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The novel coronavirus designated as SARS-CoV-2 has risen the first pandemic caused by
coronavirus and by November 26, 2020 is responsible for more than 1,410 million deaths.
This scenario evidences that despite previous pandemics and epidemics in the world’s
history, the current worldwide measures to contain and to mitigate viruses’ outbreaks are
still disabled and insufficient. Therefore, this perspective reinforces the need for new and
practical approaches for antiviral material developments and presents current
technologies and its advances in this field of research focusing especially in surface
materials since it is one of the most common interaction pathways. Furthermore, the roll
that nanotechnology has been playing in the combat of viruses as well as the mechanisms
that science has been discovering to inactivate these pathogenic microorganisms is
presented. Finally, we suggest introducing new legislation and norms rather more
specified on virucidal agents (materials and devices) than bactericidal ones in human
environments such as hospitals, nursing homes, buses, and shopping centers to mitigate
the current and future virus-based pandemics and epidemics.

Keywords: antimicrobial materials, virus inactivation, surface chemical activity, health management
nanotechnology, antiviral legislation

INTRODUCTION

“Next time, we may not be so lucky.” These were the words of Dr Gro Harlem Brundtland, Director-
General of the World Health Organization (WHO), when the first severe acute respiratory syndrome
(SARS) global outbreak was contained in July 2003. The virus emerged in China and spread to more
than 30 countries (mostly in Southeast Asia), resulting in 812 deaths. By that time, Dr Brundtland
said that, although the epidemic was under control, the threat remained and researches into SARS
must continue to improve world understanding and ability to handle another future outbreak
(World Health Organization, 2003). This predicted situation has dramatically emerged in December
2019 with the rise of the new coronavirus designated as SARS-CoV-2 that led to a novel disease,
COVID-19. On March 11, 2020, the WHO officially characterized the global COVID-19 outbreak as
a pandemic, and by November 2020, the number of victims worldwide exceeded 1,4 million (World
Health Organization, 2020a; World Health Organization, 2020b). This scenario impelled, once again,
the world to look for practical and innovative solutions to stop the virus spread since respiratory
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FIGURE 1 | Global number of scientific publications over last 25 years obtained from the “Web of Science-Clarivate Analytics” database for “antibacterial surface
material; bactericidal surface material; bactericide surface material” (antibacterial surface material) and “antiviral surface material; virucidal surface material; virucide
surface material” (antiviral surface material). Search performed on November 26, 2020.

Year

viruses like SARS-CoV-2 cause a variety of pathologies from lung
disorders (from mild upper respiratory tract infections to life-
threatening pathologies like pneumonia and acute respiratory
distress syndrome) to neurological disorders (lack of smell, taste,
and memory) (Abdelrahman et al., 2020; Patel et al., 2020). Thus,
despite the international commitment from many technological
and scientific organizations in fighting such virus, the obstacles
are many, including the fact that viruses in general take a couple
of years to reemerge, which may discourage the researches
(Stadler et al., 2003).

However, it is imperative to notice that viral respiratory
infectious diseases have afflicted humans since ages. Three
influenza pandemics were recorded only in the 20th century
and the first one, the HIN1 “Spanish flu” pandemic of 1918, is
estimated to have infected 50% of the world’s population with
mortality between 40 and 50 million (Potter, 2001). In the
meantime, the humanity has developed surprising
technologies to go to the Moon, to put rovers on Mars, and
genetically modified organisms to introduce resistance against
plant diseases from insects or viruses or to increase tolerance
toward herbicides that have radically changed our world.
Unfortunately, despite recent advances in the control of
epidemic outbreaks such as Ebola and the smallpox
eradication, we have not learned as we should from previous
viral epidemics and pandemics to develop a huge enough variety
of materials with antiviral chemical activity to eliminate or
reduce the viral charge in contact surfaces and environments,
which would be of great value to fight against COVID-19
nowadays. The current pandemic has encountered the
humanity with few tools to fight as some antiviral fabrics and
some inorganic antiviral materials, which it is hard to be
understood in terms of the size of scientific community and
billionaire budgets for research and technology worldwide.
Figure 1 shows the number of published articles for materials

with antiviral and antibacterial surfaces in the last 25 years using
the search engine “Web of Science-Clarivate Analytics”. One can
see that a big difference is apparent. Although the trend for
materials with antibacterial surfaces follows an exponential
growth as a function of years, the trend for the antiviral
surfaces does not follow a straightforward behavior. We will
discuss below such behavior with more details. Moreover, there is
afactor ~29 in the last 25 years, where rather more articles related
to antibacterial surfaces were published than antiviral surfaces,
which means that for each article reporting an antiviral surface
material (230 papers), another 29 are reporting antibacterial
surface materials (6,642 articles). In another terms, regarding
the last 5 years, of all the 4,366 publications of surface materials,
the virucidal ones correspond only to 2.8%, and has been barely
increased to 4.1% in 2020 alone. We understand that such big
difference is due to the public legislation, which is focusing more
on bacterial infections than viral ones. Thus, governmental
institutions for health, food, and drugs guide the research,
public calls, and budgets, which may have reinforced rather
more bacterial issues than viral ones.

NANOTECHNOLOGY AS A TOOL FOR
ANTIVIRAL SURFACE DESIGN

Current advances in nanotechnology have been providing
promising alternatives to this area. Nanoparticles of copper
(Cu), copper oxides (CuO and Cu,O), silver (Ag), and
titanium oxide (TiO,), for example, are being widely studied
as biocides. These nanomaterials and thin films have great
potential as antiviral agents due to its intrinsic antiviral
properties and/or its photodynamic and photothermal
capabilities for reactive oxygen species (ROS) generation
(Rajendran et al, 2020; Talebian et al., 2020). They have
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FIGURE 2 | (A) Number of publications devoted to antiviral materials where the mortality rate (in red) of major virus disease outbreaks worldwide in the last 25 years
is pointed out (B) Main antiviral materials under study in the last 5 years. The search is the same as described in Figure 1 but including the antiviral metallic and ceramic
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already proved its antiviral effect against several viruses, such as
coronavirus 229 E (Warnes et al.,, 2015), hepatitis B virus (HBV)
(Zan et al.,, 2007; Lu et al., 2008), herpes simplex virus types 1
(HSV-1) and 2 (HSV-2) and with human parainfluenza virus type
3 (HPIV-3) (Gaikwad et al, 2013), human immunodeficiency
virus type 1 (HIV-1) (Borkow and Gabbay, 2004; Lara et al.,
2010), influenza virus HIN1 (Borkow et al., 2010; Mori et al.,
2013; Monmaturapoj et al., 2018), Norovirus (Warnes and Keevil,
2013; Park et al, 2014), and more recently, against the new
coronavirus SARS-CoV-2 (Balagna et al., 2020; Behzadinasab
et al.,, 2020). Gold (Au) and zinc oxide (ZnO) nanoparticles have
also proved its biocidal activity, as well as silica compounds and
carbon-based materials, such as graphene derivatives (Hasan
et al., 2020b; Zhou et al., 2020).

These materials have also been used as hard nanomaterials
(HNMs). According to Reina et al. (2020), HMNs represent a
nonpolymeric organic or inorganic material group that shares a
nanostructured hard core and a tunable surface chemistry. This
family ranges from noble nanoparticles to glycofullerenes, for
example, and their antiviral mechanisms are based in different
actions, such as capsid denaturation, mimicking the cell surface,
and mechanical disruption. Therefore, they can be applied not
only to block the entry of viruses but also as drug delivery (Reina
et al, 2020). Still, regarding the novel coronavirus, the
inactivation of its distinct binding glycoprotein at the base of
its spike, which has been discovered to be responsible to enter
the human cells and to replicate, has become a target in the field
of materials, especially by surface coatings due to its different
possibilities of action using nanomaterials with direct or indirect
antiviral activity or with receptor inactivation capability (Sun
and Ostrikov, 2020).

As mentioned above, Figure 2A shows the number of
published articles for materials with antiviral activity with
more details where the time line also exhibits the last virus
disease outbreaks and its correspondent mortality rate. One
can see that the increase in the number of articles follows a
step-by-step growth where each growth takes place after the
starting of each outbreak. Moreover, Figure 2B presents a pie
chart to highlight the most current materials that have been
intensively studied for antiviral materials in the last 5 years. The
publications covering these metallic and ceramic materials
represent 50% of the data available from 2016 to 2020 since
the other half concerns the use of plant extracts and natural
compounds (such as chitosan), and also reviews and researches in
the medical field regarding drugs and treatments. Silver-based
compound/particle appears as the chemical element most used
for antiviral activity so far. After that, golden-based, copper-
based, and zinc-based compounds/particles follow the sequence.
Finally, titanium-based compounds/particles and graphene finish
the group of materials with antiviral activity.

SURFACE AND COATING TECHNOLOGIES

Before the scenario previously exposed, the studies in the last
years have focused on two pathways: combining the advantages of
two or more materials to improve its bactericidal and virucidal
activities for hybrid coatings (Hodek et al, 2016) and
incorporating biocidal agents in a variety of materials such as
cotton fibers, latex, glass, and stainless steel (Borkow and Gabbay,
2004; Huang et al., 2020) since viruses, including the SARS-CoV-
2 itself, can survive and remain infectious for days on inanimate
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surfaces and objects depending on the type of surface and the
environmental conditions, (e.g., temperature and humidity)
(Hasan et al., 2020b).

Regarding coatings, different technologies have been proposed
with the aim of guaranteeing high biocide properties. The sol-gel
method is an example of an extensively studied method for the
preparation of organic-inorganic hybrid coatings with
antimicrobial activity due to its advantages such as easy
application to any kind of substrate, high purity, and
homogeneity of the resulting coatings and low processing
temperatures, and also enables to adjust the mechanical
properties of the coating (Marini et al., 2007; Lee et al., 2010).
Moongraksathum et al.  (2019)  developed Ag/TiO,
nanocomposite by the peroxo sol-gel method, which presented
antibacterial and antiviral activity greater than 99.99%. The
thermal spraying technique has also been reported as a
promising method to provide antimicrobial coatings. Noda
et al. (2009) presented a thermal sprayed antibacterial coating
based on Ag-containing calcium phosphate that presented strong
antibacterial activity to methicillin-resistant Staphylococcus
aureus (MRSA), a bacteria resistant to many antibiotics, and
because of that, may be considered as a promising tool to combat
viruses since silver presents antiviral activity. As for cold spray
coatings, Sousa and Cote. (2020) recently presented its
application in providing SARS-CoV-2 surface inactivation. The
antiviral activity of other metal spray techniques has also been
reported by Champagne et al. (2019). Moreover, a relative new
method for surface treatment is the plasma electrolytic oxidation
(PEO), a procedure that among its advantages is the possibility to
incorporate into the coating the particles suspended in the
electrolyte, such as oxides, which also represents a promising
technique to provide antiviral coating surfaces (Pezzato et al,
2019).

To summarize, other methods have also proved themselves
efficient in providing antiviral coatings, such as the vapor
deposition method (Krumdieck et al., 2019) and the physical
absorption (painting) (Behzadinasab et al., 2020). Even more
techniques can be found in the review of Imani et al. (2020). A
recent coating developed to reduce the longevity of the novel
SARS-CoV-2 on solids was reported by Behzadinasab et al.
(2020). The authors presented a Cu,O/polyurethane coating
that inactivated the virus in 1h on coated glass and stainless
steel retaining its activity after many exposures to virus for
13 days even after immersion in water. Hospital trials have
also taken place in studying surface coatings and proved its
importance. In 2013, a study carried out in intensive care
units (ICUs) of three United States hospitals found out the
reduction of more than 50% in the rate of bacterial infection
when six items fabricated from copper alloys replaced constant
touch surfaces, such as bed rails and call buttons, a promising
trend for virucidal tests (Salgado et al., 2013).

As for the impregnation of bactericidal and virucidal particles,
it enables not only the production of self-sanitizing surfaces to
mitigate fomite transmissions (Hasan et al., 2020b) but also
biocidal personal protection equipment (PPE), such as masks
and gloves, which is a potential mean to limit the transmission of
viruses because the current lack of virucidal activity of such PPE

Trends in Antiviral Surface Activities

makes them a source of infection when discarded (Huang et al.,
2020) developed a rechargeable respiratory mask containing
graphene oxide, and Aasi et al. (2020) developed metal
decorated single-wall carbon nanotubes that proved themselves
promising aspirants for design of antiviral surfaces.

Talebian et al. (2020) also propose two more applications for
the nanotechnology field: the development of nano-based
bactericidal and virucidal disinfectants for air, surfaces, and to
reinforce PPE such as facial respirators, by incorporating
nanoparticles with biocidal activity, and the development of
sensitive nano-based sensors for viral detection for early
diagnosis of viral diseases. This last one tendency is also
mentioned by Hasan et al. (2020b) that exposes that material’s
surface with tuned electrical and optical properties provided from
nanotechnology can be able to detect coronavirus and act as virus
SEnsors.

Another trend regards to photoactive composite materials.
The development of photo-driven biocidal materials requires an
optimization of its functions because the biocidal effect usually
drops under dim light or dark conditions as the ROS generated in
light declines with time (Zhou et al, 2020). A wide range of
examples concerning the use of phototherapy against viruses is
reported by Wiehe et al. (2019), which may be an alternative
weapon against SARS-CoV-2.

One more current virucidal strategy is related to the advances
in the field of topography-mediated antibacterial surfaces. Hasan
et al. (2020a), inspired by insect wing architecture, presented for
the first time the antibacterial and antiviral property of an etched
aluminum (Al) 6063 alloy surface. The width of individual
nanostructures of 23nm resulted in a surface able to lyse
Gram-positive and Gram-negative bacterial cells and also to
reduce the amount of viable common respiratory viruses.
More details about natural and artificial surfaces with biocidal
topography can be found in the review of Wu et al. (2018).

Although different inorganic compounds are showing
effective antiviral activity, the mechanisms of the material
surface for antiviral activity are not clear and fully understood.
It seems to be rather more a trial and error method than
systematic studies to identify, for example, in the case of
enveloped virus, if the material surface is destroying or
blocking the spikes and/or lipid membranes and/or nucleic
acids, which may bring rich information about the inactivation
mechanism. Thus, new and more detailed experiments are
mandatory to understand better the antiviral activity of
material surfaces to optimize and tune its antiviral action.

What has been widely presented in the last 2 decades are
comparative works that aim to present the advantages of the most
currently used materials. Sunada et al. (2012) studied the
inactivation of bacteriophages by solid-state copper(I)
compounds (CuO, Cu,S, and Cul) by direct contact, and
Minoshima et al. (2016) proved that, against silver-based
compounds, Cu,O shows superior activity against enveloped
and non-enveloped viruses, also proposing the direct contact
mechanism. However, other mechanisms have been suggested,
such as the generation of reactive oxygen species (ROS) which
attack the viruses leading to its death, and inactivation by the ions
released as well (Borkow and Gabbay, 2005; Miyauchi et al.,

Frontiers in Chemical Engineering | www.frontiersin.org

March 2021 | Volume 3 | Article 636075


https://www.frontiersin.org/journals/chemical-engineering
www.frontiersin.org
https://www.frontiersin.org/journals/chemical-engineering#articles

Schio et al.

2020). As for silver-based compounds, some works present that
the antiviral activity occurs due to the silver ions released from the
coatings or the nanoparticles themselves (Sun and Ostrikov,
2020) while others present that a physical inhibition of
binding between the virus and host cell occurs (Gaikwad et al.,
2013; Mori et al, 2013). As for the TiO,, it is capable of
inactivating microorganisms by the photocatalytic production
of ROS. Therefore, many studies have focused on doping TiO,
with transition metal ions to enhance its antiviral properties (Park
et al., 2014; Liu et al., 2015; Monmaturapoj et al., 2018). Thus, in
view of the large number of possibilities of combinations and by
knowing that the morphology of materials also influences their
physical-chemical properties, studies in this area continue to
require updates and improvements, especially regarding the
durability and shelf life of such materials.

FINAL REMARKS

New materials to control viruses in environments are extremely
important to eliminate or reduce viral load, this for antiviral
masks, fabrics, and filters for hospital, nursing homes, and
vehicles for public transportation. Moreover, the virus
inactivation mechanisms should be elucidated to improve the
virucidal action of materials and devices. Finally, novel and more
accurate public legislation and norms for antiviral materials
should be created to eliminate or reduce the viral charge in
closed environments and transportation that may slow down the
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