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Abstract
The COVID-19 pandemic has demonstrated that hygiene habits reduce the spread of the SARS-CoV-2 virus on contaminated 
surfaces. In this context, compounds with biocidal properties can act as surface coatings, especially in hospital environments, 
a source of pathogenic microorganisms. Therefore, the purpose of this review was to report an overview of recent studies 
with biocidal agents, focusing on polymeric surface modification. Methods such as direct incorporation, direct deposition, 
and chemical deposition of the microbial agent on the polymeric surface and surface modification without a microbial agent 
were discussed. Despite several studies in the literature, antimicrobial materials still face challenges such as commercializa-
tion, material stability in post-processing, and guarantee of long cycles. Moreover, effectiveness, toxicity, and final cost must 
be balanced. We also discussed the concept of antiviral activity and the action mode of the materials. Inorganic, organic 
materials, nanocomposites, and biopolymers have been addressed as viral inhibitors of several diseases. Lastly, we explored 
the functional validation of polymeric surface through characterization techniques.
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Introduction

The latest world events related to the pandemic caused by 
SARS-CoV-2 have shown that the way we live and hygiene 
habits are directly related to the spread of diseases caused 
by microorganisms such as bacteria, viruses, and fungi. The 
spread of diseases can occur simply by contact with con-
taminated surfaces, giving rise to major social issues world-
wide, as observed in the last year. The safe extermination of 
the microorganisms is important for human health. Recent 
research indicates that researchers’ interest is largely focused 
on using the multitude compounds’ biocidal properties, for 
covering surfaces, especially in environments hospitals, as 
these sites are constant sources of pathogens [1].

The surfaces act as reservoirs of microbes, which can 
lead to the spread of infection when touched. In the hospital 
environment, pathogens usually propagate in two ways: (1) 
common objects within the hospital environment that can 

become contaminated; (2) handling (with or without gloves) 
that can contaminate the hands after touching contaminated 
surfaces [1].

Researches aimed at studying the new coronavirus pan-
demic (COVID-19) reported that SARS-CoV-2 is trans-
mitted mainly from infected people through contact routes 
and cough droplets or sneezes, and transmission through 
the airways. The experimental results indicated that when 
dispersed, the drops settle on smooth surfaces, survive up 
to 4 days on glasses and banknotes, and 7 days on stainless 
steel and plastics [2, 3].

Thinking about these aspects, the role of material surfaces 
in the transmission of diseases is evident. It is important 
to study surface coatings with biocidal action so that these 
coatings are durable in the long term, present low toxicity 
to humans, and are ecologically sustainable.

In general, antimicrobial agents are divided into four 
broad categories: (1) oxidants, containing chlorine and 
peroxides; (2) electrophilic agents, such as the metals Ag, 
Cu, and Hg; (3) organic biocides, such as formaldehyde and 
isothiazolinone; (4) cationic active biocides, such as chlo-
rhexidine and quaternary ammonium compounds. However, 
the toxicity of these molecules can harm the environment. 
The difficulty in controlling the diffusion rate decreases its 
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protection, resulting in low durability [4, 5]. Therefore, it is 
interesting to synthesize polymers with antimicrobial func-
tion or serve as a matrix to transport these biocidal agents.

Generally, polymeric antimicrobial agents have the fol-
lowing advantages: (1) in general, they do not volatilize and 
are chemically stable; (2) the intended application tempera-
ture is the same as the storage; (3) its insolubility in water 
allows application in water disinfection processes; (4) the 
biomaterials do not permeate through the skin; (5) for the 
most part, their syntheses are easily controlled and economi-
cally viable [4, 6–8].

In this context, this review focuses on the main bioc-
idal agents and how they can be used for surface coating, 
focusing mainly on polymer modification, coatings using 
polymeric matrices as biocidal agents or as carriers of other 
biocidal agents (for example, metals/oxides, ceramic, oth-
ers). The synergistic combination of the mechanisms to pro-
vide various functional antimicrobials to combat pathogens 
was addressed. This review also provides an overview of 
the main characterization techniques used to characterize 
biofunctionalized surfaces to validate the proposed method-
ologies and develop accurate methods for production repro-
duced on a large scale.

Antiviral activity

The virus replication cycle generally follows three steps: (1) 
initial entry and penetration into the host cell; (2) replica-
tion and protein synthesis; (3) the sprouting of new viri-
ons [9]. Extracellular intervention promotes the inhibitory 
action of the virus before entering the cell. The interactions 
of virus connections with the host cell at viral entry are 
specific and target viral entry inhibition [10]. Inactivating 
the virus before entry is the most direct antiviral approach, 
proven by indirect mechanisms. Nanoparticles of silver 
(AgNPs) and gold were synthesized by algae of the species 
Oscillatoria sp. and S. platensis [11]. Both nanoparticles 
inhibited the replication of Herpes Simplex virus (HSV-1) 
infection to Vero cells in a dose-dependent manner, which 
reduced 90% of the cytopathic effect of HSV-1 by 31.25 
μL. For the authors, the biological preparation of metallic 
nanoparticles using blue-green algae is an efficient way of 
producing antiviral agents. AgNPs are known for interfer-
ing in virus particles’ binding to the host cell, preventing 
their entry. However, the exact antiviral action has not yet 
been fully understood [12]. The interaction of AgNPs with 
cells is complex, and studies need to elucidate the cytotoxic 
potential of nanoparticles.

Several materials have antiviral action blocking the entry 
of the virus. The antiviral activity before the entry of the 
virus became speculative by the researchers. Chitosan cur-
cumin nanocomposites (CuCs) have been developed as a 

potential antiviral agent for hepatitis C (HCV-4a) in Huh7 
human hepatoma cells [13]. CsNPs had no cytotoxic effect 
on cell lines. The expression of apoptotic genes indicated the 
mechanism of the caspase-dependent pathway. Viral entry 
and replication were inhibited by the action of CsNPs and 
CuCs nanocomposites, also confirmed by the expression of 
the HCV nuclear protein. Du et al. [14] developed graphene 
oxide nanocomposites modified with silver nanoparticles 
(GO-AgNPs) by interfacial electrostatic force. Nanocom-
posites suppressed the entry of the porcine respiratory and 
reproductive syndrome virus into the host cell, suppressing 
virus replication.

Antiviral agents also act in interfering with the virus 
cell’s binding process. Rogers et al. [15] evaluated the abil-
ity of AgNPs to inhibit monkeypox virus infection through 
in vitro assays. AgNPs with and without polysaccharide 
coating (10–80 nm) blocked the penetration and binding of 
the virus-cell, indicating its potential use as antiviral therapy. 
Although antiviral materials’ mechanisms are described with 
different terminologies in the literature, they boil down to 
competition or inhibition of the binding process between the 
virus and the host cell [16].

In addition to metallic nanoparticles, polymeric nanopar-
ticles also have antiviral action. In veterinary medicine, the 
administration of nanoencapsulated interferon polymers is 
an alternative to low-effective vaccines against infectious 
diseases [17]. The cellular immune response and antiviral 
activity block the multiplication of the pathogen. Faced with 
the COVID-19 pandemic, biocompatible polymers tested 
in vitro and in vivo may be a strategy for inhibiting angio-
tensin-converting enzyme 2 (ACE-2) receptors [18]. These 
materials bind to ACE-2 receptors and can block the virus 
from entering the host cell. The antiviral action of these 
materials prevents ocular contamination of the COVID-19 
virus in healthcare professionals.

Materials with antiviral activity

Inorganic materials

Inorganic materials based on metals, carbon, and silica nano-
particles have been of great interest in biomedical research 
due to their superior biocompatibility, unique structures, and 
physical and chemical characteristics. Noble gold and silver 
nanoparticles have versatility in surface functionalization 
and the ability to cleave disulfide bonds. Efficient interaction 
with capsids and toxicity to the organism depends on the 
morphology and NPs size. The high surface area provides 
many adsorption and reaction sites for further modification, 
allowing NPs atoms to combine with other atoms by chemical 
bonds. The superficial chemistry control allows to stabilize  
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NPs in the biological environment, add targeting agents, and 
increase the circulation time in the body [19].

Although AgNPs have a wide biological application, their 
potential for pollution and self-aggregation limits their activ-
ity. Besides, naked AgNPs can harm human health [20]. In 
this context, modified and stable surfaces that protect the 
molecular layers have been developed. The possible mecha-
nisms of action of AgNPs with modified surfaces are broad. 
They include the inhibition of neuraminidase and hemagglu-
tinin activity [21], prevention and fixation of virus penetra-
tion [22], and inhibition of ROS accumulation and activation 
of AKT and p53 [23].

AuNPs have less toxicity compared to AgNPs, having 
greater application in vivo. They interact with hemaggluti-
nin, where the Au atom oxidizes the disulfide bond, resulting 
in the glycoprotein’s inactivation. The targeting of hemag-
glutinin emerged as an alternative to real therapy, such as 
neuraminidase, being indicated for viruses with fast muta-
tion speed, which is resistant and deadly [24].

Carbon-based antiviral nanomaterials have attracted 
attention due to their high performance, versatility, and 
diversity. Carbon nanotubes (CNTs) [25], fullerenes [26], 
graphene oxide (GO) [27], or carbon dots [28] are exten-
sively studied. Mazzaglia et al. [29] used multi-walled car-
bon nanotubes of β-cyclodextrin (MWCNT-CD) modified 
with branched polyethyleneimine (PEI) and doped with 
rhodamine (Rhod) for drug delivery. TEM images in Fig. 1 
show a multi-walled tube structure with diameters from 5 to 
10 nm, with a number of layers close to eight. Amorphous 
regions lined the outer edges of the nanotube, as shown 
in Fig. 1a. CDs were grafted into the amorphous shell of 
the MWCNTs surfaces. Figures 1b, c and d show an amor-
phous interphase c region with nanotubes dispersed in the 
PEI network. The MWCNT-CD-PEI-Rhod system allowed 
the trapping and delivery of Cidofovir and did not indicate 
significant cytotoxicity. MWCNT-CD-PEI-Rhod loaded with 
Cidofovir and/or DNA plasmid encoding enhanced green 
fluorescence protein crossed the cell membrane co-located 
in the lysosomal compartment by a clathrin-dependent 
pathway.

Bulky fullerene acts by blocking HIV virus-encoded 
enzymes, fitting into the active protease sites. A diaphanous 
diphenyl fulleroid derivative was developed to inactivate the 
HIV enzyme [30]. Yasuno et al. [31] synthesized fullerene 
derivatives (pyridinium trans-3a and 4a-5b, piperidinium 9 
and proline 10a-12) according to the structure exhibited in 
Fig. 2. Compounds 5a, 10e, 10f, 10i, 11a-d, and 12 inhib-
ited both HIV reverse transcriptase and protease. The alkyl 
chain connection of hydroxymethylcarbonyl fractions with 
fullerene of the proline type led to improved inhibition of 
HIV protease.

GO has oxygenated reactive groups on its surface. The 
adsorption and destruction of viruses can occur through 
electrostatic forces and redox reactions on the material sur-
face [32]. The capsid protein composed of arginine or the 
virus’s positive charges allows these interactions [33]. GO 
inhibited herpes simplex virus type 1 infection [34]. Both 
derivatives (GO and reduced GO  SO3) exhibited antiviral 
activity at low concentrations (ng  mL−1). Cytotoxicity tests 
demonstrated the non-toxic nature of the material.

Carbon quantum dots are non-toxic in animals and have 
an average diameter of less than 10 nm [35]. Its optical prop-
erty allows in vivo tracking. The antiviral activity of carbon 
quantum dots was used to treat the coronavirus HCoV-229E 
[36]. The nanostructures obtained from the hydrothermal 
carbonization of ethylenediamine/citric acid indicated a 
concentration-dependent virus inactivation (50% effective 
inhibition–52 ± 8 μg  mL−1). To the authors, the mechanism 
of action occurred through the functional group interaction 
of the nanostructure with the HCoV-229E input receptors.

Organic materials

Organic nanomaterials include polymeric structures, lipid-
based structures, dendrimers, and micelles. Its versatility in 
size and morphology provides biocompatibility and biodeg-
radability, allowing virucidal action to treat viruses effec-
tively. The encapsulation of drugs in a polymeric matrix 
or their absorption on the surface increases bioavailability, 
circulation time in the human organism and decreases side 

Fig. 1  TEM images of functionalized MWCNTs: a MWCNT-CD; b MWCNT-CD-PEI; c and d MWCNT-CD-PEI-Rhod. Reproduced with per-
mission from Ref. [29]. Copyright 2018, Elsevier
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effects. Lin et al. [37] developed hollow capsid-like poly-
meric NPs to deliver viral subunit antigens and stimulator 
of interferon gene agonists. Nanoencapsulation showed a 
release profile responsive to pH and local immune activa-
tion. The poly(lactic‐co‐glycolic acid) NPs vaccine against 
the Middle East respiratory syndrome coronavirus presented 
sustained efficacy by neutralizing antibodies and T cell 
responses in immunized mice.

Organotin polymers can be used as antiviral agents 
[38]. Organotin has a long retention time in the blood-
stream as a better effect compared to acyclovir, attributed 
to (1) high molecular weight, leading to slow filtration in 
the kidney; (2) condensed structure, increasing the local 
concentration and facilitating the connection between the 
polymer and the target; (3) Little resistance of cells to 
polymers, protecting host cells against virus invasion; (4) 

Size and structure, which inhibits the virus from attacking 
the host cell [39].

Dendrimers are versatile and biocompatible polymers, 
composed of hyperbranched molecules with various func-
tional groups on their surface. Features such as versatility, 
water solubility, and internal cavities make them useful for 
formulation and nanoconstruction in drug delivery [40]. 
Janus amphiphilic dendrimers formed micelles suitable for 
encapsulating camptothecin in therapy against the hepatitis 
C virus. The micelles reduced the toxicity, increased the 
solubility, and maintained the drug’s stability at physiologi-
cal pH. They increased the antiviral activity once the lac-
tone ring present in the camptothecin molecule is hydrolyzed 
to physiological pH. The camptothecin-loaded dendrimer 
inhibited replication of viruses HCV and demonstrated low 
toxicity using low drug concentration.

Fig. 2  Structure of fullerene derivates. Reproduced with permission from Ref. [31]. Copyright 2020, Elsevier 
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Nanocomposites

Nanocomposites are heterogeneous materials with at least 
one of the components having one of the three dimensions 
on a nanometric scale [41]. Cytotoxic or genotoxic dam-
age caused by AgNPs makes adding other material in the 
composition an important topic. Park et al. [42] evaluated a 
hybrid silica nanocomposite decorated with AgNP (30 nm) 
to inactivate the virus that causes seasonal influenza. The 
particles of Ag-SiO2 inhibited the virus in a dose-dependent 
manner. After 1 h of exposure to the nanocomposite, 80% of 
damage to hemagglutinin and 20% of neuraminidase activity 
still occurred. Besides, viral infection in canine kidney cells 
has been reduced. For the authors, Ag-SiO2 caused unspe-
cific damage to several components of the virus.

Graphene oxide has also been found in the composition of 
nanocomposites [43]. The authors compare the viral inhibi-
tion capacity of graphene oxide sheets and graphene oxide 
sheets with silver particles (GO-Ag) against feline corona-
virus (FCoV). The nanocomposite of GO-Ag inhibited 25% 
of FCoV infection, while graphene sheets inhibited 16%. 
The proposed antiviral activity mechanism was: (1) Bind-
ing between opposite charges; (2) Association between lipid 
tails and aromatic planes of GO; (3) Disruption of the lipid 
membrane by the GO; (4) Binding between Ag and -SH 
groups of viral proteins.

A strategy for delivering nucleic acid fragments to 
cells has been suggested using  TiO2 nanocomposites [44]. 
Deoxyribozime (Dz) molecules were immobilized on  TiO2 
nanoparticles containing polylysine (PL), forming the 
 TiO2-PL-Dz composite. The nanocomposite penetrated the 
eukaryotic cells and allowed the efficient delivery of Dz, 
reaching the RNA target within the cells. The drug based on 
nucleic acid demonstrated high antiviral activity inhibiting 
the replication of influenza A H5N1 virus.

Biopolymers

Saccharides

Saccharides, in general, have attractive properties such 
as low toxicity, antiviral activity, and biocompatibility. 
Recent findings are highlighted in this review, according 
to the most relevant references. Chitosan is a natural poly-
cationic biopolymer composed of subunits of glucosamine 
and N-acetyl glucosamine. Its application as a biomaterial 
is related to biocompatibility and antimicrobial action, and 
performance in the controlled drug release [45, 46]. The 
chitosan structure allows protonation in the acidic environ-
ment of free amine groups, resulting in the ionic bonding of 
the drug molecules’ reactive groups. Hydroxy groups can 
easily bond to other molecules by hydrogen. The strategy for 
the formation of new compounds by these bonds is named  

encapsulation. It makes cationic biopolymers effective 
agents of viral drug delivery reducing the diffusion rate and 
promoting sustained release in the target sites [47, 48].

Antiviral drugs are a class of molecules used to treat viral 
infections or inhibit viral pathogens. The pharmacokinetics of 
triazavirin  (C5H4N6O3S) have been improved via liposome 
encapsulation with modified chitosan [49]. An appropriate 
combination of liposomes and polysaccharide layer provided 
colloidal stability is up to 3 months, demonstrating the exten-
sive capability for surface modification. Meanwhile, Donalisio 
et al. [50] prepared chitosan nanospheres by a modified nanoe-
mulsion mold method. The nanomaterial loaded with acyclovir 
demonstrated a 30% release of acyclovir after 6 h. The load 
capacity of the medication was about 8.5%. The drug accumu-
lation in the pigskin was around 1% for commercial formulation 
and 30% for acyclovir released by nanospheres after 24 h. The 
nanocarrier indicated no antiproliferative activity and could 
be absorbed by the cells as characterized by laser scanning  
confocal microscopy.

Cyclodextrins (CD) are versatile and multifunctional oli-
gosaccharide rings. In treating viral infections, the CD can 
act as a controlled release and protect the active principle 
of the medication in a hostile environment. The cavity pre-
sent in its structure encapsulates the hydrophobic groups, 
creating inclusion complexes. The chemical structure and 
properties of the host are not changed [51].

The COVID-19 virus has been encapsulated using CDs. 
The antiparasitic drug nitazoxanide has demonstrated anti-
viral activity in vitro against MERS and SARS-CoV-2 [52]. 
Chloroquine and hydroxychloroquine have been tested in 
the treatment of patients infected with SARS-CoV-2 [53]. 
CDs act as chiral selectors, indicating that the carboxyl or 
sulfate functional groups in CD derivatives are ideal for 
resolving chloroquine enantiomers [54]. However, recent 
studies have indicated the limited effectiveness of both drugs 
against COVID-19 [55]. In general, the structural complexes 
of saccharides and their derivatives may favor their antivi-
ral actions in viral infection stages, demonstrating clinical 
applications.

Peptides

Peptides are compounds derived from natural sources such 
as bacteria, plants, and animals or synthesized rationally. 
They can interact with the virus, blocking the connection, 
and preventing viral fusion [16]. Besides, they may have 
biocidal activity, breaking the envelope of the virus. The 
peptides’ specificity plays an essential role in stimulating the 
immune response that inhibits viral replication [56].

Peptides and peptide-based inhibitors are a viable alterna-
tive due to their larger sizes, which allow greater efficiency 
and specificity concerning small molecule drugs, with 
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greater tolerance [57]. In contrast, small molecules have 
higher production costs on a large scale, requiring time-
consuming strategies for their development. The larger size 
of the molecule makes the peptides tolerable and specific. 
However, bioavailability and half-life are reduced. Modi-
fying the molecule can improve activity and stability by 
shortening the sequences, altering amino acids, or adding 
fractions that increase affinities for the partner [58].

Peptides were designed to target the ACE-2 receptor or 
the viral Spike protein [59]. The SARS-CoV-2S protein acti-
vation depends on proteolytic cleavage at two sites: (1) Initi-
ated at the polybasic site by the host’s furin protease, and (2) 
Processed by the plasma membrane-related TMPRSS2 pro-
tease [60]. The activation of S proteins occurs by lysosomal 
cathepsin L and is independent of the initiation measured by 
furin. However, the role of lysosomal cathepsin L in vivo is 
not entirely understood [61]. Inhibition of these proteases 
prevents SARS-CoV-2 infection. Therefore, the design of 
inhibitor peptides is a strategy against the COVID-19 virus 
[59].

Polymeric surface modification

The surface modification for the generation of biocidal 
activities should be carefully analyzed despite not presenting 
complexity. The addition of a biocidal agent can negatively 
impact the fundamental properties of stability, mechanical 
resistance, porosity, density, toxicity, and availability of spe-
cific chemical functionalities on its surface [62, 63].

Surfaces chemically or topographically modified or with 
intrinsic properties of contact killing or repellents are of 
great interest to researchers, especially for application in 
hospital environments. Antimicrobial surfaces actively dis-
rupt and kill contact cells. Anti-biofouling materials are anti-
fouling materials with repellent properties. Hydrophobic and 
electrostatic interactions, among other mechanisms, allow 
the fixation of the bacterial surface. Anti-fouling surfaces 
act by repelling microbial fixation by hydrophobia, negative 
charge, or low surface energy [64-67].

Anti-fouling coatings repel or control the microbial 
biofilm architecture on surfaces, preventing their growth. 
Meanwhile, antimicrobial coatings act by the bacteriostatic 
or bactericidal effect. The bacteriostatic action consists of 
the spherical repulsion mechanism or nanoscale topogra-
phies. In contrast, the bactericidal action comprises death 
by contact or release of compounds or organic metal ions, 
lethal to the cell [68, 69]. The microbial activity and its 
mechanism allow to classifying polymers into passive or 
active materials [69, 70]. The passive mechanism is based 
on electrostatic and hydrophilic/hydrophobic repulsions 
and the matrix’s low surface energy. The active mechanism 

occurs through the electrostatic and biocidal interactions of 
the material [69].

An appropriate surface modification approach must be 
determined according to the materials and their applica-
tions. From the processing viewpoint, the choice of method 
considers three criteria: (1) compatibility with the material 
type, that is, polymeric, metallic, ceramic, or composite; (2) 
stability, that is, sensitivity temperature, solubility, mechani-
cal strength, among others; (3) physical structure, such as 
porosity and size (bulk, thin-film, among others) [62, 71].

From the application viewpoint, it is important to con-
sider how this material will be requested, the load that the 
surface will be subjected, wear, flow, or environmental con-
ditions that affect the new material’s surface and dimen-
sions. Compatibility of the material with cells, host tissues, 
and biomolecules is also essential [62]. The type of biocidal 
agent, its ability to resist processing and maintain its anti-
microbial action under physiological conditions, also affects 
the modification method’s choice.

Antimicrobial agents can be added to polymeric surfaces 
by physical adsorption, ionic interaction, or hydrogen bonds. 
However, the leaching of microbial agents into the environ-
ment and low efficacy limit the use of these manufactur-
ing methods [72]. Based on this assumption, the surface’s 
effectiveness time is another crucial point to be evaluated 
in the manufacture of antibacterial surfaces. Materials with 
prolonged effectiveness minimize the spread of infections.

When the polymer has reactive sites, such as hydroxyl and 
amino groups, chemical bonds with antimicrobial agents are 
relatively simple. On the other hand, many polymers used 
in the main consumer goods are inert. In this case, it is nec-
essary to generate functional groups of surfaces to expose 
functionalized (active) surfaces. Chemical treatments and 
high energy irradiation promote oxidation reactions, forming 
reactive groups. However, this method is not always viable 
and effective [72].

In this context, there are four different ways to modify a 
polymer so that it has biocidal activity: (1) Direct incorpora-
tion of the antimicrobial agent in the polymeric matrix; (2) 
Direct deposition of the antimicrobial agent on the polymer 
surface; (3) Chemical deposition of the antimicrobial agent 
on the polymer surface; (4) Surface properties modification 
of the polymer without an antimicrobial agent.

Direct incorporation of the antimicrobial agent 
in the polymeric matrix

This method consists of adding an antimicrobial agent 
directly to the polymeric matrix; the most used agents for 
this purpose are organic or inorganic compounds. One way 
to carry out this modification is to add the antimicrobial 
agent in a polymeric solution that is molded later; however, 
this procedure does not meet the large-scale production and 
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is usually used to prepare films and coatings. On the other 
hand, conventional techniques such as extrusion, injection 
molding, and blowing can solve large-scale production. In 
this case, the biocidal agents are mixed with the polymers to 
be processed [71]. Although it is not a complex method, the 
restricted diffusivity of the antimicrobial agent molecules 
through the polymeric matrix decreases the efficiency of 
the microbial modification, indicating that the applicability 
objective is not always fully achieved. [71].

Direct deposition of the antimicrobial agent 
on the polymer surface

The direct deposition of the biocidal agent to the surface 
is the simplest way to obtain materials with a functional-
ized surface; however, its effectiveness is low due to the 
active component’s rapid reabsorption. In this method, the 
antimicrobial agent is applied to a polymer-based material’s 
surface just before use [71].

Chemical deposition of the antimicrobial agent 
on the polymer surface

It is a method similar to the previous method. However, the 
polymeric surface is previously activated. Then, the biocidal 
agent is chemically deposited on the polymer surface. The 
surface activation allows a more stable bond between the 
antimicrobial agent and the matrix, ensuring activity for an 
extended period [71].

Surface properties modification of the polymer 
without an antimicrobial agent

This method assumes that changing the surface properties of 
a material can improve its biocidal properties. The modifica-
tion can be carried out by several mechanisms, such as wet 
reactions, reactions with various chemical reagents, applica-
tion of techniques using high energy (i.e., electromagnetic 
radiation, use of plasma, and ultrasound). The interaction of 
a polymer’s surface with electromagnetic radiation causes 
activation of the surface (breaking accessible polymeric 
bonds), allowing for subsequent chemical modification. Ion-
ized gas (plasma) is another modification alternative, despite 
presenting low long-term stability [71]. It is worth mention-
ing that the combination of mechanisms can be interesting 
and advantageous.

Coating strategies using polymeric matrices

Antimicrobial layers are materials whose structure has por-
tions with biocidal activity, such as nanoparticles/polymers/
chemically integrated natural bioactive polymers. They work 

by eliminating or controlling the germination of pathogenic 
microorganisms, parasites, and infections. With the passage 
of the microbial film, the addition of pathogens to the sur-
face is inhibited. Hybrid antimicrobial films of Ag, Cu, and 
Zn cations demonstrated virucidal impacts in hidden infec-
tions, for example, HIV-1, human herpes virus 1, and dengue 
type 2 and, therefore, have great potential to be applied for 
inactivation of SARS-CoV-2 [73]. Surface coatings can be 
made in many ways according to some strategies illustrated 
in Fig. 3.

Vreuls et al. [74] created antibacterial coatings on the 
stainless steel surface through the covalent graft of anti-
bacterial peptides in an intermediate organic-polymeric 
layer deposited by bright radio frequency discharge plasma. 
Plasma polymerization under the steel surface was carried 
out with allyl glycidyl ether monomer. The antimicrobial 
peptides were covalently bonded to the surface of the polym-
erized steel. Covalent bonds ensured long-lasting antimicro-
bial functionality and were unaffected by treatments with 
non-ionic detergents. It was also confirmed that the peptides’ 
antimicrobial properties remained unchanged after covalent 
fixation [74].

Héquet et al. [75] functionalized the stainless steel sur-
face by covalently bonding antibacterial peptides, magainin 
I and nisin. Functionalization took place in three stages: (1) 
First, the steel surface was initially modified with chitosan 
to obtain  NH2-rich surfaces. The chitosan physisorption 
occurred by immersion or deposition. In both cases, the 
interaction occurred between surface  OH− groups and posi-
tively charged amine groups (electrostatic interactions), (2) 
After modifying the surface with chitosan, a crosslinking 
agent (glutaraldehyde) was deposited on the surface for 2 h, 
then washed with water and dried with dry  N2; (3) Finally, 
nisin and magainin were deposited on the crosslinked sur-
face for 3 h, and again were washed with water and dried 
with dry  N2. The fact that chitosan has many active func-
tional groups made it possible to graft bioactive compounds, 
generating functionalized surfaces with excellent antimicro-
bial and non-cytotoxic activity [75].

Another approach was taken by the Castro-Myoraga et al. 
[76] which poly (3-hydroxybutyrate-co-3-hydroxyvalerate) 
(PHBV) films were prepared by depositing an electrospun 
PHBV18/AgNP coating on compression-molded PHBV3 
films. The method consisted of preparing PHVB3 films by 
compression in a hot plate hydraulic press, then PHBV18 
nanofibers incorporated with AgNPs were deposited in 
the PHVB3 film and heat-treated in a hot press, resulting 
in uniform and smooth films. Subsequently, the resulting 
films were treated at 100% relative humidity and 37 ºC for 
24 h, which prevented feline calicivirus activity and reduced 
murine norovirus activity by 0.86 log. The PHBV18 polymer 
matrix also stabilized and reduced the aggregation of the 
nanoparticles [76].
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Hwang et al. [77] incorporated crystal violet (CV) into 
acrylic latex to produce white light-activated antimicro-
bial paint used to coat polyurethane samples. The results 
showed little leaching of CV molecules up to 100 h when 
the samples coated with CV paint were tested in the state 
immersed in phosphate-buffered saline. After 100 h, no addi-
tional leaching was detected. Also, it has been reported that 
the activity of CV was well retained, even after mixed with 
acrylic latex [77].

Odeberg et al. [78] developed an antibacterial surface 
coating based on a cysteine ligand covalently coupled with 
a spacer to a carboxylic structure layer on a silicon surface 
grafted with acrylic acid. The coating was applied to a 
commercially available nasal pin. The antibacterial effect 
was evaluated in vitro and in vivo in a technology-based 
on active non-releasing compounds. The new material pre-
sented strong antibacterial activity against gram-negative 
and gram-positive bacteria. It did not cause environmental 
damage or generated accumulation in the body, as is the case 
with many metallic nanoparticles [78].

Ma et al. [79] produced biodegradable composite filters using 
the in situ deposition method to isolate pollutants and inactivate 
bacteria. The authors combined zeolitic-8 imidazolate/cellulose 
fiber structures (ZIF-8/CF), Cu-BTC metal–organic structure/

cellulose (MOF-199/CF), and metal–organic structures based 
on Ag/cellulose fiber (Ag-MOFs/CF) through simple in situ 
generations for the manufacture of biodegradable filters. The 
results demonstrated good antibacterial activity against E. 
coli due to the release of  Ag+ ions, significant filtration per-
formance and antibacterial activity, and good biodegradability  
[79].

Kharaghani et  al. [80] synthesized, using the in  situ 
method, washable nanofibrous polyacrylonitrile (PAN) 
membranes with highly dispersed AgNPs, making an anti-
bacterial mask to prevent the bidirectional bacteria effect on 
the environment. The method consisted of electrospinning 
a PAN solution and stabilizing the membrane formed by 
heating to 250 °C in an air atmosphere. Subsequently, the 
membrane was immersed in an  AgNO3 solution, followed 
by immersion in an alkaline solution. To prepare different 
amounts of AgNPs, the cycle was repeated three times. 
Despite its lower antibacterial properties than cycles two 
and three, one AgNPs loading cycle’s capacity was sufficient 
to prepare a washable antibacterial mask since the AgNP 
release profile for these membranes controlled the release 
rate for 120 h [80].

Liu et al. [81] grafted microcapsules of chitosan–gelatin 
onto cotton fabrics to assess the antibacterial effect. The 

Fig. 3  Illustrative scheme of 
antimicrobial coatings for 
various applications. Adapted 
with permission from Ref. [69]. 
Copyright 2020, ACS Publica-
tions 
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microcapsules were placed on cotton fabrics using 2D resin 
(dimethylol dihydroxy ethylene urea, DMDHEU) as the 
crosslinking reagent. The authors reported that the antibac-
terial tissue rate for Staphylococcus aureus and Escherichia 
coli was around 65%, even after being washed 25 times [81].

The inclusion of quaternary ammonium compounds 
(QACs) in polymers can also represent a promising strat-
egy for preparing antimicrobial materials. Many of these 
compounds have low toxicity, biocompatibility, and envi-
ronmental stability [6, 82]. Literature reports show that the 
biocidal activity of QACs is related to the length of the R 
(alkyl) chain,the greater this length, the greater the hydro-
phobicity that makes the compound compatible with the 
hydrophobic lipid bilayer of the microorganism’s cytoplas-
mic membrane. For bacteria such as E. coli and S. aureus, 
the length of the alkyl part between C8 and C12 is the most 
effective and, therefore, already consolidated, according to 
many works [83–85]. However, it still needs to be better 
studied in the fungi and viruses, for example. There will be 
a size of the alkyl group for each different microorganism 
that will be effective, resulting in varied molecular masses 
of the QACs used [8]. According to data from List N of the 
US Environmental Protection Agency (EPA), of the 430 dis-
infectants for use against SARS-CoV-2, 216 contain QACs 
as an active ingredient. Among the 18 virucidal products for 
surface disinfection on the Association for Applied Hygiene 
list in Germany, three contain QACs [86, 87]. The inclusion 
of these compounds in polymers can bring important results 
for preparing antimicrobial materials.

Druvari et al. [88] prepared biocidal coatings by mix-
ing and crosslinking. Quaternized ammonium copolymers 
were studied according to the proportion of reactive groups 
and the type of biocidal groups. Two copolymers, poly(4-
vinyl benzyl chloride-co-acrylic acid) and poly(4-styrene 
sulfonate-co-glycidyl methacrylate), were synthesized by 
free-radical copolymerization and later modified, resulting 
in units of 4-vinyl benzyl dimethyl hexadecyl ammonium 
chloride and hexadecyltrimethylammonium 4-styrene sul-
fonate. The results showed that the curing temperature, the 
content of complementary reactive groups, and the type of 
antimicrobial species controlled the release levels and the 
nature of the releasable species. The crosslinking reaction 
involving the carboxylic and epoxy groups ensured the sta-
bilization of the coatings [88].

Another promising alternative in combating the prolifera-
tion of microorganisms on surfaces is the superhydrophobic 
surfaces. They are easy to clean with the effect of autoclean-
ing. An important feature is that these surfaces have a con-
tact angle greater than 150°, related to the wetting property 
and consequently to the complete and simple removal of 
dirt and/or microbial adhesion on the surface [69]. Chemical 
modifications provide the surface protection feature in super-
hydrophobic nanocomposites. The flexibility and resistance/

durability of the surfaces according to the polymeric mate-
rial. The combination of hydrophobic particles (nano) or 
biocidal properties also protect the surface [89].

Meguid et al. [89] reported the potential of using super-
hydrophobic surfaces to combat the transmission and spread 
of fomites infected by the virus responsible for the COVID-
19 pandemic. The authors developed a flexible superhydro-
phobic surface by dispersion hydrophobic nanoparticles in 
a flexible polymeric matrix (silicone), according to previ-
ous work [90]. The virus was eliminated using antiviral and 
antibacterial copper nanoparticles. Nanocomposites repelled 
contaminated drops and provided protection for surfaces 
used in public and health facilities, which allows the appli-
cation of this new material on coating surfaces or mass syn-
thesis in superhydrophobic monoliths. The superhydropho-
bic nanocomposite’s mechanical properties could be varied 
using different polymeric materials (silicone or epoxy) to 
suit different substrates and operating conditions [89].

Natural polymers can represent an essential strategy for 
surface coatings. They are biodegradable, offer little or no 
toxicity to cells, and are unlikely to cause allergenic reac-
tions. Some of these polymers are shown in Table 1 and 
have already been evaluated against viral strains. The bioc-
idal activity of these polymers is correlated with their active 
functional groups. Chitosan is one of the most explored 
natural polymers for this application type due to its amino 
groups’ protonation with high antimicrobial activity and 
low toxicity. He et al. [94] modified chitosan with amino 
groups to obtain chitosan derivatives of 6-amine-6-deoxida-
tion (N-phthaloyl chitosan, 6-deoxy-6- bromo-N-phthaloyl 
chitosan, 6-aminoethylamino-6-deoxy-N-phthaloyl chi-
tosan and, 6-aminoethylamino-6-deoxy chitosan), in order 
to improve their medical activity, increasing the amount 
of amino group and the exposure of the reaction site. The 
results showed that the modification significantly increased 
antiviral activity for the Newcastle disease virus. The RT-
PCR experiments indicated that 6-deoxy-6-bromo-N-phth-
aloyl chitosan activated the immune system and inhibited 
the transcription of the virus.

The main products developed based on synthetic or natu-
ral polymeric matrices for the direct combat of the Sars-
CoV-2 virus, are individual protection equipment, focusing 
on facial masks. Bulus et al. [106] developed electrospun 
poly (lactic acid) membranes and reinforced them with 
activated carbon. The results presented a filtration effi-
ciency > 98%, indicating that this composite material has 
ideal properties for the production of protective equipment, 
such as the N95 mask layer. Singh et al. [107] proposed 
the synthesis of nanoporous membranes comprising carbon 
dots and poly(vinylidene fluoride). They demonstrated their 
potential use for self-sterilizing recyclable face masks. The 
membranes showed effective blocking of nanoparticles and 
necessary hydrophobicity to prevent the accumulation of 
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moisture. The sterilization stage was performed by exposing 
the membranes for a short period to sunlight. The embedded 
C points absorbed visible light efficiently, giving rise to high 
temperatures through heat dissipation.

Surface (bio)functionalization 
characterization techniques

The characterization of a new material depends on how it 
was designed, which components are part of its structure, 
and mainly what is desired to be observed through this char-
acterization. The progress made by surface functionaliza-
tions has taken place due to nanotechnology’s revolution in 
recent years and the advance in characterization techniques 
involving mainly nanostructures.

The validation of surface biofunctionalization can be 
performed by characterization techniques such as UV–Vis 
spectrophotometry, circular dichroism, dynamic light scat-
tering (DLS) and gel electrophoresis (GE), X-ray diffrac-
tion (XRD), spectroscopy Fourier transform infrared (FTIR), 
nuclear magnetic resonance (NMR), scanning electron 
microscopy (SEM), transmission electron microscopy 
(TEM), atomic force microscopy (AFM), and contact angle 
[108, 109].

UV–Vis spectrophotometry

UV–Vis absorption spectroscopy is a standard tool for nano-
structures characterization [108]. The technique consists 
of measuring the reflected light intensity of a sample and 
compares it with the reflected light intensity of reference 
material. Nanoparticles present optical properties sensitive 

to size, shape, concentration, agglomeration status, and 
refractive index close to the surface, making UV–Vis spec-
troscopy an important tool for identifying, characterizing, 
and evaluating the stability of colloidal solutions [109]. 
Some well-established wavelengths can be cited. For exam-
ple, the absorbance at 350–400 nm wavelength can be used 
to measure the concentration of Au colloid, aptamers based 
on oligonucleotides and antibodies based on proteins showed 
peaks absorption rates around 260–280 nm, and AgNPs have 
already shown an absorbance of 370–450 nm [108, 109].

Circular dichroism

Circular dichroism spectroscopy is used to assess the 
dichroic behavior of materials that they absorb to different 
lengths depending on the polarization of the incident beam. 
When the absorption of circularly polarized light in one 
direction (right) is different from the absorption of circularly 
polarized light in the opposite (left) direction, the material 
is said to exhibit circular dichroism. Any conformational 
changes in the structure of macromolecules can be evalu-
ated using this technique. Although the UV–Vis absorption 
spectroscopy method remains one of the most robust tech-
niques for characterizing macromolecules, the high extinc-
tion coefficient of nanomaterials in the UV spectrum is still 
a challenge [108].

Dynamic light scattering (DLS) and zeta potential

The DLS technique explores the Brownian motion of par-
ticles trapped in a solution or suspension to give rise to 
the sample size distribution, given by the particle’s Stokes 
radius. The analysis can provide hydrodynamic rays, sample 

Table 1  Natural polymers applied in the treatment of viral diseases

Natural Polymer Virus Active group Ref

Chitosan Hepatitis B virus (HBV), Newcastle 
disease virus receptors, herpes virus 
(HSV), and hepatitis C virus (HCV)

Amino group and hydroxyl group [13], [50], [91-94]

Cellulose HIV Hydroxyl group [95-98]
Alginate Murine norovirus (MNV) and hepati-

tis A virus (HAV) since
Hydroxyl group [99]

Acacia gum Monkeypox virus (MPV) Hydroxyl group and carboxylic group [15]
SP-303
(polyphenolic polymer derived 

from an Euphorbiaceae 
shrub)

Respiratory syncytial virus (RSV) and 
parainfluenza virus type 3 (PIV3)

Hydroxyl group [100]

Hyaluronic Acid HCV Carboxylic acid group (in
glucuronic acid), hydroxyl group, and 

N-acetyl group
(following deamidation) 

[101]

Lignin HSV and HIV Hydroxyl, methoxyl, carbonyl, and 
carboxylic groups 

[102-105]
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size distribution, and concentration. The zeta potential of 
a sample is an indicator of the stability of colloidal dis-
persions. Particles with a high positive or negative charge 
tend to repel, forming stable colloidal solutions that present 
small agglomeration tendencies. These measures are directly 
related to the pH values and supply us with the particles’ 
surface charges [108, 109].

Gel electrophoresis (GE)

GE is one of the most crucial characterization techniques 
for biochemistry and molecular biology. It separates DNA, 
RNA, and other proteins, according to size and charge [108]. 
The technique consists of passing a current through a gel 
containing the molecules of interest. The molecules move 
at different speeds and directions through the gel, according 
to their size and charge, allowing them to differentiate from 
each other.

The speed of the biomolecules within the matrix is gov-
erned mainly by the macromolecules’ specific electropho-
retic mobility of the macromolecules and the applied volt-
age. Careful optimization of gel electrophoresis parameters 
can provide high resolution for differentiating DNA samples 
with some differences in nucleotide size and the ability to 
indicate whether more than one protein is involved in a com-
plex binding sequence [108].

X‑Ray diffraction (XRD)

XRD provides information on the crystalline structure, 
phase nature, network parameters, and crystalline grain 
size. An advantage of this technique is that it can provide 
average volume values statistically representative using the 
powder of colloidal solutions. The position and intensity of 
the peaks with the reference standards present in the Inter-
national Diffraction Data Center database determine the par-
ticle composition. On the other hand, this is not a technique 
used for amorphous materials and particles with a size below 
3 nm [109, 110].

Fourier transform infrared dpectroscopy (FTIR)

The surface functionalization of a nanomaterial can be mon-
itored with the aid of the FTIR technique. A biologically or 
chemically modified probe can be studied by the technique. 
A spectrum in the middle infrared region (4000–400  cm−1) 
provides information about the nature and strength of 
various bonds and functional groups [110]. This method 
depends on IV energy being absorbed by quantum energy 
levels associated with atomic vibrations or rotations. A reg-
istered spectrum provides the bands’ position concerning the 
strength and nature of specific functional groups and bonds, 
resulting in information about molecular structures and their 

interactions [109]. These characteristics make the charac-
terization technique one of the most important for studying 
nanoparticles’ structure and interactions.

Nuclear magnetic resonance (NMR)

NMR is a spectroscopic technique used in the quantitative 
and structural determination of materials. Acoording to the 
applied field, nuclei aligned absorb energy and change the 
spin’s orientation. This phenomenon is known as nuclear 
magnetic resonance. Energy absorption is a quantized pro-
cess, and its value must correspond to the energy difference 
between the two states involved. The technique can study 
several nuclei, but the most commonly available are hydro-
gen and carbon. For the characterization of metallic nano-
particles, the technique can probe the ligand that surrounds 
the metal nucleus and to probe the intracellular metal atoms, 
for example [109].

Scanning electron microscopy (SEM)

SEM is a helpful technique for obtaining compositional, 
topographic, and morphological information about any solid 
material. The technique consists of using a focused electron 
beam produced at the electron source at the microscope’ 
top. The electromagnetic lenses through the column of the 
microscope condition the electron beam to follow a verti-
cal path. The microscope column focuses and directs the 
beam to reach the sample. Electrons and photons’ emission 
occurs through the interaction between the beam and the 
material, as the electrons penetrate the surface. The appro-
priate detector collects the emitted particles and provides 
information about the surface, allowing the image’s genera-
tion [111, 112].

Transmission electron microscopy (TEM)

TEM explores the interaction between an electron beam of 
uniform current density and a thin sample. The electrons’ 
interaction with the sample causes electrons transmitted 
or scattered (elastically or inelastically). The information 
acquired forms the image. The interaction’s magnitude 
depends on several factors, such as size, sample density, 
and elemental composition. It is an interesting technique to 
assess the sample’s homogeneity and nanoparticles’ shape 
and size [109].

Atomic force microscopy (AFM)

AFM is used for direct 3D visualization, texture, morphol-
ogy, and surface roughness. The analysis operates through an 
oscillating cantilever scanned over the material under study 
to measure the electrostatic interactions between the tip and 
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the surface. According to the degree of proximity between 
the probe and the sample, the AFM scanning works in three 
modes: contact mode, non-contact, and touch (known as an 
intermediate or oscillating mode). This technique can pro-
vide information about the material’s biocidal properties, 
such as the mechanism of action of the materials when in 
contact with microorganisms [111, 112].

Contact angle

The contact angle measurement determines the surface wet-
tability, and its value represents the wettability. The contact 
angle values must be between 0º and 180º. To the contact 
angle less than 90º, the surface is classified as hydrophilic. 
To the wetting angle greater than 90º, the surface is called 
hydrophobic. To the contact angle approaches 180°, the sur-
face is considered superhydrophobic [112].

This analysis depends on the chemistry and topography of 
the surface. It can provide the free surface energy of solids. 
One way to measure the contact angle is using a goniometer. 
A drop is placed on the solid surface by a syringe operated 
manually or automatically. Then, the image of the drop on 
the surface is enlarged and captured by the camera. Finally, 
the incidence angle between the liquid-surface interface and 
the liquid–vapor interface, that is, the contact angle, is meas-
ured using software [112].

Future perspectives

Pathogens are transmitted mainly by droplets. However, 
contaminated surfaces are able to transport the microorgan-
ism from one person to another, as evidenced by the current 
COVID-19 pandemic. Starting from that point, this review 
discussed coating materials with biocidal action. Several 
strategies to minimize the transmission of these pathogens, 
such as modifying a substrate’s surface via antiviral poly-
mers, incorporating metal ions/oxides for surface coatings, 
have been discussed.

Despite the infinity of works available in the literature 
involving antimicrobial materials, there are still many 
challenges for the advancement of antimicrobial materials 
towards their commercialization, such as guaranteeing the 
stability of the post-processing material and guaranteeing 
longer usage cycles, being still necessary to fully balance 
the effectiveness, toxicity and final cost of this new material.

A trend gaining ground is self-cleaning coatings (supe-
rhydrophobic surfaces), as they can prevent the attachment 
of infectious microdroplets to surfaces. The development of 
surface coatings can be responsive to stimuli, achieving bet-
ter results in combating pandemics and epidemics.

Another aspect that still requires further investigation 
is that current antimicrobial agents are of broad-spectrum 

and are used to combat different pathogens. However, these 
biocidal molecules’ interaction with different substrates 
(glass, wood, paper, metal, among others) is still a gap, 
mainly in terms of efficacy, processing, human toxicity, and 
sustainability.

Conclusion

This review discussed the antiviral activity of different 
materials. They can act as nanocarriers in the delivery of 
antiviral drugs, block the entry of viruses in cells, interact-
ing with their functional groups, encapsulate drugs for con-
trolled drug release, among other functions. The COVID-19 
pandemic has been driving the development of vaccines, 
medicines, and biocidal materials. Therefore, the polymeric 
surface modification is an essential ally in functional groups’ 
activation, making the polymer biocidal activity with poten-
tial performance in hospital environments. Finally, we would 
like to encourage investment in research in developing mate-
rials with antiviral properties not only during the SARS-
CoV-2 pandemic. Viral diseases that may arise in the future 
require previous studies to help achieve promising advances.
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