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Two-dimensional Material-based Biosensors for Virus Detection

Cécilia Ménard-Moyon,* Alberto Bianco,! and Kourosh Kalantar-Zadeh?*

I1CNRS, Immunology, Immunopathology and Therapeutic Chemistry, UPR3572, University of
Strasbourg, I1SIS, 67000 Strasbourg, France

2School of Chemical Engineering, University of New South Wales, Kensington, New South Wales
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ABSTRACT: Viral infections are one of the major causes of mortality and economic losses
worldwide. Consequently, efficient virus detection methods are crucial to determine the infection
prevalence. However, most detection methods face challenges related to false-negative or false-
positive results, long response times, high costs, and/or the need for specialized equipment and
staff. Such issues can be overcome by access to low-cost and fast response point-of-care detection
systems, and two-dimensional materials (2DMs) can play a critical role in this regard. Indeed, the
unique and tunable physicochemical properties of 2DMs provide many advantages for developing
biosensors for viral infections with high sensitivity and selectivity. Fast, accurate, and reliable
detection, even at early infection stages by the virus, can be potentially enabled by highly accessible
surface interactions between the 2DMs and the analytes. High selectivity can be obtained by
functionalization of the 2DMs with antibodies, nucleic acids, proteins, peptides or aptamers,
allowing for specific binding to a particular virus, viral fingerprints or proteins released by the host
organism. Multiplexed detection and discrimination between different virus strains are also
feasible. In this review, we present a comprehensive overview of the major advances of 2DM-
based biosensors for the detection of viruses. We describe the main factors governing the efficient
interactions between viruses and 2DMs, making them ideal candidates for the detection of viral
infections. We also critically detail their advantages and drawbacks, providing insights for the
development of future biosensors for virus detection. Lastly, we provide suggestions to stimulate
research in the fast expanding field of 2DMs that could help in designing advanced systems for
preventing virus-related pandemics.
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nucleic acids, proteins, transducers



Viruses are ubiquitous in our environment and can cause diseases in all forms of lives, including
humans and animals, potentially resulting in high morbidity and fatality. Indeed, viral infections
cause around one third of deaths as a result of different types of infectious diseases. The increased
number of viral outbreaks in the last decade has raised worrying concerns, in particular the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2 virus) that appeared in late 2019. This
virus spread rapidly and turned into a worldwide pandemic, resulting in unprecedented economic
and social burdens in many countries. Since viral diseases are real threats to human life, there is an
urgent need for rapid, sensitive, effective, and low-cost detection techniques for the clinical
diagnosis of such disorders to bring them under control and achieve disease management in both
developed and developing countries. Viruses also infect microorganisms, plants and animals and,
as such, their timely and accurate detection is equally essential for environmental monitoring. In
this context, nanotechnology plays a key role for the development of biosensors by increasing both
sensitivity and specificity.

Owing to their size and physicochemical properties, two-dimensional materials (2DMs) have
shown potential for the development of biosensors for virus detection with extremely small
dimensions, in one direction, and great performance in terms of selectivity and sensitivity.
Furthermore, they could overcome disadvantages of existing methods for virus detection related to
high cost and long procedures. Two-dimensional structures can allow enhancing the electrical,
optical, and electrochemical properties of biosensors, and they can also favorably adsorb and
interact with small entities ranging from single molecule analytes, extracted from viruses, to viruses
themselves. The rapid advances of 2DM-based-biosensors have led to new opportunities in the
development and commercialization of such devices in the healthcare industry. While a large
number of reviews have been dedicated to 2DMs for biosensing and healthcare,2 to the best of our
knowledge, the implementation of these materials for virus sensing and detection has not been
comprehensively reviewed and analyzed yet, and the available literature has so far been mostly
focused on graphene.®®

Here, we aim to critically evaluate existing works of multiple groups in the field of 2DM-based
biosensors for virus sensing and detection. First, we briefly introduce different classes of viruses.
In the following section, we describe the main 2DMs used for biosensing applications. On this
basis, we highlight how 2DMs interact with viruses either directly or through functional groups

conjugated on their surface. While interactions between microbes and 2DMs (specially graphene-



family nanomaterials) have been extensively investigated,®® the interactions of 2DMs with viruses
have been much less studied. Consequently, we review breakthroughs for the detection of virus
and viral infections using 2DM biosensors. This part is divided into two sub-sections: i) direct
detection of intact viruses and viral nucleic acids), ii) detection of proteins, such as antibodies,
produced by infected patients, or overexpressed/downregulated enzymes and cytokines. Finally,
we provide an outlook on the future of 2DMs in biosensing for virus detection and their potential
for applications in clinical and point-of-care technologies. In particular, we lay out current
challenges and make suggestions for research opportunities that could be explored for the

realization of next-generation biosensors incorporating 2DMs.

VIRUSES: STRUCTURE AND CLASSIFICATION

As viruses do not possess the genetic information that is required to produce metabolic energy and
synthesize macromolecules, they behave as intracellular parasites that use the genetic material
replication system of host cells. Their main function is to deliver their genome into the host cells
so that the genome can be expressed by these cells. Because viruses display diversity in structure,
shape, genome, and replication strategies, their identification is challenging. To date, more than
1,500 human and animal viruses have been identified.

Viruses consist of a nucleic acid core (single- or double-stranded RNA or DNA) and an outer
protein coating (capsid). It is noteworthy to consider that the rates of mutation for RNA viruses are
superior in comparison to DNA viruses. The capsid is a single or double protein shell and is
constituted by only one or a few types of structural proteins. This shell surrounds the viral genome
and protects it from nucleases. The genome together with the nucleic acid-associated proteins forms
the nucleocapsid. Some virus families have also an envelope surrounding the nucleocapsid,
consisting of a lipid bilayer derived from the modified host cell membrane, which is studded with
an outer layer of glycoproteins. The viral envelope incorporates host proteins and also exhibits
glycosylated (trans)-membrane proteins as spikes or knobs. Viruses have been categorized into
different classes according to their strategies for the storage and replication of their genomes via
DNA and/or RNA intermediates (Baltimore classification).®

The viral genome is rather small and contains only the genes encoding proteins that the virus

cannot obtain from the host cells (from 2 to 900 proteins depending on the virus species). For



instance, the genome of coronaviruses codes for structural proteins, such as spike, membrane,
envelope, and nucleocapsid proteins, as well as other proteins involved in replication and cellular
uptake.

The size of viral particles ranges from 20 to 400 nm. They can be categorized according to
their shape as enveloped, filamentous, icosahedral (or isometric), or head-and-tail viruses (Figure
1). Animal viruses and human immunodeficiency virus (HIV) are examples of enveloped viruses
with a membrane surrounding the capsid. Many recent outbreaks have been caused by enveloped
viruses including avian influenza viruses, SARS-CoV, Ebola virus, Zika virus, Middle East
respiratory syndrome-related coronavirus (MERS-CoV), and SARS-CoV-2. Icosahedral viruses
have nearly spherical shapes, it is the case of adenoviruses and herpes viruses. Filamentous viruses,
like plant viruses, are cylindrical and long. Head-and-tail viruses have a head like icosahedral
viruses containing nucleic acids, while the tail shape is similar to filamentous viruses. Such viruses
have the capacity to infect bacteria.

The binding to host cells can vary from one virus to another. Enveloped viruses use
glycoproteins embedded in the envelope whereas non-enveloped viruses (e.g., adenoviruses)
exploit glycoprotein spikes, protruding from the capsid to attach to host cells. In the case of head-

and-tail viruses, like the T4 bacteriophage, the tail structure allows efficient binding to host cells.
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Figure 1. Schematic structures of (a) an enveloped virus (influenza virus), (b) an icosahedral virus
(adenovirus), (c) a filamentous virus (tobacco mosaic virus), and (d) a head-and-tail virus

(bacteriophage).

DIAGNOSIS OF VIRAL DISEASES: CONVENTIONAL ASSAYS, LIMITATIONS AND
EMERGING TECHNIQUES

The risk of global outbreaks due to virus spread stresses the necessity of developing rapid, precise,
and sensitive detection techniques for early diagnosis. In addition, some viruses have a long latent
period and are able of mutation from one person to another, which makes diagnosis during the

incubation period highly important to increase healing rates and avoid risk of pandemics.



Virus detection can be classified into i) the direct detection of intact viruses (oldest methods),
il) the detection of virus molecular fingerprints (e.g., viral proteins and nucleic acids), and iii)
serology through the detection of antibodies as a response of host organisms to viruses.'12

Conventional virus detection techniques
In the current biomedical laboratories, a variety of methods are used for the detection of viruses,
which are presented below. Other procedures, such as methods relying on electron microscopy or

virus-infected cell cultures, are also possible but are not detailed here.

Plaque and hemagglutination assays

The conventional plague and hemagglutination assays allow virus quantification. The plaque assay
is used for determining the number of plaque-forming units in a viral sample, while the
hemagglutination assay titrates an antibody response to a virus. Nevertheless, both techniques are
labor-intensive and are limited by calibration issues and applicability to only certain types of

viruses.

Detection of antibodies
The exploitation of virus-specific antibodies, produced by the host immune system in response to
viral antigens, leads to detection methods alternative to direct virus sensing. It is indeed possible
to distinguish infection relying on immunoglobulin class G (IgG) subclass of antibodies as they are
supposed to persist a long time in the host after the infection, whereas immunoglobulin class M
(IgM) antibodies are generated early after a viral infection and disappear faster over time. The main
serological testing techniques include enzyme-linked immunosorbent assays (ELISA),
immunofluorescence assays, Western blot, hemagglutination inhibition, particle agglutination,
plaque-reduction neutralization, and complement fixation. For example, immunofluorescence
assays are based on the formation of a sandwich structure around the antibody, which is bound
specifically between a capture antigen immobilized on a surface and a detection molecule such as
a secondary antibody labeled with a fluorophore (Figure 2A). Fluorescence emission from the dye
accumulated on the surface is indicative of the presence of the target antibody.

Currently, serology is the gold standard for viral disease diagnosis in biomedical laboratories.

Nevertheless, during the first few weeks to several months after virus exposure (the so-called



“window period”), the quantity of antibodies can be too low. As a consequence, serologic tests are
inappropriate for early viral infections. Moreover, the generation of antibodies by patients treated
by an immunosuppressive therapy may not be efficient. To overcome these limitations, the reliance

on nucleic acid-based methods can be a better option, specifically during the “window period”.

Detection of antigens

Viral antigens, specially proteins encoded by a viral genome, appear in blood circulation when
viruses are released after cell lysis. They can be detected when viruses are actively replicating. The
main approaches for viral antigen detection also rely on serological techniques previously
mentioned  (ELISA, immunofluorescence assays, Western blot) and also on
electrochemiluminescence, radioimmunoassay, and radioimmunobinding assays. If the host
organism has developed antibodies against a viral antigen, an additional step may be necessary to
disrupt the antibody-antigen complex formed in vivo and thus release the antigen.

In the case of HIV, the patient is highly infectious during the “window period”. Because of the
explosive replication of the virus after an acute infection, the HIV type 1 (HIV-1) capsid protein
(p24 antigen) appears at an earlier stage of HIV infection compared to antibodies. As a result, the
p24 antigen is an excellent biomarker for an early diagnosis of HIV-1. The determination of p24
concentration makes diagnosis of HIV-1 highly accurate. With regards to hepatitis B virus, due to
long incubation period most patients do not present symptoms during the initial infection.
Therefore, early diagnosis through the detection of hepatitis B virus biomarkers is crucial to
increase healing rates. The hepatitis B surface antigen is the first virological marker that appears in
blood. It is a coat protein secreted by the virus residing in liver cells. It can be detected in blood
during the incubation period and it is the most important serum biomarker in the early diagnosis of

hepatitis B.

Detection of nucleic acids

Since the emergence of nuclear-based analytical techniques, such as polymerase chain reaction
(PCR), the plaque and hemagglutination assays have been less widely used for virus detection.
Nucleic acids of viruses present in host cells can be detected immediately after infection without
considering the window period. Differentiation of virus subtypes is possible. Reverse transcription-

PCR (RT-PCR) is a nucleic acid amplification assay in which an enzyme (reverse transcriptase) is



used for converting RNA to its complementary DNA followed by PCR amplification (Figure 2B).
However, while highly sensitive and specific, this technique has some limitations as well. One
limiting factor is the need to isolate the viral nucleic acids at a sufficient concentration and purity
for subsequent amplification. The viral genome usually represents a very small component of the
total amount of nucleic acid material recovered. For example, during the Ebola virus epidemic,
diagnosis using RT-PCR produced high false negative results for patients in the first few days of
the infection because of very low levels of viral particles present in blood when symptoms
appeared.'® Waiting for sufficient amount of virus delays diagnosis and the risk of contagion rises
accordingly, while the virus can rapidly multiply to fatal level. PCR process is still costly, relatively
long (few hours) due to the preparation of viral RNA, and it can be performed only by specialists.
Furthermore, low sensitivity, high false negative or false positive rates, and lack of specificity are
additional limitations of conventional nucleic acid detection methods resulting in risks of
misdiagnosis in patients suffering from other viral infections.!* Sequencing is another approach
that can provide the full sequence of a virus genome.*>!® Next-generation sequencing can allow

distinguishing between viruses and mutated strains that give similar results using other tests.



A) (\é

A
Viral proteins
B)
C ~ N
| Viral RNA DNA
- 7 extraction ! wﬂﬂ f‘ f\ f transcription 'r‘&@qbﬁ'{‘ L{ﬂﬁ"ﬁﬁ |
& Y TS
b Jd NI ™
/ Sive el ‘;,.

o W,
WL, «
Amplification W
—o—e ~ @ WG

Probes L W'\ ﬁb@wyﬁﬂﬁﬁ . v‘m‘wﬁuﬁ"‘x@t@u@ﬁ}

Figure 2. A) Antibody test and B) nucleic acid test. During the process of antibody testing, viral
proteins bind to virus-specific antibodies present in blood followed by binding to labeled secondary
antibodies (A). In the case of the nucleic acid test: i) viral RNA is extracted from a nose or throat
swab; ii) the enzyme reverse transcriptase converts RNA to DNA; iii) polymerase chain reaction
makes millions of copies of the transcribed DNA; iv) virus-specific short oligonucleotides labeled
with a fluorophore bind to the copies; v) an enzyme cleaves the probe causing fluorescence

emission (B).

Emerging virus detection techniques

Some techniques to address the problems of nucleic acid-based systems have been developed such
as loop-mediated isothermal amplification (LAMP) processes and rolling circle amplification.
Although these methods are more rapid and do not necessitate sophisticated laboratory facilities,

they still require trained staff.!” Paper-based lateral flow assays have received increased interest to



overcome shortcomings of such systems thanks to their low cost, easy production, and possibility

of translation into point-of-care devices. Yet, these techniques also still face certain challenges.

Isothermal amplification

Isothermal nucleic acid amplification methods, such as reverse transcription loop-mediated
isothermal amplification, allow simplifying PCR as no thermal cycler is required to perform
amplification. As a result, these techniques can be carried out at milder temperatures (40-65°C). In
addition, they generally display higher sensitivity, but the level of false-positive results encountered

with this assay is higher compared to conventional PCR.Y’

Rolling circle amplification

Rolling circle amplification is another isothermal amplification technique for sensitive nucleic acid
detection. This process is more simple in comparison with the loop-mediated isothermal
amplification method as it involves less steps and is performed at room temperature. The sensitivity
is high and comparable to RT-PCR, while the number of false-positive results is reduced.
Nonetheless, one issue is the need of a circular template that is difficult to prepare. Hence, there is

a risk of amplification failure because of incorrect design of the complementary sequences.

Lateral flow assays

Lateral flow assays are a combination of nucleic acid detection methods and immunoassays. They
are often made of papers containing immobilized capture probes. The binding of nucleic acid
targets to probes generates a visible signal. Nevertheless, this technique still requires initial nucleic
acid extraction and amplification. Besides, the sensitivity may be low with the immunoassay-based
lateral flow assays due to weak signals. As a consequence, signal enhancement strategies are
necessary, for instance by using probes conjugated to gold nanoparticles that aggregate and change

color upon binding with the nucleic acid targets.

Overall, most of the conventional virus detection techniques are time consuming, often expensive,
and some require complex laboratory manipulations.!® In addition, the identification of viral
genomes by PCR-based assays is generally complicated due to low viral abundance in collected

samples and possible contamination by the nucleic acids from the host. To overcome these
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limitations, different types of biosensors have been conceived for accurate, sensitive, and rapid
virus detection using nanomaterials that allow signal amplification and/or enhancement of the

biological recognition of viruses, antibodies, viral antigens or nucleic acids.*®?°

BIOSENSING APPLICATIONS OF TWO-DIMENSIONAL MATERIALS

Two-dimensional materials have attracted extensive interest because of their unique properties.?:
The most popular 2DMs include graphene, transition metal dichalcogenides (e.g., MoS>), non-
metallic nanosheets such as hexagonal boron nitride and graphitic CaN4 (gCsNa), transition metal
dioxides (e.g., MnO), transition metal carbides and nitrides known as MXenes (e.g., TisC>), and

Xenes (e.g., phosphorene commonly named black phosphorous) (Figure 3).

Tra}\sition metal
dichalcogenides
(e.g., MoS,)

Non-metallic
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(e.g., gC;3N,)

Transition metal dioxides

Figure 3. Molecular structure of different families of 2DMs.

Transition metal dichalcogenides (MX>) are composed of a transition metal, typically from groups
4-7 (M = Mo, W, Ta, Nb, Re, Mn), and two chalcogenide atoms (X =S, Se, Te). MXenes have a
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general formula of Mn+1Xn (n = 1-3) where M is an early transition metal (e.g., Cr, Hf, Mo, Nb, Sc,
Ta, Ti, V, Zr) and X is a carbon or a nitrogen atom. Xenes are monoelemental 2DMs comprising
arsenene, antimonene, bismuthene, borophene, germanene, phosphorene, silicene, stanene, and
tellurene.

Since the revolutionary discovery by Novoselov and Geim in 2004 awarded by the Nobel prize
in physics in 2010,?? graphene has been widely studied in various fields such as electronics,?
energy,?* sensing,?® catalysis,®® membranes,?” and nanomedicine.?® It is one-atom-thick and
contains sp?-hybridized carbon atoms with a honeycomb structure (Figure 3). It displays
outstanding structural, electrical, optical, mechanical and thermal properties, in particular a high
electrical and thermal conductivity,?>*° tunable optical properties and electronic band structure,3!-
3 as well as a high elasticity and mechanical strength.®*% Encouraged by the great success of
graphene, a plethora of 2DMs have subsequently emerged, creating new fields of research thanks
to their unique combination of properties, in particular MoSz, which is composed of a single
sandwiched S-Mo-S layer bound by van der Waals interactions in a hexahedral filled structure
where each Mo is coordinated to six S atoms (Figure 3). Various 2DMs beyond graphene have
been applied for a wide range of applications®®®" in electronics,®® optoelectronics,®® energy
storage,*° sensors,*! catalysis,*? and they also hold great potential in the biomedical field.**¢ In
particular, they have been exploited for drug delivery, bioimaging, tissue engineering, biosensing,
as antimicrobial, antibacterial and antifungal agents,*” and for photothermal and photodynamic
therapy.*® They can be used as carriers of drugs for the treatment of different diseases including
cancer,*® inflammatory diseases® and viral infections.>>? Biomedical devices including blood
glucose sensors® and deep brain stimulators® have been developed. The photothermal properties
of 2DMs have been exploited for tumor treatment, bacteria killing, and even to design reusable and
recyclable graphene-coated surgical masks endowed of superhydrophobicity and sterilization
capacity under sunlight.>®

Owing to their excellent properties including remarkable electrical and mechanical properties,
tunable fluorescence, and surface-enhanced Raman scattering (SERS), 2DMs have been widely
exploited for the development of biosensors. In addition, the extremely large surface area of 2DMs
makes the interactions of the biosensors with analytes, such as viruses, antibodies, and nucleic
acids, very efficient as a large amount of these analytes can be captured. Current 2DM-based

biosensors for diagnosing infected patients can be classified into two main types: electrode-based
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devices, including electrochemical and field-effect transducers, and optical systems mainly relying
on sensing by fluorescence, surface plasmon resonance (SPR), and SERS (Figure 4). These devices
integrate bioreceptors including antibodies, nucleic acids, proteins, aptamers or peptides, and these
bioreceptors interact with the analytes, producing a physical or chemical change, which is

transformed into a quantifiable electrical or optical signal.
Analyte B

Virus, antibody, protein,
nucleic acid, enzyme —

Bioreceptor
Antibody, nucleic acid,
protein, aptamer, peptide =
Biological
response =
Transducer
Electrical, optical

Fluorescence
SPR

S S
B \ Biosensor assay /

Figure 4. 2DM-based biosensors using electrode-based devices and optical systems.

Signal

Electrode-based 2DM biosensors

The main biosensors comprising electrodes are field-effect transistors (FETs) and electrochemical
systems. The electrical measurements (current, resistance, or impedance change) allow for the
quantification of biospecific binding. Different from electrical sensing modality, electrochemical

sensing requires redox molecules.

Field-effect transistors

Thanks to their superior electrical properties, 2DMs are better candidates than many other
nanostructures for designing FETs.>® Moreover, their large surface area makes them particularly
sensitive to environmental changes. Upon interactions between probes and analytes at the FET
gate, the electric charge distribution affects the charge carrier density. As a result, FET-based

biosensors are ideal for the monitoring of charged molecules. Graphene displays high electron
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mobility across sheets, but because of its zero band gap, graphene-based biosensors may suffer
from increased current leakage and thus reduced sensitivity.?®> Contrarily, emerging 2DMs like
MoS,, MnO., and g-CsNs exhibit relatively large band gaps, which can be tuned between
semiconducting and insulating states.>*"*® Consequently, there is minimal current leakage in this
case and high sensitivity can be achieved. The band gap and carrier concentration of 2DMs can be

also tailored by surface modification.

Electrochemical biosensors

2DM-based electrochemical biosensors involve an electron transfer between the 2DMs and the
analytes during oxidation or reduction processes. They can be categorized into four main classes:
potentiometric, amperometric, impedimetric, and voltammetric transducers. Conducting and
semiconducting 2DMs can be effective transducing elements that allow direct electron exchanges
between the analytes and the electrodes thanks to their high surface area.>®*! They can facilitate

this electron transfer in a wide range of oxidizing and reducing voltages.

Optical-based 2DM biosensors

Optical biosensors measure changes in the optical properties of the transducer upon the interaction
between 2DM-based probes and analytes. They can be categorized into three main classes based
on sensing by fluorescence, SPR, and SERS.

Fluorescence biosensors

A popular approach for optical biosensing by 2DMs relies on reversible fluorescence quenching of
dyes, quantum dots, or gold nanoclusters. The quenching occurs through fluorescence resonance
energy transfer (FRET), which is a non-radiative energy transfer from the fluorophores to the
2DMs separated by a distance of up to 10 nm. In 2009 theoretical calculations showed that graphene
could act as an efficient quencher of fluorophores.®? Since this prediction, many strategies have
been inspired by this property. Transition metal dioxides and transition metal dichalcogenides, such
as MoS; nanosheets, present excellent fluorescence quenching abilities. Conversely, another
possibility is to take the advantage of fluorescence that is produced by the 2DMs and rely on their
guenching upon their affinity or interaction with target analytes. 2DMs, such as monolayer MoS;,

own direct band gaps and hence emit strong fluorescence. For example, the band gap for monolayer
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MoS: is 1.8 eV and the fluorescence emission is well located within the visible region suitable for
the operation of many of the laboratory optical equipment.®® Additionally, changing the lateral
dimensions of graphene (graphene quantum dots)®* and MoS;%° may shift the fluorescence to lower

wavelengths and enhance their intensity.

Surface plasmon resonance biosensors

The principle of SPR biosensors is based on changes in sensor chip thickness upon interactions
with biomolecules inducing a modification of the refractive index. As a result, the surface plasmon
wave is excited and produces an SPR signal. The changes are directly proportional to the mass
change at the surface and therefore, it is possible to determine the total amount of analytes bound
in a highly sensitive, specific, and label-free manner. The plasmonic properties of graphene and
other 2DMs have been exploited in SPR biosensors.®®"* Nevertheless, this method requires some

attention to distinguish different binding events for multiplex analysis.

Surface-enhanced Raman scattering biosensors

The fundamental concept of SERS is the enhancement of the Raman scattering efficiency of
molecules adsorbed on rough substrates. This technique provides the potential for single-molecule
detection and high specificity due to unique molecular fingerprinting. The SERS enhancement
originates from a chemical mechanism, which relies on a charge transfer between the molecules
and the substrate, and an electromagnetic mechanism coming from an increase of the local electric
field caused by the SPR properties of metal substrates (e.g., gold or silver). 2DMs, in particular
graphene, decorated with gold nanoparticles have been exploited to favor the interactions with
Raman-active molecules and significantly contribute to the chemical enhancement in the SERS

effect.’>"3

INTERACTIONS BETWEEN VIRUSES AND 2D MATERIALS

Owing to their unique properties, 2DMs (mainly graphene-family nanomaterials) have been
exploited as substrates for visualization of viruses by electron microscopy, for characterization of
viral structures, for inhibition and/or destruction of viruses through either direct interactions or

functionalization with molecules that are able to bind to viral proteins.
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Visualization and characterization of virus structure

There is a great interest in direct visualization and characterization of virus structures in nanoscales
using techniques such as electron microscopy, atomic force microscopy (AFM), X-ray diffraction,
and Fourier transform infrared spectroscopy (FTIR), which can also be potentially used for early
detection of viruses.

Thanks to their properties, 2DMs can help in the characterization of individual viral particles
by different techniques. As an example, unique vibration peaks of hemagglutinin area (HA1) of
swine influenza (HLN1) and the avian influenza (H5N1, which is the most contagious and fatal
influenza strain, and it has the capacity of interspecies transmission to humans) viruses bound to a
graphene coated-plasmonic metal substrate could be detected.” Hemagglutinin is a glycoprotein
found on the surface of influenza viruses. In this work, HA1 was sensed through selective binding
to sialylated glycan receptors immobilized on the graphene surface. More precisely, amphiphilic
phospholipid molecules with the capacity to self-assemble into sheet-like structures were deposited
onto the graphene substrate followed by the incorporation of sialosaccharide ligand receptors in
the lipid membranes. HA1 was not able to bind to graphene devoid of sialylated glycans,
demonstrating the importance of graphene functionalization. In another study, the high surface area
and infrared transparency of graphene were exploited for nanoscale FTIR (also termed as nano-IR
or nano-FTIR) investigation in an aqueous environment.” Nano-IR is a combination of FTIR
spectroscopy and scattering scanning near-field optical microscopy. Spectroscopic resonances
specific to the tobacco mosaic virus in water trapped beneath a graphene sheet were observed. In
this case, graphene acted as an impermeable monolayer barrier.

The high electron conductivity and transparency of graphene for electron beams, and the
possibility of functionalization to tune its surface from hydrophobic to hydrophilic are required
features of transmission electron microscopy (TEM) supports. The properties of graphene make it
an ideal support for direct observation of viruses with no staining, high contrast and resolution by
minimizing the background signal, leading to high signal-to-noise ratio for sensing. Graphene is a
strong material and it can support any submicrometer object. Finally, owing to its high level of
crystallinity, graphene has a highly ordered and stable structure, and its interference with the
images can be easily filtered out. In this context, H3N2 influenza viruses were imaged by liquid

cell TEM,’® while tobacco mosaic virus was observed by conventional TEM,”” cryo-TEM,”®" and
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low-energy electron holography,® resolving the helical arrangement of the outer protein shell of
the tobacco mosaic virus.

Graphene was also exploited as support for femtosecond X-ray coherent diffractometry with
very low background scattering for characterization of the tobacco mosaic virus.8! Serial
femtosecond crystallography is a type of X-ray crystallography that uses X-ray free-electron lasers.
Owing to the femtosecond pulse duration and high resolution of X-ray free-electron laser beams,
this technique allows studying viruses as crystals and single particles.

Other characterization techniques could also be used for studying the interactions between
graphene and biomolecules at the molecular levels such as AFM-based single-molecule force
spectroscopy.®28* This method can offer indications on the structure, dynamics, surface properties,
and thermodynamics of viruses. Instrumentations including electron microscopy, X-ray diffraction

spectroscopy, and AFM are relatively expensive, which limits their potential for routine analysis.

Interactions
Owing to their tunable surface properties, 2DMs can interact directly with viruses via multiple non-
covalent interactions. Table 1 summarizes the available reports on the types of interactions

between 2DMs and viruses, leading to antiviral effects.
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Table 1. Interactions between 2DMs and viruses leading to antiviral effects.

2DMs Viruses Antiviral activity References
GO Pseudorabies virus and porcine epidemic diarrhea virus | Structural destruction 85
GO, MoS2 Herpes simplex virus type-1 Inhibition 86
GO, few-layer graphene | SARS-CoV-2 Inhibition 87
GO Feline coronavirus Inhibition 89
rGO decp rated with Ag Infectious bursal disease virus Inhibition 89
nanoparticles
GO decorated with Ag | Porcine reproductive and respiratory syndrome virus | Inhibition and higher production of interferon-a 91
nanoparticles and the porcine epidemic diarrhea virus and interferon-stimulating genes

Enterovirus 71 and endemic gastrointestinal avian .
GO influenza A virus of waterfowl (HON2) Thermal destruction 94
OGXr%péhene tungsten Bacteriophage MS2 virus Photocatalytic destruction 95
g-CsN4 Bacteriophage MS2 virus Photocatalytic destruction 96,97
Sodium nonatitanate . :
nanosheets Phage A Photocatalytic destruction 98
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Thanks to its shape and negatively charged surface, GO can exhibit antiviral activity against viruses
such as pseudorabies virus (PRV), an alphaherpesvirus, and porcine epidemic diarrhea virus
(PEDV), an a-coronavirus.%® Although vaccines are available for both viruses, the diseases have
emerged again because of antigenic variations. The unique effect of GO on PRV and PEDV, due
to the intimate interactions between these viruses and GO, was identified through a comparative
study using reduced GO (rGO), graphite, and graphite oxide. GO and rGO demonstrated higher
antiviral activity than graphite and graphite oxide, also showing that monolayers favored
interactions with the viruses. GO coated with cationic polymers, such as
polydiallyldimethylammonium chloride (PDDA) and non-ionic polymers, such as
polyvinylpyrrolidone (PVP), showed different behaviors. The zeta potential of GO-PDDA was
found to be positive, whereas it was negative for GO-PVP. Interestingly, an efficient antiviral
activity was observed for GO-PVP but not for GO-PDDA, indicating that electrostatic interactions
are essential for virus adsorption. GO sheets could also inactivate viruses prior to its internalization
into cells through structural destruction induced by their sharp edges (the so-called nano-knife
effect). PRV is a spherical entity and it consists of a nucleocapsid surrounded by an envelope,
containing glycoprotein spikes, while PEDV is a round and pleomorphic entity surrounded by a
crown-like corona. GO destroyed the envelope and crown of PEDV, while only part of the envelope
and glycoprotein spikes of PRV were damaged. Overall, this comparative study demonstrated that
the negatively charged and single-layer structure of GO, with sharp edges, allowed direct
interactions with both positively charged enveloped viruses.

In another study, GO showed a higher antiviral effect toward an enveloped virus, the herpes
simplex virus type-1 (HSV-1), compared to M0S..8 GO could efficiently interact with the
positively charged glycoproteins on HSV-1. In this case, small size nanosheets were more effective
than bigger flakes to disrupt the virus membrane, probably due to the presence of sharper edges,
resulting in significant inhibition.

GO can also interact with another type of enveloped virus, the SARS-CoV-2, and it has the
capacity to reduce infectivity in vitro.8” With perspectives for the design of new face masks,
polyurethane or cotton material was loaded with GO or few-layer graphene. When in contact with
a culture medium containing SARS-CoV-2 viral particles, the hybrid materials led to an efficient

infectivity inhibition.
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The presence of various oxygenated groups on GO, mainly epoxides and hydroxyl groups on
the basal plane and carboxylic acids at the edges, are also fundamental as adsorption sites. This
rich chemistry of GO was exploited to improve the augmentation of the virus concentration during
PCR analysis using GO-coated microbeads.® The coating with GO was much more efficient to
gather non-enveloped human adenovirus type 5 particles on the microbeads thanks to electrostatic
interactions and van der Waals forces compared to tetraethyl orthosilicate and (3-aminopropyl)
triethoxysilane.

The interactions between 2DMs and viruses also depend on the viral structure, in particular
whether the viruses are surrounded by a lipid envelope or not. A comparative study was performed
using an enveloped virus (feline coronavirus) and a non-enveloped virus (infectious bursal disease
virus).® Interestingly, GO inhibited the infection of the enveloped virus only. Nevertheless, the
inactivity of GO in response to the non-enveloped virus could be avoided by the reduction of GO
and decoration with metallic nanoparticles, leading to antiviral activity through binding of the thiol
groups of the viral glycoproteins to metals. In this work, the differences in the behavior of GO on
enveloped and non-enveloped viruses highlighted the specific interactions between negatively
charged GO and positively charged lipid membranes.®® Enhanced antiviral activity was also
observed for GO decorated with silver nanoparticles compared to GO and the nanoparticles alone
against two types of enveloped viruses, the porcine reproductive and respiratory syndrome virus
and the porcine epidemic diarrhea virus.®* As the silver nanoparticles were synthesized using
citrate, they were negatively charged. GO was coated with positively charged
polydiallyldimethylammonium chloride to favor the adsorption of the nanoparticles via
electrostatic interactions. The inhibitory effect on the virus infection was not only due to the
inhibition of the entry into the host cells, but also to higher production of interferon-a. (IFN-o)) and
IFN-stimulating genes, which could directly stop the virus proliferation.

The functionality of the protein segments of viruses should be considered. The viral protein R
(Vpr) is a small nuclear accessory protein of HIV-1 involved in the regulation of nuclear importing
of HIV genes through the formation of ion channels. The fragment of Vpr13-33 was shown to be
preferentially adsorbed onto GO.%? The adsorption was accompanied by a conformational change,
providing opportunities for anti-HIV application as a possible mutation of Vprl3-33 that could

reduce the viral replication and delay the progression of the infection. Molecular dynamics
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simulation confirmed the aggregation and conformational change of Vpr on GO through n-stacking
and electrostatic interactions.*

GO was also able to induce thermal destruction of Enterovirus 71 (EV71), a non-enveloped
virus causing epidemics of hand, foot, and mouth disease in children, and the endemic
gastrointestinal avian influenza A virus of waterfowl (HON2).%4 Influenza A viruses display a wide
phenotypic and genetic diversity in avian and mammalian hosts. The two enteric viruses, EV71
and HIN2, are less sensitive to detergents than other viruses, while the localized oxygenated groups
on the surface of GO were found to play a key role in the interactions with the viruses via hydrogen
bonding, electrostatic interactions, and redox reaction. After heating at 56°C (the most common
temperature to induce virus inactivation), the viruses lost their structural integrity. The capsid of
EV71 was broken and the morphology of the enveloped HIN2 was also changed with no more
protein spikes visible, resulting in leaking of RNA (Figure 5). The efficient capture of viruses by
GO and the damage on their integrity was exploited to simplify the viral RNA extraction procedure
in the RT-PCR assay, which is usually complicated, for rapid virus detection. In addition to the
heat transfer and electron transfer properties of GO, the oxygenated groups are also fundamental
for efficient capture and destruction of viruses as rGO offered a lower capacity to induce RNA

leaking.
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Figure 5. TEM images of negatively stained (a) EV71, (b, c) EV71 captured by GO, negatively
stained (d) HON2, and (e, f) HON2 captured by GO after thermal heating treatment. Adapted with
permission from Ref. 94. Copyright 2015 WILEY-VCH Verlag GmbH & Co.
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The excellent electron-acceptor properties of graphene, associated to high electron mobility, were
exploited for virus photo-inactivation. The photocatalytic destruction of the bacteriophage MS2
virus was induced by a graphene-tungsten oxide composite thin film under visible light
irradiation.®> Here, tungsten oxide, with a band gap of ~3 eV, was an ideal material to receive
irradiation energy in the form of produced excitons. The generated photoexcited electrons could
trigger the photodegradation of the protein capsid, leading to its breakage and the efflux of the viral
RNA. The composite film was stable against photodegradation, showing less than 10% reduction
in the RNA efflux after 20 cycles. The photocatalytic inactivation of the bacteriophage MS2 virus
under visible light irradiation was also achieved by g-C3N4.%%" In this case, reactive oxygen species
(ROS), mainly superoxide and hydroxyl radicals, were responsible for the destruction of the virus,
resulting from the distortion of the virus shape, damage of surface proteins, and rupture of the
capsid shell. Another type of 2DMs, titanate nanosheets, was exploited to photocatalytically
degrade bacteriophages by generating free radicals.?® When exposed to UV light, delaminated
sodium nonatitanate (NasTigO20) nanosheets produced HO- and O-" radicals that degraded phage
A

Simulations allow studying interactions between 2DMs and viruses theoretically and make
predictions. The interactions between graphene sheets and the C-terminal DNA-binding domain of
HIV-1 integrase were investigated by molecular dynamics simulations.*® The HIV-1 integrase can
form adimer in a solution with a hydrophobic interface. Thanks to its hydrophobic nature, graphene
can insert into the protein-protein interface, leading to the separation of the dimer. Therefore, the
capacity of graphene to break hydrophobic protein-protein interactions may significantly
contribute to its virucidal performance. Similarly, molecular dynamics simulations demonstrated
that graphene could interact strongly with Ebola virus matrix protein VP40 and break hydrophobic
protein-protein interactions.® In this case, graphene could insert through the C-terminal domain
(CTD-CTD) interface of VP40 hexamers, which is essential for the formation of the Ebola virus
matrix. The disruption of the CTD-CTD interface could provide opportunities to reduce the spread
of Ebola disease.

In another study, computational molecular approaches were used for investigating the
molecular interactions of graphene with three target proteins to fight HIV infection.®* The proteins
included the HIV-viral protein R (Vpr), involved in cellular entry and virus replication, the negative

regulatory factor (Nef) protein, promoting virus replication, and the group-specific antigen (Gag)
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protein that codes for core structural proteins. The docking study showed that graphene could bind
strongly to all three proteins. While the number of layers in the graphitic sheets (from 1 to 5) did
not impact the binding affinity, a larger size of these sheets increased the affinity because of higher
contact area.

To date, studies on the direct interactions between viruses and 2DMs have mainly involved
graphene-family nanomaterials. Comparative studies allowed defining key parameters (negative
charges and single layer) favoring interactions with viruses and eventually inhibition,
demonstrating the superior capacity of GO to immobilize viruses. Indeed, the presence of abundant
negatively charged oxygenated groups on the GO surface enables to strongly adsorb non-enveloped
and enveloped viruses with positively charged lipid membranes via electrostatic interactions and
hydrogen bonding. An antiviral effect can be induced either through physical destructuring of
viruses due to their nano-knife effect or by photocatalytic destruction as observed for rGO, g-C3Na,
and titanate nanosheets. Graphene was shown to be an efficient material to break hydrophobic
protein-protein interactions, which may contribute to a virucidal activity. Therefore, depending on
the type of viruses, in particular their surface charge, different kinds of 2DMs with appropriate or
tailored surface properties, especially a well-designed hydrophobic/hydrophilic ratio, can be used

to efficiently immobilize viruses and potentially lead to inhibition or destruction activities.

Functionalization of 2DMs with sulfate/sulfonate groups or targeting ligands

Viral infection is generally initiated by the attachment of viruses to host cells via receptors
(typically proteins or glycans) on the virus surface. Imparting affinity of 2DMs for these receptors
is a strategy for virus attachment to their surface. To favor interactions with viral particles, the
surface of 2DMs can be functionalized with ligands (e.g., aptamers, carbohydrates) that can present
strong affinity for viral proteins or with sulfate/sulfonate-containing molecules that can mimic
heparan sulfate present on the surface of host cells. Table 2 summarizes the type of molecules

conjugated on 2DMs to initiate interactions with viruses.
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Table 2. Molecules allowing 2DMs to efficiently interact with viruses.

Recognition elements on

Functional groups 2DMs Viruses viruses Antiviral effect References
/ GO Herpes simplex virus -
Benzenesulfonic acid | Partially reduced GO | type-1 / Inhibition 104
rGO coated with iron- . .
Benzenesulfonic acid | based magnetic rereeis simplex virus / Photothermal destruction | 105
nanoparticles P
Dendritic polyglycerol (GO Orthopoxviruses Hepa_rln-blndlng surface Inhibition 107
sulfate protein A27
Dendritic polyglycerol rGoO V_eS|cu|ar stomatitis Viral envelope glycoproteins | Inhibition 108
sulfate virus
. Herpes simplex virus . .
Dendritic polyglycerol GO type 1 and equine Vlra_l envelope glycoproteins Inhibition 109
sulfate . (mainly gB and gC)
herpesvirus type 1
Dendritic  or linear African swine fever | Viral membrane proteins I
rGO . Inhibition
polyglycerol sulfate virus pl2 and/or p54 112
Linear  polyglycerol GO Pseudorabies virus Viral envelope glycoproteins Inhibition
sulfate (gB, gC)
Dendritic polyglycerol . . . :
sulfate  and  alkyl | rGO {—|erepis simplex virus zleraI e(r:l\)/elope glycoproteins Inhibition 113
chains yp 9k, 9
Aptamer GO E?S;erlophage MS2 Viral surface proteins Photocatalytic destruction | 114
Sialic acid Polyglycine . Influenza virus Sialic receptors Inhibition 116
nanosheets
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Functionalization with sulfate/sulfonate groups as heparan sulfate mimics

Almost all mammalian cells express heparan sulfate, a negatively charged polymer sulfated at
various positions, on their surface. Viruses bind to heparan sulfate via electrostatic interactions
with a rather low affinity. This relatively non-specific process allows increasing the concentration
of viruses on the cell surface, thus facilitating subsequent binding to high-affinity receptors.
Heparin has been used as a viral entry inhibitor as it can compete with heparan sulfate, which
prevents virus adhesion to cell and thus infection. Nevertheless, its anticoagulant effect limits its
therapeutic application. On the contrary, polymeric heparin analogs, such as negatively charged
dendritic polyglycerol sulfate, show slight or no anticoagulant effect.’> Compared to the size of
viruses, single polymer molecules are much smaller and their contact areas are thus limited. The
conjugation of sulfate-rich polymers onto 2DMs with a large surface area and sufficient flexibility
can be used as a strategy to overcome such an issue. In this regard, the presence of multiple copies
of the polymer on 2DMs can dramatically enhance the affinity towards viruses due to multivalency.
Generally, multivalent interactions between viruses and cell surface lead to stable attachment of
viral particles to host cells, resulting in enhanced cellular entry.1%3

Both GO and partially reduced sulfonated GO were efficient in inhibiting HSV-1 infection
(Figure 6A-B).1% The sulfonate-functionalized partially reduced GO sheets were prepared by
arylation of these sheets using sulfanilic acid diazonium salt. The two GO derivatives displayed
similar highly negative zeta potentials, indicating that the surface charges were likely the main
parameter impacting their inhibition properties. The main inhibition mechanism was attributed to
a competitive attachment of the sheets to the virus and not to cell-to-cell spreading inhibition.
Indeed, because of their large lateral dimensions, varying from hundreds of nanometers up to a few
micrometers, the GO derivatives were not able to enter the intercellular regions between the cells
and inhibit the spreading.

In another study, the photothermal capacity of rGO and the conjugation of an antiviral
molecule was exploited to destroy viruses. Here, rGO functionalized with sulfanilic acid diazonium
after coating the surface with iron-based magnetic nanoparticles was able to bind to HSV-1.1%
Using an external magnet, the captured virus was aggregated and concentrated at one point,
allowing efficient photothermal destruction upon near-infrared (NIR) light irradiation.
Additionally, the sulfonated rGO was also exploited for immobilization of B-cyclodextrin followed

by loading of the antiviral compound curcumin in the hydrophobic cavity of cyclodextrin.%®
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Curcumin is known to prevent the replication and budding of the respiratory syncytial virus (RSV).
The curcumin/sulfonated-rGO revealed efficient antiviral properties by inhibiting RSV infection
probably through a combined mechanism of direct virus inactivation, inhibition of the binding of

the virus onto the host cells, and interference with virus replication.
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Figure 6. A) Plague reduction assay observed by fluorescence microscopy of Vero cell cultures
infected with a green fluorescent protein-expressing HSV-1 strain with loads of 50 (top) and 500
(bottom) plague-forming units per well and (a, €) no addition of partially reduced sulfonated GO
(control), addition of (b, ) 0.5, (c, g) 5, and (d, h) 15 pg-mL* of partially reduced sulfonated GO
to the virus suspension prior to the addition to the Vero cell cultures (scale bar: 10 mm). Figure A
reprinted with permission from Ref. 104. Copyright 2014 American Chemical Society. B)
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Chemical structure of the partially reduced sulfonated GO. C) Chemical structures of (left)
dendritic polyglycerol-rGO bearing a high density of hydroxyl groups (rGO-PGhign) and (right) the
analog with a high density of sulfate functions (rGO-PGShigh). D) Cryo-TEM images of (a) rGO-
PGhigh and (b) rGO-PGShigh incubated with vesicular stomatitis virus. The viral particles tended to
bind to rGO-PGShigh (b). In contrast, the rGO-PGiigh sheets and the viral particles were uniformly
and individually distributed in the vitrified sample showing no specific interactions (a). The viral
particles are outlined by red dashed lines and the edges of the rGO sheets are delineated by blue
dashed lines. Tapping mode AFM height images of (c) rGO-PGhigh and (d) rGO-PGShigh incubated
with vesicular stomatitis virus. The viral particles were adsorbed onto the rGO-PGShign sheets (d)
to a higher extent in comparison to rGO-PGhigh (C). The scale bar in images a-d is 200 nm. Figure
C-D reprinted with permission from Ref. 108. Copyright 2017 WILEY-VCH Verlag GmbH & Co.

As alternative to the functionalization of graphene materials by arylation using sulfanilic acid
diazonium salt, the decoration with polyglycerol sulfate polymers has been extensively explored.
Compared to the size of viral particles (20-400 nm), dendritic polyglycerol sulfate is a small
molecule (~ 3 nm) and the contact area with viruses is thus limited. In this context, 2DMs provide
a vast functional and flexible surface area for multivalent interactions with viruses, allowing
augmented binding. In particular, several graphene-dendritic polyglycerol sulfate hybrid
architectures were developed to investigate interactions with various viruses. The influence of the
degree of sulfation, polymer grafting density, and size of the graphene sheets allow the design of
graphene-based conjugates with strong virus inhibition potentials. In this regard, it was observed
that rGO functionalized with dendritic polyglycerol sulfate was able to interact with different
orthopoxvirus strains through binding to the heparin-binding surface protein A27, leading to virus
inhibition.’®” SPR and enzyme linked lectin assay-like demonstrated that the protein A27 bound
strongly to dendritic polyglycerol sulfate immobilized on rGO, while other orthopoxvirus surface
proteins, devoid of a heparin binding sites, showed no interaction. In their work, modulation of the
degree of polymer functionalization and sulfation allowed to optimize the binding efficiency. A
high level of functionalization with dendritic polyglycerol and a medium sulfation degree were
necessary for strong interactions between rGO and orthopoxvirus. While rGO bearing a high
density of sulfate groups (6% rGO and 94% sulfated polyglycerol) strongly interacted with
vesicular stomatitis virus leading to inhibition, the analog with hydroxyl functions (rGO-dendritic
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polyglycerol) did not bind significantly to the virus (Figure 6C-D).1% The virus morphology was
unchanged after the binding of rGO-dendritic polyglycerol sulfate.

The impact of both the size of rGO and the degree of sulfation on the inhibition of virus entry
and replication, were investigated using HSV-1 and equine herpesvirus type 1 (EHV-1), two
spherical viruses with diameters of 150 and 250 nm, respectively.'® It was found that sheets with
the smallest sizes (~300 nm) and 10% sulfation were the most efficient for virus inhibition.
Interestingly, sulfated rGO inhibited the virus infection at an early stage during cellular entry, but
did not affect the cell-to-cell spread. The higher inhibitory effect of the small sulfated rGO sheets
was attributed to a combined result of bending and cooperative encapsulation of the virus by rGO.
Membrane bending is known to play a key role in the endocytosis process and it is altered by the
presence of proteins.!® As multiple interactions are necessary for remodeling membranes,*!! the
contact area between the virus and rGO was larger when the energy required for virus membrane
bending was overcompensated by the energy gain through the multivalent interactions. In this case,
the wrapping of at least one virus by two or more rGO sheets was observed. It is known that the
nucleocapsid of HSV-1 is surrounded by a flexible membrane envelope constituted of
glycoproteins. From the observations, it was postulated that the sulfated rGO interacted with viral
envelope glycoproteins, mainly gB and gC in the case of HSV-1 and EHV-1, which are known to
bind to cell surface heparan sulfate proteoglycans. In another report, the influence of the polymer
conformation on the inhibitory effect of rGO-polyglycerol sulfate was examined on two enveloped
viruses, namely pseudorabies virus (PrV, Suid herpesvirus 1) and African swine fever virus
(ASFV).12 While rGO with either dendritic or linear polyglycerol sulfate (with the same molecular
weight and degree of sulfation) exhibited similar inhibitory effect on ASFV, the linear conjugate
was more efficient than the dendritic analog on PrV. This result could be explained based on the
conformational similarity between the linear polyglycerol sulfate and the linear structure of heparan
sulfate. Interestingly, the viral proteins of ASFV did not interact preferentially with the linear or
dendritic conjugate.

Besides electrostatic interactions, as the main driving forces for the binding of polyglycerol
sulfate-graphene derivatives to viruses, hydrophobic interactions with long alkyl chains can also
enhance the inhibitory effect of graphene onto HSV-1 by disrupting the virus membrane.'** Among
the rGO sheets doubly functionalized with dendritic polyglycerol sulfate and a broad range of alkyl
chains ranging from C3 to C18, the C12-derivative exhibited the highest antiviral activity, but it
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was also toxic against the Vero cell line. A good compromise was found with the C6- and C9-alkyl
chains displaying a high antiviral potential and low cytotoxicity. In this case, the wrapping of the
virus by the graphene sheets was observed. It was shown that the combined effect of electrostatic
and hydrophobic interactions with the doubly functionalized graphene led to a higher inhibition
compared to only electrostatic interactions for dendritic polyglycerol sulfate-rGO.

Altogether, the large contact area and high degree of flexibility of 2DMs combined with the
negative charges of GO or rGO functionalized with either sulfated polymers or sulfonated groups
could enable the binding to viruses through multivalent electrostatic interactions with viral

recognition proteins.

Functionalization with aptamers or carbohydrate ligands

The use of specific ligands, such as carbohydrates or aptamers, conjugated on 2DMs has not been
exploited much to selectively target viruses. Aptamers are DNA or RNA synthetic molecules
capable of binding a wide range of (bio)molecules (proteins, nucleic acids) with high specificity
and considerable affinity. Their properties allow detecting viruses and make them competitive to
antibodies. As an example, GO was functionalized with an aptamer specifically designed to target
the bacteriophage MS2 virus.''* The bacterial virus MS2 is composed of a protein capsid and an
enveloped RNA genome. As such, the aptamer on GO was able to specifically bind to the coat
proteins on the virus surface. In contrast, there was no significant adsorption of the virus on the
non-modified GO. The photocatalytic activity!®® of GO was then exploited to destroy the MS2
virus adsorbed onto its surface. Visible light irradiation triggered the inactivation of the virus via
the generation of ROS, causing the disruption of the protein capsid, RNA release, and breaking of
RNA strands. The sharp edges of GO might also contribute to the physical damage of the surface
proteins.

Beyond graphene, polyglycine 1l nanosheets also demonstrate antiviral activity through
specific binding to receptors on the surface of proteins. This was shown for influenza virus strain
A/H3N2/NIB/44/90M with sialic receptors.!'® Tetraantennary peptides [glycinen-NHCH,]4C
(named tectons) were found to form stable non-covalent structures through highly cooperative
intermolecular H bonds (Figure 7A). This self-assembly process, leading to a [2+2] conformation,
resulted in the formation of polyglycine Il flat and rigid sheets (tectomers) of one-molecule-

thickness and sub-micron lateral dimensions. The carbohydrate ligand N-acetylneuraminic acid
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(also named sialic acid) was attached to the terminal glycine residues. The influenza virus has the
capacity to bind to host cells through specific interactions between the spike glycoprotein
hemagglutinin, expressed in high amounts on the surface of influenza virus envelope, and sialic
acid-glycoside receptors located on the host cell surface resulting in cellular entry via membrane
fusion (Figure 1a). The inhibition of the virus adhesion onto cells was much more efficient in the
presence of sialic acid-polyglycine 11 in comparison with a sialic acid-containing oligosaccharide,
probably because of multivalent interactions and large surface area of the polyglycine Il nanosheets
that shielded the virus and prevented the binding to sialic receptors on the host cells (Figure 7B).
Interestingly, the assembly of the tectons into tectomers was also observed directly on the virus

providing novel opportunities for specific interactions between viruses and 2DMs.
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Figure 7. A) Chemical structures of the tetraantennary peptides and targeting glycopeptides. The
tetraantennary peptides can self-assemble into polyglycine 11 nanosheets. B) (a) Electron
microscopy and (b) AFM images of the influenza virus with [Neu5Aca-linker-Gly7;-NHCH:]4C

tectomer showing that the tectomers are in close proximity to the viral particles. (c) Electron
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microscopy image of the influenza virus and the structural analog [NeuS5Acp-linker-Glys-
NHCH:]4C with unnatural Neu5Acp groups. In this case, the tectomers are distanced from the viral
particles showing no specific interactions. Reprinted with permission from Ref. 116. Copyright
2003 WILEY-VCH Verlag GmbH & Co.

The conjugation of aptamers with 2DMs has not been in-depth investigated to explore their
specificity with viruses, despite their advantages compared to antibodies that may present
limitations related to selection issues, selectivity problems, cross-reactivity, low stability,
immunogenicity, and preparation difficulties.*'” Furthermore, aptamers can be raised against any
type of targets with an affinity similar or higher than antibodies. They are relatively small in size
and thus 2DM surface can be decorated with many of such molecules in comparison to antibodies.

Future possibilities for functionalization of 2DMs against viruses

There are many future possibilities that should be investigated regarding functionalization of 2DMs
for their interactions with viruses. We presented here that functionalization of graphene derivatives
with sulfate/sulfonate groups can offer great potentials to efficiently immobilize viruses. The
control on the level of functionalization gives the possibility to finely tune their interactions with
viruses and this should be further explored.

After the immobilization of viruses on the surface of 2DMs, the full virus inactivation depends
on the type of viruses and 2DMs. Several parameters were so far demonstrated to be crucial to
favor the interactions between graphene derivatives and viruses such as surface charge, type of
functional groups, number of layers, and folding of the sheets. We also discussed that the sharp
edges of graphene-family sheets can induce significant damage to virus membranes, leading to its
destruction, an effect similar to the one that was also observed for bacteria. Similarly, the nano-
knife effect has been described for other types of 2DMs leading to killing of bacteria.® For example,
Ti3CoTx MXene (T stands for surface termination, such as —O, —F, or —OH) exhibited superior
antibacterial activity compared to GO.® It was also found that cellular membranes of bacteria
could be pierced by the extremely sharp edges of graphdyine nanosheets, causing the leakage of
intracellular substances.!!® The antibacterial activity of graphdyine was higher in comparison to
graphene and GO. Therefore, potential similar antiviral effects can be expected for graphdiyne and

possibly TisC>Tx MXene and also for other 2DMs with high flexibility, stiffness, and strains.
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In addition to the mechanical effect, we also recognized that virus destruction could be induced
by the photothermal effects of rGO, or the ROS generated by GO, g-C3Ns, or titanate nanosheets
upon NIR or UV/visible light irradiation.?° Other 2DMs with inherent photothermal capacity could
certainly be investigated for the thermal destruction of viruses upon NIR light irradiation. For
instance, transition metal dichalcogenides, MXenes, Pd nanosheets, and some emerging Xenes
(e.g., phosphorene, borophene, antimonene, tellurene) could be explored.*® Similarly, other types
of 2DMs with the ability to produce ROS could be examined, for example transition metal
dichalcogenides and hexagonal boron nitride.*?'?2 Moreover, virus photo-inactivation can also be
triggered by combining GO with semiconductor photocatalysts. Finally, the combination of
graphene derivatives with silver nanoparticles or the functionalization with alkyl chains can
enhance antiviral activity. Therefore, the association of 2DMs with antiviral agents (drugs or
nanoparticles) or photocatalysts, or suitable functionalization with sulfate/sulfonate groups,
targeting ligands or alkyl chains offer wide range of opportunities for 2DMs to interact efficiently

with viruses and induce their destruction through a combined or synergistic antiviral effects.

DETECTION OF VIRUSES AND PROTEINS RELEASED BY INFECTED ORGANISMS
The properties of 2DMs allow the design of different types of biosensors able to detect and sense
a variety of analytes.! In the context of viral infections, 2DM-based sensors have been applied for
the detection of viruses (whole viral particles or nucleic acids) and proteins released by host

organisms.

Detection of viruses and viral nucleic acids

Detection of viral particles and antigens

So far, to allow interactions with viruses, 2DMs (primarily graphene and MoS; to a lower extent)
were functionalized mainly with antibodies and also with proteins and aptamers. Most of the
currently developed 2DM-based biosensors rely on electrochemical*?®12* and electrical*®® detection
of the viruses, but a colorimetric immunoassay,*?® as well as SERS,*?"'?8 SPR and fluorescent'?
optical sensors were also reported. The majority of biosensors are immunosensors taking advantage
of the high surface area of the 2DMs, allowing to overcome limitations of other immunosensors

related to low control of the surface density of antibodies. Table 3 summarizes the type of
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molecules immobilized on 2DM-based detection systems for virus detection according to the

selected examples reported thereafter.
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Table 3. Specific molecules conjugated onto 2DM biosensors for virus detection.

Targetin Recognition | Type of Limit of

geting . 9 yp Clinical Limit of | . detection using
molecules 2DMs Viruses elements on | biosensor . Linear range References

. samples detection other
on 2DMs viruses S . a
techniques
Rotavirus- 4105 1
specific GO Rotavirus | n.d. Fluorescent | / 10% pfu-mL?t | n.d. (lgcé)?go pfu-mL 138
antibody
specific Human swabs from 0.42 ng-mL?! | 1-14 ng-mL? | 0.01 pfu per
antibody and GO EV71 nd Fluorescent | patients (EV71) and | (EV71) and | reaction mixture 139
CVB3- and o irl)ﬁfected b 0.39 ng-mL?! | 1-19 ng-mL? | (RT-LAMP)
specific CvB3 y (CVB3) (CVvB3) (EV71)131
antibod EV/1 or
y CVB3
Avian glycan 0.04 HAU-50
receptor ULt
(Neu5Aca2,3
Gal-B1,4Glc) §H1N1pdg"gg
and a human | GO, Influenza | Hemagglutini TALL i 3.2 HAU-50 pL?
glycan MoS, viruses n Fluorescent | / HAU-50 pL? | n.d. (HIN1) (HPLC)2 140
receptor (HLONS),
0.06-0.07

(Neu5Acc12,6 HAU-50 uL—l
“Gal- (H7NO)
B1,4Glc)
Peptides
derived from
the fragment
antigen- .
binding- GO \Ifi?t?sla Slycoprotem Fluorescent | / 15 ng-mL n.d. / 141
region of an
anti-
glycoprotein
antibody
Dengue (o | Dengue |4 SPR / 0.1 pM n.d. / 143
virus- virus

35




specific-

antibody
. Influenza - 8 101 1
Glyc_:oproteln (GO virus A Neuraminida Elfactroche / 10 U-mL-t 10 —110 33 133ng-mL 144
fetuin A se mical U-mL (ELISA)
HIN2
— 3
0.12 (DENv- | 12 X 10
pfu-mL
1), 0.10
Dengue Electroche (DENV-2), (DDEENN\X_Zl)’and
/ GO eng n.d. . / 0.50 (DENV- S|/ 146
virus mical 1-2 x 10
3), and 0.46 f 1
fu-mL- pfu-mL
?(DENV-4) (DENV-3,
DENV-4)
HIV-1 HIV- 30 aM
2Dm2m envelope . Electroche | infected 670 fM to 0.1 | (electrochemical
. GO HIV-1 glycoprotein . 8.3 M ' 148
antibody : mical human UM graphene-based
ectodomain serum biosensor)134
(gp140MS)
Nucleoprotei
e HIN1 HIN1 1
n-specific GO influenza | influenza A | Electioche 1, 10 ng-mL! 10 ng-mL_l 0oy 149
influenza A : : mical 10 pg-mL
. A virus protein
antibody
COVID-19- 0.1-0.8
Antibod positive 0.1 pg-mL? | pg-mL?
pody Graphe | SARS- Nucleocapsid | Electroche | patient (serum) and | (serum) and
against the ; . 1 / 150
ne CoV-2 protein mical serum and | 0.5 ng-mL? | 0.5-2.0
SARS-CoV-2 . . )
saliva (saliva) ng-mLt
samples (saliva)
5.2 pg-mL-t
Sgainst’ the Ebola Spiked 24 x 10 to | o0 res
9 e 6o ; Glycoprotein | FET human 24pgmLt |12 x 107 P 151
Ebola virus virus 1 coupled to
. serum g-mL . .
glycoprotein immunomagnetic
separation)!3s
Hepatitis B Eﬂrﬁgg
sur_face Graphe | Hepatitis Hepatitis B serum and 10 aM to 0.1 33 _aM
antigen- ) surface FET P 10 aM (electrochemilumi | 152
N ne B virus : artificial UM 136
binding antigen : nescence)
saliva
aptamer -
containing

36




hepatitis B

surface
antigen
16 x 10t
-1 H
Nasoprary | plamL
anupody Graphe | SARS- . . swabs from | medium) and 1'0(.) X_l 102
against ne CoV-2 Spike protein | FET SARS.- 242 x 102 n.d. copies-mL 153
SARS-Cov-2 Cov-2 copies-mL- (LAMPY™!
spike protein . o
patients (clinical
samples)
Anti-Zika Zika virus Spiked
nonst_ructural Graphe Zika Virus nons’gructural FET simulated 0.45 nM nd. / 154
protein 1| ne protein 1 human
antibody antigen serum

& techniques mentioned in the cited articles for comparison with the 2DM-based biosensors

n.d.: non-determined

pfu: plague-forming unit

HAU: hemagglutination unit

37




Optical biosensors

A pioneering work in the field of fluorescent biosensors incorporating 2DMs for virus detection
was reported in 2010 and relied on GO photoluminescence quenching induced by FRET between
gold nanoparticles and GO (Figure 8A).1% The performance of this system was shown on rotavirus
that was first captured by specific antigen-antibody interactions with rotavirus-specific antibodies
conjugated on GO arrays. The addition of a rotavirus antibody that was linked to gold nanoparticles
through DNA linkers resulted in the binding to the virus, thus placing the gold nanoparticles in

close proximity to GO, inducing fluorescence quenching.
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Figure 8. A) A GO-based immuno-biosensor for the detection of rotavirus. Reprinted with
permission from Ref. 138. Copyright 2010 WILEY-VCH Verlag GmbH & Co. B) GO laminate-
polycarbonate track-etched nanosieve platform to detect the envelope glycoprotein on HIV (BSA:
bovine serum albumin). Reprinted with permission from Ref. 148. Copyright 2017 American
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Chemical Society. C) The use of GO as fluorescence quenching platform for the detection of viral
DNA. Reprinted with permission from Ref. 164. Copyright 2009 WILEY-VCH Verlag GmbH &
Co. D) gCsNs-based biosensors based on metal ion binding-induced fluorescence quenching for
DNA detection of viruses. Reproduced from Ref. 176 with permission from The Royal Society of

Chemistry.

The use of several antibodies labeled with fluorophores of different color fluorescence emissions
enables the simultaneous detection of multiple viruses simultaneously. This strategy was exploited
for the detection of enterovirus 71 and Coxsakievirus B3 (CVB3), two human enteroviruses.**
Their symptoms are quite similar causing high risks for mortality in neonates. Therefore, the
development of biosensors to distinguish these two viruses for accurate early diagnosis is critical.
For this purpose, a GO-based biosensor was prepared by immobilizing two EV71 and CVB3
antibodies labeled with quantum dots of different color fluorescence emissions on the surface of
GO. The addition of EV71 and CVB3 viruses destabilized the complex between GO and the
quantum dot-labeled antibodies due to specific antibody-antigen interactions, enabling
fluorescence recovery for simultaneous quantitative detection of both enteroviruses in clinical
samples (human throat swabs).

Another fluorescent biosensor allowed to simultaneously identify the human- and avian-
receptor specificity in influenza viruses.** Generally, influenza viruses circulate mainly in birds,
but mutations can induce infection to humans. The hemagglutinin protein is a crucial mediator for
influenza virus infection to host cells. The avian and human hemagglutinin of influenza viruses
preferentially binds to the 02,3- and a2,6-sialic acid receptors on host cells, respectively. The
switch in the receptor-binding specificity can result in interspecies transmission of the viruses. As
a consequence, tools capable of simultaneous identifying different receptor specificities of a single
virus strain are required for the rapid identification of human- and bird-infection ability of the virus.
In this context, two fluorophores with different emission colors were coupled to an avian or a
human glycan receptor followed by adsorption on MoS or GO used as fluorescence quenching
platforms. The detection of the H7N9 influenza A virus, which contains dual (human- and avian-)
receptor specificity, led to the emission of both colors. Hence, this biosensor showed the capacity

of concomitant identification of the receptor specificity of the virus, which could be exploited to
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probe the switch of receptor specificity for seasonal influenza viruses. Although the sensitivity was
lower compared to other methods,!3 the detection time was much shorter.

A fluorogenic peptide-GO sensor array was designed to allow the differentiation of Ebola virus
from two other viruses namely Marburg virus, which has a similar capsid protein composition, and
receptor-extensive vesicular stomatitis virus, a common control virus.!** The approach was
different from most fluorescent chemosensors that generally use ligands to specifically bind to
target receptors as this biosensor relied on an array of different receptor molecules with modest
affinity and selectivity for viruses. The combination with principal component analysis, a method

appropriate for statistical analysis of complex data,'42

enabled to extract characteristic patterns for
each virus. The sensor array consisted of GO and three adsorbed fluorescent peptides derived from
the fragment antigen-binding (Fab)-region of an anti-glycoprotein antibody. The three viruses were
detected and the different fluorescence recovery rates allowed to differentiate the viruses. This
rapid distinction of viruses from various origins did not require the use of specific ligands,
providing opportunities for the differentiation of viruses expressing different capsid proteins. In
another study, a rGO-based SPR optical sensor chip functionalized with specific antibodies was
constructed for the detection of dengue virus.'*® The binding of the virus on the sensor film induced
an increase of the resonance angle resulting in sensor film thickness changes and thus in a higher

refractive index.

Electrochemical biosensors

Electrochemical biosensors based on 2DMs operate on the possibility that either an oxidation or
reduction event occurs on the surface of these planar materials. Functionalization of the surface of
2DMs is the necessary step for establishing such sensors while a variety of methods have been
implemented to increase the output signal such as incorporating secondary materials onto 2DMs.
For example, a rGO-gold nanocomposite electrochemical biosensor was exploited for the
electrochemical detection of influenza virus A (H9N2) via the assessment of neuraminidase
enzyme activity.*** Influenza A viruses are categorized into subtypes based on the combination of
two surface glycoproteins: hemagglutinin and neuraminidase (Figure 1a). There are 18
hemagglutinin (H1-H18) and 11 neuraminidase (N1-N11) subtypes. The latter is involved in the
release of influenza viruses and viral aggregates from the surface of host cells and in the targeting

of the viruses to respiratory epithelial cells. The protein cleaves sialic acid moieties to induce the
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release of the virus. The biosensor was built with the glycoprotein fetuin A, which contains sialic
acid residues and was conjugated on the surface of a rGO-Au-based electrode. The enzymatic
activity of neuraminidase was monitored through electrode resistance changes upon interactions
with the viruses. Here, neuraminidase at the surface of influenza virus A was able to cleave the
sialic acid molecules, inducing the binding of peanut agglutinin lectin, immobilized on the surface
of the electrode, to the galactose moieties that appeared after the cleavage. These changes were
monitored by electrochemical impedance spectroscopy.

Dengue viruses are classified into four serotypes depending on the proteins present on the
surface. The serotypes have similar geometry but display unique antigenicity. While patients
infected for the first time generally develop immunity against the virus, subsequent infections by
other serotypes may still lead to serious symptoms. The sensitive detection of dengue viruses using
electrochemical biosensors functionalized with dengue-specific antibodies is possible, but the
serotype classification is generally limited.!* To overcome this issue, a strategy inspired by
molecular imprinting was developed.!*® For this purpose, a strategy based on the self-assembly of
copolymers immobilized on the surface of GO around a specific dengue virus serotype followed
by crosslinking of the polymer chains and removal of the virus template was proposed. Here, the
templating by a specific virus could provide sensitivity and selectivity to this virus. This
electrochemical impedance biosensor was able to discriminate a dengue virus from the other three
subtypes and also from influenza A virus H5N1. Additionally, the sensor could be exploited for
the screening of dengue virus antibodies as a dengue virus 4G2 antibody was able to inhibit the
binding of the virus to the GO-polymer composite. When bound to the virus, the antibody modified
the viral surface properties such as the charge, size, and shape, thus preventing interactions with
the GO-polymer composite. Overall, this method could be generalized to other viruses for their
detection and classification, as well as for antibody screening, which provide interesting
opportunities for vaccine research.

The mechanical properties, hydrophilicity, and flexibility of GO make them promising as
membranes for nanofiltration.!*” These remarkable features were exploited for the design of an
electrochemical biosensor using few-layered GO laminate nanosieves, immobilized on a
polycarbonate track etch nanoporous membrane for the detection of HIV-1 (Figure 8B).1*® The
device was coated with 2Dm2m antibody for targeting a highly conserved cluster of differentiation

4 (CD4) binding-induced epitope on HIV-1. The envelope glycoprotein ectodomain (gp140MS) of
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HIV-1 and the virus present in HIV-positive human serum samples were successfully detected by
the sensor. Upon the application of an electric field, ions are trafficked through the GO laminates,
inducing ionic current changes, while the specific interactions between 2Dm2m and gp140MS or
the virus could result in a decrease of the ionic current as the sensing mechanism.

With perspectives for point-of-exposure detection of HIN1 influenza A virus, a textile screen-
printed flexible impedance GO-based biosensor was conceived.'*® This system was composed of
silver electrodes and a GO transduction film, implemented on a flexible polyamide substrate or
textile. The sensor surface was functionalized with a nucleoprotein-specific influenza A antibody
to sense H1N1 influenza A protein. Improvements are necessary before reaching real applications
based on textile screen-printed sensors, in particular the response of the sensor to some
environmental parameters including humidity, temperature, and contaminants.

Recently, a portable and wireless electrochemical graphene-based sensor functionalized with
specific capture antibodies was designed for the detection of SARS-CoV-2 antigen nucleocapsid

protein in COVID-19-positive patient serum and saliva samples.>°

Field-effect transistors

The fact that many viruses are negatively charged can be exploited for their detection using FETS.
In a model example, a rGO-FET biosensor with p-type doping profile was developed for the
detection of Ebola virus, which was modified with an antibody against the Ebola virus
glycoprotein.’! It was shown that conductance change occurred when the virus bound to the
antibody and the net carrier density increased, resulting in a shift of the Dirac voltage due to n-
doping.

In another study, a FET aptasensor was built to detect hepatitis B virus infection using a
multidimensional conductive nanofilm consisting of carboxylic polypyrrole nanowires vertically
oriented on graphene, as well as an aptamer binding to the hepatitis B surface antigen.*® The
nanofilm was prepared by electropolymerization of pyrrole on graphene. In this case, it was
suggested that graphene was an ideal substrate for electropolymerization due to chemical inertness,
high electrical conductivity, flexibility, and transferability to various substrates. The developed
aptasensor was able to distinguish hepatitis B surface antigen in diluted human serum and artificial

saliva samples.
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Recently, a FET graphene biosensor was developed for the detection of SARS-CoV-2 in
clinical samples (nasopharyngeal swabs from COVID-19 patients).?>® Coronaviruses encode four
structural proteins: spike, envelope, matrix, and nucleocapsid. The spike protein was used as the
antigen, as its amino acid sequence varies among coronaviruses allowing SARS-CoV-2 specificity.
The spike protein of SARS-CoV-2 binds to angiotensin-converting enzyme 1l used as a host
cellular entry receptor. A specific antibody against SARS-CoV-2 spike protein was immobilized
on the graphene-based device, which was able to differentiate SARS-CoV-2 from another
coronavirus (MERS-CoV). More accurate detection could be reached by increasing the signal-to-
noise ratio, likely using other 2DMs.

With regards to the direct detection of antigens in a serum, graphene-based immunosensors
incorporating specific antibodies can also be designed. For instance, a graphene-based transistor,
with covalently linked anti-Zika nonstructural protein 1 (NS1) antibodies, was used for selectively
detecting the Zika viral NS1 antigen in simulated human serum.™® Although the Japanese
encephalitis NS1 protein has 56.5% amino acid sequence identical to Zika NS1, the biosensor did
not detect the Japanese encephalitis NS1 protein, as the NS1 C-terminus has electrostatic
characteristics different from co-circulating viruses. Because of high cross-reactivity with other co-
circulating flaviviruses, such as the Japanese encephalitis, the validation of presumptive positive
results for Zika detection is generally not satisfactory for diagnostic standard assays such as RT-
PCR, IgM antibody capture ELISA, and RNA nucleic acid testing. These limitations can be
potentially overcome by the strategy implemented in the aforementioned graphene-based

immunosensor.

Future directions for the detection of virus particles and antigens

The development of rapid and accurate diagnostic methods for the direct detection of intact viruses
and viral antigens in clinical samples, without sample preparation as it is the case for PCR, is
essential to mitigate future pandemics. Whereas most approaches detailed in this section involved
the covalent conjugation or immobilization of specific antibodies (or peptides derived from the
Fab-region) on 2DM surface, glycoproteins, glycans, and aptamers were also used. Many
antibodies, having the capacity to bind to different viruses, are commercially available. While rGO
and graphene were exploited for FETs, mainly GO was used for optical and electrochemical

detection of viruses. Such biosensors allow the simultaneous detection of multiple different viruses
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with similar symptoms thanks to the conjugation of many specific antibodies. The differentiation
of viruses from one another with a similar capsid protein composition is possible. In such cases,
the use of specific aptamers or avian/human glycan receptors enables distinguishing a specific
subtype of influenza viruses or their human- and avian-receptor specificity, respectively. Original
strategies based on molecular imprinting or GO laminates nanosieving are potentially promising

for future developments.

Detection of viral nucleic acids

Nucleic acid biosensors are widely developed for the detection of viruses. These devices mainly
rely on electrochemical, 31515 and fluorescence detection, while colorimetric,®” electrical,
photoelectrochemical, °81%° SERS!0161 and electrochemiluminescence-based devices for sensing
nucleic acids were also designed.

Many fluorescence detection systems exploit different adsorption profiles of oligonucleotide
fragments on the surface of various types of 2DMs upon conformational change after binding with
the target viral nucleic acids. The planar structure of 2DMs allows the stable adsorption of many
types of DNA probes. 2DMs are known to offer great adsorption properties for single-stranded
DNA (ssDNA) over double-stranded (dsDNA). The bases of ssDNA are partially uncoiled and can
be exposed to the 2DM surface. For instance, GO can strongly adsorb ssDNA mainly via r-stacking
with the purine/pyrimidine rings of the nucleobases and hydrogen bonding between the hydroxyl
and carboxyl groups of GO and the amine and hydroxyl functions of ssDNA.%? In the case of
MoS,, mainly van der Waals forces are involved.’®® The hybridization of ssDNA with the
complementary target strand leads to the formation of a double helix dsSDNA with a more rigid
conformation, which induces a conformation transition from “lying” ssDNA to “standing” dsDNA.
The exposure of the nucleobases is reduced in the dsDNA structure since the nucleobases are
shielded within the dense negatively charged dsDNA phosphate backbones. As a result, dsSDNA is
desorbed from the 2DM surface due to much weaker n-stacking interactions, leading to the
restoration of the dye fluorescence.

Optical biosensors

Since the first work using GO to detect viral nucleic acids in 2009 by the desorption of fluorophore-

modified HIV-1 nucleic acid probes resulting in fluorescence recovery*®*, GO has extensively been
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used as fluorescence quencher incorporating SSDNA probes labeled with organic dyes, quantum
dots, silver nanoclusters, or upconversion nanoparticles (Figure 8C).1%>16¢ Metal nanoclusters
present substantial advantages over organic fluorophores due to their high photostability and
luminescence quantum vyield, as well as tunable emissions.’®” As alternative to labeling with
fluorophores, ssSDNA probes can be conjugated to DNAzymes,*®® which are catalytic nucleic acids
serving as amplifying labels for sensing of nucleic acids and proteins.'®® DNAzymes (also named
DNA enzymes or deoxyribozymes) are RNA-cleaving antisense oligodeoxyribozymes. They
display a high catalytic activity and specificity to metal ions together with low cost and stable
physiochemical properties. For instance, a HIV ssDNA probe was labeled with a horseradish
peroxidase-mimicking DNAzyme that generated chemiluminescence in the presence of luminol
and hydrogen peroxide.’®® When the ssDNA was adsorbed onto GO, the chemiluminescence
emission was quenched because of enzymatic activity inhibition by GO when in close proximity.
In the presence of the target DNA, the chemiluminescence was restored.

In another study, using the fact that doping allows enhancing the electrical properties of 2DMs,
N,S-codoped rGO was exploited as a quenching platform for the simultaneous detection of hepatitis
B virus and HIV DNA targets.'’® The sp?-hybridized carbon atoms of rGO could be activated
thanks to the doping, which improved the capacity of rGO as an electron/energy acceptor.

In addition to GO, other types of 2DMs can be used as fluorescence quenchers. For example,
the discrimination properties of MXenes, such as TisC», towards ssDNA and dsDNA can be
exploited for the detection of PCR-amplified HPV-18 DNA from cervical scrape samples obtained
from human papillomavirus (HPV) infected patients.!’* In another study, the difference in
fluorescence quenching capacity of PtS> nanosheets with fluorescently labeled sSDNA vs. dsSDNA
was exploited to construct a PtS,-based biosensor for HPV genotyping.}’? To date, more than 100
different types of HPV have been identified. Many of transition metal dichalcogenides (e.g., PtS>)
are semi-metals, and hence are electrically conductive. The PtS; biosensor using HPV16 DNA
probe was selective to the complementary HPV16 target sequence among three other HPV
genotype sequences in clinical samples containing DNA extracted from cervical scrapes. In another
study, few-layer graphdiyne nanosheets were exploited as novel sensing platforms for the
simultaneous detection of influenza virus subtypes HIN1 and H5N1, as well as bacterial M13
genes as target DNA molecules.!”™ Graphdyine is a one-atom-thick planar sheet of sp- and sp?-

hybridized carbon atoms arranged in a crystal lattice. The multiplexed DNA detection was shown
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to be more sensitive and faster using graphdiyne compared to GO and MoS:. The higher efficiency
may be explained by strong interactions between graphdiyne and the dye labeled-DNA
molecules'’® and also by favorable electronic properties.}” Graphitic-C3N4 nanosheets are also
interesting platforms for biosensing applications due to their long persistent fluorescence. The g-
C3N4 nanosheets are composed of tris-triazine units connected by trigonal nitrogen and stacked in
a graphitic manner. They can interact strongly with some metal ions, resulting in the quenching of
their fluorescence because of electron transfer. The affinity of metal ions for biomolecules such as
DNA, leading to the formation of metal ion-base pairs in DNA duplexes, was exploited for hepatitis
B virus gene determination.!’® The DNA probe constituted of several cytosines at both ends to
allow the binding of Ag* and the formation of a hairpin structure. In the presence of the hepatitis
B virus DNA, the specific recognition between the probe and target DNA molecules induced the
release of Ag* (Figure 8D). Fluorescence quenching was observed because of the coordination of
silver ions to g-C3Na4. Another strategy of ‘turning-on’ fluorescence relies on different adsorption
capacity of 2DMs not only for ssDNA vs. dsDNA, but also for different length sSDNA molecules.
For example, a biosensor made of feroxyhyte nanosheets (6-FeOOH) was used for detecting
hepatitis C virus DNA based on exonuclease Il1-assisted signal amplification.!”” As an inorganic
graphene analog, 6-FeOOH nanosheets display unique ferromagnetic and semiconducting
properties. In particular, their magnetic properties at room temperature are stronger than hexagonal
boron nitride, SnO>, and B-Ni(OH). nanosheets. In this work, the adsorption of a dye-labeled
complementary ssDNA onto a labeled hepatitis C virus sequence on the 5-FeOOH surface induced
fluorescence quenching. In the presence of the target DNA, a DNA duplex was formed and short
oligonucleotide fragments were generated from hydrolysis by exonuclease Il enzyme. The low
affinity of the short ssDNA fragments for the 5-FeOOH surface allowed recovering the
fluorescence. The magnetic properties of feroxyhyte were exploited to separate the fragments from
the DNA/3-FeOOH complex by application of an external magnetic field, thereby allowing to
obtain low background fluorescence signals. Similarly, MoS, showed a high affinity for long
ssDNA vs. short oligonucleotide fragments formed after hydrolysis of duplex DNA by exonuclease
111.178 This strategy was exploited for the detection of HIV DNA.

To increase the sensitivity of DNA/2DM-based biosensors, the rolling circle amplification was
exploited as signal amplification strategy.'’® This isothermal DNA replication enzymatic process

could produce DNA molecules with thousands of tandem sequence repeats that were easily
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detected by a biosensor consisted in rGO and a hepatitis C virus type 1 ssDNA probe. When GO
was used instead of rGO, it led to lower quenching efficiency, as rGO can be a more efficient
distance-dependent fluorescence quencher compared to GO or even graphene. '8

Another type of 2DMs based on metal organic framework (MOF) nanosheets was used for
HIV-1 DNA detection, namely N,N-bis(2-hydroxyethyl)dithiooxamidatocopper(ll) [Cu(H2dtoa)]
where Cu?* ions are coordination centers and dithiooxamide are bridging ligands.'®* MOFs can be
synthesized from metal ions/clusters and organic linkers and they offer well-defined
configurations, tunable organic functionalities, porosity, high surface area, and open metal sites in

182 1t is noteworthy to consider that the metal ions used as coordination centers and

the skeleton.
open sites can display intrinsic fluorescence quenching properties. As a result, MOFs were
exploited as fluorescent sensors and applied for nucleic acid detection.® In general, the ligands in
MOFs constitute of n-conjugated moieties that can interact efficiently with DNA molecules and
favor their adsorption on the MOF surface. Additionally, electrostatic interactions between
positively charged metal centers and negatively charged DNA sequences are also involved.
However, the development of MOFs as nucleic acid detection systems is still at its infancy, mainly
because of low water solubility and poor stability. Conventional DNA detection generally relies on
the hybridization of complementary ssDNA molecules, a method that requires the generation of
sSDNA before the analysis. In this context, the triplex DNA technology is an attractive
alternative.'® In this case, a conformationally flexible triplex-forming oligonucleotide interacts
with the bases in the major groove of dsDNA (i.e. when the backbones are far apart) resulting in
the formation of a rigid triplex structure through Hoogsteen hydrogen bonds or reverse Hoogsteen
hydrogen bonds.*®® In this regard, MOFs were used for the detection of viral dsSDNA molecules.
For instance, a fluorescently labeled triplex-forming oligonucleotide probe was adsorbed onto
[Cu(H.dtoa)] leading to fluorescence quenching.'® In the presence of the target HIV dsDNA, the
formed rigid triplex structure was released from the MOF surface, inducing fluorescence recovery.
A similar strategy was applied using substrate-supported MOF nanosheets based on 5,10,15,20-
tetrakis[40-(terpyridinyl)phenyl]porphyrin-cobalt(ll) (Co-TTPP) coordination polymer for
multiplexed detection of two influenza virus subtypes of HSN1 and HIN1 genes (Figure 9A).*7
To date, the development of MOFs for nucleic acid detection is still limited since most MOFs are
insoluble and unstable in water. To overcome this issue, 2D MOFs based on highly water soluble

zwitterionic quaternized-carboxylate ligands containing positively charged pyridinium moieties
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were synthesized and used as sensing platforms of HIV dsDNA sequences.’® A DNA sensing
mechanism study reported that the preferred adsorption of sSDNA over dsSDNA on MOFs is not
primarily due to multiple non-covalent interactions including n-stacking, electrostatic interactions,
hydrogen bonding, van der Waals forces, and hydrophobic interactions.*®’ It is most probably due
to the selective inclusion of ssSDNA in the MOF pores rather than dsDNA resulting in efficient

discrimination of both DNA molecules (Figure 9A).
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Figure 9. A) Molecular structure of (a) TTPP and (b) Co-TTPP. (c) Co-TTPP monolayer prepared
by the Langmuir-Blodgett method. (d) Substrate-supported Co-TTPP with a controlled number of
layers made by layer-by-layer Co-TTPP monolayer transfer. (e) Detection of dsDNA by
fluorescence using substrate-assisted Co-TTPP sheets. Reproduced from Ref. 187 with permission
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from The Royal Society of Chemistry. B) a) Detection and silencing of a hepatitis C virus gene
using a DNAzyme/GO conjugate (nGO: nano-sized GO; FAM: fluorescein amidite). b)
Fluorescence images of human liver cells carrying a subgenomic hepatitis C virus replicon
incubated with FAM-labeled DNAzyme/GO (FAM-Dz/nGO) and FAM-labeled scrambled
sequence DNAzyme/GO (FAM-scDz/nGO). Fluorescence of FAM turned on when DNAzyme was
complementary to the target gene. Blue: nucleus stained with Hoechst 33342, green: FAM.
Reproduced from Ref. 193 with permission from The Royal Society of Chemistry.

Very recently, another type of organic framework nanosheets was used for the detection of viral
DNA based on the preferential adsorption of dye-labeled ssDNA over dsDNA. In this work,
covalent organic framework (COF) nanosheets, decorated with gold nanoparticles, were used as
fluorescence quenching platform for the multiplexed detection of hepatitis A virus DNA and
hepatitis B virus DNA.!® COFs are crystalline porous materials synthesized from organic
molecular blocks linked by covalent bonds periodically. Similar to MOFs, they have well-defined
structures, tunable topology and functionalities, good stability, as well as high porosity. Few-
layered ultrathin 2D COF nanosheets have a high density of unsaturated atoms on their surface and
a large surface area-to-volume ratio.*®® Thanks to their unprecedented properties, ultrathin COF
nanosheets with a highly ordered hexagonal network are promising for sensing.!*%1% However,
only few studies have been reported to date.

2DMs can both serve for biosensing, and also for therapeutic purposes. In this context, a
DNAzyme/GO conjugate was exploited for simultaneous sensing and silencing of the hepatitis C
virus gene in infected living cells (Figure 9B).1% The DNAzyme constituted of a complementary
sequence for mRNA of the hepatitis C virus nonstructural gene 3 (NS3) and a dye at the 5’-end.
NS3-derived proteins are crucial for replication of hepatitis C virus in cells. The nucleobases of the
DNAzyme favored the interactions with GO, resulting in fluorescence quenching. In the presence
of the complementary target hepatitis C virus NS3 mRNA, the formation of a double helix with the
DNAzyme led to its desorption from the GO surface and fluorescence recovery. The mRNA was
subsequently cleaved by the DNAzyme in a sequence-specific manner with the consequence of
knockdown of the hepatitis C virus NS3 gene expression resulting in inhibition of the virus
replication in the host cells. This work combined the properties of GO as a carrier to deliver

therapeutic molecules intracellularly and as fluorescence quencher. In addition, DNAzyme
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presents the advantages of high chemical stability and low cost compared to other types of
oligonucleotides used for gene silencing such as small interfering RNA (SiRNA), antisense
oligonucleotides and ribozymes. Moreover, siRNA is dependent on the cellular machinery as it
requires the multiprotein RNA-induced silencing complex, which is not the case for DNAzyme.
Localized surface plasmons can also be used for enhancing electrochemiluminescence
(luminescence produced following electrochemical reactions). Electrochemiluminescence of
luminophores such as quantum dots is generally limited by low emission intensities. As a result,
the enhancement using plasmonic nanoparticles offers possibilities for higher quality sensing.'%*
The surface plasmon-enhanced electrochemiluminescence mechanism can be explained by a
resonant interaction of light with electron oscillations in the plasmonic nanoparticles. As MoS>
displays strong surface plasmon coupling light absorption in the visible and NIR region when it is
fully intercalated,®® it was used for enhancing the electrochemiluminescence signal of S-doped
boron nitrogen quantum dots.*®® By exploiting an isothermal enzyme-free hybridization chain
reaction for DNA amplification to form long dsDNA, the MoSz-based biosensor was able to

quantify a hepatitis C virus gene labeled with these quantum dots.

Electrical and colorimetric biosensors

The different affinities of ss- and dsDNA for 2DMs was also exploited to develop a colorimetric
detection system based on rGO functionalized with hemin, having a peroxidase-like activity.'%
The approach relied on the precipitation of hepatitis B virus dsSDNA/hemin-rGO in the presence of
an electrolyte, in contrast to sSDNA adsorbed onto hemin-rGO. In the latter case, the hemin-rGO
catalyzed the reaction between the peroxidase substrate 3,3°,5,5’-tetramethylbenzidine and
hydrogen peroxide leading to a colored compound. In the presence of different amounts of target
hepatitis B virus DNA, the absorbance decreased linearly with the concentration of complementary
target DNA. The system also enabled the detection of a mutation in the hepatitis B virus gene.

In another study, a paper-plastic microchip with finger electrodes prepared by a screen-printing
protocol, using a graphene-silver ink, was conceived for the detection of Zika virus after a lysis
step.'®” Magnetic beads modified with an anti-Zika virus envelope antibody were used for capturing
the virus followed by lysis using 1% Triton X-100. Here, the viral lysate containing charged

molecules, such as viral nucleic acids and proteins, induced a decrease of the impedance value.
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A solution-gated graphene FET was developed to monitor real-time loop-mediated isothermal
amplification of a viral DNA (phage A genomic DNA).1%8 This amplification strategy is one of the
most advanced genetic techniques with rapid sequential progression and a relatively high
selectivity. Here, the proton release during the amplification induced a change of the pH of the
solution on the graphene surface, which altered the Dirac point voltage of the FET. In solution-
gated field-effect transistor, the gate and the graphene active layer were shown to be separated by
an electrolyte and not by a dielectric insulator.

As a final example, a nucleic acid amplification by RT-PCR was combined with gold
nanoparticle-based lateral flow test strips, integrating GO to allow on-strip purification and direct
visual detection of PCR products amplified from HIV-1 plasmids with both higher sensitivity and
specificity.!®® This approach was more rapid than conventional PCR as no nucleic acid extraction
was required. Additionally, GO improved the signal-to-noise ratio by selectively adsorbing and
eliminating residual primers and primer-dimers that usually lead to some interference. Therefore,
this detection method potentially provides prospects for nucleic acid analysis in point-of-care

diagnosis.

Prospects for the detection of viral nucleic acids

Genosensors that do not require an amplification step are highly needed to simplify and reduce the
costs and time of conventional assays. In this context, most 2DM platforms designed for viral
nucleic acid sensing are based on optical detection. In addition to the wide use of GO, MoS;,
graphdiyne, g-C3N4, 8-FEOOH, TisC,, MOF, and COF nanosheets can also be exploited as
fluorescence quenchers. The biosensors rely mainly on different adsorption capacities of
fluorescently labeled DNA or RNA on the 2DM surface after binding with the target viral nucleic
acids that induced conformational changes. As an alternative to the labeling with fluorophores,
DNA probes can also be conjugated to DNAzymes. Altogether, combining lateral flow test strips
incorporating 2DMs and nucleic acid amplification by PCR can allow the development of relatively
fast response devices at low cost. In our opinion, FETs can be investigated further for DNA sensing
because of the charged phosphate backbone that could induce doping and hence be used as the
transducing mechanism in such devices. Finally, beyond virus detection, the possibility of
concomitant detection and silencing of viral genes offers a great example that such a use of 2DMs

is an effective approach for developing future theranostic platforms for viral infections.
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Detection of proteins produced by host organisms following a viral infection

Infected organisms respond to a viral infection by secreting antibodies to neutralize viruses. In
some cases, certain enzymes can be upregulated or downregulated. A viral infection may also
induce inflammation and the production of infection-related proteins such as cytokines and C-
reactive protein. The well-known case is the cytokine storm which occurs during the viral infection

by SARS-CoV-2 and may result in the failure of body organs including lungs and kidney.?%

Detection of antibodies

The remarkable electrical properties and quenching capacity of 2DMs were extensively exploited
to develop systems capable of detecting antibodies produced by infected patients. In one example,
peptide sequences present in the human immunodeficiency virus type 1 and type 2 (HIV-2)
envelope glycoproteins were immobilized onto GO via a fluorescent pyrene moiety through n-
stacking and hydrophobic interactions to detect HIV-1 and HIV-2, respectively, in serum and
saliva.?® Out of the two types of HIV, HIV-1 is the most common cause of acquired
immunodeficiency syndrome (AIDS). In this study, the fluorescence was quenched because of
energy-transfer or electron-transfer processes. A highly antigenic peptide present in the HIV-1
glycoprotein gp120, which is essential for receptor binding and membrane fusion, and a specific
immunodominant epitope from the transmembrane portion of the HIV-2 glycoprotein gp36 enabled
the detection of anti-HIV-1 gp120 and anti-HIV-2 gp36 antibodies, respectively. Here, the
formation of the specific peptide-antibody complex was evidenced by fluorescence recovery.

An original approach relies on an immunosensor made of GO and quantum dots encapsulated
in simian vacuolating virus 40 (SV40) virus-like particles, which was exploited for the detection
of anti-SV40 antibodies in serum.22 SV40 is a non-enveloped tumorigenic virus and the occurrence
of nucleic acid sequences identical to SV40 sequences was observed in some tumors. As a result,
the detection of serum anti-SV40 antibodies allows the diagnosis of cancer related to SV40. The
capsid protein VVP1 can self-assemble into SV40 virus-like particles in vitro and this capacity was
exploited to encapsulate quantum dots followed by their adsorption onto GO. Contrarily to surface
labeling of viruses with fluorophores, this strategy did not impact the infectivity and
immunogenicity of SV40. In the absence of anti-SV40 antibodies, the fluorescence of the quantum

dots was quenched by FRET due to close proximity with the GO surface. In contrast, the
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fluorescence was recovered upon specific binding of the SV40 virus-like particles to the antibodies,

leading to a larger complex that increased the distance between GO and the quantum dots.

Detection of enzymes

Ribonuclease (RNase) H activity is upregulated in patients infected by hepatitis C virus. RNase H
is able to mediate the replication of the virus. Indeed, it maintains genome replication and stability
by specifically hydrolyzing RNA strands in RNA/DNA duplexes. In this context, a system
combining rGO, a fluorescent ssDNA probe adsorbed onto the rGO surface, and a DNAzyme-
comprising a DNA-RNA chimeric strand was built to detect RNase H activity (Figure 10A).2%3
The DNA-RNA chimeric strand forms a hairpin structure causing a loss of the DNAzyme catalytic
activity because of steric hindrance. In the presence of RNase H, the DNAzyme could be released
from the DNA-RNA chimeric strand. This enabled the cleavage of the ssDNA probe into short
fragments having much less affinity for the rGO surface and consequently the fluorescence was
recovered. This fluorescence cycle amplification assay was also applied for the screening of natural

compounds as antiviral drugs by assessing their capacity to reversibly regulate RNase H activity.
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Figure 10. A) rGO-DNAzyme-based sensing platform to detect RNase H. The enzyme triggered
the release of DNAzyme from the DNA-RNA chimeric strand. DNAzyme subsequently became
active and cleaved the FAM-labeled probes to FAM-labeled short fragments with the help of the
cofactor Mg?*, thus resulting in the amplification of the fluorescence signal. Reprinted by
permission from Springer Nature Customer Service Centre GmbH: Springer Microchimica Acta
Ref. 203, Copyright (2019). B) A GO-based fluorescent platform for the assay of duplex-DNA
unwinding activity by the SARS-CoV helicase. Reprinted with permission from Ref. 207.
Copyright 2010 WILEY-VCH Verlag GmbH & Co.

The activity of another type of RNase, RNase A, was measured by a rGO-based FRET biosensor
consisting of a labeled RNA strand probe for the detection of hepatitis B virus.?®* This enzyme
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produces smaller RNA fragments by specific hydrolysis of RNA cytosine or uracil moieties of
single stranded/double stranded RNA and RNA-DNA hybrids. It can inhibit the replication of HIV-
1 and has been used as an anti-HIV-1 drug. The level of RNase A is lower in the case of hepatitis
B virus infection, which can explain the decreased immune ability of infected patients. In the
presence of RNase A, the RNA probe was cleaved into smaller fragments leading to the desorption
from the rGO surface and fluorescence recovery. The assay was also exploited for RNase A
targeted drug screening. Similarly, a sensing platform composed of GO and a DNA-RNA substrate
was used for detecting HIV-1 RNase H activity and for screening of inhibitors.?%®

Alternatively, proteases, which are enzymes for cleaving specific amide bonds in peptides, can
be used for indirect detection of viruses. For example, a fluorescent peptide-GO biosensor was
prepared for the detection of tobacco etch virus (TEV) protease and Escherichia coli bacteria
infected with a bacteriophage engineered to carry TEV protease genes.?°® Phages are viruses able
to specifically infect host bacteria, replicate in the cells, and lyse the bacteria, resulting in the
release of the TEV protease. A positively charged fluorescent TEV-substrate peptide was adsorbed
onto GO through electrostatic interactions leading to fluorescence quenching. In the presence of
the TEV protease, the peptide was recognized by the enzyme and it was specifically cleaved. The
intensity of the recovered fluorescence signal was correlated with the TEV protease concentration,
thus enabling to measure the concentration of bacteria.

GO-based biosensors can also be conceived for the detection of helicases, which are enzymes
involved in virus replication and proliferation. Helicases have the capacity to unwind double-
stranded nucleic acids into single-stranded counterparts. A GO-based platform was employed to
monitor the unwinding activity of SARS-CoV helicase nsP13 through the preferential adsorption
of ssDNA vs. dsDNA onto the GO surface resulting in the fluorescence quenching of the dye
conjugated to ssDNA (Figure 10B).2%” This approach was faster, simpler and cost-effective
compared to conventional techniques including radiolabeling, ELISA, FRET, and
chemiluminescence. The biosensors were exploited for the screening of antiviral drugs such as
viral helicase inhibitors. The feasibility of multiplexed high-throughput screening was also
demonstrated for measuring the activities of SARS-CoV helicase and hepatitis C virus NS3

helicase in a mixed solution using two distinct DNA molecules labeled with different dyes.?%®
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Detection of cytokines and C-reactive protein

The accurate detection of viral infection-related proteins with high sensitivity can be fundamental
for better clinical prognosis. For instance, the monitoring of cytokine levels secreted by immune
cells in response to pathogens affords diagnostic information. In particular, interleukin-15 (IL-15)
is a cytokine that plays a key role in the immune response during HIV-1 infection and it can be
considered as a biomarker of the stage of infection. Indeed, while a higher concentration of 1L-15
is present in the blood of infected patients in the early stage compared to healthy persons, low
levels are found in AIDS-stage patients probably because of the impairment of immune responses
against HIV-1. In this regard, the electrochemical detection of IL-15 was performed by a GO-
modified screen-printed carbon electrode functionalized covalently with anti-IL-15 antibodies.?*®
Although some improvements are required to reach higher sensitivity and lower detection limits,
this immunosensor is promising for the determination of HIV-1 acute infection, allowing HIV-1
pathogenesis monitoring as a point-of-care tool.

The detection of another type of cytokines, interferon-y (IFN-y), is also relevant in the context
of viral infections. IFN-y has antiviral, antitumor, immunoregulatory and antiproliferation
activities. The amount of IFN-y can be useful to evaluate the response of immune cells to
pathogens. For example, a high production of IFN-y results in low viremia and slow HIV
progression. As a result, it can be used as a biomarker to detect the earlier stage of various diseases
such as HIV, cancer, and tuberculosis. To this aim, a FRET-based aptasensor was developed using
transition metal dichalcogenides nanosheets (ReS2 and TiS;) and a dye-labeled IFN-y sSDNA
aptamer through fluorescence quenching and subsequent recovery.? Importantly, the sensing
platform was successfully implemented in human kidney live cells, showing excellent detection
and good biocompatibility. Another biosensor, which was based on rGO and a specific fluorescent
aptamer, was constructed for the quantification of IFN-y in serum from HIV-infected patients.?!!
The aptamer was hybridized with a complementary sequence to avoid adsorption on rGO and
fluorescence quenching. The double stranded fluorescent aptamer was derivatized with two Black
Hole Quencher 1 (BHQ-1) moieties for efficient immobilization on the rGO surface. BHQ-1 is a
non-fluorescent chromophore that contains three aromatic rings allowing strong m-m interactions
with rGO. It is widely used in FRET DNA detection probes.?*? Upon interactions with the target
IFN-y the double stranded aptamer was dissociated to the single stranded-aptamer because of the

higher affinity of the latter for IFN-y. Consequently, the proximity between the fluorophore of the

58



denatured strand and the surface of rGO led to fluorescence quenching. As the levels of various
cytokines are high in the blood of HIV-positive patients, the biosensor was also tested to detect IL-
2 and TNF-a showing slight fluorescence intensity changes and thus demonstrating high selectivity
for IFN-y thanks to the specific aptamer.

A high concentration of C-reactive protein (CRP), an inflammatory biomarker, is found in
patients diagnosed with COVID-19 pneumonia. The aforementioned electrochemical graphene-
based sensor developed for sensing the SARS-CoV-2 antigen nucleocapsid protein, was used for
the detection of CRP, as well as specific immunoglobulins (IgG and IgM) against the SARS-CoV-
2 spike S1 protein, via functionalization with an anti-CRP antibody and capture antigens,

respectively.'®

Prospects on viral infection detection

Overall, 2DM biosensors allow rapid and efficient detection of viruses and viral nucleic acids,
which enable simplification in construction and also reduction of both cost and time in comparison
to conventional assays. The selectivity can be made high, allowing the differentiation of virus
subtypes. Thanks to the high specific surface area of 2DMs and diverse possibilities of
functionalization, multiplex detection is also possible for simultaneously detecting different
viruses. To date, significant progress has been achieved providing future opportuning for point-of-
care devices and wearable biosensors. Among the different 2DMs investigated in the context of
viral infection, GO is the most widely explored probably due to its easy and low-cost synthesis,
rich surface chemistry and different strategies of functionalization.?® Recently, few other 2DMs
were also studied such as transition metal dichalcogenides (MoS2, PtSz, ReS;, and TiSy),
graphdiyne, gC3N4, MXenes (e.g., TizCz), 8-FeOOH nanosheets, as well as 2D MOFs and COFs.
We encourage future research on other 2DMs given the myriad of possibilities and different
intrinsic properties. Beyond virus detection, 2DM-based biosensors can be also exploited for the

screening of virus-specific antibodies and drug inhibitors of RNAses and viral helicases.

CONCLUSION AND FUTURE OUTLOOK
2DMs are a class of nanomaterials that offer tremendous opportunities for virus sensing. Their

dimensional relevance to viruses and capability to exchange free charges make them one of the
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most synergetic and sensitive platforms for such purpose. The possibility to modify their surface
properties by functionalization of the edges and basal surface allows 2DM-based biosensors to
respond to specific target viruses with high selectivity. They have demonstrated great potential for
interactions with viruses either directly through hydrophobic and/or electrostatic interactions, or
via functionalization with the utilization of entities such as heparin sulfate mimics and aptamers,
permitting efficient binding to viral proteins. Specifically, aptamers offer great perspectives for
multiplex detection compared to antibodies that often show cross-reactivity. The 2DM family
consists of members that can exhibit specific electrical, optical, and electrochemical properties,
which should be efficiently exploited for enhancing the sensitivity and reaching minimum detection
limits of biosensing platforms. 2DMs span a broad range of electronic properties, ranging from
metallic/semimetallic (e.g., graphene) to semiconducting (e.g., MoS;) and insulating (e.g.,
hexagonal boron nitride) that are essential for establishing different elements of biosensors. They
also display unique optical properties such as fluorescence quenching or emitting, and plasmonic
behavior. They have been exploited for the detection of viruses, either as whole particles, viral
proteins or nucleic acids, with high accuracy and sensitivity associated to fast response and low
cost. Additionally, 2DMs can be integrated into emerging strategies to overcome limitations of
PCR methods such as loop-mediated isothermal amplification and rolling circle amplification

techniques, as well as lateral flow assays.

Perspectives for virus detection

Point-of-care diagnostics for virus detection, taking place near and/or by patients, rather than in a
hospital or medical testing laboratory, are urgently needed in the healthcare system. However, this
requires the development of highly sensitive, portable, reusable, or at least low-cost disposable
devices. We have already discussed that 2DMs are amongst the best platforms for the realization
of point-of-care tools.

Field-effect based-biosensors may be the first choice as they present major advantages such as
operation by simple resistance measurements and mass production using microfabrication
technology.?'* Nevertheless, their sensitivity and selectivity must be enhanced before being
developed into reliable point-of-care diagnostic tools. A good example is a graphene-based sensor
that was recently developed by Graphene Leaders Canada Inc. and GLC Medical Inc. for the rapid

detection of SARS-CoV-2 using electrical frequencies in saliva samples.?® This biosensor
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generates a signal upon exposure to SARS-CoV-2 antigens in a very short time, within less than
one minute.

Electrochemical devices are also advantageous, but they are still at the early stages of
commercialization for biomarker sensing (at the exception of enzymatic glucose sensors available
since 1975).2%% The SARS-CoV-2 pandemic may accelerate the translation of 2DM-based detection
systems into point-of-care devices based on electrochemical detection.

Finally, owing to their simplicity in terms of production and cost effectiveness, lateral flow
immunoassays may be appropriate. In contrast, optical sensors may be unsuitable because of
drawbacks related to the need for high-precision light alignment, expensive hardware for
measurements and calculations, or scattering.?!’

In our opinion, other detection methods could be investigated further such as
chemiluminescence resonance energy transfer.?'® In this case, no external light source is required
and no photobleaching is involved. This technique relies on the oxidation of a luminescent substrate
that excites a fluorescent acceptor. As a result, non-specific signals that can be caused by external
light excitation are minimized.

Besides, multiplex detection involving different fluorophores can be limited by spectral
overlap. In this regard, SERS can be an attractive method as the molecular specific vibrational
spectra of a mixture of DNA molecules can easily be differentiated.

Despite their great potential, piezoelectric biosensors composed of 2DMs have not been
investigated for virus detection. Piezoelectric materials allow conversion of mechanical energy into
electrical and vice versa. Some 2D monolayer transition metal dichalcogenides such as MoSa,
MoTez, WTez, and MoO,, are piezoelectric.?!%-22! Specially, monolayers of post transition metal
mono-chalchogenides, such as SnS, show very high piezoelectric coupling coefficients.??

A precise control of the liquid flow is important in biosensing to direct the analytes onto the
surface of 2DMs. In this context, microfluidic technology could significantly contribute to the
development of point-of-care tools thanks to portability, low production cost, and the use of small
volume samples.??® In particular, the use of microfluidics can help the incorporation of 2DMs into
practical miniaturized devices.

Clustered regularly interspaced short palindromic repeats (CRISPR)-associated nuclease
(Cas)-based strategies were recently developed to improve conventional optical detection of viral

nucleic acids.?®* CRISPR-Cas is an adaptive immune system originally discovered in bacteria to
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defend against the invasion of nucleic acids such as viral genomes. Indeed, several CRISPR/Cas
systems were established for the detection of viruses,?® for instance Zika and dengue viruses,?%
and for the discrimination of distinct Zika genotypes??’ and human papillomavirus genotypes in
clinical patient samples.?® The development of strategies for efficient immobilization of
CRISPR/Cas systems to various interfaces is currently one of the major issues to overcome for
practical diagnostics. In the context of Duchenne muscular dystrophy, a biosensor combining a
graphene-based FET and the gene-targeting capacity of CRISPR-Cas9 was recently designed for
the facile, fast, and sensitive detection of a target sequence contained within intact purified genomic
DNA samples without the need for nucleic acid amplification.??® CRISPR-based methods have
great potential for point-of-care diagnosis as they are low-cost and rapid, can be established using
paper strips and they do not need complex instrumentation. Based on these considerations, we
encourage future research towards the combination of 2DM-based biosensors and CRISPR/Cas
technology to extend the boundaries of virus detection. Similar technologies are currently under
the development for SARS-CoV-2 detection.?*°

Although the family of 2DMs is very broad, only a few members of this family, mainly
graphene and to some extent MoS; and MOF nanosheets, have been investigated for viral infection
detection. We encourage the study of emerging 2D Xenes (e.g., arsenene, antimonene, bismuthene,
borophene, gallenene, germanene, phosphorene, selinene, silicene, stanene, and tellurene) as they
could overcome some of the shortcomings in the practical applications of 2DMs. The broad range
of electronic properties of 2DMs is essential for establishing different biosensor elements with
specific advantages. MXenes and graphene display higher carrier mobilities than Xenes. However,
the zero band gap of graphene and the limited band gaps of MXenes hamper their real applications
in optical and FET sensors. Contrarily, Xenes have tunable layer-dependent band gaps, which could
be a complementary alternative to hexagonal boron nitride (insulating), graphene
(metallic/semimetallic with zero band gap), MXenes (metallic/semiconducting with limited band
gaps) and transition metal dichalcogenides (semiconducting with large band gaps).212% The strong
interactions between Xenes and electromagnetic waves (from UV to NIR region) can be
manipulated and be taken advantage of; thereby, imparting photoredox capacity and large
extinction coefficients allowing their use in biosensing. The unprecedented properties of MOF and

COF nanosheets, in particular their well-defined structure and porosity, as well as the possibility
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to modulate their functionalities make these 2D organic frameworks promising for sensing
applications. Future studies in this direction will certainly provide major breakthroughs in the field.

It is noteworthy that one of the major drawbacks of 2DMs other than graphene, is the lack of
well-developed and reliable synthesis methods for large-scale production to ensure structural
homogeneity of 2DMs in terms of size and thickness. Moreover, some 2DMs, in particular
graphene, can have a tendency to restack through the formation of multilayers due to strong
noncovalent interlayer interactions. The reduced active surface area may impact the performance
and reproducibility of 2DM-based biosensors. To overcome this issue, the introduction of spacers
or the construction of three-dimensional (3D) networks can limit restacking. In addition, 3D
graphene materials display remarkable properties, such as enhanced conductivity and
electrocatalytic properties in all directions, high surface area and more controlled pore sizes.32332%
They can also be coupled more efficiently with other nanomaterials to reach new hybrid
properties.?*® In the context of virus detection, 3D structures provide a large surface-to-volume
ratio for the binding of viruses, or analytes extracted from viruses, and an accessible inner space
for their fast diffusion. Nevertheless, despite these advantages, only a limited number of studies
have exploited 3D architectures composed of 2DMs. For example, a plasmonic-magnetic 3D GO
macroporous network was developed for the detection of rotavirus and removal from infected
drinking water.?*® In another study, a 3D nanoflower-like structure containing MnO_ nanosheets
was used in an enzyme-free colorimetric assay of EV71.%27 Additionally, 3D MOFs have shown
great sensing performance owing to their geometrical structures and porosity.”*® To extend the
applications of 2DMs for virus detection, we encourage further studies on the development of 3D
architectures suitable for efficient and selective biosensing.

Finally, we suggest that the functionalization of 2DMs, for instance with heparin sulfate
mimics, should be further exploited for simple and direct detection of viruses, although selectivity
should be imparted by functionalization with specific targeting molecules, if needed. In the case of
SARS-CoV-2, it was recently found that the spike S1 protein surface receptor binding domain
interacts with heparin, undergoing conformational change.?® This observation leads to
perspectives for the design of SARS-CoV-2 biosensors and also for the development of heparin
and glycosaminoglycan-based antiviral drugs.?*® In this context, sulfated/sulfonated graphene-

family nanomaterials and other 2DMs could have great potential.
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To conclude, 2DMs, in particular graphene, MoS, and MOF nanosheets, demonstrated great
potential for interactions with viruses and integration into biosensors for the detection of intact
viruses, viral fingerprints, and antibodies. The development of new technologies for nucleic acid
detection such as CRISPR/Cas, associated to the plethora of 2DMs, which is constantly growing,
and the possibility to tune their electrical and optical properties provide many opportunities to
advance current technologies for rapid, accurate, and early diagnosis of viral diseases and hopefully
to generate ideas for ongoing research on SARS-CoV-2. Specifically, the functionalization of
2DMs with diverse functional molecules could be essential to tailor their properties and design
advanced diagnostic tools. The combination of different 2DMs may also bring exciting
breakthrough approaches solving real-world problems in the field of biosensing, which is
particularly desirable in the context of COVID-19.
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VOCABULARY

Aptamers: Short single-stranded oligonucleotides able to bind target molecules with high affinity
and specificity. The conventional method for aptamer engineering is based on systematic evolution
of ligands by exponential enrichment (SELEX).

Band gap: Energy difference between the top of the valence band and the bottom of the conduction
band in insulating and semiconducting materials.

Capsid: Protein envelope containing and protecting the viral genome. The capsid shape provides
different virus morphologies.

Nucleic acids: Molecules composed of long strands of nucleotides storing genetic information and
enabling protein production. The two main classes are deoxyribonucleic acid (DNA) and
ribonucleic acid (RNA).

Polymerase chain reaction: Technique allowing to make millions to billions of copies of a specific
DNA sample from a very small amount of DNA. This amplification method is used for highly
specific diagnosis of infectious diseases such as those caused by viruses.

Spike: Protein anchored on the viral envelope that binds to cellular receptors and mediates virus-
cell fusion resulting in cellular internalization of the virus.

Viral antigen: Protein encoded by the viral genome that causes an immune response in the host
organism. A viral antigen protrudes from the capsid and plays a key role in the binding to the host

cell, fusion, and injection of viral nucleic acids.
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