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Abstract

The global epidemic owing to COVID-19 has generated
awareness to ensuring best practices for avoiding the
microorganism spread. Indeed, because of the increase in
infections caused by bacteria and viruses such as SARS-CoV-
2, the global demand for antimicrobial materials is growing.
New technologies by using polymeric systems are of great
interest. Virus transmission by contaminated surfaces leads to
the spread of infectious diseases, so antimicrobial coatings are
significant in this regard. Moreover, antimicrobial food pack-
aging is beneficial to prevent the spread of microorganisms
during food processing and transportation. Furthermore, anti-
microbial textiles show an effective role. We aim to provide a
review of prepared antimicrobial polymeric materials for use in
coating, food packaging, and textile during the COVID-19
pandemic and after pandemic.
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Introduction

COVID-19, a new disease caused by SARS-CoV-2, is a
public concern, prevalent all over the world, and killing
countless people [1—4]. To date, various systems
including antimicrobial metallic materials, metal oxide

nanoparticles, and other antiviral materials were used to
fight against microorganisms [5—15]. For example,
Randriantsilefisoa et al. [16] prepared hydrogel nano-
composites based on Au nanoparticles, sialic acid, poly-
ethylene glycol, and polyglycerol cyclooctyne to catch the
influenza virus. In another study, de Dicastillo et al. [17]
organized an antimicrobial polymeric bilayer structure
based on the insertion of zinc oxide nanotubes in the
acrylic polymer for coating a polymeric substrate. In addi-
tion, a research team [18] prepared curcumin/chitosan
nanocomposite as an antiviral agent for hepatitis C virus
genotype 4a in human hepatoma cell lines. In another
investigation, an antiviral polymeric system against the
zika virus was prepared by encapsulating curcumin as a
natural product into poly(lactic-co-glycolic acid) nano-
particles. Cytotoxicity and antiviral activity were evaluated
in Vero cells. The outcomes showed promising candidates
for the formulation of antiviral drugs [19*]. Besides, to
date, antimicrobial materials using metal and metal oxides
were designed for diverse sectors such as coating [20,21].

Viruses including coronavirus can transmit through various
surfaces. Because the stability of the virus varies on different
surfaces and is possible for several days, therefore, the
preparation of antimicrobial coatings is effective in elimi-
nating pathogens and microorganisms [5,6,22]. Moreover,
foods, fruits, and vegetables may become contaminated
with microorganisms during processing and transportation
[23]. Antimicrobial packaging using polymers and special
polysaccharides to prevent plastic contamination can be
useful in controlling the spread of microbes. So far, food
packaging films with antimicrobial performance have been
prepared and tested for microorganisms like viruses, bac-
teria, and fungi [24]. In addition, viruses can be transmitted
through droplets and aerosols, so they can spread the dis-
ease. The spread of viruses has led to the widespread use of
antimicrobial personal protective equipment or household
fabric masks. The development of antimicrobial fabrics in
the preparation of these materials can help to control the
spread of microorganisms such as SARS-CoV-2.

Polymeric materials, including natural polymers, are a
suitable option for the preparation of antimicrobial
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materials such as films, coatings, and so on. Poly-
saccharides, such as chitosan, alginate, gums, due to
their natural nature, their biocompatibility, and biode-
gradability have received a lot of attention in this regard
[25,26]. By introducing nanoparticles or using natural
compounds with antimicrobial and antifungal properties
into polysaccharides, composites with good performance
are prepared that show effectiveness against microor-
ganisms [27]. Hence, as per the latest information that
has been reported in 2020 and 2021, this mini-review
will be a good source for researchers by collecting
useful information about antimicrobial polymeric ma-
terials for protective applications during the COVID-19
pandemic and after pandemic.

Antimicrobial coatings and membranes for
protective applications

Human infections (almost 80%) can be transmitted
through contaminated surfaces by bacteria, fungi, and vi-
ruses. Especially during the COVID-19 epidemic, it is
necessary to provide antimicrobial coatings to control and

Figure 1

prevent its spread [28]. On the other side, hospital in-
fections are a threat to global health care. "To counter this
escalating threat, so far, by using polymeric materials and
polymer hybrids, coating formulations have been proposed
by researchers for pathogen inactivation. In fact, polymeric
surfaces are widely used today and are one of the most
ubiquitous substrates in life. In addition, metal nano-
particles and metal oxides can be used in the preparation of
antimicrobial polymeric coatings. So far, polymeric systems
for the preparation of coatings, membranes, and surfaces to
fight against bacteria, viruses, and fungi have been widely
reported. Here are some of the latest developments:
Haldar et al. [28*] reported an antimicrobial covalent
coating to kill bacteria, fungi, and influenza viruses on
clinical surfaces. For this aim, using UV irradiation, water-
soluble quaternary benzophenone-based ester and amide
were covalently immobilized on surfaces such as cotton
sheets and polyurethane via dip-coating and drop-casting
methods. The antibacterial (Staphylococcus aureus, Escher-
ichia coli), antifungal, and antiviral (influenza virus) per-
formances were tested, and the outcomes showed the
killing of pathogens in a short time. This research team
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Schematic illustration of the design of a dental appliance with both adhesion-inhibiting and antibacterial capabilities. (a) Significant aggregation of bacteria
on bare stainless-steel AW. (b) PEGylation of stainless-steel AW can significantly reduce bacterial adhesion owing to the existence of a thin water layer
caused by PEG. (c) Stainless-steel AW with CS/PEG hydrogel coating exhibits both adhesion-inhibiting and antibacterial capabilities (PEG: polyethylene
glycol, CS: chitosan, AW: stainless-steel archwire). This was reprinted with permission from Ref. [29].
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Schematic diagram of the antibacterial mechanism of the hierarchical platform. (a) The hierarchical platform provides a biocompatible and nonadhesive
surface under normal physiological conditions. In the early stage of surface colonization by bacteria, the bacterially induced acidification triggers MLT
releasing, turning the surface from nonadhesive to bactericidal when needed to attack the adhering bacteria. (b) Compared with the prevailing release
model based on charge neutralization, the negative-to-positive charge-conversion mechanism renders the surface highly responsive to bacterial acidi-
fication and eliminates infections at early stages of the bacterial colonization of biomaterials. This was reprinted with permission from Ref. [36].

revealed a one-step curable coating that could covalently
cover several surfaces and quickly kill influenza virus,
bacteria, and fungi and was suitable for hospital coverage.

In addition, because of the spread of microbial infection
in dental applications, an antimicrobial hydrogel coating
was prepared for medical instruments using chitosan
and poly(ethylene glycol) as low-volatile, low-toxic, and
biocompatible materials to combat infections [29]. After
coating the stainless-steel archwire with the fabricated
coating, the prepared dental appliance showed
adhesion-inhibiting and antibacterial capabilities, as can
be observed in Figure 1. The prepared bio-interface
indicated great performance in early-stage adhesion in-
hibition (98.8%, 5 h) as well as long-lasting colony-
suppression action (93.3%, 7 d). This nanomaterial
containing many advantages such as excellent bio-

compatibility, being safe and effective, dual-functional
platform (antimicrobial and antifouling utilities)
showed potential for coating in the biomedical device.

Outbreaks of viral diseases, including COVID-19, are
possible through the airand have recently become a major
problem for human health. Even if air conditioning and
heating systems restrict virus transmission, their filters
are contaminated. The virus can also be transmitted
through aerosol, and it is essential to design a system to
absorb the virus-containing acrosol. In this way, a research
team [30] prepared an antiviral composite coating
including Ag nanoclusters/silica for deposition on cotton,
glass, and metallic filters through the co-sputtering
method. These coatings were tested for several respira-
tory viruses including influenza A and human rhinovirus.
After placing the coating on the filter, its function did not
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Schematic illustration of the antibacterial mechanisms for the hierarchical
surface. This was reprinted with permission from Ref. [37].

change. The outcomes of antiviral studies showed that
the composite coating had a strong antiviral performance.
These coatings can be used to provide filters and masks in
most areas, including hospitals, gyms, and other areas to
control the risk of viruses.

In a recent study, an antibacterial polymeric composite
coating on the Ti (titanium) surface was prepared by
using Ag nanoparticles (20—30 nm), sodium alginate,
poly-L-lysine, and dopamine for infection prevention.
The fabricated coating showed the release of Ag™ for >27
days and successfully killed and inhibited . aureus and
Streptococcus. mutans bacteria [31]. In addition, in a recent
study by Ballarre et al. [32], antibacterial surface coating
systems based on chitosan, gentamicin, and silica on ti-
tanium substrates were developed via spray and electro-
phoretic deposition as a simple and versatile method. The
prepared coating showed great antibacterial performance
against §. aureus and E. coli. In addition, Fabra et al. [33]
prepared antiviral edible coatings using gelatin and Per-
sian gum in a 50:50 ratio. Diverse percentages of the
polymer blend were used. The mechanical and barrier
features of Persian gum were developed owing to the
interactions (electrostatic) among polymers, which
enhance the cohesive system. The prepared coating
showed good antiviral performance.

He etal. [34] proposed an eco-friendly approach, based on
superior antimicrobial composites and based on immobi-
lization of Ag/ZnO nanoparticles on sericin/agarose film via
the adhesion feature of polydopamine. For the preparation
of the film, sericin (as a natural hydrophilic protein) was
blended with agarose (as a neutral polysaccharide). Then,
polydopamine was coated on it to capture ZnO/Ag. The
outcomes displayed good mechanical and excellent

antimicrobial performance against both Gram-positive and
Gram-negative bacteria. It showed good potential in the
fabrication of antimicrobial coatings. In a similar investi-
gation, the antimicrobial coating was prepared by # situ
fabrication of Ag nanoparticles in dopamine-containing
hydrophilic glycopolymers. The prepared coating showed
superior antimicrobial action toward F. co/i and S. aureus
microorganisms [35]. These polymeric materials with
antimicrobial properties are well used to cover different
surfaces to kill microorganisms.

Surface-tethered hierarchical polymer brushes can be
used to fabricate surfaces against microorganisms. In a
recent study, an antibacterial surface with the con-
struction of a hierarchical polymer brush on the polymer
substrate was prepared via light-induced living surface
grafting polymerization (Figure 2), which can be used in
the medical field for the protection of surface against
microorganisms. The micrometer-thick polymer brush
system has a hierarchical structure consisting of an outer
polymer layer poly(hydroxyethyl methacrylate) and an
anionic inner layer loaded with antimicrobial peptides.
It binds to bacteria on the surface and multiplies,
causing acidification and the cleavage of unstable amide
bonds. With the release of melittin, the bacteria that
adhere to the surface are killed. This polymeric system
with antimicrobial properties has excellent potential for
use in preventing infection [36].

In a similar study, a hierarchical polymer brush surface
with super-antibacterial and self-cleaning features
toward microorganisms was prepared. The antibacterial
upper layer (geminized cationic amphiphilic) and
zwitterionic antifouling sublayer were applied for this
aim. As can be observed in Figure 3, this polymeric
system kills microorganisms, releases dead bacteria, and
resists the adhesion of protein [37%].

Zhang et al. [38] designed and prepared a series of
mussel-inspired polymeric coatings with different anti-
microbial functions (single function [release], dual
functions [touch-killing/release], as well as triple func-
tions [antifouling/touch-killing/release]) in a mussel-
inspired co-deposition method. The fabrication pro-
cess of coatings can be observed in Figure 4, polydop-
amine selected as an adhesive layer for the preparation
of multifunctional antimicrobial surfaces. Owing to
Michael’s addition/ring—opening reaction in the prepa-
ration process, coatings could strongly anchor onto
several substrates such as polypropylene, polyethylene
terephthalate, and glass. The fabricated coatings
showed high performance against microorganisms.

An antimicrobial strategy in medicine is to use nano-gel
antimicrobial coatings to prevent and combat infection.
These coatings create a hydrated surface layer for pro-
moting the antifouling features successfully. The antimi-
crobial activity of these nano-gels can be increased with the
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help of quaternary ammonium compounds because of
positive charges and the alkyl chain. In a study, nano-gel
coatings with high antimicrobial performance by using
tertiary amine were designed. The nano-gels were
quaternized by N-alkylation, which induces antibacterial
activity through membrane binding. The quaternized
nano-gels caused intraparticle hydrophobic domains. Tri-
closan-incorporated nano-gels killed 99.99% of pathogens
on the surface of clinical coatings [39].

Tannic acid is a phenolic acid that has unique antiviral
and antibacterial properties, and there have been many
reports of its action against a variety of viruses (influ-
enza, papilloma, HIV, herpes, noroviruses) and bacteria
(Gram-positive and -negative). Modifying coating and
filters with these natural molecules is a promising way to
binding and capture viruses and preparative antiviral
materials [40]. In this regard, polypropylene filter fab-
rics were functionalized with tannic acid for the manu-
facture of antiviral filters in preparation of protective

Figure 4

equipment against the influenza A virus (Figure 5).
Through a dipping/washing procedure, polypropylene
filters were covered with tannic acid. As per the results,
fast and efficient performance was achieved, and also, no
cytotoxicity was observed. The functionalized filter
displayed a high virus capture proficiency (2723 pfu/
mm? in 10 min), which was very higher than the
nonmodified one [41%].

For the preparation of antivirals and bacteria personal
protective equipment or medical devices, in a study,
antibacterial and antiviral nanofibrous membranes
including vitamin K compounds and poly(vinyl alcohol-co-
ethylene) were produced. The prepared membranes
displayed strong photoactivity in producing reactive
oxygen species in daylight and UVA. In a short time, great
antimicrobial and antiviral proficiency (>99.9%) was ob-
tained. These membranes showed great potential for use
as antibacterial and antiviral materials in the production of
personal protective equipment such as face masks [42*].
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Mussel-inspired polymeric coatings realizing functions from single to multiple antimicrobial mechanisms. (a) Schematic illustration of one-step fabrication
for functional polymeric coatings by PDA-assisted techniques. (b) Chemical structures and corresponding practical behaviors of as-designed polymeric
coatings from a single function (release) to triple functions (antifouling—killing—release). Three functional polymers, that is, polylysine, diethylene glycol
diglycidyl ether (PEGDGE), and poly[glycidylmethacrylate-co-3-(dimethyl(4-vinylbenzyl)ammonium)propy! sulfonate] (poly(GMA-co-DVBAPS)), were
selected to demonstrate our strategy (PDA: polydopamine). This was reprinted with permission from Ref. [38].
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Figure 5
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Preparation of TA-HF for influenza virus capture. Schematic illustration of TA-HF preparation and influenza virus capture based on interaction of TA with
viral proteins (HA hemagglutinin, NA neuraminidase, M2 matrix-2) (TA: tannic acid, HF: high-efficiency particulate air filter). This was reprinted with

permission from Ref. [41].

Antimicrobial textiles and fabrics for
protective applications

"Today, the demand for environmentally friendly antimi-
crobial fabrics and textiles is growing. To reduce contam-
ination caused by nondegradable plastics, in a study, an
antimicrobial cellulose fabric containing Ag nanoparticles
was prepared. Cellulose fabrics are used in many in-
dustries, including medical textiles, and are also widely
used in the preparation of personal protective equipment
during the COVID-19 period. In this study, fabric-metal
nanocomposites were prepared via ultrasonic waves in a
simple, green, and one-step process. Cellulose mecha-
noradicals were generated via ultrasonication of cotton
solution and breakage of 1,4-glycosidic bonds. Then, by
generated mechanoradicals, the metal ions (Au’t and Ag"
ions) in the solution were reduced to metal nanoparticles.
Finally, metal nanoparticles were decorated on fabrics. The
antimicrobial performance of the prepared fabric toward
E. coli (Gram-negative bacteria) and Bacillus subtilis (Gram-
positive bacteria) was tested, and the outcomes showed
the toxicity of nanocomposite toward bacteria [43*].

A research team prepared antimicrobial, antiviral, and self-
cleaning nanofibers with the decoration of poly(methyl
methacrylate) with ZnO nanorods and nano-Ag [44]. By
the direct electrospinning method, multifunctional mats
for modification of protective clothing were designed
(Figure 6). For this aim, first, ZnO was manufactured by a
hydrothermal technique, and Ag was prepared via reduc-
tion of AgNOj3. A solution containing polymer, ZnO, Ag
nanoparticles was prepared, and then, this solution was
electrospun on a mat and placed on the inner side of the
fabric. The prepared nanofibers with 450 nm size showed
great presentation with 4 functionalities: Antiviral perfor-
mance toward influenza and coronaviruses, antibacterial
behavior against Gram-negative and -positive bacteria,

photocatalyst to eliminate organic contaminants, and
reusable surface-enhanced Raman scattering substrate to
quantitative analysis of impurities on the fabric.

The antibacterial fabric was prepared for preventing
wound infection in the hospital. For this aim, polydop-
amine and polyethyleneimine were deposited on the
cotton fabric. Gallic acid/Ag nanoparticles were cross-
linked with them by H- bonding and Michael addition.
The modified fabric showed an anionic surface because
of gallic acid/Ag nanoparticles. This low-cytotoxicity
modified fabric was resistant to bacteria owing to elec-
trostatic repulsion. In addition, with releasing Ag™, it
had strong antimicrobial performances [45].

Because viruses such as influenza and SARS-CoV-2 can be
transmitted through fluid droplets and aerosols, they can
spread the disease. Fabric face masks are a barrier to their
prevalence. On the other hand, these viruses remain on the
surface for several days and are stable. Metal nanoparticles,
including zinc, can inactivate these viruses. In one study;,
zinc was embedded in polyamide 6.6 fibers to inactivate
viruses in preparation of effective masks. The results
showed that these viruses were easily absorbed by the fabric
and inactivated by zinc ions [46]. In a study by Tremiliosi
etal. [47], by pad—dry—cure technique, poly-cotton fabrics
were functionalized with Ag nanoparticles. Ag nano-
particles have an excellent ability to inactivate pathogens
and are widely used in the textile industry. In this process,
the results exposed that this polymeric composite effec-
tively inhibits the SARS-CoV-2 virus (around 100% in
2 min) as well as other pathogens (8. aureus, E. coli, and
Candida albicans) and does not cause any allergies.

El-Naggar etal. [48] fabricated self-cleanable cotton fibers
with an antimicrobial performance by using Ag
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Fabrication steps of PMMA/ZnO—Ag NFs (a—d): (a) synthesis of ZnO nanorods by the hydrothermal method and the SEM image of ZnO nanorods, (b)
preparation of the electrospinning solution by mixing PMMA and ZnO nanorods with the solution of Ag NPs synthesized by in situ reduction of AQNO3 in
the presence of DMF, (c) fabrication of PMMA/ZnO—-Ag NFs on a mat by electrospinning and integration of NF mats to use protective clothes, (d)
schematic illustration of a protective clothing containing PMMA/ZnO—Ag NF mats, and (e—g) multifunctional properties of the fabricated PMMA/ZnO—-Ag
NF mats (PMMA: Polymethyl methacrylate). This was reprinted with permission from Ref. [44].

nanoparticles for decorating on them in a simplistic and
cheap i situ pad—dry—cure process to prepare UV pro-
tection and brilliant colors. Via thermal reduction (at
130 °C) of Ag ions on the surface of fibrous cotton, Ag
nanoparticles were prepared. Through plasma activation,
Ag particles were better immobilized on it. The obtained
cotton fibers showed antimicrobial performance toward
diverse pathogens (S. aureus, F. coli, and C. albicans).
Another research team [49] prepared metal oxide—coated
textiles using a coating of ZnO nanoparticles on starched
cotton fibers via ultrasonication, and the antimicrobial

activity was examined. Corn starch was applied to
enhance the cotton adhesion to ZnO and for better stabi-
lization of nanoparticles. Deposition of ZnO was improved
(53%) after using 3 wt.% starch for 10 washing cycles. With
the functionalization of ZnO-coated cotton by curcumin
and Ag nanoparticles, the antimicrobial performance of the
fabric was enhanced because of the synergistic behavior of
7Zn0O, Ag, and curcumin. In addition, in a conventional
dyeing technique, CuO nanoparticles were  sifu grown
onto cotton textiles for the fabrication of antimicrobial
textile samples. For functionalization of textiles, diverse
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percentages of Cu(CH3COO),.H,O were used. The
functionalized textile with antimicrobial agents displayed
aclear inhibition zone toward Gram-positive and -negative
microorganisms [50]. Noorian et al. [51] produced multi-
functional fabrics by # situ manufacture of ZnO nano-
particles on modified cotton. At first, for enhancement of
the active sites in the fabric, the OH group was oxidized to
aldehyde. Then, it was treated with 4-aminobenzoic acid.
In the last stage, the nano-ZnO was 2z situ manufactured on
the treated fabric. The fabric showed good antibacterial
features and UV protection after 100 cycles of abrasion and
20 cycles of washing.

Antimicrobial packaging for protective
applications

The world is currently facing a new challenge from the
infectious disease of COVID-19. Food products can carry
the virus during various stages of processing and
transportation and reach the customer and so cause the
spread of disease. The SARS-CoV-2 can remain on surfaces
for several days. Antimicrobial food packaging may be
useful in this case. For example, Hunt et al. [52] used
hydrochloric acid and TiO; nanoparticles for the fabrica-
tion of photocatalytic coatings with good antimicrobial
performance and mechanical robustness for food contact
surfaces to enhance food safety during food processing.
The produced coating in combination with water, oxygen,
and light clears contaminants by releasing reactive oxygen
species ('OH, 102, and H;0O;). The fabricated coating
showed the potential for preventing cross-contamination
in the processing of foods.

Viablending antimicrobial and antiviral components such
as curcumin into poly(vinyl acetate) matrixes, a new
protecting coating with antimicrobial photodynamic
performance toward Sa/monella typhimurium and S. aureus
was prepared for food decontamination. The killing effi-
ciency of microorganisms was depended on the curcumin
concentration. Poly(vinyl acetate)/curcuminlQ coating
reached 93% at an energy density of 72 J/sz [53]. Anti-
microbial active food packaging was developed by
carboxymethyl cellulose, montmorillonite (MMT) clay,
as well as e-poly-(L-lysine) through solution casting
technique. Fillers enhanced the antimicrobial, mechani-
cal, and UV barrier properties. Carboxymethyl cellulose/
MMT/e-PL.  nanocomposite  films demonstrated
respectable antimicrobial performance toward fungi
(Botrytis cinerea and Rhizopus oligosporus), S. aureus, and E.
coli [54].

In another study, by the incorporation of green tea extract
into chitosan edible films, antiviral and antibacterial coat-
ings for food safety were produced [55]. The fabricated
nanocomposite coating effectively inactivated and reduced
the virus (murine norovirus) and bacteria (such as £. co/).
Moreover, nanocomposite films with antimicrobial behavior
by using chitosan, cellulose nanofiber, and curcumin were

designed for food packaging applications. Curcumin is
known as an antioxidant and a natural antiviral and anti-
bacterial agent. Smooth and uniform films with suitable
mechanical properties were prepared to prevent pathogens.
Excellent antibacterial activity was reported in this study. In
another study, a natural antiviral agent (Larrea nitida extract)
was inserted into agar, alginate, or agar/alginate film for the
preparation of antiviral edible coatings for food packaging.
The prepared coatings exhibited good antiviral and anti-
bacterial performance [56].

Pectin-based antimicrobial coatings were developed by
Ghorbani et al. [57]. The pomegranate has high antioxi-
dant and antimicrobial properties. In this study, pome-
granate peel extract containing flavonoids and polyphenols
including gallic acid and caffeic acid was used. The extract
was added to the pectin-containing solution, and a coating
with high antimicrobial properties was prepared for food
packaging. Pomegranate peel extract showed good inhibi-
tory and antibacterial effects against Gram-positive and
Gram-negative bacteria (8. @ureus and E. coli) . Pectin-based
coatings showed good antimicrobial properties against
pathogenic microorganisms and also increased food shelf
life. In addition, Simona et al. [58] prepared antimicrobial
food packaging films with UV protector behavior by
incorporation of orange essential oil into the carrageenan
matrix. The prepared films were resistant to §. aureus
bacteria. In addition, antimicrobial electrospun zein fibers
were developed to apply in the food packaging sector. It
showed great capability for inactivation of wide spectrum
of pathogens [59].

Conclusions

Demand for antimicrobials is growing during the COVID-
19 pandemic and will be even more important in the
postpandemic time to make the world safer. In this regard,
polymeric composites or other polymeric materials that are
resistant to microorganisms have received much attention.
Antimicrobial coatings are very important for preventing
the spearing of microbes and viruses. On the other side,
antimicrobial packaging may be beneficial to disinfect
microorganisms. Moreover, for the fabrication of antimi-
crobial fabrics in manufacturing household masks or per-
sonal protective equipment, polymeric materials can play
an effective role. At last but not least, these kinds of ma-
terial will be developed and would be needed to fight
against COVID-19 pandemic and after pandemic.
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