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A B S T R A C T   

Viruses pose a serious threat to human health and society in general, as virus infections are one of the main 
causes of morbidity and mortality. Till May 2022, over 513 million people around the world have been 
confirmed to be infected and more than 6.2 million have died due to SARS-CoV-2. Although the COVID-19 
pandemic will be defeated in the near future, we are likely to face new viral threats in the coming years. One 
of the important instruments to protect from viruses are antiviral surfaces, which are essentially capable of 
limiting their spread. 

The formulation of the concept of antiviral surfaces is relatively new. In general, five types of mechanism 
directed against virus spread can be proposed for antiviral surfaces; involving: direct and indirect actions, re
ceptor inactivation, photothermal effect, and antifouling behavior. All antiviral surfaces can be classified into 
two main types - passive and active. Passive antiviral surfaces are based on superhydrophobic coatings that are 
able to repel virus contaminated droplets. In turn, viruses can become biologically inert (e.g., blocked or 
destroyed) upon contact with active antiviral surfaces, as they contain antiviral agents: metal atoms, synthetic or 
natural polymers, and small molecules. The functionality of antiviral surfaces can be significantly improved with 
additional properties, such as temperature- or pH-responsivity, multifunctionality, non-specific action on 
different virus types, long-term application, high antiviral efficiency and self-cleaning.   

1. Introduction 

Undoubtedly, a pandemic affects the lives of each individual citizen 
and society as a whole. Being in a turbulent environment for more than a 
year, we have learned to adapt to new conditions - remote work and 
online negotiations. The pandemic has left its mark on almost all areas of 
our activity. 

Due to the pandemic, the issue of health and hygiene is in the center 
of attention. Of course, we all want to be healthy and do everything for 
it. We wear masks, wash our hands more often, and carry out intensive 
disinfection. But, unfortunately, the statistics of the pandemic are 
disappointing. This means that new and more modern methods of 
fighting infections must be used. The future of hygiene by long-acting 
disinfectants, just as soap and water were the future of hygiene 100 
years ago. The most appealing solution to the problem these days is the 
design of antiviral coatings of various types, which can be applied to the 
surfaces encountered daily that serve as the platforms for virus spread. 

The pandemic has dramatically increased interest and demand for 
antiviral coatings. Modern biomaterials are one of the human achieve
ments, based on a deeper understanding of how biomaterials interact 
with biological systems at both the cellular and molecular levels. The 
ultimate purpose is to create more suitable materials, including antiviral 
surfaces. 

The current situation allows us to assume that the COVID pandemic 
is not the last one and a new pandemic will appear in the future. 
Fortunately, previous coronavirus outbreaks of severe acute respiratory 
syndrome (SARS) and Middle East respiratory syndrome (MERS) passed 
relatively lightly, providing the opportunity to obtain more information 
on coronavirus infections [1]. The SARS-CoV-2 pandemic has an enor
mous influence in the world on the health of people, social behavior, and 
economic situation. Undoubtedly, great progress has been made in 
discovering the origin, transmission, pathogenesis, diagnosis, and 
treatment of SARS-CoV-2 infection. However, more research is required 
to continue the battle against SARS-CoV-2, and cooperation between 
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governments, academia, and industries is crucial to make this happen 
[2]. Additional risks of the pandemic can be generated by booming 
space programs, with hitchhiking Earth’s viruses becoming pathogenic 
in space [3] or even extraterrestrial viruses infecting humans [4]. 

Nanomaterials have promising potential to fight against various vi
ruses, either by providing sensitive and economical nanosensors for 
rapid viral detection, or by developing translatable nanovaccines and 
broad-spectrum nanomedicine for virus treatment [5]. Great progress in 
the fabrication of the antiviral nanostructured surfaces is first of all 
related to the production of antiviral face masks. Although different 
antiviral mask materials have been patented in this century, we have 
observed quite recently an accelerated application of both active and 
passive antiviral surfaces to substantially improve the performance of 
facial masks [6–7]. Other applications involve, in addition to personal 
protection and devices, ubiquitous surfaces of medical and public space. 
Passive antiviral defense prevents virus contamination without blocking 
or destroying virus particles. This principal new approach, based on the 
application of superhydrophobic coatings, protects the surfaces from the 
adsorption of the virus particles. In contrast to passive antiviral 
approach, active antiviral surfaces contain agents engaged in antiviral 
activity, such as metal atoms, synthetic or natural polymers, and small 
antiviral molecules. These antiviral agents are able to block or destroy 
virus particles since they have an active impact on virus particles. 

As described above, antiviral coatings are very relevant today. 
Therefore, many research groups are working to create different types of 
materials that can be used as protective antiviral surfaces. This article 
attempts to classify, compare, and describe antiviral coatings. Compared 
to other similar reviews, this article has at least five advantages. First, a 
modern classification of antiviral surfaces is introduced based on passive 
and active antiviral surfaces, including different mechanisms of antiviral 
actions. Second, complex information is presented on the impact of non- 
specific and specific interactions on virus deposition and infectivity. 
Third, the problem of the fabrication of the antiviral surfaces is outlined 
from different viewpoints, including information not only on the syn
thesis and characterization of the nanostructured antiviral surfaces but 
also taking into account the physico-chemical and biological properties 
of the virus particles. Fourth, different types of antiviral coatings are 
compared, their advantages and disadvantages are shown. And lastly, 
our attention is not focused on only one species of viruses, but the impact 
of the antiviral surface on different viruses is compared. 

2. Impact of non-specific and specific interactions on virus 
deposition and infectivity 

2.1. Non-specific interactions 

The physico-chemical and biological properties of the surface 
exposed to viruses, such as its chemical composition, charge, hydro
philicity/hydrophobicity and roughness, but also the surface properties 
of the material before and after colonization by biofilms can affect non- 
specific virus deposition [8–9]. Also, the size of the viral particles and 
their surface properties play an important role in this process. In an 
aqueous environment, additionally, the characteristics of the water (pH, 
ionic strength, temperature) are substantial factors [8–9]. 

Viruses have different mechanisms of deposition on surfaces 
depending on the physico-chemical properties of the viral particle. Un
derstanding the mechanisms of viral deposition is important for the 
development of surfaces with antiviral properties [10]. 

Virus deposition on surfaces from water or air has probably a similar 
character as numerous viral particles are deposited on the surfaces from 
virus-laden respiratory droplets. As is well known, electrostatic in
teractions between oppositely charged surfaces and viral particles usu
ally attribute to extensive adsorption of viral particles [11–12]. In 
general, the behavior of the viral particles is similar to that of colloid 
particles. The deposition of viruses on surfaces is governed by the total 
free energy of adsorption [13]. In work [14] it was summarized that 

knowing the isoelectric point of the virus (pI) enables us to predict its 
adsorptive interactions with a surface of known charge, as long as the 
suspending medium conditions are well-defined and controlled. The 
interactions between virus and surfaces are likely to be governed mainly 
by long-range electrostatics, while shorter-range van der Waals in
teractions might be less important [9,15]. 

In addition to electrostatic interactions, wettability plays a crucial 
role in viral particle deposition. The impact of wettability was demon
strated by the successful application of superhydrophilic fabric to 
separate viruses from virus-containing water droplets and prevent vi
ruses from spreading in water droplets over a long distance [16]. 

In the excellent work [17], the adsorption of P22 virus-like particles 
VLPs on surfaces functionalized with silanes with three different ter
minal groups, i.e. amino- and glycidyloxy-silanes inducing an acid-like 
and a base-like (polar, hydrophilic) surface tension, and perfluoro- 
silane inducing a dispersive surface tension (hydrophobic and oleo
phobic), was studied in detail. The bacteriophage P22 VLP presents an 
icosahedral structure and can be adsorbed with different orientations, 
exposing fivefold (S5), threefold (S3), or twofold (S2) symmetry axis. It 
was observed, that perfluoro-silane strongly enhanced the adsorption of 
P22 VLPs particles, which exhibited also dominant S5 orientation. In 
turn, both lower adsorption of P22 bacteriophages and their dominant 
orientation S2 and S3 characterized the situation on hydrophilic sur
faces. It was concluded, that the higher P22 affinity to perfluoro- 
silanized surface is caused by hydrophobic interactions of this surface 
with hydrophobic P22 residues at S5 pentons [17]. 

As outlined above, numerous factors can affect non-specific viral 
particle deposition, and their majority is related to the physico-chemical 
properties of both the surfaces and viral particles. They include long- 
range electrostatics and shorter-range van der Waals components of 
free energies, as well as their hydrophobic/hydrophilic balances. 

We believe, that traditional approaches using non-specific in
teractions to protect surfaces against virus deposition are not sufficient 
nowadays. This is mainly due to the fact, that different species of virus 
have different physico-chemical properties. Hence, ‘ideal’ antiviral 
surfaces cannot be fabricated without nanotechnological approaches. 
Therefore, approaches based on active and passive antiviral surfaces 
have been intensively developed in recent years, widely introducing the 
concept of antiviral surfaces into bionanotechnology. 

2.2. Specific interactions 

To develop new methods to inactivate viral particles, it is important 
to understand their structure as a biological object. In general, an entry 
of a virus into host cells is governed by specific interactions between 
viral particles and cellular receptors. Virus–host interactions are com
plex processes that span from binding to cells, entry, dissemination, and 
finally lytic or persistent infection. The first step, binding to host mol
ecules that serve as viral receptors, is critical for all subsequent events. 

As an example, the influenza virus is an enveloped virus of the 
Orthomyxoviridae family. The life cycle starts after the attachment of 
virus to the host cell via viral hemagglutinin. Hemagglutinin is a trimeric 
surface glycoprotein receptor that recognizes sialic acids on the surface 
of host cells [18] (Fig. 1). 

In turn, the coronavirus spike (S) glycoprotein is the main antigen 
presented at the viral surface of coronaviruses. The CoV S protein is 
responsible for host cell attachment and mediates host cell membrane 
and viral membrane fusion during infection. The S protein includes the 
receptor binding domain (RBD), with the receptor binding motif (RBM) 
that directly interacts with the receptors of angiotensin converting 
enzyme 2 (ACE2) in host cells. The application of substances for effec
tive blocking of the virus receptor binding motifs is a promising method 
for the fabrication of the antiviral surfaces (Fig. 2). 
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3. Approaches based on active and passive antiviral surfaces 

The term ‘antiviral surfaces’ has appeared first as a title in 2020 [24], 
implying the novelty of the formulation of this concept. The strategy to 
prevent virus transmission through disruption of virus survival or 
deposition on ubiquitous surfaces is based on different mechanisms 
‘added’ to the surfaces with antiviral agents or surface modifications 
[24]. In general, five main antiviral mechanisms can be proposed, as 
shown in Fig. 3; involving: direct and indirect actions, virus receptor 
inactivation, photothermal effect and antifouling behavior (for super
hydrophobic surfaces). The direct action of the antiviral agents is based 
on the inactivation of the viral particles at contact. The indirect action of 
antiviral agents leads to the stimulated formation of highly reactive 
species, such as reactive oxygen species, which are able to effectively act 
on viral particles. Sometimes, the photothermal mechanism is also 
considered as an indirect antiviral action, but it is so specific that it 
should be assigned to a separate group. The photothermal effect consists 
of energy absorption by a nanostructured material, and the resulting 
energy dissipation as a heat in the vicinity of the nanostructure. Re
ceptor inactivation relies on blocking virus receptors, which are then 
unable to interact with host receptors. Finally, the antifouling behavior 
of the superhydrophobic coatings repels virus contaminated droplets. 

In addition, it is convenient to divide all antiviral surfaces into two 

main types – passive and active ones. Passive antiviral surfaces prevent 
the deposition of viruses through the application of superhydrophobic 
coatings. In turn, active antiviral surfaces contain agents engaged in 
antiviral activity, such as metal atoms, synthetic or natural polymers, 
and small molecules. They include metal-based materials, coatings 
loaded by small molecules, and polymer-based coatings. An appropriate 
discussion on different types of surfaces and related mechanisms of 
antiviral actions is given below. 

3.1. Approaches based on passive antiviral surfaces 

The first step to defend the surface from virus invasion is to prevent 
them from adsorption of virus particles. In recent years, a new trend of 
surface design has been intensively developed to protect them from the 
accumulation of proteins, bacteria, and marine organisms [25]. In case 
of viruses, an analogous approach is completely new and only a limited 
number of papers describe passive antiviral surfaces able to prevent 
virus contamination without blocking or destroying virus particles. 

In the case of SARS-CoV-2, virus-laden respiratory droplets (from less 
than 1 to 2000 μm in diameter [26]) are released from infectious people. 
The virus laden airborne droplets can be deposited on surfaces of various 
objects to form fomites, which may cause indirect infection. Recently, a 
principally new approach was developed to protect the surfaces from 

Fig. 1. Interaction of hemagglutinin (HA) of the influenza A virus with the receptor on the cell surface. Top: left: model of the virion structure of the influenza A 
virus; right: structure of N-acetylneuraminic acid, a type of sialic acid. Bottom: left: model of structure of hemagglutinin, which is the trimer, all monomers of which 
consists of two subunits (HA1 and HA2); right: the receptor binding site is magnified and reoriented to depict structural features and conserved residues in the binding 
pocket, along with the location occupied by bound sialic acid, shown in green. All numbers based on H3 subtype of hemagglutinin [19–21] (all panels were adapted 
with permission form Refs. [19–21]). 
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virus-laden droplets, based on the application of superhydrophobic 
coatings. Superhydrophobic coatings are defined as coatings with water 
contact angles greater than 150◦ and sliding angles less than 10◦, 
attributed mainly to two parameters: low surface energy and micro- and 
nano-hierarchical surface roughness [27–28]. Theoretical reflections on 
the application of superhydrophobic surfaces as effective antiviral sur
faces were presented by Meguid [29]. Based on these considerations, the 
surface should repel contaminated droplets or body fluids to prevent 
adhesion, keeping the virus encapsulated and suppressing surface con
taminants [29]. 

Theoretical assumptions presented in [29] were confirmed in 
excellent experimental works [10,30]. In the first work [10], two 
superhydrophobic coatings, i.e., commercially available Glaco (SOFT99, 
GLACO) and hydrophobic aerosil coating, were fabricated on six 
commonly used substrates (copper, glass, glove, face mask, plastic, and 
steel) with different wettability. Both coatings are composed of silanized 
silica nanoparticles with a comparable average diameter of nearly 30 
nm. The general scheme of the fabrication of passive antiviral surfaces is 
presented in Fig. 4a. The adhesion of SARS-CoV-2 viruses was deter
mined not by static contact angles, but by dynamic contact angles that 
characterize solid–liquid adhesion. The amount of attached viruses was 
determined to be proportional to the cube of solid–liquid adhesion [10]. 
Furthermore, practically no virus attachment was concluded on super
hydrophobic surfaces with adhesion reduced below 1 mN [10]. 

Compared to bare surfaces, all superhydrophobic surfaces exhibited a 
significant reduction in SARS-CoV-2 attachment, at least 99.997% and 
23.6% on Aerosil and Glaco coatings, respectively. This strategy was 
continued in work [30], where materials encountered daily, such as 
glass, fabric (polyester), steel, copper, mask, nitrile glove, and paper, 
were used as substrates. Repellent superhydrophobic coatings were 
fabricated by functionalizing various nanostructures, including SiO2, 
TiO2 nanoparticles, CuO nanoflakes, and Ag nanocrystals. The results 
obtained confirmed the results presented in a previous publication [10]. 
Fig. 4b illustrates the formation of fomite on typical surfaces and the 
prevention of fomite formation on superhydrophobic surfaces. 

3.2. Approaches based on active antiviral surfaces 

3.2.1. Metal-based antiviral surfaces 
In general, metal-based antiviral surfaces can be grouped in two 

classes. The first class includes ‘pure’ metal surfaces, including entirely 
metallic products, whereas the second class includes products with 
metalized surfaces or coatings composed of metallic nanoparticles, often 
embedded in polymer matrix [31–35]. 

A simple fabrication of nanocomposite coatings based on polymers 
and metallic nanoparticles is presented in Fig. 5a. In this approach, in
teractions between specific motifs of coated polymers and metallic 
cations are employed. For example, the strong affinity between metallic 

Fig. 2. Model of the virion structure of SARS-CoV-2 (top) and conformational changes in the spike ectodomain during membrane fusion (bottom). Bottom: left: top 
view of prefusion SARS-CoV-2 S. The conformational changes in adjacent N-terminal domains NTDs (NTD1 and NTD2) as the receptor-binding domain (RBD) of 
protomer shifts to the upward position are indicated with arrows; middle-left: side view of prefusion SARS-CoV-2 S with two RBDs in the down conformation (RBMs 
(receptor-binding motif) hidden) and one RBD in the upward conformation (RBM exposed), bound to the ACE2 receptor; middle-right: side view of postfusion SARS- 
CoV-2 S with S1 (receptor-binding subunit of spike glycoptotein) shed and S2 (membrane-anchored subunit of spike glycoptotein) subunits elongated towards the 
host cell membrane with FP (fusion peptide) inserted; right: side view of postfusion SARS-CoV-2 S after a collapse that allowed HR2 (heptad repeats 2) to form a six- 
helix bundle with HR1 (heptad repeats 1), resulting in fusion of the viral membrane with the host cell membrane [22–23] (all panels were adapted with permission 
form Refs. [22–23]). 
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cations and nitrogen in the pyridyl group of poly(4-vinylpyridine) 
(P4VP) or with oxygen in the ether groups of poly(oligo(ethylene gly
col)methacrylates (POEGMA) leads to immobilization of metallic cat
ions in polymer coatings. Finally, metallic nanoparticles can be 
synthesized using different chemical approaches [31–34]. Typical mi
crographs of silver nanoparticles incorporated in P4VP coatings, pro
vided by scanning electron microscopy and atomic force microscopy, are 
presented in Fig. 5b and 5c, respectively. 

More than 30 metals and their salts or oxides have antiviral poten
tial, including silver (Ag), gold (Au), bismuth (Bi), cobalt (Co), copper 

(Cu), iron (Fe), mercury (Hg), manganese (Mn), nickel (Ni), lead (Pb), 
platinum (Pt), antimony (Sb), tin (Sn), zinc (Zn) and titanium (Ti) [36]. 
Some of these metallic antiviral agents are extremely toxic to humans, 
highly polluting the environment, or too expensive for application at the 
industrial scale. Therefore, today, great practical applications may be 
proposed only for silver, copper, zinc, titanium, and their intermetallic- 
based antiviral coatings. 

We review in the following the reports on metal-based antiviral 
surfaces using Ag, Cu, Zn and Ti, with representative studies outlined in 
Table 1, with respect to coating material and virus type. In turn, the 

Fig. 3. Types of antiviral mechanisms and classification of active and passive antiviral surfaces.  

Fig. 4. General scheme of fabrication of the passive antiviral surfaces (a); fomite formation for typical surfaces, and prevention of fomite formation for super
hydrophobic surfaces (b). 
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main concluded mechanisms of the antiviral actions of metal-based 
coatings are summarized in Fig. 6. 

3.2.1.1. Silver-based antiviral surfaces. The biological activity of silver 
(Ag) has been recognized for thousands of years. Since ancient times, 
silver has been widely used in containers to prevent putrefaction of 
liquids and foods [37]. Nowadays, silver is one of the best known anti
viral materials with promising advantages. However, extensive pro
duction and application of the silver coatings are strongly limited due to 
relatively high costs. 

Recent research showed that 50 nm thick Ag film coated on glass 
substrates by thermal evaporation has a viral titer of coronavirus 229E 
essentially lower than for native glass [38], but silver nanoparticle 
coatings demonstrated significantly better antiviral results. It is likely 
that silver-based materials are more effective in the nanoparticle form, 
where the nanoparticles can directly bind to viral proteins. 

In work [39], a simple and inexpensive ultra-sonication method was 
used to synthesize quasi-silver nanoparticles (AgNPs) with an aqueous 
extract from Panax ginseng roots. The biomolecules present in these plant 
extracts are often used to reduce metal ions to nanoparticles in a single- 
step green synthesis route. The AgNPs were spherical with sizes ranging 
from approximately 5–15 nm. They were also shown to be virucidal 
against the influenza A virus (strain A/PR/8) [39]. In a similar work 
[40], AgNPs were synthesized using Andrographis paniculata, Phyllanthus 
niruri, and Tinospora cordifolia and their antiviral properties against the 
chikungunya virus were demonstrated. An in vitro antiviral assay of 
AgNPs showed that AgNPs from A. paniculata were the most effective, 

followed by AgNPs from T. cordifolia and P. niruri. In turn, two blue- 
green algal strains, Oscillatoria sp. and Spirulina platensis, were used to 
biosynthesize Ag2O/AgO NPs 41]. The obtained nanoparticles showed a 
high reduction rate (reaching 49%) of the initial HSV-1 particles. 

Research on AgNP interaction with HIV-1 demonstrated the inhibi
ted infectivity of the virus in vitro, caused by binding of NPs to the di
sulfide bond regions of the CD4 binding domain within the gp120 
glycoprotein subunit [42–43]. In the work [43], the binding of AgNP to 
the gp120 subunit was size dependent as particles greater than 10 nm 
were not observed to be attached to the viral envelope. 

AgNPs (10 to80 nm, with or without polysaccharide coating) were 
evaluated for efficacy against the monkeypox virus Zaire strain (MPOX- 
Z, CDC isolate V79-I-005). All types of Ag-NPs showed a significant dose- 
dependent effect of test compound concentration on the mean number of 
plaque-forming units [44]. In turn, in the work [45] an Ag-NP coated 
polyurethane condom was developed, presenting the ability to effi
ciently inactivate HIV-1 and herpes simplex virus (HSV) infectiousness. 

The excellent review prepared by Galdiero et al. summarized the 
application of AgNP against a wide range of viruses, including retro
viridae viruses (i.e. HIV virus), herpesvirus, paramyxoviridae viruses 
(such as respiratory syncytial virus), Hepatitis B virus, influenza virus, 
by interfering with the binding of cellular receptors or inhibiting viral 
replication [46]. 

Recently, numerous papers have been devoted to the impact of silver 
coatings and nanoparticles on SARS-CoV-2 [47–50]. In the works 
[47–50], where AgNPs of different sizes and concentrations were tested, 
it was shown that nanoparticles of diameter around 10 nm are effective 

Fig. 5. Fabrication of nanocomposite coating based on polymers and metallic nanoparticles (a). Typical images of Ag nanoparticles incorporated in P4VP coatings, 
provided by scanning electron microscopy (b) and atomic force microscopy (c). 
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in inhibiting extracellular SARS-CoV-2 at concentrations ranging 

between 1 and 10 ppm, while cytotoxic effect for cells was observed at 
concentrations of 20 ppm and above. Antiviral tests for cotton fabric 
surface with photodeposited 10 nm AgNPs exhibited a specific viral 
reduction of 97% for SARS-CoV-2 [48]. Sputtered coatings of silver 
nanocluster/ silica composite that were deposited on FFP3 masks 
showed a reduction in virus infectivity of one order of magnitude for 
coatings containing a lower silver concentration, and the complete 
removal of the infectivity at a higher silver concentration [49]. The Ag/ 
SiO2 nanoparticle film exhibited a drastic 75% reduction in viral load 
after 5 min of contact and up to 98% reduction after 120 min [50]. 

As shown above, silver coatings based on nanoparticles or capped 
nanoparticles as well as composition materials are effective against a 
number of viruses such as human immunodeficiency virus (HIV), res
piratory syncytial virus, hepatitis B virus, herpesvirus, paramyxoviridae 
viruses (such as respiratory syncytial virus), influenza virus and SARS- 
CoV-2. 

The main mechanism used by silver structures to act against viruses 
involves the proteins found on the surface of the virus. In general, silver 
structures inhibit the binding of the virus to cells (Fig. 6) [51–52]. 
Infection with influenza viruses H1N1 and H7N3, HPIV3, Ad3, RSV, 
RVF, and SARS-CoV-2 begins by binding the S protein to the specific host 
receptor on the cell membrane [51,53–54]. This protein allows the virus 
to bind to the ACE2 receptor conversion enzyme of the host cells 
[51,55]. The disulfide bonds in the S protein, blocked by silver, cannot 
interact with the ACE2 receptor conversion enzyme [51,56–57]. 

3.2.1.2. Copper-based antiviral surfaces. Copper-based antiviral mate
rials belong to the promising ones because they are relatively inexpen
sive and easy to fabricate. The first attempt to study antiviral properties 
of copper-based coatings was presented in 2007 in work [58], where 
influenza A virus particles were incubated on copper or stainless steel. 
After incubation for 24 h on the stainless surface, nearly 500,000 virus 
particles were still infective, in contrast incubation for 6 h on the copper 
surface, where only 500 particles were active. In another similar work 
[59] rapid inactivation of murine norovirus (MNV-1) on alloys, con
taining more than 60% copper, at room temperature, was reported. The 
creation of reactive oxygen species (ROS) was found to be not important 
for the inactivation mechanism. In turn, in work [60] cuprous oxide 
(Cu2O), cupric oxide (CuO), cuprous sulfide (Cu2S) and cupric sulfide 

Table 1 
Metal-based antiviral surfaces.  

Coating Materials Virus References 

Cu and Cu2O HCoV-229E [38] 
AgNPs with an aqueous 

extract 
influenza A virus (strain A/PR/8) [39] 

Silver nanoparticles (AgNPs) Chikungunya virus [40] 
Ag2O/AgO NPs Herpes Simplex virus (HSV-1) [41] 
AgNPs HIV-1 [42] 
AgNPs (10–80 nm, with or 

without polysaccharide 
coating 

Monkeypox virus Zaire strain 
(MPOX-Z 

[44] 

Ag-NPs coated polyurethane 
condom 

HIV-1 and herpes simplex virus 
(HSV) 

[45] 

Silver nanoparticles (AgNP) SARS-CoV-2 [47] 
Ag/SiO2 nanoparticle film SARS-CoV-2 [50] 
Copper or stainless steel Influenza A virus [58] 
Alloys, containing over 60% 

copper 
Murine norovirus (MNV-1) [59] 

Cu2O bacteriophages T4 and Qβ [60] 
Copper iodide (CuI) particles A/California/07/09 (H1N1) pdm (A/ 

H1N1pdm) 
[61] 

Copper oxide particles Human immunodeficiency viruses 
(HIV-1), human influenza A virus 
(H1N1) and avian influenza virus 
(H9N2) 

[62] 

Cuprous oxide Nanoparticles 
CuO-NPs 

Hepatitis C Virus (HCV) [64] 

Copper surface Human coronavirus 229E (HuCoV- 
229E) 

[65] 

CuO nanoparticle SARS-CoV-2 [50] 
ZnO nanostructures Herpes simplex virus (HSV-1) [79] 
TiO2- and TiO2–Ag (Ti:Ag 
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bacteriophage MS2, Hepatitis B, 
human rotavirus strain Odelia, a 
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[87–91]  

Fig. 6. Main mechanisms of the antiviral actions of metal-based coatings.  
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(CuS) were tested as antiviral surfaces against bacteriophages T4 and 
Qβ. The results obtained demonstrated excellent antiviral properties 
only for Cu2O surfaces, explained by the fact that neither ROS nor 
copper ions but rather direct contact with the surface of cuprous com
pounds cause the denaturation or degradation of viral biomolecules, 
resulting in virus inactivation. Very good antiviral activity of nanosized 
copper iodide (CuI) particles, which generate hydroxyl radicals, was 
shown for influenza virus A/California/07/09 (H1N1) pdm (A/ 
H1N1pdm) [61]. Borkow et al. [62–63] tested the impact of copper 
oxide introduced into polymer materials, especially in medical masks, 
where mask layers contained nearly 2% w/w copper oxide particles, 
against human immunodeficiency viruses (HIV-1), human influenza A 
virus (H1N1) and avian influenza virus (H9N2). The materials obtained 
demonstrated excellent antiviral properties. Importantly, no infectious 
human influenza A viral titer was recovered from the copper oxide 
containing masks in 30 min in contrast to the control masks [63]. 

Hang and coworkers [64] showed the ability of the cuprous oxide 
nanoparticles to significantly inhibit the infectivity of Hepatitis C virus 
(HCV) infection. In addition, CuO-NPs blocked HCV infection both at the 
attachment and entry stages. Warnes et al. declared that human coro
navirus 229E (HuCoV-229E) was inactivated on a copper surface in less 
than 30 min if the copper alloy included more than 90% of the copper 
[65]. A similar observation was presented in work [38] where copper- 
containing thin films demonstrated strong virucidal effects in contrast 
to non-copper-containing metals and metal oxides coatings, namely, 
ZnO, ZTO, Ag, and TiO2, which do not show antiviral activity against 
HuCoV-229E. 

Intensive application of copper-based antiviral materials began two 
years ago, when different research groups almost simultaneously 
demonstrated the very high efficiency of the copper materials against 
severe acute respiratory syndrome-related coronavirus 2 (SARS-CoV-2) 
[66]. In the work presented by van Doremalen and colleagues [66], 
SARS-CoV-2 was not detected after 4 h of contact with copper. Similarly 
to the copper surface, the CuO nanoparticle film significantly reduced 
the viral load already after 30 min (54% reduction), and after 120 min it 
reached a reduction up to 76% [50]. The cupric oxide (CuO) coating was 
deposited onto the glass from a dispersion of cuprous oxide (Cu2O) in 
ethanol and then thermally treated at 700 ◦C, oxidizing the cuprous 
oxide to cupric oxide and sintered the particles into a robust film. The 
SARS-CoV-2 infectivity of the CuO film was reduced by 99.8% in 30 min 
[67]. In the work [68] two transparent surface coatings were prepared 
using polydopamine (PDA) as the adhesive element. The first coating 
consisted of PDA and a very thin layer of copper that was deposited onto 
PDA by electroless deposition. The second coating was designed by 
PDA/Cu2O that was sprayed in a single step. Both coatings inactivated 
nearly 100% of the SARS-CoV-2 virus in 1 h. 

In work [69] a copper-coated KF94 mask was fabricated by vacuum 
surface treatments, including irradiation with an oxygen ion beam and 
sputtering deposition of copper. The modified mask demonstrated a high 
filtration efficiency reducing the amount of virus particles by more than 
75%. In another work [70] three-layer medical masks were produced, 
containing a total of 4.4% CuS (w/w) (2.2% CuS coated & 2.2% CuS 
impregnated) nylon fibers in the outer layer and 17.6% CuS (w/w) 
impregnated nylon in the middle layer. The three-layered mask with CuS 
almost completely blocked virus-containing droplet passage for short 
exposure periods of 1 to 2 min and showed 80% efficacy for longer 
exposure times of 5 to10 min. 

The luminore (cold spray liquid polymetal alloy consisting of copper) 
coating effectively inactivated SARS-CoV-2, the ebola virus, and the 
marburg virus in vitro [71]. The prepared surfaces inactivated 99% of 
SARS-CoV-2 during 2 h. In a similar work [72] a cold spray system 
(Lightspee3D) was used to fabricate a textured copper coating that had 
high viricidal activity with 96% inactivated viral particles in 2 h. 

As seen above, the antiviral properties of copper-based materials are 
well known, but the mechanisms of their action are not undoubtedly 
clarified yet. Probably, different mechanisms are included in virus 

inactivation simultaneously (Fig. 6). One of the most important is the 
‘contact killing’ of target objects, including very rapid accumulation of 
copper ions, followed by membrane damage and nucleic acid fragmen
tation [73–75]. Another possible mechanism of the antivirus action is 
the generation of ROS. In work [76] five viruses of different biochemical 
and structural compositions were successfully inactivated by copper (II). 
At this time, the addition of peroxide synergistically increased the 
virucidal activity of copper (II) ions, allowing more intense generating of 
reactive hydroxyl radicals in a Fenton-type reaction: Cu+ + H2O2 → 
Cu2+ + OH− + •OH. 

Reactive radicals are capable of participating in the oxidation of 
proteins and lipids. 

3.2.1.3. Zinc-based antiviral surfaces. The antibacterial properties of the 
zinc oxide have been well known since the times of Pharaohs, and his
torical records show that zinc oxide was used in many ointments for the 
treatment of injuries and boils even in 2000 BCE [77–78]. First work on 
antiviral properties of ZnO was published in 2011 where different zinc 
oxide (ZnO) micro-nano structures capped with multiple nanoscopic 
spikes mimicking cell-induced filopodia were synthesized by a simple 
flame transport synthesis approach using a sacrificial polymer (polyvi
nyl butyrol) as the local host. Zn and polyvinyl butyrol powders were 
mixed in particular proportion with the help of ethanol and then heated 
in a simple furnace at 900 ◦C for 1 h. The negatively charged ZnO 
structures obtained efficiently trap the virions of Herpes simplex virus 
type-1 (HSV-1), preventing them from entering human corneal fibro
blasts, a natural target cell for HSV-1 infection [79]. The novel virostatic 
mechanism concluded involves the binding of viral to ZnO nanoscopic 
spikes, due to the electrostatic interaction between positively charged 
viral envelope glycoproteins and negatively charged oxygen vacancies, 
which competes with the binding of the virus to the negatively charged 
cell surface receptor of the heparan sulfate proteoglycan [79]. In a 
similar work [80] three types of ZnO nanoparticles, including hydroxyl 
group rich ZnO-NPs (H-ZnONPs), oleic acid modified ZnO-NPs (OA-Zn- 
ONPs) and chitosan-zinc oxide nanoparticles (C-ZnO-NPs), were chem
ically synthesized by the co-precipitation method. For the preparation of 
H-ZnO-NPs or C-ZnO-NPs, polyethylene glycol 6000 or chitosan was 
dissolved in ethanol and mixed with ZnCl2 solution followed by the 
addition of NaOH. OA-ZnONPs were synthesized with H-ZnONPs 
coating oleic acid on the surface of the nanoparticles. H-ZnONPs and 
OA-ZnONPs had a rod shape with an average width of 7 nm, in contrast 
to C-ZnONPs where a spherical shape was observed. HSV-1 incubation 
with H-ZnONPs and C-ZnONPs showed greater time-dependent inhibi
tion and complete inactivation of the virus within a period of 24 h, while 
OA-ZnONPs exhibited a lower (15%) reduction in viral titer [80]. 

In work [81] polyethylene films were covered with a coating con
sisting of methyl-hydroxy-propyl cellulose with ZnO-NPs (70 nm). 
Packaging demonstrated moderate activity against phi 6 phages only for 
ZnONPs supplemented with geraniol and carvacrol. In work [82] viru
cidal activity against H1N1 influenza virus was not observed at any 
concentrations of ZnO-NPs or polyethylene glycol modified ZnONPs 
after incubation of the viral suspensions and nanoparticles suspensions 
in non-toxic concentration during 4 h, suggesting that nanoparticles 
could not act directly against the H1N1 particle resulting in viral 
inactivation. 

ZnO films about 135 nm thick, deposited by atmospheric pressure 
spatial chemical vapor deposition, did not show viral titers for human 
coronavirus 229E (HCoV-229E) in contrast to unmodified glass at any 
stage of the desiccation [38]. In similar work [50] ZnO-NPs deposited on 
glass substrates did not appear to significantly affect the SARS-CoV-2 
stability. 

The impact of zinc-based coatings on virus stability (Fig. 6) depends 
strongly on species, from high antiviral activity against herpes simplex 
virus type1 to low against human coronavirus. ZnO materials are able to 
release Zn2+ ions and also to absorb UV–Vis light and split the elements 
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of water, producing different types of reactive oxygen species (ROS) 
such as superoxides, hydroxyl radicals, and hydrogen peroxide, which 
apparently damage lipids, proteins, carbohydrates and DNA [78]. 

3.2.1.4. Titanium-based antiviral surfaces. Titanium-based structures 
are one of the most popular antiviral coatings due to their great photo- 
oxidation of organic compounds and relatively low toxicity [83]. The 
combination of TiO2 with transition metal ions or anions essentially 
improves photocatalytic activity and antiviral properties, respectively. 

TiO2 films ~40 nm thick synthesized by spin coating on glass sub
strates did not inactivate HCoV-229E under ambient laboratory condi
tions [38]. Contrary to a previous study, work [84] describes an 
excellent inactivation of SARS-CoV-2 using TiO2- and TiO2–Ag (Ti:Ag 
atomic ratio 1:0.04) coated ceramic tiles after illumination with ordi
nary interior light. 

TiO2 nano-colloids synthesized by the sonochemical method 
demonstrated antiviral activity against Newcastle virus (NDV). Possible 
antiviral mechanism includes damage to the lipids found in viral enve
lope. The glycoproteins spikes were damaged and their attachment was 
blocked and therefore could not initiate infection [85]. 

Very interesting results were presented in work [86], where the 
photocatalytic inactivation of MS-2 phage and Escherichia coli on TiO2 
particles during illumination by lamp with wavelengths in the range of 
300 to 420 nm was compared. Obtained results imply that the MS-2 
phage was inactivated mainly by the free hydroxyl radical in the solu
tion bulk but E. coli was inactivated by both, the free and the surface- 
bound hydroxyl radicals. In particular, MS-2 phage surface has both 
hydrophobic and negatively charged hydrophilic regions in contrast to 
the surface of TiO2 that is predominantly negatively charged at pH 7.1, 
and the electrostatic repulsion between the TiO2 particles and MS-2 
phage should be present. Therefore, the adsorption of MS-2 phage 
onto the surfaces of the TiO2 particles is not favored, and the direct 
contact between the phage cells and the illuminated TiO2 surface should 
be minimal. Hence, inactivation of MS-2 phage is concluded to occur 
through free hydroxyl radical [86]. 

In similar works [87–91], successful photocatalytic inactivation 
using ambient, visible or UV-lights was described for murine norovirus, 
HSV-1, bacteriophage MS2, Hepatitis B, human rotavirus strain Odelia, a 
simian rotavirus strain SA11, human astrovirus serotype 1 (HAstV-1), 
and FCV strain F4. However, TiO2 based virus inactivation using 
ambient lights is a relatively slow process [89]. 

Photocatalytic inactivation of virus with titanium based surfaces 
considers the role of complex photooxidants, such as the hydroxyl 
radical (•OH), the superoxide radical (O2

•-), and hydrogen peroxide 
(H2O2), etc. (Fig. 6). Two kinds of hydroxyl radicals, one in the bulk 
solution phase and the other on the surfaces of TiO2 particles, were re
ported to act in the heterogeneous TiO2 photocatalytic reaction. Prob
ably both of them are able to inactivate viruses inducing denaturation of 
the protein in the capsids. 

3.2.2. Photothermal effect of the nanofunctionalized surfaces against 
viruses 

A fundamentally new approach for virus disinfection on surfaces is 
stimulated by the ability of some nanomaterials to initiate photothermal 
effect by converting into heat the energy gained from absorbed light 
[92–97]. Different photothermal mechanisms are related with various 
materials [98–99]: Metal nanoparticles can exhibit plasmonic localized 
rise in temperature with light-excited oscillations of delocalized surface 
electrons resulting in resistive heating [99]. Wavelength of absorbed 
light depends on the size and shape of plasmonic nanoparticles [98]. For 
semiconductors, light with energy hν higher that bandgap produces 
electron-hole pairs that relax non-radiatively to band edges with energy 
difference converted into heat [99] (Fig. 6). Element doping of semi
conductor can broaden absorption wavelength [98]. In turn, in carbon 
and polymeric materials electrons can be excited with small light energy 

hν from π HOMO to π* LUMO state, followed by electronic relaxation 
with heat converted through thermal molecular vibrations [98–99] 
(Fig. 7). Photothermal sterilization is a fast, contactless, low-cost, and 
widely available method, capable of decontaminating the masks, res
pirators and contact surfaces. The energy gained from photothermal 
mechanisms is dissipated to the surroundings of the nanostructure as 
local heat that destroys virus. 

Only a limited amount of papers presented the applications of pho
tothermal effect against viral infections in vitro. In work [100], shellac/ 
copper nanoparticles (CuNPs) were applied as a nanocoating hybrid to a 
non-woven surgical mask, increasing the hydrophobicity of the surface 
and repelling aqueous droplets. The functionalized surfaces showed 
outstanding photoactivity (combined photocatalytic and photothermal 
properties) even under solar illumination, demonstrating self- 
sterilization of the masks. Under solar illumination, the temperature 
obtained by the photoactive antiviral mask increased rapidly above 
70 ◦C, generating a high level of free radicals that disrupted the mem
brane of nanosized (~100 nm) virus-like particles and made the masks 
self-cleaned and reusable. In a similar work [101], molybdenum disul
fide (MoS2) nanosheets were used to prepare modified polycotton fab
rics with photothermal properties. Upon illumination by sunlight, the 
nanosheet-modified fabrics rapidly increased surface temperature up 
to ~77 ◦C, making them ideal for sunlight-mediated self-disinfection. 
Complete self-disinfection of the nanosheet-modified fabric was ach
ieved within 3 min of illumination, making the fabrics favorably reus
able upon self-disinfection. Superhydrophobic self-decontaminating 
N95 respirators, based on polyimide film and AgNPs with plasmonic 
heating of surface temperature above 80 ◦C within 1 min of sunlight 
illumination, were developed [102]. 

Carbon nanostructures, such as graphene, a two-dimensional atomic 
layer of hexagonally bonded carbon atoms, showed a possible applica
tion in the fabrication of coatings with photothermal effect. A super
hydrophobic, photo-sterilized, and reusable mask based on graphene 
nanosheet-embedded carbon films, quickly heating up to 110 ◦C under 
solar illumination and showing prominent photo-sterilize performance, 
was described in [103]. 

3.3. Polymer-based antiviral surfaces 

3.3.1. Antiviral surfaces based on synthetic polymers 
Synthetic polymers act directly on virus infection by contacting with 

specific sites on the surface of the viral particles. Antiviral coatings of the 
synthetic polymers are physically adsorbed or chemically attached to 
surfaces. The first successful antiviral surfaces based on synthetic 
polymers were developed by the Klibanov group [104], where the ‘non- 
release’ strategy to render antimicrobial functionality to common ma
terials (plastics, glass, textiles) was proposed. In contrast to the methods 
releasing antimicrobial agents from the surface, this strategy involves 
covalent or non-covalent attachment of certain long, moderately hy
drophobic polycations to material surfaces, intended to physically 
damage virus structure as demonstrated for influenza virions. The 
typical physically adsorbed permanent antiviral coating based on N,N- 
dodecyl methyl-polycations is presented in Fig. 8a. In turn, its analog 
in the form of the grafted brush coating of hydrophobic polycations is 
depicted in Fig. 8b. 

Antiviral activity of the hydrophobic polycations was related with 
the adhesion of viral particles to the surface-immobilized hydrophobic 
polycation. Additionally, analysis of virus solutions disinfected by 
polymer coatings revealed significant amount of viral RNA, thereby 
evidencing that their integrity was compromised allowing the release of 
their genomic material [105]. The studied virucidal activities did not 
show discernible correlation with surface properties such as hydropho
bicity, charge, protein affinity, roughness, adhesive interactions, and 
polymer-chain extension lengths. They exhibited a marginal correlation 
with the surface density of the quaternary ammonium group. The anti
viral effectivity of the hydrophobic polycationic against influenza 
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viruses, poliovirus, rotavirus and Herpes simplex viruses (HSVs) 1 and 2 
was shown in [106]. The hypothetical scheme of the antiviral action of 
hydrophobic polycation is demonstrated in Fig. 8c. 

In similar works where microfiltration membranes with poly
ethyleneimine were developed, the inclusion of a cationic polymer could 
increase viral reduction. Polyethyleneimine exerts an attractive elec
trostatic interaction with the negatively charged virus and inactivates 
the virus also over time by causing damage to the virion [107–108]. 

Cationic cellulose nanocrystals were modified by surface-initiated 
atom-transfer radical polymerization of poly(N,N-dimethylaminoethyl 
methacrylate) and subsequent quaternization of the amino groups of 
the polymer pendant [109]. The cationic polymer brush-modified cel
lulose nanocrystals showed a Z-potential of + 38 mV. The electrostati
cally modified cellulose nanocrystals with high affinity bound cowpea 
chlorotic mottle virus and norovirus-like particles. 

In recent work [110] the novel anti-infective materials based on 
fluorinated polycationic coating with broad-spectrum anti-pathogenic 
activity were developed. A fluorinated polycationic coating was syn
thesized on a negatively charged hydrophilic polyester textile by initi
ating a one-step initiated chemical vapor deposition of poly(dimethyl 
amino methyl styrene-co-1H,1H,2H,2Hperfluorodecyl acrylate). The 
antiviral capacity of the coating was shown using the negatively charged 
recombinant lentivirus (a single-stranded RNA virus) with enhanced 
green fluorescence protein (egfp) gene as a virus model. The coating 
effectively inactivated the virus and showed good biocompatibility with 
mouse NIH 3 T3 fibroblast cells. 

Unfortunately, the above-mentioned methodology and other similar 
methodologies using synthetic polymers have two essential disadvan
tages. Firstly, species-specific action of the synthetic polymers and sec
ondly, a limited number of the viral particles that can be tied to the 

Fig. 7. Photothermal effect (for semiconductors and polymers) of the surfaces nanofunctionalized against viruses.  

Fig. 8. Physically adsorbed (a) and grafted brush (b) antiviral coatings of hydrophobic polycations based on N,N-dodecyl methyl-polycations. Hypothetical scheme 
(c) of the antiviral action of hydrophobic polycation. 
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functionalized surfaces. 

3.3.2. Antiviral surfaces based on biopolymers 
Chitosan (Fig. 9) is derived from chitin, the second most abundant 

polysaccharide after cellulose [111–112]. Chitosan is composed of 2- 
acetamido-2-deoxy-D-glucopyranose units linked by a β-(1, 4)-glyco
sidic bond. It is the most promising renewable polymeric material in 
recent years [113]. Chitosan has been extensively studied for its ability 
to form dried films and its inherent antimicrobial activity. 

In work [111], chitosan-based films formed with green tea extract 
showed effectiveness in reducing the infectivity of murine norovirus 
(MNV-1). In similar work [114], electrospun nanofibers made of chito
san and functionalized with a quaternary amine could adsorb a non- 
enveloped model virus, porcine parvovirus (PPV). In work [112], 6- 
deoxy-6-bromo-N-phthaloyl chitosan with improved antiviral activity 
was synthesized. An interesting approach was realized in the work 
[115], where the chitosan–sialyloligosaccharide ionic complex inhibited 
the attachment of influenza virus to the host cell. 

Similarly, as in the case of synthetic polymer coatings, application of 
the chitosan-based coatings is strongly limited due to species-specific 
action of these biopolymers, limitation in amount of the viral particles 
attached to chitosan macromolecules, and, in addition, the release of the 
chitosan molecules. 

Also, other polysaccharides demonstrate antiviral properties. Hyal
uronic acid is a non-sulphated glycosaminoglycan, which consists of 
alternately repeating D-glucuronic acid and N-acetylglucosamine units. 
There is evidence that hyaluronic acid can interfere with viral replica
tion in vitro. Work [116] provided evidence on the effects of hyaluronic 
acid on a variety of RNA and DNA viruses, with or without the lipid 
envelope, characterized by very different replication strategies. The 
antiviral mechanism(s) of hyaluronic acid probably involves a general/ 
nonspecific host cell-virus interaction at the membrane level, such as 
virus entry or release, rather than restricted, virus-specific events 
occurring inside the cell. Different film-forming dispersions based on 
κ− , ι− (Fig. 9) and λ − carrageenans and green tea extract have been 
developed as an innovative strategy to guarantee the food safety of 
blueberries and raspberries [117]. Carrageenan-based coatings applied 
to berries showed antiviral activity against Murine norovirus (MNV-1) 
and hepatitis A virus (HAV) strain HM-175/18f. 

Peptide-based assemblies form another type of biopolymers that 
have been intensively developed in the last few years for the fabrication 
of the antiviral coatings [118]. Three main antiviral effects are applied 
by different peptide groups: (i) peptides that inhibit virus attachment 
and virus-cell membrane fusion; (ii) peptides that disrupt the viral en
velope; and (iii) peptides that inhibit virus replication by interacting 
with viral polymerase [119]. Potentially, only the first group of antiviral 
peptides can be applied in the fabrication of antiviral coatings. 

The entry of influenza virus into target cells is possible through 
receptor-mediated endocytosis, the fusion process mediated by viral 
hemagglutinin (HA) trimers [119]. Viral entry can be blocked via 
interaction of antiviral peptide with HA, which commonly interacts with 
a residue of sialic acid, thus influenza virion cannot be attached to the 
membrane of a host cell. Jones et al. [120] developed 20 amino acid 
peptides, derived the fibroblast growth factor signal sequence, 

demonstrating broad-spectrum activity against human, swine, and avian 
influenza A H1N1, H2N2, H3N2, H5N1, H5N9, and H7N3 strains and 
influenza B viruses. 

In work [121], Han and coworkers synthesized six peptides that may 
be bound to the RBD domain of the S protein of SARS-CoV-2 and thus 
block SARS-CoV-1 binding to host cells. In other work [122], Cao and 
coworkers designed miniproteins, containing less than 100 amino acid 
residues, which effectively neutralized SARS-CoV-2 binding to the RBD 
with lower dissociation constants. 

In summary, applications of the biopolymers for fabrication of 
antiviral surfaces are limited by a few factors, such as the high species- 
selectivity of the antivirus biopolymers, their relatively low stability, 
and especially their ability for bio-destruction. The high cost of the 
production in case of the peptides is also a strong limitation. 

3.4. Application of small molecules with receptor inactivation capability 
for fabrication of antiviral coatings 

In general, there are two main methods that can be applied to 
fabricate an antiviral surface loaded with small molecules. The mole
cules that act as antiviral agents can be deposited directly on the surface 
or incorporated into polymeric matrix during polymer processing. The 
simplest method is the direct physical deposition of small molecules. The 
effectiveness of this approach is very low due to the rapid reabsorption 
of antiviral agents [123]. Another similar method is chemical deposi
tion, which allows formation of relatively stable bonds between anti
virus agents and the surface, thus prolonging its antiviral activity for an 
extended period [123]. 

With a completely different approach, an antiviral agent can be 
added to a polymer prior to its subsequent procession with a large-scale 
production technique [123]. This method has numerous limitations, 
such as the restricted diffusivity of antiviral molecules through the 
polymeric matrix, the low compatibility between the polymer matrix 
and antiviral agents, the destruction of antiviral substances during 
polymer processing, and technological difficulties during polymer pro
cessing [123]. 

The significant weakness of the application of small molecules for the 
fabrication of antiviral coatings is their high species-specificity to vi
ruses. For example, small molecules [124] of 1-chloro-2,2,5,5-tetra
methyl-4-imidazolidinone (MC, a variety of N-halamine, shown in 
Fig. 10) were coated on non-woven fabrics to remarkably reduce the 
presence of avian influenza virus in a short period of time. MC molecules 
at higher concentrations inactivated the virus or disrupted its RNA 
[124]. 

Up to our knowledge, only one successful antiviral application of the 
surfaces loaded with small molecules has been reported [124]. Still, we 
believe that such applications are possible, for instance using the small 
antiviral molecules listed below. The main antiviral effect of these sur
faces loaded with low molecular components is inhibition of the in
teractions between viral proteins and cell surfaces. 

In work [125], (2)-epigallocatechin-3-gallate (EGCG) (Fig. 10) was 
identified as an inhibitor of the entry of hepatitis C virus (HCV). EGCG is 
a flavonoid, present in green tea extract, and belonging to the catechin 
subclass. This inhibition was not observed for other members of the 

Fig. 9. Biopolymers with potential to manufacture antiviral coatings.  

O. Lishchynskyi et al.                                                                                                                                                                                                                          



Chemical Engineering Journal 446 (2022) 137048

12

Flaviviridae family, suggesting a high species-specificity of this mole
cule. EGCG prevented virus attachment to the cell surface, probably by 
acting directly on the particle, and had no effect on viral replication and 
virion secretion. 

In work [126], the entry of HIV, hepatitis C virus and other insidious 
viruses into host cells was inhibited with small molecules of tetra-O- 
galloyl-β-D-glucose (TGG) (Fig. 10) and luteolin. At this time, TGG and 
luteolin were not effective against the HIV-luc/VSV pseudotyped virus. 
Two hydrolyzable tannins, chebulagic acid (CHLA) and punicalagin 
(PUG), blocked herpes simplex virus type 1 (HSV-1) entry and spread. 
These compounds inhibited viral glycoprotein interactions with gly
cosaminoglycans on the cell surface (GAGs) [127]. CHLA and PUG were 
effective in suppressing infection by human cytomegalovirus (HCMV), 
hepatitis C virus (HCV), dengue virus (DENV), measles virus (MV) and 
respiratory syncytial virus (RSV) [128]. For these viruses differences in 
the roles of interactions with GAGs were concluded [128]. 

Emodin, an anthraquinone compound derived from the genus 
Rheum and Polygonum, significantly blocked the interaction of the S 
protein of SARS-CoV and ACE2 in a dose-dependent manner. It also 
inhibited the infectivity of S protein-pseudotyped retrovirus to Vero E6 
cells [129]. In turn, a naturally occurring terpenoid of Saikosaponin b2 
efficiently inhibits the entry of hepatitis C and HCoV-229E virus, 
including neutralization of virus particles, preventing viral attachment, 
and inhibiting viral entry/fusion [130–131]. 

4. Outlook for the future 

Viruses pose a serious threat to human health and society in general, 
as they are one of the main causes of morbidity and mortality. Despite 
advances in the development of drugs for antiviral therapy, modern 
treatment regimens are not able to fully control the course of infections. 
Untill January 2022, more than 370 million people worldwide have 
been confirmed infected and more than 5.6 million have died due to 
SARS-CoV-2. At the same time, the bad consequences of the disease, 
recognized among the 300 million people who have recovered, include 
diabetes, hypertension, blood clotting, loss of taste and smell, and 
others. The last wave of SARS-CoV-2 (the so-called Omicron variant) is 
affecting more and more children. Therefore, the invention and fabri
cation of novel high-performance antiviral materials is highly 
demanded. 

Numerous factors are able to affect non-specific viral particle 

deposition and presence on various surfaces, and the majority of them is 
related to the physico-chemical properties of the surfaces and viral 
particles, including long-range electrostatics and shorter-range van der 
Waals components of free energies as well as their hydrophobic/hy
drophilic balances. Traditional approaches using non-specific in
teractions are not sufficient nowadays to protect surfaces against virus 
deposition and survival. This is because various viral species have 
different physico-chemical properties. Therefore, a recently formulated 
concept of passive and active ‘antiviral surfaces’ has been applied to 
prevent virus transmission on surfaces, relying on different mechanisms 
‘added’ to surfaces with antiviral agents or surface modifications. 

Five types of the antiviral mechanisms can be identified for antiviral 
surfaces, i.e. direct and indirect actions, virus receptor inactivation, 
photothermal effect and antifouling behavior (for superhydrophobic 
surfaces). In addition, all antiviral surfaces can be divided into two 
types, passive and active ones. Passive surfaces prevent virus deposition 
by applying superhydrophobic coatings. The surface should be anti
fouling, i.e. repel contaminated droplets or body fluids. Such systems are 
very promising, because they keep the virus encapsulated and suppress 
surface contaminants. Obviously, such materials need to be improved to 
have additional functions, such as temperature- or pH-responsivity, 
controlled morphology, etc. As an example, in works [132–135] 
temperature-responsive hydrophobic poly(cholesteryl methacrylate) or 
poly(butyl methacrylate) coatings have been developed that are 
potentially suitable for fabrication of superhydrophobic sensitive pas
sive antiviral coatings. 

Active antiviral surfaces contain agents engaged in antiviral activity, 
such as metals, synthetic or natural polymers, and small molecules. 
Active antiviral materials that contain metals such as silver, copper, 
zinc, and titanium have great practical application because they are not 
extremely toxic, they do not pollute the environment, and they are not 
expensive for application at the industrial scale. The future of metal- 
based coatings is in the combination of metallic nanoparticles with a 
polymer matrix. Produced in this manner hybrid antiviral coatings 
should possess multifunctional properties. For instance, nanocomposite 
coatings based on non-cytotoxic, temperature-responsive and antibac
terial POEGMA with silver nanoparticles have recently been constructed 
[33]. We believe that this and similar systems might be applied to 
fabricate self-cleaning antiviral coatings [136]. Another approach to 
improve the efficiency of metal-based antiviral coatings includes the 
acceleration of their antiviral activity with the parallel application of a 

Fig. 10. Small molecules with potential to fabricate antiviral coatings.  
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few metal types. 
The main disadvantage of the coatings based on synthetic polymers 

is limited amount of viral particles that can be destroyed. During the 
antiviral action, the coatings are fouled by the parts of destroyed viruses 
and bacteria, resulting in the reduced disinfection of microorganisms. 
This problem can be solved by incorporation of polymers with self- 
cleaning function, e.g., activated at tuned temperature or pH, such as 
the well-known poly(4-vinylpiridine) [137]. Although biopolymers are 
low-toxic and originate from natural sources, their spectrum of action is 
narrow, they have relatively low stability, and high ability for bio- 
destruction. To overcome these disadvantages, the coating based on 
biopolymers might be combined with different inclusions to improve 
antiviral properties. 

In turn, the main difficulty in fabricating antiviral coatings loaded 
with small molecules is associated with their common ability to act only 
on certain types of viruses. Therefore, molecules that target a wider 
range of viruses are required. It is worth to notice that forming relatively 
stable bonds between the antivirus agents and the surface is a significant 
advantage in this application. 

Studies on the recently formulated concept of antiviral surfaces have 
just begun. The properties of antiviral surfaced need to be significantly 
improved by including additional functions, such as temperature- or pH- 
responsivity, multifunctionality, non-specific action on different types of 
the viruses, long-term application, high antiviral efficiency and self- 
cleaning. 
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