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commonly touched surfaces. In this con-
text, research of new antiviral solutions is 
highly sought after.

Over the past 15 years, graphene and 
graphene-related materials (GRMs) have 
attracted great attention because of their 
unique physical and chemical proper-
ties, which render them powerful compo-
nents for applications in optoelectronics, 
energy storage and generation, (bio)
chemical sensing, reinforcement for aero-
nautics and constructions, membranes 
for purification of water, etc. GRMs are 
composed of various carbon 2D mate-
rials each of them with a specific struc-
ture and nomenclature.[3,4] Among the 
different GRMs, the most promising 
materials are graphene (G), graphene 
oxide (GO), and reduced graphene oxide 
(rGO) (Figure  1). G displays a typical 

honeycomb sp2 carbon structure that is responsible for its 
flexibility and strength, exceptional electrical conductivity, 
and high lipophilicity. Conversely, GO, the oxidized form of 
G, contains various oxygenated groups and some sp3 carbons 
that decrease the mechanical and electrical performances but 
render it highly hydrophilic and water dispersible. Addition-
ally, GO can be reduced to partially restore the electrical con-
ductivity but retaining, to a great extent, the water dispersi-
bility, yielding rGO. GRMs are already produced at the indus-
trial scale and their application has been included in different 
device prototypes.

Herein, we will showcase and rationalize the most relevant 
applications based on graphene and related materials that can 
be foreseen to combat viral pandemics. In particular, GRM 
applications as antiviral material for drug delivery, smart sur-
faces, and (bio)sensing will be critically discussed and analyzed. 
Timely applications, opportunities, and future challenges will 
be addressed. With this contribution, we would like to stimu-
late scientists to think out of the box to find new efficient solu-
tions against COVID-19 and the next viral pandemics.

2. Medical Applications Blocking the Viral 
Replication Machinery
Since their discovery, GRMs have become powerful allies to 
fight against different diseases.[5] By taking full advantage of 
their tunable size, high biocompatibility, and tailored surface 
functionalities, GRMs have become useful components for 
application in different biomedical fields including drug 

The graphene revolution, which has taken place during the last 15 years, 
has represented a paradigm shift for science. The extraordinary properties 
possessed by this unique material have paved the road to a number of 
applications in materials science, optoelectronics, energy, and sensing. 
Graphene-related materials (GRMs) are now produced in large scale and have 
found niche applications also in the biomedical technologies, defining new 
standards for drug delivery and biosensing. Such advances position GRMs as 
novel tools to fight against the current COVID-19 and future pandemics. In 
this regard, GRMs can play a major role in sensing, as an active component 
in antiviral surfaces or in virucidal formulations. Herein, the most promising 
strategies reported in the literature on the use of GRM-based materials 
against the COVID-19 pandemic and other types of viruses are showcased, 
with a strong focus on the impact of functionalization, deposition techniques, 
and integration into devices and surface coatings.

1. Introduction

The spread of COVID-19 worldwide has dramatically changed 
our daily lives resulting in the most unstable and uncertain 
period our society is facing after the two world wars. The 
infections are coming as waves with increasing contagion and 
deaths.[1] Many governments are grappling with the competing 
demands of protecting the economy and protecting the health-
care systems. At the same time, researchers worldwide are 
devoting a significant effort in the search for strategies capable 
to contain the pandemic, diminish hospitalization, and develop 
as fast as possible a reliable vaccine.[2] So far we have learnt 
that our society will have to coexist at least for the next one to 
two years, with the virus forcing mankind to adopt new habits, 
use protective equipment, and take the precaution of sanitizing 
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delivery, bioimaging, and tissue engineering. Current progress 
of GRMs for antiviral applications is still at the early stage. Yet, 
the encouraging results achieved in other biomedical applica-
tions, including antimicrobial and immune activation, make G 
and GO potentially promising tools to fight against viral pan-
demics. G, GO, and rGO have been used in biomedical research 
against different kinds of viruses. They combine remarkable 
figures of merit including a high surface area offering good 
contact with the viral protein, a well-established surface chem-
istry enabling the preparation of multifunctional platforms, and 
an efficient photothermal activity under near-infrared (NIR) 
laser irradiation, allowing local temperature enhancement. 
Thus, GRMs can be ad hoc designed targeting common viral 
replication machinery (broad spectrum antiviral) or a specific 
viral antigen (specific antiviral) making them useful allies 
against SARS-CoV-2 and other viral infections. G, GO, and rGO 
have been already explored for their virustatic activity, and so 
designed to reversibly bind viral proteins or host cell proteins 
responsible for the attachment of the virus, thus blocking the 
infection at the early stage. The most popular targeting agent 
reported has been the mimicking cell heparan sulfate (HS), a 
polysaccharide present in a variety of mammalian cells and 
broadly used by several viruses (e.g., HIV, Herpes symplex virus, 
Zika, and Hepatitis B virus) to penetrate host cell membrane.[6] 
SARS-CoV-2 seems also to require HS as an assisting cofactor 
to enter host cells.[7] Thus, first clinical data have shown that the 

administration of HS in COVID-19 patients with severe corona-
virus disease is beneficial and that one possible antiviral mech-
anism is that HS molecules bind spike protein to block viral 
attachment or entry.[7] Due to the strong electrostatic interaction 
between the virus and HS,[6] the mimicking of this linear sul-
fated polysaccharide has been achieved using ligands con-
taining sulfate or sulfonate pendent groups.[8] These findings 
render HS particularly interesting for viral treatment and the 
combination with GRMs offers two additional advantages: 1) 
when using surface-functionalized GRMs, the local concentra-
tion of the targeting moieties is higher, resulting in an 
enhanced binding constant (multivalent effect),[9] that, as for 
other carbon nanoparticles, may reduce the therapeutically rel-
evant concentration by different orders of magnitude;[10] 2) 
chemistry on GRMs allows multifunctionalization permitting 
the incorporation of different desirable groups (Figure  1). For 
these reasons, functionalized GRMs are now studied as anti-
viral drugs for medical therapies. For example, sulfonate groups 
have been introduced onto G, GO, and rGO through different 
chemical strategies. The most common one is through sp2 
carbon derivatization. For instance, rGO functionalized with 
sulfonic acids (sulfanilic acid as precursor) have shown inter-
esting antiviral activity against Herpes simplex Virus-1 (HSV-1).[11] 
To enhance the functionalization degree, more complex precur-
sors have been grafted onto the GRM surface. Dendritic poly
glycerol sulfate functionalized rGO has been prepared through 

Figure 1.  Sketch describing the preparation of antiviral GRMs. Top: Chemical structures of graphene, graphene oxide, and reduced graphene oxide. 
Middle: GRMs can enhance their affinity for SARS-CoV-2 through chemical functionalization with specific functional groups. Bottom: Following 
incubation, GRMs can irreversibly damage the virus, reducing their infectivity (bottom).
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epoxide ring opening polymerization of glycidol and sulfona-
tion of the hydroxyl groups. This conjugate has shown similar 
efficacy to heparin in inhibiting Orthopoxviruses.[12] Due to 
similarity with the structure of HS, the inhibition effect could 
be enhanced by using a linear polyglycerol sulfonated rGO, 
instead of the dendritic polymer.[13] Another functionalization 
pathway well reported for the functionalization of G is the tria-
zine derivatization proposed by the group of Haag.[14] This 
strategy allows an easy and elegant surface multifuctionaliza-
tion of G flakes through a controlled derivatization of the tria-
zine ring. This approach was used to introduce both sulfonated 
polyglycerols and long fatty chains onto G surface. In vitro 
results on HSV-1 showed that a synergistic effect between elec-
trostatic and hydrophobic interactions resulted in a high inhibi-
tion of infectivity.[14] These in vitro examples show how G, GO, 
and rGO can be ad hoc functionalized in order to reversibly 
bind viruses and boost the antiviral activity. The use sulfonic 
groups may be a key strategy to target in vivo different classes 
of viruses including SARS-CoV-2. However, due to the revers-
ible nature of the binding mechanism to viral capsid, this 
approach can be used to slow down the infection (as for HS)[7] 
but not to eradicate the pathology. Indeed, following the 
binding thermodynamics, at low concentration the viral parti-
cles would be released from the nanomaterial surface causing 
the recurrence of the infection. Thus, the design of a system 
capable of irreversibly deactivating the viral machinery (viru-
cidal activity) is timely and highly desirable (Figure  1). 
Pioneering works have demonstrated that G and GO may pos-
sess intrinsic antiviral activity resulting from their mechanical 
interaction with the viral capsid or the envelope.[15,16] However, 
this effect has not yet been confirmed, neither in vitro nor in 
vivo where the antiviral activity of non-functionalized materials 
was found being negligible. This per se virucidal activity is pre-
sent only when viruses are incubated with the materials prior to 
contact with host cells, making pristine G and GO interesting 
for surface disinfection or at the early stages of infection. The 
mechanism of virucidal effect is associated to the unique phys-
ical and chemical properties of GRMs. In particular, this viru-
cidal activity has been attributed to the combination of three 
main factors: the physical insertion into the viral capsid, the 
negative surface charge, and the amphiphilic nature of the 
materials.[8] Therefore, by exploiting these characteristics it 
should be possible to prepare a wide spectrum antiviral agents. 
For instance, in silico studies have demonstrated that the expo-
sure of Ebola virus to G leads to the poration of the protein pro-
tective shell, which induces the leakage of genomic RNA 
leading to virus inhibition.[15] Such virucidal activity was associ-
ated with the sharp, rigid structure together with the hydro-
phobic surface allowing G sheets to recognize and break VP40 
protein–protein interactions. However, these studies have never 
been confirmed by further in vitro or in vivo assays. In this con-
text, it is worth noting that, due to its highly hydrophobic 
nature, G is not colloidally stable in water and biological media, 
thus limiting its application. One possible solution to prepare 
water-stable G dispersions is by using amphiphilic molecules 
during the graphite exfoliation process. Stable G water disper-
sions have been obtained using different classes of surfactants 
including biocompatible molecules such as proteins or 
sugars.[17] The surfactants used during the exfoliation process 

play an important role in the interaction of G with the viral sur-
face, thus screening through modelling and in vitro tests would 
be very helpful to select the most efficient G-based antiviral 
system. Conversely, GO exposes several oxygen-containing 
groups onto its surface that renders it highly hydrophilic to 
form colloidally stable aqueous dispersions. The GO structure 
has been theorized as composed of oxygenated C sp3 islands 
surrounded by C sp2 hydrophobic areas.[5] This unique patchy 
amphipathic structure is associated with a high capacity to 
adsorb lipophilic and hydrophilic molecules onto its surface. 
GO is able to disrupt the cellular lipid bilayers, and interfere 
with protein–protein assemblies leading to unfolding.[18] For 
these reasons, GO is considered as being extremely promising 
as an antiviral material. A study demonstrated the ability of GO 
to denature and induce agglomeration of fragments of the viral 
protein R, which has a fundamental role on HIV1 host cell 
binding and uptake.[16] The interaction of GO with HIV1 frag-
ments was associated with the hydrophobic interaction between 
the protein R and the nanomaterial that causes the conversion 
of the active α-helix segments into β-sheets promoting the for-
mation of biologically inactive fibrillar agglomerates. GO was 
also used to treat enteric EV71 (e.g., pathogenic agents of hand, 
foot, and mouth disease) and H9N2 (e.g., gastrointestinal avian 
influenza A) demonstrating a strong capacity to absorb both 
viruses onto its surface and showing good virucidal activity.[19] 
In a comparative investigation using GO, rGO, graphite, and 
graphite oxide, it has been shown that GO and rGO display the 
highest virucidal activity against Pseudorabies virus, indicating 
that the nanosized dimension of the material plays a crucial 
role on their activity.[20] Additionally, covering of GO with cati-
onic polymer causes a loss of antiviral activity, thereby high-
lighting the importance of negative charges present on GO 
surfaces.

Understanding the interaction of GRMs with viruses may 
help to conceive more efficient broad-spectrum antiviral agents. 
Hitherto, there are no reports proving the virucidal activity of 
GRMs against SARS-CoV-2. It is worth noting that the viri-
cidal activity is associated with different factors including sur-
face polarity, size, and edges. Most of the performed tests did 
not consider the biological media and/or the presence of pro-
tein corona. Coronation is a process that takes place between 
serum proteins and GRMs flakes, which may irreversibly alter 
the materials surface chemistry causing an attenuation or a 
drop of the virucidal activity. Additionally, the impact of sur-
face functionalization has not been exhaustively explored yet. 
The grafting of targeting molecules (e.g., ACE2, 3CLpro, S 
Protein)[21] may enhance the binding capacity of the nanomate-
rial and hence improve the specificity and the virucidal activity 
against SARS-CoV-2. In this context, another strategy is to 
vehicle antiviral drugs through GRMs for the selective delivery 
to targeted tissues and organs. GRMs combine good biocom-
patibility, longer blood circulation capacity and good permea-
bility through biological barriers and membranes thus offering 
outstanding drug delivery capacity. For instance, GO can effi-
ciently release hypericin (e.g., an antiviral drug) into duck-reo-
virus-infected ducklings preventing pathological lesions and 
decreasing the viral load in the organs with a consequent pro-
longed animal survival.[22] Multifuctionalization strategies have 
been also developed for the preparation of virucidal GRMs. GO 
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modified with sulfanilic acid and β-cyclodextrin displayed high 
binding efficacy to respiratory syncytial virus and incorpora-
tion of curcumin, a powerful lipophilic antiviral drug capable of 
inducing oxidation of the capsids.[23]

Another interesting but less developed approach regards the 
virucidal activity of G, GO, and rGO through phototherapy. The 
inherent photothermal activity of G, GO, and rGO was success-
fully proved in cancer therapy.[5] In this context, G, GO, and 
rGO are able to efficiently convert NIR light into heat, gener-
ating a local and rapid temperature increase that induces cell 
ablation. The same strategy can be applied for virucidal pur-
poses where the virus upon adsorption onto the nanomaterial 
surface can be irreversibly damaged by heat.[24] The possibility 
of preparing antiviral films that can be easily regenerated upon 
harmless NIR light might be an easy, versatile, and cost-effec-
tive solution for the next pandemics.

3. Antiviral Surfaces and Coatings

Many studies have been devoted to evaluating the resistance of 
viruses under different environmental conditions. For instance, 
exhaled viral particles remain infective even 3 h after exhala-
tion.[25,26] Beside aerosols and direct contact, one the most plau-
sible mechanisms of transmission for SARS-CoV-2 and other 
pathogens is through fomites. Fomites are inanimate items 
that can transfer the pathogens to a new host through unex-
pected transfer by contact with virus on inanimate objects. 
Common examples of fomites are door handles, lift buttons, 
ATM machine touchscreens, shared equipment in workplaces, 
etc. In a recent study, Riddell et al. have analyzed the survival 
rates of the SARS-CoV-2 in materials present in our everyday 
life including stainless steel, polymer and paper banknotes, 
cotton, and vinyl.[27] Remarkably, SARS-CoV-2 remains active 
in non-porous substrates up to 28 days when it is incubated in 
the dark, at 20 °C, at 50% relative humidity. The persistence 

in cotton (i.e., a highly porous material) was markedly shorter. 
Despite the variations due to the experimental conditions 
(e.g., viral titer, relative humidity, tested materials), these results 
are in line with other reports on the topic,[28] which underlined 
the need for constant sanitization and hand-washing, calling 
for investigations to develop new functional coatings that help 
to shorten the persistence of pathogens. A recent perspective 
article highlighted the importance of the development of effi-
cient antimicrobial surfaces, with particular emphasis on poly-
meric materials due to their constant presence in our everyday 
life.[29] Common strategies to boost the antimicrobial properties 
rely on the use of metal nanoparticles (e.g., CuO, Ag, or Au 
nanoparticles) or the exploitation of surface chemistry to tune 
the surface–pathogen interface. With sufficient adjustment, 
the strategies developed against bacteria could be translated 
to viruses. Chemical approaches leading to modify surfaces 
with pendent cationic, anionic heads or hydrophobic chains 
have been reported to inactivate viruses via different mecha-
nisms. For example, polyethyleneimines (PEI) were exploited 
to prepare glass slides with different surface chemistry and 
to evaluate their antiviral activity against influenza viruses.[30] 
Significant differences were found related to the length of the 
alkyl chains and the quaternization of amines. We would like 
to underline that the growing chemistry of 2D materials could 
find application in the development of antiviral coatings with ad 
hoc functional groups. Recently, we reported the preparation of 
GO with branched PEI to study the complexation of siRNA,[31] 
or for water remediation.[32] These studies might inspire the 
use of PEI-modified GO as antiviral surface coatings.

A key aspect for the realization of smart coatings based 
on GRMs concerns its integration into the actual surfaces 
(Figure 2). Extensive research effort has been dedicated to the 
development of GRM inks or dispersions with high process-
ability. Application of these inks to surfaces can be done by a 
number of techniques such as dip-coating, (ink-jet) printing, 
screen printing, spray coating, roll-to-roll processing, etc.[33] 

Figure 2.  Chemical functionalization of GRMs to generate antiviral coatings on fomites. The inset box illustrate several common techniques used for 
GRMs deposition. Adapted with permission.[33] Copyright 2019, Wiley-VCH.
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The chemical nature of the surface and the ink to be depos-
ited determine which technique suits best. For instance, spray 
coating might be the preferred option when transparency is 
required,[34] while the pad-dry process works better for indus-
trial-scale coating of textiles as reported in a work describing 
the development of e-textiles.[35] In this study, GO was simul-
taneously reduced and non-covalently functionalized with a 
hydrophilic polymer to avoid the re-stacking of the flakes. The 
adequate control of the chemical functionalization of 2D sheets 
opens the door to their use in virtually any media. This could 
enable their dispersion in precursor matrices of certain poly-
meric substrates. For example, the covalent functionalization 
of rGO with silsesquioxane moieties allowed their integration 
into electrospun fibers.[36] The electrospinning process in the 
preparation of textiles, filters, wound dressing materials, etc. 
has shown promising results in recent years.[37,38] Integration 
of GRMs into electrospun mats was beneficial in many applica-
tions as shown in the case of poly(lactide-co-glycolide/chitosan) 
fibers decorated with GO functionalized with Ag nanoparticles 
in a postmodification step with strong antibacterial activity 
against several tested microorganisms.[39]

While waiting for an effective medical treatment or the 
herd immunity achieved with the new and upcoming vaccines 
against SARS-CoV-2, the use of face-masks is among the most 
effective precautions to be exploited in order to avoid the spread 
of viral particles when social distancing is not possible. As a 
consequence, millions of surgical masks are daily produced, 
used and disposed around the globe causing a strong environ-
mental impact.[40] Research activities are being directed toward 
the reutilization of masks after decontamination by microwave 
irradiation or dry heating.[41] The multifaceted GRMs can play 
an important role to mitigate this massive use of resources. 
For instance, the superhydrophobicity of laser-induced gra-
phene (LIG) was exploited to develop self-cleaning recyclable 
masks.[42] LIG is produced after the irradiation of commercial 
polymers (i.e., polyimides) usually with a CO2 laser. This is a 
photothermal process driven by the high pressure and tem-
peratures around the laser spot.[43,44] In this case, LIG synthesis 
was adapted to preserve the integrity of the masks. The process 
provided superhydrophobic masks and can be easily brought to 
large-scale manufacturing. Besides, the strong light absorption 
and superhydrophobicity of LIG would permit the deactivation 
of most pathogens by only exposing it to the sun light. The 
strong light response would allow the recycling of the masks in 
solar steam generators. In another work, the health protection 
capacity of commercial melt-blown fabrics (MBF) and com-
mercial masks with activated carbon fiber (ACF) was compared 
to LIG.[45] Escherichia coli was used as a model microorganism 
with an inactivation temperature over 60 °C. Interestingly, LIG 
showed 81.57% intrinsic antibacterial activity in contrast to 
9.13% and 2.0% of MBF and ACF, respectively. After 10 min of 
light irradiation, LIG films reached 62 °C, which resulted in an 
enhanced antibacterial activity of 99.998%, while ACF reached 
only 52 °C and 67.24% activity. On the other hand, MBF fibers 
reached only 36 °C, yet its activity increased to 85.3%, sug-
gesting that temperature is not the only important factor.

The use of graphene in masks was not limited to LIG. For 
instance, a prototype filter was designed as a disposable part of 
reusable respiratory masks.[46] The structural part of the filter 

was composed of multilayers of electrospun poly(lactic acid) 
and cellulose acetate. By adding CuO nanoparticles and GO in a 
postprocessing step using ultrasonication, the mechanical, anti-
viral, and antibacterial properties were enhanced. Photothermal 
activity of LIG is expected also for other GRMs. Remarkably, 
LIG grows firmly on substrates, which envisions certain sta-
bility. The stability of GRM masks thereof will depend on the 
kind of GRMs and the deposition technique, being key factors 
in view of the incorporation of GRM-containing masks into the 
market.

4. (Bio)Sensing

A recent mathematical study has suggested the benefits of 
proper testing, tracing, and isolation and quarantine of the 
population to control the spread of viral infections.[47] Unfortu-
nately, scenarios with confirmed cases around 20 000 per day 
would require quarantining of over 500 000 people ideally for 
two weeks. Such circumstances impose the need to carry out a 
vast number of tests every single day. Alongside, the silent state 
of the infection leads to fast propagation of the virus, which is 
in contrast with the slow available testing methodologies. Cur-
rent testing relies mainly on the use of reverse transcription 
polymerase chain reaction (RT-PCR). Testing by means of this 
method requires a few hours and the intervention of trained 
personnel at every step of the analysis including sampling, 
sample treatment, and data interpretation. Consequently, fast 
and reliable methods without the use of sophisticated equip-
ment or trained staff at a reasonable cost are needed for proper 
triage of SARS-CoV-2 in the current pandemic.

The electronic properties, high surface area-to-volume ratio, 
and the ultrahigh response to changes in the environment 
make GRMs ideal candidates for the development of novel 
and highly sensitive sensors associated with SARS-CoV-2 and 
other viruses. Sensing using GRMs and other 2D materials 
is a growing field that has provided very promising results in 
recent years.[48,49] The available know-how is serving as a solid 
starting point for the development of new sensors. The pro-
cess for the development of GRM-based sensors is illustrated 
in Figure 3. To the best of our knowledge, Seo et al. reported 
for the first time the use of G for the detection of SARS-
CoV-2 in nasopharyngeal swab specimens.[50] In this work, 
CVD G was transferred onto SiO2/Si substrates and patterned 
into linear shapes with photolithography before growing top 
Au/Cr electrodes. SARS-CoV-2 spike antibody was then immo-
bilized onto G using a bifunctional linker containing pyrene 
that binds to G via π–π stacking interaction, and an activated 
carboxylic acid to form a stable amide bond with the antibody. 
The use of the antibody enabled the specific detection of the 
spike protein, a transmembrane protein that differs from one 
coronavirus to another. This device architecture permitted the 
evaluation of the field-effect transistor biosensing response 
to three different samples including the SARS-CoV-2 antigen 
protein, the cultured SARS-CoV-2, and real clinical samples. 
Interestingly, the authors reported a limit of detection (LOD) 
of 1 or 100 fg mL−1 of protein in PBS or universal transport 
medium, respectively, 1.6 × 101 pfu mL−1 of the cultured virus 
with a linear response up to 1.6  × 104 pfu mL−1. Besides, 
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Mers-CoV spike protein gave no response, suggesting high 
specificity of the biosensor. Although the high complexity of 
the clinical samples provided a signal with high noise back-
ground, it was possible to distinguish between positive and 
negative patients. The LOD in nasopharyngeal swabs was 242 
copies per mL, which is close to the ≈100 copies per mL of the 
most performing RT-PCR.[51]

Alternatively, G-based electrochemical biosensors are 
attracting a lot of attention for SARS-CoV 2 detection. The inte-
gration of these biosensors into electrochemical devices has 
evolved rapidly in recent years allowing the fabrication of point-
of-care testing of relevant biomolecules.[52,53] A supersandwich-
type electrochemical device able to detect RNA of SARS-CoV-2 
without nucleic acid amplification or reverse transcription was 
recently developed.[54] In this type of sensors, the target oligo-
nucleotide sequence hybridizes with the capture probe and the 
signal probe (i.e., sandwich), which hybridizes in turn with 
another extreme of the target strand forming long concatamers 
(i.e., supersandwich) that amplify the electrochemical signal. 
A sophisticated synthetic approach was applied to prepare the 
active material, which is composed of Au@Fe3O4 nanoparti-
cles decorated with a short oligonucleotide capture probe for 
the viral RNA, and rGO functionalized with Au nanoparticles 
binding the labelled signal probe. In addition, the basal plane 
of rGO was functionalized with p-sulfocalix[8]arene hosting 
toluidine B to improve the electrochemical signal. The elec-
trochemical response to the SARS-CoV-2 RNA was measured 
by differential pulse voltammetry using an electrochemical 
workstation operated by a smartphone. Remarkably, a LOD of 
200 copies per mL was achieved with this sensor, which outper-
forms the LOD for viral RNA reported in the literature, and was 
suitable for different clinical samples including throat swabs, 
saliva, urine, sputum, etc. Moreover, the sensor displayed no 
significant response when it was exposed to samples from 
other viruses (e.g., Mers-CoV, influenza A, rhinoviruses, etc.), 
which confirmed its high specificity and selectivity.

Beside the virus itself, the detection of other biomarkers 
associated with the disease is of vital importance to control a 
pandemic. The identification and early detection of biomarkers 
can anticipate dramatically the diagnosis with the consequent 
increase of survival rate in many diseases. In this regard, high 
levels of C-reactive protein have been found in patients with 
severe symptoms of COVID-19.[55] Moreover, the presence or 

the absence of the specific immunoglobulins IgM and IgG 
provides relevant information on the immune response of the 
tested individuals. A smart-solution to detect the spike pro-
tein of SARS-CoV-2, the associated immunoglobulins, and the 
C-reactive protein in either blood or saliva using a multiplexed 
device based on functionalized G was reported.[56] To construct 
the device, a four-channel LIG electrode was engraved onto 
polyimide with a CO2 laser. Pyrenebutyric acid was used as a 
linker for the modification of each working electrode with the 
specific reagent for the corresponding biomarker. Once assem-
bled, the performance of the multiplexed device was measured 
by amperometry against Ag/AgCl reference electrode fabri-
cated by electrodeposition. Incubation time as short as 10 min 
was enough to obtain a linear response within a physiologi-
cally relevant range. Furthermore, the sensor was integrated 
in a device powered by a small lithium-ion polymer battery. 
The device was able to measure and send the data simultane-
ously via Bluetooth technology. The applicability of the device 
in real serum and saliva samples was proven both for positive 
and negative cases. The potential use of non-invasive sampling 
(i.e., saliva), together with the fast response and good perfor-
mance without sophisticated laboratory equipment or trained 
personnel at a reasonable price make this pioneer device a 
strong candidate for fast patient triage to block the spread of 
the virus.

In most of the described works, a strong focus was given to 
achieve high specificity and selectivity for SARS-CoV-2, which 
was assessed by exposing the sensors to different viruses. A 
completely different approach was proposed by Hashemi et al.[57] 
The authors put the focus on the electrochemical sensing of gly-
coproteins by differential pulse voltammetry. The active mate-
rial consisted of functionalized GO decorated with Au nanostars 
deposited on glassy carbon electrodes. This biosensor provided 
low LOD for SARS-Cov-2, infectious bronchitis virus, avian 
influenza, and two strains of Newcastle disease virus. The high 
performance was attributed to the high adsorption capacity of 
functionalized GO and the electron transfer mediated by the Au 
nanostars. The test could be done quickly using saliva. Interest-
ingly, the differential pulse voltammetry displayed a different 
pattern for all the tested viruses. This is of high importance 
since distinguishing between the SARS-CoV-2 and other viruses 
is frequently a challenging task because of the similarity of the 
symptoms. The concept developed here could be of extreme 

Figure 3.  Functionalization of GRMs with specific biomolecules for the sensing of SARS-CoV-2. GRMs derivatization can be done either before or after 
the deposition onto the substrates. Most of the sensing events described so far include the interaction of a specific biomolecule with functionalized 
GRMs. The first attempts mainly included sensors with electrical readout, yet other outputs (e.g., spectroscopic signal) are foreseen.
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importance to discriminate people infected with concomitant 
viruses (e.g., SARS-CoV-2 and influenza in winter) and stop the 
spread of dangerous pathogens.

Yet, novel sensors should not be limited to biomarkers. For 
instance, a high detection rate of SARS-CoV-2 was achieved 
through the analysis of forced cough recording with artificial 
intelligence.[58] GRM-based architectures responsive to sound[59] 
or pressure[60] could find application here. In addition, integra-
tion of 2D-material-based thermometers into wearables could 
constantly measure the temperature of an individual. Sensors 
based on 2D materials could find application to assess the state 
of personal protective equipment like masks. Playing with the 
experimental conditions for the synthesis of LIG, hygroelectric 
devices were integrated into surgical masks.[45] The devices con-
sisted of films of LIG where the hydrophilicity (i.e., the level of 
oxidation) changed gradually along the device. This generates 
a gradient of protons in the presence of moisture that induces 
a measurable electric field. The performance of this device 
decreases significantly with the accumulation of bacteria, and 
therefore it could be used to evaluate the masks conditions.

5. Conclusion and Outlooks

Unexpected problems require unexpected solutions. The out-
break of the current pandemic is urging scientists to be crea-
tive in the development of novel strategies to fight against the 
spread of SARS-CoV-2. Such circumstances impose (more than 
ever) a strong collaboration between laboratories with different 
background. Here, we have provided some examples demon-
strating that thanks to their chemical and physical properties, 
GRMs can be key components offering innovative solutions in 
antiviral research. When suitably functionalized GRMs are able 
to interfere with viral replication machinery, reduce viral survival 
on surfaces, and selectively and sensibly detect capsid proteins 
making them powerful allies against this and future pandemics.

On the short-term, by taking advantage of the industrial-scale 
production of 2D materials, antiviral surfaces and coatings as 
well as sensors based on GRMs can be realized by making use 
of the tools described above. Alongside, appropriate chemical 
modifications should be exploited to enhance the functional 
control over these materials. The use of cost-effective coating 
techniques may allow large-area GRM deposition on surfaces 
of different nature. Fine control of the chemistry of GRMs, 
preferably through stable covalent bonding, should be directed 
to generate robust coatings to expand their utility life (e.g., 
resistance to washing or to ambient exposure). The ideal coat-
ings should present broad-spectrum antimicrobial activities 
both for harmful viruses and bacteria. A thorough evaluation 
against real pathogens would therefore be required. However, 
access to these assays is generally limited and they require a 
lot of resources. In addition, while the design of new GRMs 
can be developed in different research groups, we must keep in 
mind that only few labs are equipped with access to the patho-
genic viruses and so can study the efficacy of GRMs as antiviral 
materials. Therefore, calls for new collaborations, establish-
ment of excellence specialized scientific clusters and financial 
support to innovative research initiatives are mandatory for an 
efficient fight against new viral pandemics.

The remarkable results on the sensing of SARS-CoV-2 using 
GRMs point to a promising future. Importantly, the approaches 
developed for graphene may be exploited with other 2D mate-
rials (e.g., MoS2) offering a broader choice of physical and 
chemical properties, toward the design of new sensors beyond 
GRMs. Most of the proposed strategies involved the use of non-
covalent chemistry to immobilize large biomolecules on the 
flat surface of 2D materials. Consequently, key aspects such 
as the reproducibility during the large-scale production and 
the stability of the devices over time has to be assessed before 
bringing these sensors to the market. Besides, the sensing plat-
forms should be also versatile enough to be adapted to the pos-
sible mutations of the virus.

Application of GRMs and in general of hard nanomaterials 
in drug delivery has to be considered in a long-term perspec-
tive. Multifunctionalization strategies and antiviral efficacy 
must be still deepened. Additionally, there are different con-
cerns about biocompatibility and long-term toxicity of 2D mate-
rials. Although studies are already available,[61] the toxicological 
risks of GRMs are not completely cleared. In this context, we 
solicit the scientific community work for the standardization of 
the tested GRMs in order to obtain robust answers for their safe 
applications in any field. Different hard nanomaterials are now 
clinically approved for human treatment,[62] and we hope that 
some of the GRMs will be soon included into this list. Despite 
the current extraordinary results, GRMs have been only mar-
ginally explored in viral infections. In particular, their potential 
in blocking cell uptake, inhibiting viral replication, and alerting 
the immune system has not been unleashed yet. There is still a 
long way to go before establishing GRMs as optimal solution to 
combat SARS-CoV-2. However, by considering the huge poten-
tial held by such unique materials in view of their unique prop-
erties, which can be further modulated via controlled function-
alization, one can foresee a bright future for GRMs in the fight 
against the current COVID-19 and future pandemics.
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