cleaning itself, eliminating
waste from using too many masks. Secondly, they can also be
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Fig. 1 Antimicrobial applications of 2D materials. Infectious diseases caused by viral or bacterial pathogens are one of the most powerful threats for
humanity. 2D materials with antimicrobial activities can be used alone or in combination for the disinfection process of microbes, antiviral or anti-
bacterial surface coatings, filtering of medical equipment like face masks and antimicrobial drug delivery systems.

used during disinfection processes in order to eliminate
pathogens. They exhibit higher and safer antimicrobial activity
for these applications over conventional methodologies includ-
ing chlorination, ozonation, and UV light. That is because 2D
materials circumvent the inherent problems of such method-
ologies such as the carcinogenic byproducts of chlorination
and ozonation causing environmental harmfulness, and natu-
rally possible UV-light-resistant microorganisms.>® As a result,
developing new materials against microbes is highly preferred
rather than using conventional methodologies to decrease the
resource consumption, cost, environmental pollution issues
and obtain better potential safety. Finally, antiviral or antibac-
terial drug delivery can also make use of 2D materials to
achieve a safer and efficient therapeutic efficacy. In this case,
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2D materials may provide effective drug release, ease of com-
plexation and increased solubility for antimicrobial drugs.

There are excellent review articles published on “2D
materials and antibacterial applications” or “2D materials and
antiviral applications” separately. Most of these articles focus
on antibacterial applications and a majority of them refers to
graphene or its derivatives."”?”*® On the other hand, this
review article provides an overall view on the antiviral and anti-
bacterial studies performed using 2D materials so far and
sheds light on how these materials can reduce the chance of
infection effectively (Fig. 1). We specifically aim to emphasize
the potential of 2D materials in antimicrobial applications in
general by taking attention to already-reported antibacterial or
antiviral studies in addition to the recent research efforts in
response to the COVID-19 pandemic.'™*® This review will
provide new inspirations to develop and design novel anti-
microbial agents in combination with 2D materials for com-
bating global infectious diseases in the future.

B. 2D materials among other
nanomaterials

The discovery of graphene opened up new perspectives in the
nanotechnology field. Graphene and GBMs have been
employed in various biomedical applications, including anti-
microbial research. Following the GBMs, scientists explored
new members of the 2D materials family.’® In order to better
understand the current situation of 2D materials in anti-
microbial research, we performed a systematic review of the lit-
erature on nanomaterials and 2D materials studied in anti-
microbial applications, according to the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines. The electronic databases (Scopus and Web of
Science) were used as data sources. Fig. 2A shows the analysis
of the literature concerning nanomaterials and 2D materials
directed towards antimicrobial, antibacterial, and antiviral
applications. There is a clear difference between the number
of studies involving nanomaterials or 2D materials. This ana-
lysis suggests that 2D materials showed promise in anti-
microbial or antibacterial research only recently. More impor-
tantly, antiviral research for both nanomaterials and 2D
materials has gained attention, possibly following the
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Fig. 2 Analysis of literature regarding nanomaterials and 2D materials.
(Scopus and Web of Science) regarding (A) nanomaterials and 2D materials

COVID-19 pandemic. Therefore, this literature survey shows a
clear need to explore further the potential of 2D material-
based antibacterial and antiviral applications. Fig. 2B, on the
other hand, shows the distribution of antibacterial or antiviral
studies among different 2D materials. It is clear that the
majority of the publications involving antibacterial or antiviral
applications involve graphene and other GBMs. However, it is
also noteworthy that there is an increasing interest for other
2D materials, especially MXenes and gCN.

I. 2D materials for air filtering and personal protective
equipment

Conventional face masks and other PPEs such as gowns and
medical aprons, filters of air conditioning systems, and
medical respiratory devices do not have enough intrinsic anti-
microbial actions. For this reason, they are prone to microbial
or viral colonization. An efficient antimicrobial technology on
air filtering is crucial for maintaining a safe air environment
and protecting human health, especially during pandemics.*°
For filtering applications, antimicrobial 2D materials includ-
ing graphene and its derivatives, MXene, foam forms of
MXene, and MXene-graphene composites can offer excellent
potential.>*> MXene foams with tunable porosities and pore
size could be used in healthcare filtration systems to make
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advanced face masks or filters. Other than current high-quality
masks like N95, advanced options will stop the transmission
of viral or bacterial contaminants adhered onto the surface of
the mask, and inactivate these contaminants locally.> In
addition, advanced face masks will reduce the usage of dispo-
sable face masks and other PPEs made up of plastics through
the application of MXenes, graphene, or its derivatives on
these plastic surfaces.’™*> These coatings also provide advan-
tages for environmental and economic issues such as pol-
lution and high cost.

In 2019, Bhattacharjee et al. developed PPEs made up of
polymers such as polyamide and textile fabrics including
cotton, polyester, and nylon that were modified with graphene
and its derivatives. The authors suggested that since these
advanced PPEs can be recycled and reused, they can overcome
the limitations of current PPEs.>”> Such an approach will cer-
tainly allow the development of different PPEs with desired
properties. For instance, Hasani and Montazer treated GO
onto cellulosic/polyamide fabric, reduced the fabric to rGO via
reducing agents like Na,S,0,, NaOH, and reported anti-
microbial activity of rGO on the fabric against E. coli and
P. aeruginosa, S. aureus, E. faecalis, and eukaryotic fungus
C. albicans. As a result, the reducing agent Na,S,0, with NaOH
showed the optimum match with rGO and showed the best
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reduction for low-level electrical resistivity and antibacterial
effects. In addition, rGO-coated fabrics provided 100% UV pro-
tection.®® Thanks to the antimicrobial, antistatic, and electrical
properties of graphene, Zhong et al developed a graphene-
based face mask with higher superhydrophobic and photother-
mal properties allowing self-cleaning capabilities.>* In contrast
to masks without graphene, they showed that the superhydro-
phobic effect of graphene grants better protection against viral
droplets. In addition, graphene shows high absorption, which
is 95%, across the solar spectrum from 300 to 2500 nm and a
static angle of over 140°, allowing for the self-sterilization of
remaining viruses. They also stated that the surface temperature
of graphene-based masks could quickly go above 70 °C follow-
ing solar illumination, which results in highly efficient photo-
thermal performance against SARS-CoV-2.>%*

Furthermore, some companies like Flextrapower have devel-
oped a graphene mask blocking the viral droplets via its gra-
phene-infused filter.>> ZEN Graphene Solution Ltd and
Graphene Composite Ltd have developed silver nanoparticle-
functionalized GO ink for face masks and other PPEs that can
possess virucidal activity on influenza viruses and
SARS-CoV-2.>° PlanarTECH and Ideati 2AM™ has developed
cotton fabric-based reusable face masks that are coated with
both graphene and carbon nanomaterials and were reported to
be highly resistant to bacteria. While the graphene coating
gives thermal distribution across the mask, the inner cotton
layer has a water-repellent ability.>” LIGC Applications Ltd has
developed a graphene-based respirator mask named as
Guardian G-Volt that can trap pathogens. It is antistatic, reusa-
ble up to 10 times, has a LED light system to alert replacement
of the mask, and can sterilize itself from a portable battery.>®
In another report, Tiwary et al. developed a transparent anti-
viral surface coating based on a copper-graphene (Cu-Gr)
nanocomposite in order to achieve potential antiviral activity
against influenza A virus (IAV). They concluded that 2D gra-
phene nanosheets and copper could synergistically interfere
with the viral replication cycle by roughly 80%, thus blocking
the viral particle entry within 30 minutes to the untreated one.
They further showed that a 5 pM Cu-Gr composite with
10 mM polyvinyl alcohol (PVA) could be used to generate a
solid transparent coating with higher antiviral activity leading
to a 70% decrease in the activity of reporter virus, and maybe
later implemented on face masks to minimize the virus trans-
mission even more.*>*° Despite the remarkable advances in the
development of PPEs, many challenges remain to be improved
like heavyweight, bulky nature, lack of mobility and breathabil-
ity, heat and physical stress, and lower protection against
pathogens. Therefore, developing new 2D material-based PPE
technologies with improved antimicrobial properties is critical
to overcoming these shortcomings.>**%*!

I1. 2D materials for disinfection

Pathogens like bacteria and viruses as well as organic and in-
organic wastes are considerable environmental pollutants
causing health problems. For example, illnesses caused by
Escherichia coli (E. coli) and transmission via contaminated
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water brings about many childhood deaths worldwide.*>™**
Conventional bacterial and viral disinfection approaches such
as ultraviolet (UV) light, chlorination, and ozonation reagents
can usually be ineffective due to environmental pollution, toxic
byproduct generation, high energy consumption, and related
cost.*>*>*” Besides, it is not practical to directly use natural
enzymes like peroxidase as antimicrobials because of poor
stability, =~ high  production cost and  complicated
purification.**° Thus, 2D materials such as GO, MoS,, and
MXenes with much more favorable intrinsic material properties
were explored by researchers, and their innate antimicrobial
behaviors have been investigated over the last
decade."”"1??%42°1:52 They exhibit large specific surface area,
remarkable stability, good catalytic activity, minimal cyto-
toxicity, and unique energy-conversion ability.*® Several groups
have suggested that 2D materials possess photo-induced anti-
microbial activity by inducing oxidative stress on pathogens via
the generation of reactive oxygen species (ROS) and photother-
mal effect via the activation by near-infrared light (NIR).**>>"

To illustrate, GO is an intrinsically biocompatible nano-
material with a high surface area that could be good for the
adsorption of bacteria and viruses. It interacts effectively with
the surfaces of viruses via hydrogen bonding and electrostatic
interactions. It can be coupled with antimicrobial metals such
as Ag and Cu nanoparticles for practical functionalization. The
size and surface roughness of GO are important determinants
of the efficiency of disinfection.'*****® In 2015, Ye et al
demonstrated the antiviral activity of GO against both DNA
and RNA viruses even at low concentrations (1.5 pg mL™") that
may be explained by its negative surface charge and sharp-
edged nanosheet structure. They have used GO at a concen-
tration of 6 mg mL™" in order to not have cytotoxic effects
(>90% of cell viability). They have obtained that the plaque for-
mation units of both viruses are prominently decreased and
GO has shown time- and concentration-dependent antiviral
properties. They have also found that GO mainly blocks the
infection prior to the viral entry.*>>>*” In the same year, Song
et al. reported the development of a GO-based label-free meth-
odology to rapidly detect and disinfect environmental enteric
viruses EV71 and HIN2. They reported that 95.6% of EV71 and
83.2% of HIN2 are captured on GO at 10 ug ml~" and the cap-
turing efficiency is found to be 100% for EV71 and 92.9% for
HON2 when the GO concentration is increased to 50 pg ml™" at
room temperature. They have also reported that the capture
efficiency for H9N2 is increased at higher temperatures
(56 °C). It has prominently degraded within only 5 min while
EV71 is degraded only at 30 min in the presence of GO.>**® In
2016, Zou et al. reviewed the antibacterial activities of gra-
phene-derived nanomaterials based on their extraordinary pro-
perties and antibacterial mechanisms. According to this
report, larger GO sheets usually show more robust anti-
microbial activity because they wrap and isolate the cells
completely.'”*"°" In 2018, Vi et al. investigated the antibacter-
ial activity of Ag-GO nanocomposites grafted through thiol
groups covalently without using reducing agents. They stated
that GO wraps bacterial cell membrane and Ag kills bacteria

This journal is © The Royal Society of Chemistry 2022
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via its toxicity.”>® Alimohammadi et al. studied 2D MoS, and
MnO, nanosheets for physical contact disinfection because of
their sharp edges that could distinctly destroy the cell wall of
Gram + B. subtilis and Gram-E. coli. This study vertically
aligned and randomly oriented Mo0S,/MnO, on GO/Tiz;C,T,
MXene nanosheets. They concluded that Gram + B. subtilis
show a higher loss in membrane integrity and that vertically
aligned 2D nanosheets exhibit higher antibacterial activity
against both bacteria classes than randomly oriented 2D
nanosheets.’® Similarly, sharp-edged tungsten disulfide (WS,)
nanosheets, bismuth selenide (Bi,Se;) nanodiscs, and plate-
like molybdenum trioxide (MoOs;) were found to be highly
effective against specific bacterial infections through physical
contact destruction.'”?>%>®* More recently, in 2021, Unal
et al. performed in silico and in vitro analyses to evaluate
whether GO nanosheets can interact with specific SARS-CoV-2
surface proteins and receptors for inhibition. They found that
GO nanosheets have a strong affinity toward both the viral
spike and ACE2 and they can significantly reduce the infection
of three different viral clades, GR, GS, and S, even if there are
mutated viral spike proteins.®®

As mentioned above, 2D materials have also attracted tre-
mendous attention in disinfection technologies owing to their
photothermal activity under light irradiation due to their
strong NIR photothermal conversion efficiency.®®”> To exem-
plify, Pal et al. have studied with MoS,-TiO, and demonstrated
its synergistic performance. They concluded that this nano-
composite possesses high adsorption capacity at about
364.56 mg ¢~ ' for methylene blue at room temperature and
antibacterial efficiency against S. aureus and E. coli. The nano-
composite strongly interacts with the bacterial cell membrane
surface leading to better inhibition of S. aureus growth com-
pared to that of E. coli. They have also found that the minimal
inhibitory concentration is 25-50 mg mL™', which is a
superior antibacterial assessment upon comparing the pre-
vious antimicrobial studies of different 2D materials in the lit-
erature.”® Navale et al. reported that reduced GO (rGO)-WS,
nanosheets had a significant bacterial inhibitory effect than
pure WS, or reduced GO alone.”* Bismuth oxybromide (BiOBr)
and graphitic carbon nitride (g-C;N,) nanosheets may inacti-
vate bacteria efficiently through the photocatalytic disinfection
process under visible light irradiation."””>® For photo-
dynamic disinfection, Tan et al. designed a novel antibacterial
system based on BP nanosheets as a photosensitizer. They
combined BP nanosheets with poly 4-pyridone methyl-styrene
and peroxide (PPMS-EPO) to form an antibacterial PPMS-EPO/
BPS film. This system showed superior ROS generation leading
to an effective antibacterial activity with rates of 99.3% and
99.2% against E. coli and S. aureus after 10 min of light
irradiation, respectively.®' Graphene also shows good photo-
dynamic activity against Semliki Forest virus (SFV), vesicular
stomatitis virus (VSV), HSV-1, HIV-1, 1AV, and mosquito irido-
virus (MIV).""#>%% Moreover, several studies have concluded
that different phases of 2D MoS, nanosheets can selectively
generate ROS on the bacterial cell surface.'”®* In 2018, Eke
et al. studied whether membrane embedded with P can mimic

This journal is © The Royal Society of Chemistry 2022
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water treatment and has the self-cleaning ability. They
obtained that the average recovered flux of a P-modified mem-
brane was four times higher than that of an unmodified mem-
brane and the methylene blue coverage was four times lower
than that of the unmodified membrane after filtering methyl-
ene blue through the membrane under UV irradiation. These
results displayed that studies with monoelemental materials
could be used for the control of fouling and pathogen inacti-
vation.®” In addition to the study of Eke et al., Liu et al. have
developed a promising strategy for synergistic capture of bac-
teria and elimination of its infection recently. They con-
structed a composite hydrogel via the combination of antimo-
nene nanosheets (AM, 2D form of Sb element) with a chitosan
(Cs) network to investigate both in vivo wound healing and
in vitro antibacterial activity. As a result, they found predomi-
nant actions against E. coli, S. aureus, and bacteria-infected
skin wounds under NIR irradiation on account of the good
photothermal performance of AM and capture capacity of
Cs.%® LDHs are also used in photocatalytic disinfection owing
to their alternative metals. They are chemically inert. Zhao
et al. synthesized Ti** doped zinc-titanium (ZnTi) LDH
nanosheets with different lateral sizes, ranging from 40 to
80 nm, to investigate its antimicrobial activity against
S. cerevisiae, E. coli, and S. aureus under visible light
irradiation. They found higher inhibition of bacteria growth
than conventionally prepared ZnTi LDH bulk. They also
obtained the size-dependent activity of ZnTi LDHs, and 40 nm
ones gave the best result which is 95% cell death.®” In another
study by Moaty et al., zinc-iron (Zn-Fe) LDH has been success-
fully prepared and its durable antimicrobial activities have
been evaluated against various types of microbes including
fungi, Gram-positive, and Gram-negative bacteria. According
to this study, Zn-Fe LDH is highly crystalline and has a homo-
geneous and rough surface with several pores. Zn-Fe LDH has
also been found as a durable antimicrobial agent having the
minimum inhibitory concentration between 0.49-15.60 pg
mL~" similar to some standard drugs like Ampicillin.®®

In summary, thanks to their physiochemical properties and
excellent antimicrobial activities, 2D materials are promising
for disinfection strategies. However, there are several impor-
tant issues to delineate, such as the suitability of 2D material-
based disinfection on different surfaces or environments, bio-
safety consideration of 2D materials, and deeper understand-
ing of the antimicrobial effect.

III. 2D materials as nanotherapeutics against pathogens

The design of new drug delivery systems for antimicrobial
therapy focuses on being affordable and lowering the adverse
side effects of antimicrobial drugs when patients take high
drug doses. In order to achieve such a goal, nanotechnology-
based drug delivery systems represent an essential option to
achieve because 2D materials may offer unique physico-
chemical properties such as high surface area, ease of chemi-
cal functionalization and photoactivity. Thanks to these pro-
perties, 2D materials show antimicrobial activity through
different mechanisms (Table 1 and Fig. 3).

Nanoscale, 2022, 14, 239-249 | 243
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Table 1 Mechanisms of antimicrobial activity of 2D materials
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2D material

Mechanisms of antimicrobial activity

Ref.

GBMs Gr = Lower affinity towards pathogens due to hydrophobicity
= Photodynamic and photothermal activities
Gr-Cu = Interference with viral proteins

Thiol grafted GO-Ag

GO

rGO

rGO-WS,
GO-Hypericin

gCN 2-C3N,
MXenes T;C,T,

= Blockage of viral replication

= Interaction with bacterial cell membrane and cell wall

= Oxidative stress

= Electrostatic interactions with microbial proteins

= Interference with viral or bacterial proteins

= Blockage of viral entry

= Coating of cellulosic/polyamide fabric surface

= Improved electrical resistance

= Inhibition of antibacterial growth and superior UV protection
= Direct contact and oxidative stress on bacterial cells

= Physical adsorption leading to inhibition of infection

= Drug delivery platform for viral diseases

= Photocatalytic activity under visible light

= Size- and exposure time-dependent direct physical interactions
= Interference with viral uptake mechanisms

= Interference with bacterial cell wall

34, 82,120 and 121
3 and 39
56

57,58 and 65

33

74
102

75,118 and 119
22, 52,107, 122 and 123

Mo, Ti,C3Ty = Interference with viral uptake mechanisms 107
Xenes P = Potential UV photocatalysis activity 85
= Self-cleaning membrane coverage
AM = NIR photothermal activity in combination with Cs 86
= Physical interactions with bacteria
= Treatment of bacteria-infected wound
TMDs MoS, = Physical contact leading to disinfection 59 and 84
= Targeting bacterial peptidoglycan
= Oxidative stress
WS, = Time- and concentration-dependent direct contact damage 62
= Oxidative stress
MoS,-TiO, = Adsorption via strong nanocomposite-bacteria interactions 73
= NIR photothermal activity
TMOs MoO; = Direct physical contact with bacteria 63
= Photocatalysis activity
MnO, = Direct physical interactions with bacterial surface 59
BP BP = Disinfection through ROS generation 81 and 124
BP - PPMS = Superior photodynamic activity 81
BP - Ag nanoparticles = Photothermal activity of the BP in combination with Ag-induced oxidative stress 125
LDHs ZnTi = Size-dependent visible light photochemical activity 87
ZnFe = Strong pH-dependent adsorption to heavy metal ions 88

= Inhibition of bacteria through ROS and positive charge

Several studies have already reported efficacious antiviral
therapy against a series of common viruses such as Hepatitis B
(HBV), herpes simplex virus (HSV), and HIV.#*"* Surface reco-
gnition and nanoscale interactions between such materials are
crucial for successful drug delivery.'"** Their small size, large
surface to volume ratio, and tunable surface charge can favor
efficient drug delivery and entry through the cell
membrane.”*'* In particular, graphene and GO have been
studied for antiviral drug delivery and have successfully shown
a broad-spectrum antiviral activity.”” They may treat antiviral
diseases and act effectively by mimicking the cell surface as an
antiviral drug platform. For example, an antiviral Hypericin
which is generally used against retroviruses causing hepatitis
B was loaded on GO through physical adsorption in order to
achieve slow drug release with no cytotoxicity. As a result, this
GO-Hypericin system showed effectiveness in inhibiting the
viral activity of retroviruses.'" %

In a study by Sametband et al.,, HSV attachment on cells
was inhibited by GO and its functionalized derivative rGO-SO;

244 | Nanoscale, 2022, 14, 239-249

at concentrations up to 100 ug mL~" and without affecting cell-
to-cell spread. They were shown to mimic cell surface receptor,
heparan sulfate. The study has also concluded that GO and
rGO-SO; have almost the same antiviral potential, and the
materials with large lateral dimensions cannot inhibit the viral
infection. The study has also concluded that GO and rGO-SO;
have almost the same antiviral potential, and the materials
with large lateral dimensions cannot inhibit the viral infec-
tion."®* Deokar et al. used another approach in which superior
(approximately 99.9%) photothermal destruction of HSV-1 was
achieved by sulfonated magnetic nanoparticles of size ranging
from 5 to 25 nm functionalized with reduced graphene oxide
under 808 nm of light for 7 minutes.'® In another study,
further functionalization of GO with a broad range of alkyl
chains resulted in antiviral activity through synergistic electro-
static and hydrophobic interactions.'® In addition to gra-
phene-based materials, MXenes have also been recently shown
to present antiviral activity. Unal et al. reported that TizC,T,
and Mo,Ti,C;T, MXene could inhibit the infection of

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Intrinsic properties of 2D materials allow their use in anti-
microbial applications. 2D materials have unique optical, electrical, and
mechanical properties enabling their use in antimicrobial applications.
The large surface area allows efficient delivery of antimicrobial drugs.
The ease of surface functionalization enables the coupling with other
antimicrobial agents. Due to their surface chemistry, 2D materials show
direct interactions with pathogens. Finally, their photoactive properties
allow their use in photothermal or photodynamic antimicrobial
applications.

SARS-CoV-2 in Vero E6 cells in vitro. They concluded that
Ti;C,T, has no cytotoxicity and it particularly inhibits the infec-
tion caused by the viral clade GR rather than other clades
(>99% inhibition at 1:3125 dilution), and Mo,Ti,C;T, are able
to inhibit >95% viral copies at 100 pg mL~'. Thus, they
suggested that it is highly essential to take into consideration
genotypes and mutations of viruses.'” While using such
materials directly for their antiviral properties is a potential
option, engineering them to deliver antiviral or antimicrobial
drugs could also be another option. Still, to carry these 2D
materials a step forward towards clinical studies, several factors
need to be considered, including biodegradation profiles, per-
meability through biological membranes, non-specific cellular
uptake, aggregation profile during physical processes.’*'*%°
Therefore, improvements of currently available antivirals should
be explored rigorously using advances in nanotechnology for
future pathogenic infections causing pandemics.

IV. 2D materials for future pandemics

As the world is coping with the worst pandemic in our century,
it is inevitable to think about possible future pandemics. The
current COVID-19 fight continues as new variants of the virus
are emerging across different countries. Since the first report
of SARS-CoV-2, numerous mutations have been identified, and
currently, the virus is classified with 10 distinct clades by the
GISAID platform."'® The evolution and rise of pathogens need
close attention, and therefore, it is crucial to monitor the effec-
tiveness of current nanomaterials against them and tailor the
properties according to specific needs. One tool that can
potentially help and allow preliminary screening of antiviral or
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antibacterial properties is in silico computational analysis. By
performing docking analysis between important viral or bac-
terial pathogens and 2D materials, we can gain insight into
how they can interfere and inhibit infections. For example,
through in silico docking analysis, GO has been shown to inter-
fere with SARS-CoV-2 spike protein and its cellular receptor
ACE2."" Such an approach could be implemented for future
applications in order to screen the effectiveness of newly syn-
thesized 2D materials.

While this review discusses currently available applications
of 2D materials against pathogens, it is noteworthy to have a
projection towards other possible applications. The success of
mRNA-lipid nanoparticle vaccines against COVID-19 has
emphasized the importance of developing nanotechnology-
based delivery vectors.">''" Considering that lipid nano-
particles were first discovered in the 1990s, research efforts
investigating the biomedical applications of 2D materials will
undoubtedly contribute to our battles against infectious dis-
eases in the future. Supporting this idea, GO has already been
reported to deliver mRNA molecules into human cells efficien-
tly. In a study by Choi et al, rat or human adipose-derived
fibroblasts (rADFs or hADFs) have been transfected with
mRNAs encoding for reprogramming factors which were com-
plexed to functionalized GO nanosheets. Transfection efficien-
cies of GO alone and PEI alone have been found to be around
20% which can be considered as a significantly low transfec-
tion efficiency compared to the efficiency of GO-PEI-RNAs
(about 50%). In addition, they have achieved high reprogram-
ming efficiency (0.12%) with rADFs.""* Complexation with GO
has successfully protected mRNA from degradation. In
addition to the delivery potential, GO is known to modulate
immune responses.'”'"® GO and other potential 2D materials
can work as vaccine adjuvants for future applications by boost-
ing adaptive responses.

Since the discovery of graphene, 2D materials have gained
much attention and are currently used in various disciplines,
including biomedical sciences. Over the last years, their photo-
catalytic and photoactive properties have become more
critical.*'**> For example, in cancer therapy, MXenes, BPs or
¢-C3N, have shown great potential in photodynamic and
photothermal therapies."'®'"” Furthermore, catalytic activities
of monoelemental materials have been tested for photo-
catalytic fouling control of membrane filtration, and P has
achieved self-cleaning via photocatalysis action. Hence, their
structures similar to BP nanosheets could be candidates for
pathogen inactivation, and they hope to be studied further to
provide a safe environment.*® As discussed above, the same
properties allowed the successful development of 2D material-
based masks and disinfection technologies (Fig. 3). As scien-
tists develop much more efficient photoactive materials, their
involvement in antimicrobial systems will become even more
inevitable. In addition, the wavelength at which the material
becomes active plays an essential role in the antimicrobial
mechanism. For example, visible light-induced photocatalytic
activity is the most applicable option for current
technologies.**7%7% 18119 However, for future applications,
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when reuse of masks or self-disinfection is needed at a specific
time point, 2D materials that can be activated by infrared or
near-infrared light would offer an advantage over the others.

In conclusion, scientists have been studying the biomedical
applications of 2D materials and their opportunities in the
field since the discovery of graphene and they have demon-
strated potential usage in biosensors, imaging, cancer, and
antimicrobial technologies. They mostly achieved high levels
of antimicrobial efficiencies, given their appropriate size,
dimension, surface area, functionalization, biosafety, self-
cleaning, photothermal, and photodynamic activities. Some
studies have also shown that the combined forms of them
with other materials may have better activities against
microbes. On the other hand, some challenges of Xenes such
as lack of a standard synthesis technique controlling its pro-
perties, small scale production, retention time, and the actual
mechanism of disinfection remain to be further solved. In
addition, we have foreseen that more studies will be carried
out not only in the antibacterial field but also in the antiviral
field shortly soon. Similar mechanisms may work for antiviral
and antibacterial applications, especially when we consider
material characteristics. Therefore, it can be said that develop-
ments in the antibacterial studies of 2D materials may hold
promise for antiviral studies of the same materials and it
might help scientists to discover their potential for both appli-
cations. For example, considering that it would be best to have
a surface or air filtering system consisting of 2D materials with
both antibacterial and antiviral properties, it is crucial to
discuss both antimicrobial properties at the same time.
Furthermore, it is very well known that silver or gold nano-
particles harbor both antibacterial and antiviral properties,
therefore discussing research efforts that are aimed to evaluate
both of these properties for 2D materials will be beneficial in
the field. For these reasons, we believe this review will provide
new inspirations to develop and design novel antimicrobial
agents in combination with 2D materials for combating global
infectious diseases in the future.

The COVID-19 pandemic has shown that knowledge and
expertise developed in the field of nanotechnology were crucial
for our fight against it. This review article highlighted how 2D
materials can combat different pathogens, including bacteria
or viruses. Their intrinsic antimicrobial properties will cer-
tainly make 2D materials important players for combating
current or future pandemics.
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