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Abstract: Biocontamination of medical devices and implants is a growing issue that causes medical
complications and increased expenses. In the fight against biocontamination, developing synthetic
surfaces, which reduce the adhesion of microbes and provide biocidal activity or combinatory
effects, has emerged as a major global strategy. Advances in nanotechnology and biological sciences
have made it possible to design smart surfaces for decreasing infections. Nevertheless, the clinical
performance of these surfaces is highly depending on the choice of material. This review focuses on
the antimicrobial surfaces with functional material coatings, such as cationic polymers, metal coatings
and antifouling micro-/nanostructures. One of the highlights of the review is providing insights
into the virus-inactivating surface development, which might particularly be useful for controlling
the currently confronted pandemic coronavirus disease 2019 (COVID-19). The nanotechnology-
based strategies presented here might be beneficial to produce materials that reduce or prevent the
transmission of airborne viral droplets, once applied to biomedical devices and protective equipment
of medical workers. Overall, this review compiles existing studies in this broad field by focusing on
the recent related developments, draws attention to the possible activity mechanisms, discusses the
key challenges and provides future recommendations for developing new, efficient antimicrobial and
antiviral surface coatings.
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1. Introduction

Treatment of infectious diseases is presently tackling a crisis. Therapeutic options
against bacterial pathogens have been limited by common antibiotic resistance. On the
other side, the recurrent emergence of viral pathogens also poses a significant threat [1].

Adhesion and colonization of microorganisms on implanted medical instruments
including catheters, knee and hip implants and pacemaker leads are the main health care
problems that affect patient life-quality [2]. They exhibit high risks of local and systemic
infections after implantation. Microorganism binding limits the lifetime and functionality
of medical devices, as well [3].

The increased utilization of patient-specific devices due to availability and incorpo-
ration of new technologies may help to solve recently faced world-wide medical chal-
lenges [4]. Recently, synthetic biomaterials have demonstrated some exciting possibilities
in the field of medicine. Their field of application ranges from medical devices, pharmaceu-
ticals and tissue replacement therapies to engineered nanorobots developed for cellular
intervention [5,6]. Bulk properties of a material are important to initially establish material
suitability for an application. For example, porosity of a scaffold is important for proper
migration of cells and blood perfusion to deeper sites of the implant. In addition to bulk
properties, surface properties including both physical features and chemistry are essential
for the functionality of many biomedical devices [4]. Using topographical modifications
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and chemical surface modifications, such as covalently bound coatings, bacterial coloniza-
tion and biofilm formation on surfaces have been decreased, to minimize the probability of
infection spreading from medical devices [7].

Additionally, in recent years, research has shown the antiviral activity of nanoma-
terials on several viruses. The SARS-Cov-2 (severe acute respiratory syndrome-related
coronavirus-2), also known as COVID-19, pandemic spread globally over the duration of
2020 and has not yet seen an end. In addition to SARS-CoV-2, several viral pandemics,
including influenza A virus subtypes H2N2 and H3N3, human immunodeficiency virus
(HIV) and SARS, have been documented in recent history, while Middle East respiratory
syndrome-related coronavirus (MERS-CoV) and Ebola viruses are still regarded in the
pre-pandemic stage [8]. Existing anti-microbial technologies and virus inactivation systems
can be improved to develop antiviral products, which may find a solution for this fatal in-
fection [6,9]. Recently, we have witnessed a rousing development: Sahin and his colleagues
invented a lipid nanoparticle-formulated mRNA vaccine suggesting a high potential to
protect against COVID-19 [10]. In this manner, to control the spreading of the current pan-
demic situation, nanosized materials are also useful for exhibiting antiviral performance
on surfaces through various ways of action, such as physical contact, generation of reactive
oxygen species (ROS), catalytic oxidation, photothermal effects and metal ion release. The
antiviral nanomaterials can be applied as spray agents to manufacture antiviral surfaces
that help to manage the spreading of viruses. Consequently, they can be used in a broad
range of applications, such as air purifier filters, ventilation systems, medical textiles [11].

This review gives an overview of anti-microbial and anti-viral coating materials by
mainly focusing on studies published in the last five years and giving some key examples
from the earlier literature. We aim to propose possible mechanisms for the development of
new anti-bacterial/-viral approaches using the nanoscience platform.

2. Coating Strategies

The initial role of surface coatings in industrial applications was to provide pro-
tection from corrosion and mechanical resistance [12]. Recently, with the advancement
in nanoscience, polymer-/nanocomposite-based coatings have been developed and uti-
lized for several purposes including biomedical applications, such as antibacterial sur-
faces [13–16].

The polymer coating methods can be summarized as the following categories: simple
solution and dip coatings, cast-coating, Doctor-blading, spraying method and spin coating
technologies. In the simple drop-casting coating method, a polymer solution is dropped
and coated on a substrate and allowed to evaporate (Figure 1a). The dip coating technique
includes immersion of the substrate in polymer melt or solution, then withdrawing and
solvent evaporation, followed by drying (Figure 1b) [13]. Free polymeric films can also be
obtained by the cast-coating technique, where a polymeric solution is cast onto a nonstick
mold with a desired shape, and subsequently the solvent is evaporated (Figure 1c) [17].

Doctor blade, also known as tape casting, is one of the commonly employed methods
for generating thin films on large surface areas. With a constant relative movement of
the blade on the substrate, the polymer solution spreads on the substrate and forms a
thin film, consequently a gel-layer after drying (Figure 1d) [14]. The spraying method
is also a fast method utilized for polymer coating, particularly advantageous for coating
three-dimensional solid objects. Melted or dissolved polymer is sprayed onto a surface
in this technique. In the nozzle of the spray head, the polymer solution is atomized and
dispersed to the surface with a continuous droplet flow (Figure 1e). Finally, in the spin
coating technique, a small drop of coating material is dropped onto the center of the
substrate, which is spun at the chosen speed to spread the coating material by centrifugal
force and to achieve high quality and fine film (Figure 1f) [13].
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Figure 1. Schematic representation of common polymeric film-coating techniques. Reprinted with
permission from ref [18]. Copyright 2021 Wiley.

In addition to polymer coatings, incorporation of inorganic/organic nanoparticles
into a coating material has been developed as an alternative way to further develop the
features of the existing surface coating to meet the promptly changing demands of medical
applications. Previously, numerous surface treatment techniques, involving electroplating,
electroless plating, and chemical conversion coating, was studied to improve surface
functionality. For instance, Jiang et al. worked a novel silane-TiO2 dual-functional coating
material that is prepared by controlled addition of nanoparticles on stainless steel (Figure 2).
In this study, dispersed nano-SiO2 showed a high contact angle value, which increased the
hydrophobicity of surface, and the TiO2 nanoparticles provided additional protection due
to their photocatalytic activity [12].
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Figure 2. Schematization of nanocomposite coatings with the controlled addition of nanoparticles in a bath: (a) particle-
metal ionic cloud formation after suspension in treatment bath; (b) adsorption of nanoparticles onto the substrate surface;
(c) formation of the nanocomposite surface coating via discharging of metal ions. Reproduced from ref. [12].

Moreover, many surface-coating types, such as non-ionic or charged coatings, chemi-
cally functionalized coatings, and hydrophilic/hydrophobic coatings, have been revealed
to influence properties of nanoparticles. These coatings, especially, have been preferred
to improve the therapeutic function, colloidal stability to prevent agglomeration, and
biocompatibility of nanomaterials. Once NPs encounter with biological fluids, proteins
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adsorb on them through electrostatic, dispersive, and covalent interactions, leading to the
formation of a so named “protein corona” mainly determining the biological activity of
the particle [15]. For instance, polyethylene glycol (PEG) coating has decreased protein
adsorption via steric repulsion forces and led to longer circulation times and improved
biodistribution [19].

In this part of the review, we focused on the variety of materials, which could be em-
ployed as coating materials, to improve antibacterial and antiviral properties for potential
medical applications.

3. Coated Surfaces
3.1. Metal-Based Nanomaterial Coatings

In combating drug-resistant pathogens, biomedical devices modified with antimi-
crobial metal nanoparticles offer a strong microbicidal approach and have gained signif-
icant consideration in both the pharmaceutical and academic industries. Antimicrobial
nanomaterials can be categorized into three major group; intrinsically antimicrobial ones,
anti-microbial agent carriers, and those that occupy either of these functional features [16].

Many studies have shown that metal ions and metal-based materials, including the
nanoparticles of gold (Au-NPs) [20], silver (Ag-NPs) [21,22], magnesium oxide (MgO-
NPs) [23], copper oxide (CuO-NPs) [24], titanium oxide (TiO2-NPs) and zinc oxide (ZnO-
NPs) [25] could be used to generate antimicrobial coatings. However, the knowledge about
their long-term effects on human health and the environment is limited. The possible
accumulation in organs and uncontrolled release of metal ions should be carefully inves-
tigated, and protective coatings might be useful in this context. Among the metal-oxide
particles, MgO and ZnO have been recently reported as biocompatible nanoparticles with
biocompatible degradation by-products, owing to their usage as trace elements in the
human body [25,26]. The possible antibacterial mechanisms metal-oxide nanoparticles are
not completely revealed yet. Findings have shown that ion concentrations, oxidative stress
and membrane damage are the possible mechanisms of action against bacteria [23].

In a present work [27], the monolithic ZnO and composite ZnO with carbon (ZnO-C)
and ZnO with copper (ZnO-Cu) were sputter-deposited using a vacuum coating technique,
magnetron sputtering. All sputter surfaces were ethanol-sterilized and used for the antimi-
crobial test. In this study, Pseudomonas aeruginosa (P. aeruginosa) and Staphylococcus aureus
(S. aureus) were selected as a resistant and a sensitive strain to Zn2+ ions, respectively. The
coated surfaces were either submersed into bacterial solutions or were placed in direct
contact with bacteria in solid medium, as well as the experiment were conducted under
three light conditions: visible light, no light and UV light (365 nm). Visible light exposure
particularly increased antimicrobial effect of the nanocomposite surfaces, and under UV
pre-treatment, the antimicrobial activity of all surfaces increased because of the ROS gener-
ation. The ZnO-C nanocomposite coatings reported as the most efficient surfaces against
the resistant P. aeruginosa inhibition.

Though the last decade has seen great progress in metal nanoparticles and their an-
tibacterial efficiencies, it is also worth and timely to emphasize on the antiviral properties
of metal nanoparticles. Inactivation of viruses before their binding to the host cells is the
most direct way to control the spreading of viral infections. For example, heparan sulfate
(HS) proteoglycans, which are expressed on the surface of almost all eukaryotic cell types,
are the most conserved targets for viruses like Herpes simplex virus (HSV), HIV-1, human
papilloma virus (HPV). Recently, Au-NPs were modified with mercaptoethanesulfonate
based on its mimicry of HS were demonstrated to impede viral attachment, cellular en-
trance, and spreading [8,28]. Metal NPs including Fe or Cu in the ionic form can be a
catalyzator in the generation of free radicals (ROS) that oxidize the capsid proteins and thus
preventing the viral infection at early stage. Polyethylenimine (PEI) modified AgNPs can
attach and deliver siRNA, which exhibited improved capabilities for cellular uptake and
stopping Enterovirus 71 (EV71) virus infection [29]. In another key study, the addition of
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AgNPs to neutralizing antibodies has considerably improved the potential of neutralizing
for antibodies in prevention of cell-associated HIV-1 transmission and infection [30].

3.2. Polymer-Based Surfaces

Polymers, with various chain length scales, have been the subject of a broad range of
biosystems. Controllable surface chemistries and mechanical properties have made poly-
mers favored materials for incorporating them into diverse molecular and supramolecular
organizations. The bio-passive polymer layers, which are formed on the treated surfaces,
facilitate minimum protein adsorption to occur, and consequently inhibit the bacterial
adhesion [2]. Polymers, such as polyurethane (PU) and poly- (ethylene glycol) (PEG), have
been considered to diminish in vitro adhesion of bacteria. However, the in vivo efficacy
fluctuates usually with polymer composition, the length of the chains [31,32], surface
chemistry [33], and among bacterial species [34,35].

The dentistry is one of the fields that utilizes polymers as bio-adhesives and antimicro-
bial agents, and for the controlled release of intracanal drugs. Bio-adhesive nanomaterials
have been demonstrated to be beneficial for reaching inaccessible sites of teeth and roots.
Nguyen et al. reported that pectin-coated liposomes could be created naturally on tooth
enamel by forming charge complexes with adsorbed the hydroxyapatite (HA) in vitro, and
they can remain on the surface as protective biofilms. They also showed that the nega-
tively charged liposomes have the most durability in saliva [36,37]. Moreover, metal-based
nanoparticles such as silver nanoparticles (Ag-NPs), zirconium oxide nanoparticles (ZrO2-
NPs) or platinum nanoparticles (Pt-NPs) was incorporated into polymethyl methacrylate
(PMMA) to decrease bacterial or fungal colonization on denture bases or tooth prosthe-
sis, thanks to their anti-adhesive properties. A possible mechanism for the prevention
of biofilm formation by a polymeric film coating is represented in Figure 3. NP coated
surfaces resist on colonization owing to its metal ion content, while uncoated surfaces
cannot resist on the biofilm formation [37].

Prosthesis 2021, 3, FOR PEER REVIEW 5 
 

 

can attach and deliver siRNA, which exhibited improved capabilities for cellular uptake 

and stopping Enterovirus 71 (EV71) virus infection [29]. In another key study, the addition 

of AgNPs to neutralizing antibodies has considerably improved the potential of neutral-

izing for antibodies in prevention of cell-associated HIV-1 transmission and infection [30]. 

3.2. Polymer-Based Surfaces 

Polymers, with various chain length scales, have been the subject of a broad range of 

biosystems. Controllable surface chemistries and mechanical properties have made poly-

mers favored materials for incorporating them into diverse molecular and supramolecular 

organizations. The bio-passive polymer layers, which are formed on the treated surfaces, 

facilitate minimum protein adsorption to occur, and consequently inhibit the bacterial ad-

hesion [2]. Polymers, such as polyurethane (PU) and poly- (ethylene glycol) (PEG), have 

been considered to diminish in vitro adhesion of bacteria. However, the in vivo efficacy 

fluctuates usually with polymer composition, the length of the chains [31,32], surface 

chemistry [33], and among bacterial species [34,35]. 

The dentistry is one of the fields that utilizes polymers as bio-adhesives and antimi-

crobial agents, and for the controlled release of intracanal drugs. Bio-adhesive nano-

materials have been demonstrated to be beneficial for reaching inaccessible sites of teeth 

and roots. Nguyen et al. reported that pectin-coated liposomes could be created naturally 

on tooth enamel by forming charge complexes with adsorbed the hydroxyapatite (HA) in 

vitro, and they can remain on the surface as protective biofilms. They also showed that 

the negatively charged liposomes have the most durability in saliva [36,37]. Moreover, 

metal-based nanoparticles such as silver nanoparticles (Ag-NPs), zirconium oxide nano-

particles (ZrO2-NPs) or platinum nanoparticles (Pt-NPs) was incorporated into polyme-

thyl methacrylate (PMMA) to decrease bacterial or fungal colonization on denture bases 

or tooth prosthesis, thanks to their anti-adhesive properties. A possible mechanism for the 

prevention of biofilm formation by a polymeric film coating is represented in Figure 3. NP 

coated surfaces resist on colonization owing to its metal ion content, while uncoated sur-

faces cannot resist on the biofilm formation [37]. 

 

Figure 3. Scheme for a possible mechanism of biofilm formation prevention by a polymeric film coating on tooth surface. 

Reproduced with a permission from [37]. Copyright: 2021 Elsevier. 
Figure 3. Scheme for a possible mechanism of biofilm formation prevention by a polymeric film coating on tooth surface.
Reproduced with a permission from [37]. Copyright: 2021 Elsevier.



Prosthesis 2021, 3 30

In addition to implants, surgical sutures are also optimal surfaces for the bacterial
adhesion and subsequent surgical site infections, which can conclude in severe complica-
tions after surgical interventions. Due to the recent increase in antibiotic-resistant bacterial
strains, exploring inherently anti-bacterial polymeric sutures have gained importance.
These polymeric materials are advantageous for providing a long-term antibacterial activ-
ity and reduced cytotoxic effects on the applied tissue, as well as good tissue adhesiveness
for healthy wound closure following surgery. In addition, if they are biodegradable, it
is possible to skip the removal step of sutures once healing is completed [38,39]. Antimi-
crobial effects of biopolymers can be improved by altering functional groups to control
charge density, hydrophilicity or by incorporating other anti-microbial molecules [38]. For
instance, Reinbold et al. developed a coating for surgical sutures composed of an antibacte-
rial substance totarol, a natural diterpenoid isolated from Podocarpus totara tree together
with as a biodegradable polymeric drug delivery system, poly (lactide-co-glycolide acid)
(PLGA). The results of agar diffusion test confirmed that the PLGA/totarol-coated sutures
were effective against S. aureus infection over a period of 15 days, and biocompatibility of
coated-sutures were confirmed on murine fibroblasts by a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay [40].

As mentioned in the selected examples, antibacterial polymers have been used in
numerous areas for decades. The systematic optimization of the polymer composition,
length of chain, charge, hydrophobicity, cost-effectiveness, scalability, and biocompatibility
are crucial for the effectiveness of these systems. In this section, we focus on the main
design principles polymeric antibacterial and antiviral surfaces as well.

3.2.1. Antimicrobial Agent Coupled Polymers

As an alternative to polymers that reduce the microbial adhesion, polymers cou-
pled with antimicrobial agents including antibiotics, quaternary ammonium compounds,
guanides, phosphonium salts are widely preferred to kill microbes upon contact. There are
various methods to combine antimicrobial agents with polymeric materials. Among them,
covalent binding of antimicrobial agents onto polymer backbone presents better uniformity
and mechanical stability compared to surface physisorption approaches [2].

Antimicrobial peptides are evolutionarily ancient weapons produced by many species
including microorganisms, plants, invertebrates and animals [41]. They are predominately
polypeptides that contain less than 50 amino acids with an overall cationic charge [2].
Antimicrobial peptides are known to particularly target bacterial membranes, which are
organized to have negatively charged phospholipid heads at the outside of the lipid bilayer.
In contrast to conventional antibiotics such as penicillin, which are readily bypassed
by microbes, gaining resistance by a microbial strain against antimicrobial peptides is
unlikely to happen [41]. Antimicrobial peptides exhibit selective attraction to the more
negatively charged bacteria over human cells which is facilitated by the electrostatic binding
of the cationic groups of peptides. Then, the peptides’ amphiphilic structure leads the
incorporation of their hydrophobic sidechains into the lipid membrane that interrupts the
membrane integrity, initiating the leakage of cellular components, disruption of membrane
potential, and consequently cell death [42].

3.2.2. Cationic Polymers

Cationic polymers, bearing electropositive groups, have been used to generate bioac-
tive coatings that kill microbes via contact-dependent manner without releasing any chem-
icals. They act like the cationic peptides, and they are comparatively less expensive and
easier to synthesize. In biomedical applications, ammonium, phosphonium, sulfonium,
pyridinium salts, and guanidines are the most used ones. Especially, quaternary ammo-
nium salts have a broad antibacterial activity. These cations used to functionalize long
hydrophobic alkyl chains of various polymers, which are later immobilized on the surface
to ensure bactericidal action by contact [43]. Briefly, polycationic agents act by their adsorp-
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tion, via the positively charged groups, onto negatively charged bacterial surfaces, which
then causes an increase in cell permeability and disruption of the cell membrane [44].

Cationic antimicrobial polymers can be categorized regarding their origins, as natural
or synthetic. Natural cationic polymers and their derivatives include chitosan, gelatin,
dextran, cellulose and cyclodextrin. Moreover, poly(ethyleneimine) (PEI), poly-L-(lysine)
(PLL), and poly [2- (N, N-dimethylamino) ethyl methacrylate] (PDMAEMA) are the most
known synthetically produced cationic polymers. Interesting examples of natural and
synthetic cationic polymers that possess antimicrobial and antiviral effects were chosen
from the literature and listed in Table 1.

Table 1. Applications of natural and synthetic cationic polymers.

Type Polymer Application Species References

Natural

Chitosan

1 Edible films
2 Virus purification

3 Plasmid DNA-loaded
biotinylated chitosan nanoparticles

for severe acute respiratory
syndrome coronavirus

(SARS-CoV) immunization

1 Murine norovirus, Listeria
innocua and Escherichia coli (E.

coli) K12
2 Human coronavirus NL63

(HCoV-NL63), human
coronavirus OC43 (HCoV-OC43)

and mouse hepatitis virus
(MHV)

3 SARS-CoV

1 Amankwaah et al. [45]
2 Ciejka et al. [46]

3 Raghuwanshi et al. [47]

Chitosan-based coatings
functionalized with
methacrylate-based

polymer brushes

Implantable sensor Antifouling, leukocytes, and
platelet rich plasma Buzzacchera et al. [48]

Polypyrrole/chitosan
composites

Surface protective and in vitro
biocompatible 316L stainless steel

implant coating
MG-63 human osteoblast cell Kumar et al. [49]

Gelatin

1 Antibacterial agent in the form
of hydrogel

2 Injectable hydrogel
wound dressing

E. coli and S. aureus 1

S. aureus, E. coli, MRSA 2

1 Yi et al. [50]
2 Zheng et al. [51]

Gelatin/chlorhexidine
acetate (CHA)

Self-healing hydrogel for
wound healing S. aureus, E. coli Chen et al. [52]

Cellulose
1 Superporous hydrogel dressing
2 Natural antimicrobial material

1 S. aureus, E. coli
2 E. coli, S. aureus, Proteus

microbilis, Proteus vulgari, P.
aeruginosa, Enterobacter aerogenes,
Bacillus thuringiensis, Salmonella

enterica serotype typhmurium,
Streptococcus mutans

1 Wu et al. [53]
2 Demircan et al. [54]

Dextran
1 Antibacterial hydrogel

2 Hydrogels for biocide release

1 S. aureus, S. Epidermidis, E. coli,
P. Aeruginosa

2 S. aureus, E. coli,
methicillin-resistant S.

aureus (MRSA)

1 Dai et al. [55]
2 Hoque et al. [56]

Cyclodextrin
1 Polyelectrolyte to microcapsules

with antibacterial effect
2 Antibacterial and antiviral agent

1 S. aureus, E. Coli
2 E. coli and adenovirus (ADV)

1 Belbekhouche et al. [57]
2 Pan et al. [58]

Synthetic

2-(4-methylthiazol-5-yl)
ethyl methacrylate (MTA)

and
N-(3,4-dihydroxyphenethyl)

methacrylamide (DOMA)
copolymers

Adhesive bacterial coating E. coli and S. aureus Chiloeches et al. [59]

Poly(dimethylaminoeth-
ylmethacrylate)-

functionalizedgraphene
oxide (GO–QPDMAEMA)

Antibacterial and
antifouling effects E. coli and S. aureus Tu et al. [60]
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Table 1. Cont.

Type Polymer Application Species References

N-(3,4-dihydroxyphenethyl)
methacrylamide (DOMA)

and 2-(4-methylthiazol-5-yl)
ethyl methacrylate (MTA)

quaternized with
methyl iodide

Antibacterial effects S. aureus, S. Epidermidis, E. coli
and P. aeruginosa Plachá et al. [61]

PEG brush surfaces- PLL
coils composites and

cationically functionalized
gold nanoparticles

Antibacterial surface including
cationic nanoparticles S. aureus Fang et al. [62]

Poly-L-lysine (PLL) and
hyaluronic acid

(HA) denoted PLL30, PLL90,
and PLL400 were used

Antibacterial coating S. aureus, MRSA, P. aeruginosa
and E. coli Alkekhia et al. [63]

Cationic acrylate-based
copolymers (PAMs) by
3-(methacryloylamino)

propyltrimethyl ammonium
chloride (MPAC) and
acrylates (BA, MMA)

Copolymers and their films were
sued as surface coatings E. coli and S.aureus Wang et al. [64]

Multilayers of
Polyethylenimine (PEI) and

styrene maleic anhydride
copolymer (SMA)

Coating on polypyrrole (PP)-based
substrates E. coli Bastarrachea et al. [65]

Quaternized
poly(4-vinylpyridine-co-N-

vinylpyrrolidone)
(P(4VP-co-NVP))

copolymers

Antibacterial activity test E. coli and S. aureus Gokkaya et al. [66]

Poly-arginine (PAR) Multifunctional coating
polyelectrolyte layers S. aureus Özçelik et al. [67]

PEI
1 Bactericidal agent

2 Antimicrobial agent

1 Pseudomonas strains
2 S. aureus and E. Coli

1 Khalil et al. [68]
2 Gibney et al. [42]

PEI and PEI-based
nanoparticles

Antibacterial agent on
polyurethane based

medical catheters

S. epidermidis, Acinetobacter
baumannii (A. baumannii), S.
aureus and Candida albicans

Azevedo et al. [44]

For multiple examples of a polymer, corresponding study, application, and species are shown as superscript numbers.

Natural cationic polymers are known as non-toxic, biocompatible and biodegrad-
able [69]. Gelatin is one of the mostly used natural polymers, which is obtained by
hydrolysis of animal originated collagen, and it can be applied to many medical and phar-
maceutical applications [70]. Two kinds of gelatin are obtained: specifically, type A (by
acid hydrolysis) and type B (by alkaline hydrolysis). At physiological pH, gelatin type A is
positively charged, whereas gelatin type B possesses negative charges. It has the ability to
form poly-ion complexes with positively or negatively charged therapeutics, depending
on the type [51].

Dextrans, which are water-soluble polysaccharides composed of glucose units, are
widely available and easy to process [71]. Cationic-derivatives of dextrans are mostly used
in cosmetic applications [72]. Similarly, cyclodextrins (CDs) are produced from bacteria
as sugar derivatives with hydrophilic and lipophilic parts [73]. Cationic derivatives of
CDs have many advantages, owing to the monodisperse structure. It can be chemically
modified easily, and its toxicity is considerably low [74]. It shows high affinity to viral
vectors and nucleotides [75].

Another natural polymer, cellulose is a fibrous and water-insoluble plant- or bacteria-
based polysaccharide, which is declared as the most common organic compound all over
the world. Its cationic derivatives have many advantages, such as hydrophilicity and
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antibacterial properties [76]. Owing to its antibacterial properties, it is used in several
applications of textile, food packaging and medical industry [77].

In addition to natural cationic polymers, synthetically produced homopolymers of
positively charged amino acids, such as poly-l-lysine, have been used widely for nucleic
acid delivery in viral diseases [78]. It is mainly classified as α-poly-lysine and ε-poly-lysine.
However, ε-poly-lysine form is more preferred for being less toxic and hydrophilic. For
this reason, it is widely used in several areas such as drug delivery, antimicrobial medical
applications, the food industry and so on [79,80].

As described above, there are many natural and synthetic cationic polymers used
as antimicrobial agents. Among them, chitosan and PEI have been the mostly studied
cationic polymers in the literature for their antimicrobial properties [74]. For this reason, in
this section, we focused on chitosan and PEI, as representative examples of antimicrobial
cationic natural and synthetic polymers. These polymers were reviewed in detail and their
most remarkable antimicrobial applications were explained.

Chitosan, also known as deacetylated chitin, is a cationic natural polymer which
is composed of randomly β-(1–4)-linked d-glucosamine and N-acetyl-d-glucosamine
molecules. It is the structural skeleton element of insects and the cell walls of fungus [81].
Chitosan is generally utilized in drug and/or gene delivery, water treatment, heavy metal
remediation and functional foods due to its bioactivities with the aid of positively charged
amino groups of chitosan chain. It has a pKa value of 6.5 and results in solubility in acidic
media but insolubility in media with pH values of higher than 6.5. Moreover, the solubility
of chitosan is correlated with the degree of deacetylation (DDA), molecular solubility in
solutions with pH values up weight (MW) and the ionic strength of the solution. For
example, when the DDA value of chitosan is 40%, it can go to 9.0, whereas it can be soluble
only up to a pH 6.5 once the DDA of chitosan is 80% [82]. The DDA is a measure of free
or increasing amino groups in a chitosan molecule and it is defined most accurately with
infrared spectroscopy (IR) but also with pH metric and elemental analysis [83]. Molecular
weight (MW) is defined as the mass value of one mole of a substance and it affects structure,
solubility, viscosity and cytotoxicity, as well as strength, stability and drug release rate. The
molecular weight of chitosan could be determined using the Mark–Houwink–Sakurada
(MHS) equation theoretically but also with atomic force microscopy (AFM), Gel permeation
chromatography and Langmuir–Blodget techniques [84,85].

Chitosan has been used in various fields, such as food processing, agriculture, textile,
medical and cosmetic applications in its nanoparticle’s forms [86]. In Figure 4, chitosan’s
chemical structure and applications of its nanoparticle forms have been summarized.

The most striking property of chitosan and its derivatives is the antimicrobial activity.
The antimicrobial activity of chitosan changes with its molecular weight and concentration.
Chitosan with low molecular weight has strong antibacterial and antitoxic properties [87].
The Mw of chitosan had a great effect on the encapsulation efficiency, size distribution,
controlled release behavior and mucoadhesive properties. Low-molecular-weight (LMW;
40,000 Da), medium-molecular-weight (MMW; 480,000 Da) and high-molecular-weight
(HMW; 850,000 Da) chitosan with the same degree of deacetylation (96%) were compared
for the release of methotrexate in a study. Low molecular weighted chitosan has the best
flowability and highest bulk density, but it has not enough with respect to adhesion and con-
trolled release performance. Medium molecular weighted chitosan showed the strongest
adhesion. High molecular weighted chitosan performed with lower adhesion and lower
release [88]. The DDA parameter of chitosan is also related with material characterization
such as crystallinity, elastic modulus tensile strength, and swelling properties. Higher DDA
chitosan films exhibited a greater crystallinity, a higher elastic modulus and tensile strength
and a lower swelling index than those with lower DDA [89]. Furthermore, chitosan-based
materials exhibit other bioactivities such as analgesic and hemostatic effects.
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In addition to the intrinsic antibacterial properties of chitosan, this natural polymer is
functionalized with other antibacterial molecules to have superior properties to defeat resis-
tant bacteria. For example, N-acetylcysteine (NAC), which is a drug that acts against both
Gram-positive and Gram-negative bacteria by destroying intermolecular/intramolecular
disulfide bonds of bacterial proteins, and avoids methicillin-resistant Staphylococcus au-
reus biofilm formation when immobilized on chitosan coatings [90].

Amankwaah et al. developed an edible chitosan film to control the infectivity of
pathogenic viruses and bacteria by combining it with antimicrobial green tea extract (GTE).
The activity of produced film was investigated against murine norovirus (MNV-1), Listeria
innocua and E. coli K12. This work revealed that chitosan films with GTE content have the
potential to decrease levels of both bacteria and viruses, promising to prevent spreading
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of bacteria/virus-caused foodborne diseases that have emerged as a worldwide public
health problem [45]. This study provides only in vitro susceptibility test results; however,
long-term effects usually differ in vivo, when granulocytes are present [91]. It is worth
noting that, for the actualization of antimicrobial polymers, in vitro susceptibility tests
should be correlated well with in vivo activity in animal models [92].

Chitosan-based coatings are also preferred to provide antifouling properties for im-
plants. Buzzacchera et al. developed implantable sensor devices from chitosan, which were
functionalized with methacrylate-based polymer brushes. The functionalization of the
surface decreased the protein fouling, inhibited leukocyte adhesion and platelet activation.
This technique could be an alternative way to functionalize the implantable devices and/or
sensors with antifouling properties that improve hemocompatibility and device integration
in tissue [48].

In another article, Kumar et al. reported their polypyrrole/chitosan-based bioactive
composites. Chitosan addition to the composite resulted in increased surface hydrophilic-
ity. Furthermore, the effects of the composite coatings on MG-63 human osteoblast cell
growth were explored, and Monte Carlo simulations were carried out to determine inter-
actions between metal surface and composite coatings. The composite exhibited in vitro
biocompatibility and has the potential to be applied on 316L stainless steel implants [49].

Another application area of chitosan-based materials might be the virus purification
or removal processes, which could be beneficial for viral vaccine manufacturing. Recently,
Ciejka et al. developed a novel biopolymeric material in the form of nano/microspheres,
which aimed to adsorb coronaviruses. The biopolymer was designed using chitosan
(CHIT) with genipin, and chitosan nano/microspheres obtained (CHIT-NS/MS) with
glycidyltrimethyl-ammonium chloride (GTMAC). The N-(2-hydroxypropyl)-3-trimethyl
chitosan (HTCC-NS/MS) resulted as a product of the synthesis. Human coronavirus NL63
(HCoV-NL63), human coronavirus OC43 (HCoV-OC43) and mouse hepatitis virus (MHV)
particles in aqueous virus suspensions were adsorbed on HTCC-NS/MS. Consequently, it
has been seen that the developed surface can absorb HCoV-NL63 and MHV and but cannot
absorb HCoV-OC43. It is very important that HCoV-NL63 virus is selectively adsorbed
by HTCC-NS/MS in cell lysates. The results suggest the potential of the chitosan-based
materials for the removal and purification of coronaviruses [46].

In a current study, Raghuwanshi et al. used chitosan nanoparticles for severe acute
respiratory syndrome coronavirus (SARS-CoV) immunization at low nanoparticles doses.
In this work, plasmid DNA-loaded biotinylated chitosan nanoparticles were used as an
antigen of SARS-CoV. This study provided a new strategy for gene delivery to nasal resident
dendritic cells. The nanoparticles were targeted by functionalizing with bifunctional
fusion protein (bfFp) vectors. They showed intranasal administration of bfFp targeted
formulations, which increased IgA and IgG levels. This study has importance for presenting
unique results to design low dose vaccines against SARS or similar infections [47].

Hydrophobic polycations, such as poly (vinyl pyridines) or alkylated polyethylen-
imines (PEIs), have been covalently bound to numerous solid surfaces to efficiently inacti-
vate bacteria and viruses without developing resistance. In one example study, Liu et al.
covalently immobilized N, N-hexyl, methyl-PEI (HMPEI) using an atmospheric-pressure
plasma liquid deposition method. They showed that HMPEI-coated glass slides generated
by plasma exposure reduced the viral titer of human influenza A (H1N1) virus compared
to control, as well as the bacterial titer of waterborne E. coli [93].

In addition, polyethyleneimine (PEI) is a well-known synthetic polymer, with a
cationic charge due to the presence of positively charged amino groups [44]. Linear and
branched PEIs have been usually preferred as non-viral vector systems for drug and gene
delivery across cell membranes. Additionally, numerous studies have focused on their an-
tibacterial activity [42]. For example, Khalil et al. indicated that the synergistic combination
of PEI and antimicrobial drugs could be effective on the treatment of resistant Pseudomonas
strains. From 10 antibiotic classes, 16 antibiotics were selected for bactericidal activity
experiments. PEI was able to decrease the minimum inhibitory concentrations (MICs)
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of hydrophilic and hydrophobic compounds with some exceptions. This mechanism is
explained by the characteristics of polycationic polyamine as a permeabilizer that increase
the bacterial uptake. However, contrary to other permeabilizers such as poly-lysins and
protamine, PEI does not stimulate LPS release from the bacterial outer membrane. It has
probably a role in the redistribution of phospholipids from the inner to the outer layer of
the outer membrane. This would allow the entry of hydrophobic antibiotics due to the
increased bacterial membrane permeability [68].

In a study of Xu et al. [94], Polyethyleneimine (PEI)-capped silver nanoclusters (PEI-
AgNCs) showed strong antibacterial activity against E. coli (Figure 5). If the PEI’s molecular
weight decreases, PEI-AgNCs showed higher antibacterial properties.
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Moreover, Azevedo et al. tested the antimicrobial activity of PEI and PEI-based
nanoparticles against Gram-positive bacteria (S. epidermidis, S. aureus), Gram-negative
bacteria (A. baumannii) and Candida albicans, and evaluated their activity on biofilm forma-
tion on polyurethane-based medical catheters. They showed that PEI inhibited growth of
all microbial species; however, the efficacy biofilm formation inhibition induced by PEI
was dependent on the sensitivity of strains and varied in between species. For example,
PEI was more active against Gram-positive than Gram-negative bacterial biofilms owing
to the distinct membrane properties, and a higher concentration of PEI was needed to
inhibit bacterial growth compared to yeast growth. However, a higher concentration of
PEI nanoparticles was required to reduce growth of all species, which is probably needed
to permeabilize the cell membrane due to the difference in structures [44].

In another study, the structure–bioactivity relationship of unmodified PEI molecules
using linear (L) or branched (B) PEIs with various molecular weights (500–12,000) and
the amine contents was studied. Both PEIs showed selectivity against S. aureus over E.
coli since disturbing bilayer integrity is easier, owing to the single-membrane structure of
Gram-positive bacteria. However, L-PEIs caused the depolarization of S. aureus membrane.
The toxicity of polymer to human cells was also explored on human red blood cells (RBCs).
The PEIs were also selective to bacteria over RBCs [42]. This result can be explained
by the relatively lower negative charge of RBC membranes compared to the bacterial
cell surface. If cationic amphiphilic polymers are too hydrophobic, they have ability to
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non-selectively bind to the RBCs and cause hemolysis [95]. Another result reported by
Gibney et al. was that the B-PEIs with low MW are less cytotoxic to human epithelial
carcinoma (HEp-2) cells compared to L-PEIs [42]. Overall, the balance between cationic
functionality and hydrophobicity of cationic polymers is important for their applicability
as antimicrobial molecules.

3.2.3. Polyzwitterions

Polyzwitterions, also called “polybetaines”, are a special type of polyampholytes,
which include zwitterionic parts as monomers. Polyampholytes have charged groups on
different monomer units, while polyzwitterions have anionic and cationic groups on the
same monomer unit. Polysulfobetaines, polyphosphobetaines and polycarbobetaines can
be also listed under the polyampholyte family. In Figure 6a,b, their chemical structures
and schematic representations are demonstrated [96].
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The presence of charged groups in their structures gives different properties to
polyzwitterions, such as the anti-polyelectrolyte effect (Figure 6c). This effect ensures the
polymer coil collapse in the absence of additional counterions in aqueous solutions, which
makes the polymer insoluble. Consequently, their water-swelling ability also changes. To
solubilize the polymer, it is needed to add salt molecules that break ion-pairs. However,
this effect is not detected for all polyzwitterions [98].

Polyzwitterionic surfaces are frequently known as protein- and cell-repellent materi-
als, which repress accumulation of biological materials at the water interface. Therefore,
polyzwitterion-modified surfaces have received growing interest as potent candidates for
biomedical applications [98]. One of these application areas is the usage of them as antimi-
crobial agents. For example, Liu et al. designed a pH-sensitive polymer, poly (N′-citraconyl-
2-(3-aminopropyl-N,N-dimethylammonium) ethyl methacrylate), or P(CitAPDMAEMA).
P(CitAPDMAEMA), which has zwitterionic properties at physiological pH, and shows low
hemotoxicity, as well as good biocompatibility. Conversion of the polymer from neutral to
cationic form with increasing pH values resulted in the binding of bacteria with cationic
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charge, and significantly decreased the growth of S. aureus and E. coli. These obtained
results point out the potential of the developed polymer as an antimicrobial agent [99].

In another study, poly (sulfobetaine acrylamide) (pSBAA)-based zwitterionic nanocom-
posite hydrogels were integrated with germicidal silver nanoparticles (AgNPs) for the aim
of using at the infected chronic wounds’ treatment. The AgNP including nanocomposite hy-
drogels showed germicidal effects against Gram-negative P. aeruginosa and Gram-positive
S. epidermidis. Secondly, bacteria infected diabetic rat models were utilized for the in vivo
experiments of these polymers. This study suggests that these hydrogels may possess
high potential for curing infected chronic wounds, as an alternative for commercial wound
dressings [100].

In addition, multifunctional surface coatings were performed to improve the comfort
and enhance antimicrobial properties of contact lenses. Liu et al. developed zwitterionic
and antimicrobial metal-phenolic networks (MPNs) to significantly enhance the wettability
of contact lenses and decrease their protein adsorptions. This coating showed a broad-
spectrum and strong antimicrobial activity against infectious keratitis related pathogenic
microbes. The coating on the contact lens, effectively decreases formation of biofilm even
after 14 days. It is necessary to note that this coating was reported as biocompatible
to human corneal epithelial cells for 48 h of treatment, and also the optical clarity was
preserved [20].

An antimicrobial and cell-compatible surface-attached polymer network was devel-
oped by Kurowska et al., which was generated by coating with poly(oxonorbornene)-based
zwitterions (PZI). The mentioned process was applicable to surfaces such as silicon, glass
and polyurethane foam wound dressings. The time-dependent antimicrobial activity assay
showed the high antimicrobial activity of the PZI, and surface plasmon resonance spec-
troscopy (SPR) assay was used to show that it was also highly protein-repellent. Biofilm
formation studies confirmed that the material also decreased S. aureus and E. coli biofilm
formation. PZI may be a great coating material in biomedical applications, especially
against bacterial biofilms on medical devices or other surfaces [101].

Furthermore, the zwitterion-based nanomaterials can be used as bioactive platforms
of biosensors to diagnose viral diseases. The strategy of design can be differed due
to the requirements [6]. Horiguchi et al. developed gold nanoparticles (GNPs) with
ligand/zwitterion hybrid layer to detect influenza A virus subtype H1N1, via resistive
pulse sensing. The role of these surface on the GNPs is to retain the stability of dispersion
and to determine the specific interactions. Detection of viruses by individual particle
counting could be a new method for diagnosis [102].

Many antiviral surfaces, that benefit from existing naturally antimicrobial structures,
are commercially available. However, currently, there is an instant need for developing
materials to kill SARS-CoV-2 or other deadly viruses [103]. All these strategies listed
in this review for developing effective antimicrobial surfaces can be re-considered to be
utilized as antiviral surfaces. The COVID-19 outbreak was a reminder that the possibility
of evolutionary development of viruses might cause deadly diseases in the future, as today;
thus, it is a great requirement to develop effective, broad-range antivirals.

3.3. Surfactants

Surfactants are defined as surface-active synthetic chemicals that can reduce the
surface tension and provide favorable conditions for mixing or dispersing. Another classi-
fication of surfactants has relied on their charge categorized as: anionic, cationic, non-ionic
or amphoteric [104].

Surfactants have been combined with polymers that forms complex structures. In
nanotechnology applications, surfactants have been commonly used to provide stability to
nanoparticle dispersions to avoid the aggregation process [105]. In an example study, Fages
et al. examined polymer-surfactant complexes to ensure dispersion of nanoparticles. The
results showed that a good dispersion material was obtained, and a significant antimicrobial
activity was observed against S. aureus with the usage of oleic acid (OA) [106].
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By using cationic surfactants, Gifu and colleagues [107] developed polyacrylic-based
antimicrobial film complexes with the aim of developing a coating material. These films
were tested against numerous microorganisms and the results showed that the surfactant
complex exhibits the best efficiency against S. aureus among the other tested bacteria species,
and less sensitivity against C. albicans.

In another study, a group of researchers developed an antimicrobial formulation using
a cationic surfactant from lysine amino acid, and hyaluronic acid as a biopolymer, for the
purpose of producing viscose fabric surface coatings. This coating demonstrated good
antimicrobial activities against both Gram-negative and Gram-positive bacteria, as well
as pathogenic fungi. This study suggests that the developed coating materials could be
promising for wound healing and medical textile applications [108].

Moreover, as reported by El-Nahhal et al., surfactants can be used as adhesive agents
to bind metal nanoparticles to cotton fiber surfaces. They used sodium dodecyl sulfate
(SDS) and alkyl hydroxy-ethyl dimethyl ammonium chloride, C16H36NOCl. C18H40NOCl
(HY), as surfactants to enhance the coating stability and inhibit bacterial growth [109].

Despite the wide range of applications of surfactants, they have also some drawbacks,
such as dose-dependent toxicity, non-biodegradability and consequently environmental
accumulation problem. Hence, utilization of biological-based surfactants has gained
interest in recent years, as biosurfactants. Biosurfactant is a type of surfactant that contains
an amphiphilic part obtained from microbial products [110]. Biosurfactants usually consist
of lipids, peptides and polysaccharide complexes. They have been widely used in the
medical field with their antibacterial, antifungal and antiviral activities. These activities are
critical for combating against many diseases. Furthermore, they have roles as therapeutics
and anti-adhesive agents. When biosurfactants are coated on medical implants and surfaces,
they provide sterilization by repelling bacteria, due to their anti-adhesive properties [111].
Biosurfactants have many advantages as biodegradability, low production costs, diversity
and in situ applications; however, their disadvantages can be listed as high waste volume
and high recovery costs [112].

In a study of Janek et al., Pseudofactin II was used as a biosurfactant and an anti-
adhesive compound. This biosurfactant showed anti-adhesive properties against many
microorganisms which can generate biofilms on implants, catheters and internal prostheses.
They revealed that pseudofactin II has the potential to be utilized as a disinfectant or surface
coating agent for different surfaces, such as glass, polystyrene and silicone surfaces [113].
Additionally, the antibacterial properties of several biosurfactants were investigated in
a research by Diaz De Rienzo et al. As a result of the study, sophorolipids have been
found as the candidate inhibitors of biofilms formed by Gram-negative and Gram-positive
microorganisms [114].

Biosurfactants have not been only approved as the ideal antibacterial agent candidates,
but they exhibit also potential against many virus types. For instance, sophorolipids
are regarded as antiviral materials and cytokine stimulants [115]. Considering the all
applications of biosurfactants as effective and safe cleaning solutions, they exhibit great
potential against SARS-CoV-2. Owing to the ability of biosurfactants to disintegrate virus’
lipid membranes, encountered viruses can be fragmented, and consequently washed away
from surfaces (Figure 7) [116].

Apparently, biosurfactants can be applied directly or non-directly on viral pathogens
by benefiting from the nanotechnological tools. They are promising candidates to control
spreading of viral pathogens by environmental, pharmaceutical, sterilization processes.
For example, biosurfactants could be used as spray formulations for the sterilization of
surfaces, or biosurfactant-based nanoparticle assisted systems can be used for laboratory
diagnostics [117]. Biosurfactants can also be used to inhibit or reduce bacterial attachment
and prevent biofilm formation. Properties of surfaces might be altered to avoid bacterial
attachment through the direct application of biosurfactants. For example, rhamnolipids, a
class of glycolipids, have been used as metal surface coatings and they have been found to
inhibit the growth of Pseudomonas sp. in a concentration dependent manner [118]. Another
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glycolipid-based biosurfactant, which was produced using the Pseudomonas mosselii F01 bac-
terial strain, was used against corrosive bacterial strains to control biocorrosion of carbon
steel (API 5LX). Minimal bactericidal concentration (MBC) of the glycolipid biosurfactant is
the lowest for Bacillus subtilis (1280 µg/mL) compared to other used species, Sphaerodactylus
parvus, Pseudomonas stutzeri and Acinetobacter baumannii (2560 µg/mL). This biosurfactant
has been reported as a potent microbial inhibitor to minimize the corrosion problem in
hypersaline environment [119]. As exemplified above, there is a need for developing new
biosurfactants which are environmentally friendly and can be produced by benefitting
from biological resources [120]. Beside the environmentally friendly applications, there is
still a lot to discover in the field of surfactant-based coatings for generating functional and
cost-effective products, most importantly for the specific-targeting of pathogenic species to
ensure more accurate, effective, and competitive techniques for the future applications.
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4. Modification of Surface Topography

The adhesion of microbes on material surfaces is of critical importance in different
areas such as marine fouling on ship hulls, the food and beverage industry and the biocon-
tamination of medical devices [121–123]. Bacteria bond on a solid surface and they generate
colonies and then biofilms, which promote the development of pathogenic infections [122].
When a biofilm has occurred, their removal by antibiotics becomes noticeably more difficult;
since the activity of antibiotics is generally limited to the top layer of the biofilm, whereas
bottom layers are shielded and in the end develop antibiotic resistance [124]. Therefore,
designing strategies that can block bacterial adhesion and at the same time kill bonded
bacteria while diminishing bacterial colonization is essential.

4.1. Anti-Fouling Surface Structures

The antifouling coatings deposited on surfaces prevent first the absorption of proteins
and then adhesion of cells on the surface. The most common non-adhesive coatings consist
of self-assembled monolayers (SAMs) or polymer brushes mostly based on PEG. Despite
the reported antifouling properties, PEG-based layers do not completely block the bacteria
adhesion, and SAMs usually fail to succeed in long-term stability [122].

In recent years, biomimetic approaches that are inspired by naturally antibacterial
surfaces such as lotus leaf, dragonfly wings, gecko and shark skin have attracted consider-
able attention to engineer nano/micro-scale structures [124–127], via techniques including
pulsed laser irradiation, chemical etching, grit blasting, laser ablation in liquids, plasma-
spray and photochemical reduction of surface processing [124,128,129].

Nano-pillar shaped structures (with diameter 50–250 nm, height 80–250 nm and
pitch 100–250 nm), which can empierce and disintegrate bacterial membranes, have been
defined as bactericidal surfaces. Whereas structures in the sub-micron range (0.5–5 µm,
diameter and spacing) are optimized to minimize bacteria attachment by repulsive forces
that reduces the possibility of forming bacterial biofilms (Figure 8) [124,125].
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Retrieved from ref. [124].

In current studies, structurally modified superhydrophobic surfaces have become
especially attractive for being stable antibacterial surfaces. Additionally, these superhy-
drophobic surfaces exhibit intrinsic self-cleaning and water-repelling features that inhibit
bacteria growth and prevent bacterial resistance commonly observed with antimicrobial
chemical agents [130]. Due to the high surface roughness and low surface energy of su-
perhydrophobic surfaces, water molecules form pearl-shaped drops on these surfaces and
easily roll off once the surface is moved. During the rolling of droplets, the surface is
cleaned of dust and dirt particles. This phenomenon is named as the self-cleaning effect
or “lotus effect”. The self-cleaning effect is reported as the reason for diminished bacterial
attachment to superhydrophobic surfaces [22].
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Freschauf et al. developed a method to create superhydrophobic surfaces on consumer
hard plastic materials benefitting from the buckling of metal coated shrink films for antibac-
terial applications. The antibacterial tests applied on polystyrene (PS), polyethylene (PE)
and polycarbonate (PC) hard plastics prepared by this method, demonstrated promising
results against E. coli bacteria [130].

In a study published in 2020, the effects of topography on bacterial growth were
explored using polyetheretherketone (PEEK), a polymer with good biocompatibility and
mechanical features but limited bacteria-killing capacity. Using colloidal lithography (self-
assembled polystyrene (PS) spheres) and plasma etching, cone- or pillar-like micro/nano-
arrays were fabricated on PEEK. The nanoarrays exhibited a bacterial killing mechanism
by successfully damaging the cell membrane. Nano-cones with shaper tips demonstrated a
better antibacterial effect than nano-pillars. When the size increased, regarding microarrays,
the bacteria behave differently on the hybrid micro-structures. The lateral surface between
the cones/pillars causes the formation of a tangential force on the attached bacteria, which
prevents the adaptation of bacteria to the environment, opposite to nano-cones. Most of
the residing E. coli cells stay on top of the rough surface of micro-arrays, which can be
easily distorted. In brief, the nano- and micro-arrays kill bacteria with a different mode
of action [131]. In another work by Pegalajar-Juradoa et al., colloidal arrays and plasma
polymerization technique were combined as a fabrication method to generate antibacterial
surfaces without altering surface chemistry. This study suggests that bacteria prefer to
adhere on the nanostructured hydrophilic regions [132].

Despite the common success of superhydrophobic surfaces in reducing bacterial in-
vasion, the minimization of adhesion may not always achieve the entire elimination of
bacteria. The antibacterial effect of these surfaces is shown to be dependent on bacteria
threshold value during initial stage of infection. Consequently, it has become important to
produce dual-functional surfaces with both bacteria repellency and bactericidal activity as
well. Many studies have reported various antibacterial agents, such as inorganic antibacte-
rial metal-oxides nanoparticles (e.g., CuO-, ZnO-, TiO2- NPs), organic antibacterial agents
(e.g., quaternary ammonium salts) and naturally antibacterial materials (e.g., chitosan) [24].

4.2. Fluorine-Containing Polymers

Fluorination is a surface treatment approach, particularly useful in medicinal chem-
istry. This technique also creates superhydrophobic surfaces with antimicrobial properties.

Heinonen et al. manufactured stainless steel by a combination of ceramic nanotopog-
raphy, silver nanoparticles and hydrophobic fluorosilane to obtain a antibacterial surface
efficient against both Gram-negative and Gram-positive bacteria [22].

Moreover, fluorination technology is preferred to produce antibacterial textiles due to
its broad applications in hygiene, medicine, the hospital and so on. Incorporation of fluorine
into the polymer networks has been shown to significantly improve antibacterial activity,
particularly bacterial anti-adhesion. Due to the low surface energy-induced hydrophobicity
of fluorine, bacteria suspensions in the aqueous environment are usually unsuccessful in
wetting the surface and penetrating the fiber interior [133].

Privett et al. described a mild synthesis route for a superhydrophobic fluoroalkoxysi-
lane coating that can be used to modify any surfaces regardless of shape or size. They
demonstrated fluorinated silane xerogel surfaces compared to control, exhibited 2-fold more
anti-adhesive effect against pathogenic S. aureus and P. aeruginosa bacterial strains [34].

5. Current Status of Virus Inactivating Surfaces

In recent years, several viruses have become apparent with their pandemic potential.
The emergence of SARS-CoV in 2002, the pandemic of H1N1 influenza in 2009, followed by
H5N1 and H5N7 influenza A virus subtypes, and subsequently the emergence of MERS-
CoV in 2012 demonstrate the present hazard of these viruses [134–136]. At the end of
2019, a human coronavirus, which is now known as severe acute respiratory syndrome
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coronavirus 2 (SARS-CoV-2) (previously named as HCoV-19), appeared in Wuhan, China,
and is now causing a pandemic [137].

These viral hazards share a few common features, despite the structural and epidemi-
ological differences. One of their common properties is the transmission routes. They
frequently contact with a host body via transmission of droplets containing viable viruses.
The droplets larger than 5 µm diameter can travel less than 1 m and can be transferred
to the host organism by direct hand contact of the infected individual or indirect contact
through surfaces, whereas smaller droplets can travel longer distances and make contact
with the nose, mouth or upper respiratory tract, and the airborne viral particles are inhaled
by the host (Figure 9) [136]. Afterwards, the viral infection of cells starts with the adhesion
of the virus to the host cell surface, mediated by the binding of a viral adhesion protein
to the related cell surface receptor. Then, the virus can penetrate into the cell either by
receptor-mediated endocytosis or direct fusion with the plasma membrane [138].
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Previous studies revealed that viruses with pandemic potential such as influenza,
MERS-CoV and SARS-CoV have the ability to survive for a long time on dry surfaces. For
example, in their dried forms, SARS-CoV and human coronavirus HCoV-229E survived on
Petri dishes for approximately six and three days, respectively. Furthermore, influenza and
coronaviruses both have the capacity to survive on a variety of porous and non-porous
material surfaces, containing plastics, metals, glass, paper, wood, medical equipment, and
protective equipment such as respirators, gloves, and laboratory coats [136,139,140]. In
2005, Lai et al. investigated the survival period of SARS-CoV on different materials. They
used paper, an ordinary laboratory coat made of cotton and a water-resistant disposable
laboratory coat made of polypropylene material (35 g/m2) coated with a polyethylene film
(15 g/m2) as surfaces for the experiments. It was reported that a fast loss of infectivity
was demonstrated for paper and cotton material, while inactivation on the water-resistant
surface took much longer [139].

MacIntyre et al. performed a trial to compare effects of face-mask material on infection
rates of 1607 hospital healthcare workers. The participants were wearing either cloth
(2-layered, cotton) or medical masks (3-layered, non-woven material), while performing
their daily works. Employees with cloth masks suffered higher rates of influenza infec-
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tion [140,141]. The examples show that addressing the choice of material used in medical
equipment and cloths is crucial to prevent or diminish infection rates. The material should
prevent the transmission of the virus and bacteria but at the same time must be comfortable
for the wearer. Shape conformability and moisture repellency are the other set of important
factors [141].

The virus contaminated materials need superior cleaning and disinfection processes to
ensure effective prevention and control of infection. Especially in hospitals, a broad range
of disinfectants are presently used, such as alcohol, quaternary ammonium compounds,
hypo-chlorites (bleach) and hydrogen peroxide, though inactivation process is time and
concentration dependent and can be affected by other factors such as the type of contami-
nated surface material, as exemplified above [136]. These materials might not always be
resistant to harsh treatment with sanitizers, or these chemicals might not be present in
every clinical location. On the other side, ineffectual cleaning processes may leave viral
particles that can trigger infection. Therefore, the usage of surfaces with improved material
properties such as biocidal or antifouling surfaces can decrease the frequency of infections
spread by touching contaminated surfaces [1].

Numerous technologies readily exist to develop antimicrobial surfaces have the po-
tentials to be extended to explore antiviral activities. For example, cationic pyridinum-type
quaternary salts with adsorptive activities are known to exhibit antibacterial activities and
are also effective in the removal of many pathogenic human viruses [142]. In 2015, Xue
et al. developed water-soluble pyridinium-type polycations that show both antiviral and
antibacterial activities against enveloped influenza virus and E. coli [143]. Additionally,
metal-based antibacterial surface materials, including copper and copper-nickel alloys,
have been shown to inactivate murine norovirus and human norovirus, and human coron-
avirus 229E (HuCoV-229E). A real-time quantitative PCR (RT-q-PCR) analysis ensured that
the coronavirus genome on these surfaces is fragmented, confirming that inactivation is
permanent [1].

Recently, the possible mechanism of action of typical polymer coatings, metal ions/
oxides and functional nanomaterials was illustrated by Pemmada et al. (Figure 10). A
broad range of polymers has been utilized as antiviral surfaces. The antiviral agents can be
encapsulated into the polymer network to release the antivirals upon specific requirements
(Figure 10a). Similarly, both the metal ions and metal oxides demonstrate similar antiviral
mechanisms in controlling the spreading of different viral strains. For example, metal ions
may adhere to the viral envelope and the membrane of cells, subsequently entering the
interior, damaging viral DNA or RNA (Figure 10b). Considering the nanoscale size of
viruses, it is also possible to develop varying hybrid nanomaterials functionalized with
multiple cues, to achieve viricidal effects (Figure 10c) [9].

In 2020, it was reported that copper and cardboard materials are better to prevent
SARS-CoV-2 spread compared to stainless steel and plastic surfaces, where viable virus
particles were detected for up to three days [137].

There are also antimicrobial agents that have not yet been tested in corona viruses
but have been determined to be effective in other virus types. For instance, a photo-
activated copper and silver loaded titanium dioxide nanowire membrane was used for
water disinfection against E. coli and bacteriophage MS2 [144], and zinc ions have been
proven to inhibit the infectivity of picoma, rhino, herpes, toga and vaccinia viruses [145].

Moreover, these metal particles have been also combined with antimicrobial polymers
such as cationic PEIs. Haldar et al. showed that influenza virus inactivated on a PEI
painted glass slide within minutes [146]. In another study published in 2019, with the aim
of producing safe drinking water, micro-filtration membranes were modified with PEI,
silver and copper nanoparticles to impart antiviral properties. The membranes, which
were tested against MS2 bacteriophage, offer a combination of virus elimination and
inactivation [147].
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These results highlight the potential of cationic salts/polymers, and metal oxides and
their NPs, as antiviral agents to stop deadly viral infections.

6. Challenges and Future Perspectives

Antimicrobial coatings of polymers, polymeric composite and nanocomposite em-
ployed for various purposes in biomedical applications. For example, the nanomaterial
coatings may well modify the surfaces of numerous metallic implants for their implementa-
tion in orthopedic applications. These coatings are promising to improve the host response
in the long-term by supporting cell migration, proliferation and gene level regulation at
the vicinity, through the adjustment of hydrophobicity and/or stiffness of the surfaces, as
well as protecting the implant from microbial attack and biofilm formation [148].

Understanding the nature of coating materials and optimization of production param-
eters, such as coating thickness, surface geometry, functionality, and high performance is
essential for commercialization. It is also essential to reveal the long-term stability mecha-
nism of these coatings in vitro and in vivo conditions. In addition, if the material is loaded
with antimicrobial agents, exploring the release kinetics from polymer coating is critical.
Besides, the parameters, including the random aggregation of nanoparticles in coating
material, and uniformity of coatings on large scale, still remain as immense challenges [13].
All in all, it is required to further design and fabricate novel polymer/nanocomposite
coatings to develop successful long-term stable tools for biomedical industry.

In recent years, pandemic diseases have been a global public health issue. Hence, there
is a necessity for new technologies to improve new antimicrobial and antiviral molecules,
and other therapeutic approaches to limit their spreading. The polymer/nanocomposite-
based coatings technologies presented in this report could be utilized as surface coatings to
diminish the transmission of infectious diseases, as well as COVID-19, through surfaces. For
instance, the use of ROS generating nanomaterials can find applications in surface coating
and textile. The general broad virucidal efficacy of copper-iodide (CuI) nanoparticles
confirmed for the H1N1 pandemic influenza [149] can be further examined for SARS-Cov-2,
which could be used for enhancing the protection efficiency of face masks. However,
the performance of ROS generating photocatalytic materials is considerably influenced
by the light source, which may increase their application expense. Therefore, milder
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alternatives that work in room-temperature without additional energy exposaure deserve
further attention.

Furthermore, COVID-19 patients have been shown to exhibit pneumonia-like symp-
toms, such as difficulty in breathing. Therefore, it is critical to support breathing with
appropriate medical devices. Additive manufacturing or 3D printing using antimicrobial
polymer blends can be used to produce critical medical devices or device pieces including
connectors for ventilators [150]. This technology might provide alternative options to
access critical medical devices and speed up their production process.

In summary, there are many antimicrobial compounds, polymers/composites and
NPs with confirmed anti-bacterial, anti-fungal or anti-viral activity that can be directly
applied onto surfaces or incorporated into coatings to prevent the risk of spreading. Be-
sides, combining basic and real-time sensing skills to the antimicrobial surfaces could aid
in identifying the pathogens present in the environment and ultimately helping public
health experts in controlling infectious disease pandemics. Overall, the application of
nanotechnology is important to prevent the spreading of pandemic diseases and would be
essential for the future and long-term success of biomedical devices.
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