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Abstract

Antimicrobial polymer composites have long been utilized in the
healthcare field as part of the first line of defense. These com-
posites are desirable in that they pose a minimal risk of developing
contagions with antibiotic resistance. For this reason, the field of
antimicrobial composites has seen steady growth over recent
years and is becoming increasingly important during the current
COVID-19 pandemic. In this article, we first review the need of the
antimicrobial polymers in high tough surfaces, the antimicrobial
mechanism, and then the recent advances in the development of
antimicrobial polymer composite including the utilization of
intrinsic antimicrobial polymers, the addition of antimicrobial ad-
ditives, and new exploration of surface patterning. While there are
many established and developing methods of imbuing a material
with antimicrobial activity, there currently is no standard quantifi-
cation method for these properties leading to difficulty comparing
the efficacy of these materials within the literature. A discussion of
the common antimicrobial characterization methods is provided
along with highlights on the need of a standardized quantification
of antiviral and antibacterial properties in testing to allow ease of
comparison between generated libraries and to facilitate proper
screening. We also discuss and comment on the current trends of
the development of antimicrobial polymer composites with long-
lasting and specific antimicrobial activities, nontoxic properties,
and environmental friendliness against a broad-spectrum of
microbes.
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Introduction

Healthcare associated infections (HAI) have seen a sig-
nificant increase along with the development of modern
clinical treatments, including central line-associated
bloodstream infections, catheter-associated urinary tract
infections, and ventilator-associated pneumonia as well as
various pathogens transferred through high touch sur-
faces (H'T'S) such as (methicillin-resistant) Szaphylococcus
aureus, vancomycin-resistant enterococci, Clostridium
difficile, multidrug resistant Gram-negative bacilli, noro-
virus, coronavirus and Candida species [1]. HAI Hospital
Prevalence Survey shows that approximately one out of 31
hospital patients has at least one HAI any day, leading to
an estimated 72,000 deaths due to the 687,000 HAIs in
U.S. acute care hospitals in 2015 [2]. Although, bacteria
and fungi are considered the primary threat for nosoco-
mial infections, viral infections make up an estimated
60% of all infections [3,4]. The World Health Organiza-
tion (WHO) has stated that multi-drug resistant patho-
gens will cause 10 million deaths worldwide each year by
2050 [5] and 100 trillion USD in associated cost [6]. To
prevent HAIs while minimizing the possibility of drug
resistance, the development of novel antimicrobial ma-
terials has drawn significant research attention. For this
review, “antimicrobial” and “biocidal” will include action
against viruses, bacteria, and fungi. Antimicrobial mate-
rials will therefore inhibit the growth, reduce the
viability, or outright kill pathogens to reduce the occur-
rence of HAIs.

While antimicrobial activity includes all forms of
biocidal activity, it should be noted that most studies of
antimicrobial activity focus exclusively on bactericidal
activity. Although many of the compounds and mole-
cules that render materials bactericidal are also effective
against other infectious agents, material testing for
virucidal or fungicidal properties is less common with
methodologies being ill-defined. With threats such as
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SARS-CoV-2 and Candida auris, consideration of the
different mechanisms that can lead to biocidal activity is
still needed. Furthermore, while the source and type of
microbial agent that leads to HAI can vary significantly,
their ability to survive on surfaces plays a key role in
increasing the probability of an adverse outcome. For
bacteria, the formation of biofilms plays a significant role
in the contamination of surfaces. Biofilm formation
provides a dense gathering of microbes, which expedites
the antibiotic-resistant genes to spread throughout all
cells within the biofilm due to the horizontal gene
transfer. Data from the National Institutes of Health
(NIH) have shown that 80% of pathogenic bacterial
infections during healthcare treatment are related to
biofilms [7].

Unlike the antimicrobial activity of metal surfaces,
notably copper and silver, which has been known for
several centuries, the first polymeric materials with this
property, 2-methacryloxytroponone polymers and co-
polymers, were first studied in 1965 [8]. In the 1970s,
investigations of salicylic acid-based polymers and
polymers with quaternary ammonium groups were
performed for their antimicrobial activity. This modest
beginning contrasts with the current state of the art,
where a comprehensive analysis of the Google Patent
Search database by Julieta et al. found more than 27,845
patents filed since 2013 relating to antimicrobial poly-
mers [9]. Alas, the variety of infectious agents and the
near-limitless ability to create novel materials make this
a combinatorial problem that is soon becoming, if not
already, too hard to navigate without standardization.
This review aims to highlight the most recent advances
in antimicrobial polymeric materials, the basis of their
design and how they are tested, with a focus on the use
of such materials in solid—air interfaces (i.e. high touch
surfaces) in the healthcare environment.

High-touch surfaces and the use of
antimicrobial polymer composites

In the hospital setting the cleanliness of high-touch
surfaces is of high importance. These high-touch sur-
faces (HTS) such as bedside tables, tray tables, bed
frames, keyboards, bed rails, handles, and IV poles are
common vectors for HAI transmission [1,4,10—12].
Therefore, the use of self-cleaning surfaces is desirable
as it mitigates the risk associated with lapses in hand
hygiene. Current techniques to treat HT'S can be clas-
sified as either discrete or continuous. Discrete tech-
niques include wiping the surface with disinfectants or
detergents, hydrogen peroxide, steam vapour, ozone, or
using UV lights or HINS (high-intensity narrow-
spectrum light) While these techniques focus of the
cleaning of contaminated HTS an alternate approach
involves the wuse of materials or coatings that

continuously protect the surface either by resisting
microbial adhesion or actively killing microbes on the
surface. In recent years, there has been an increase in
the usage of HT'S manufactured from copper and copper
alloys to reduce HAIs. Unfortunately, the cost associated
with replacing all current HT'S with copper is infeasible.
Hence, the development of antimicrobial polymer
composite coatings has drawn significant interest as it
allows for the coating of current HTS. Examples of
currently used antimicrobial polymeric composites
include Copper Armour (a copper/poly(methyl meth-
acrylate) composite), Microban (silver zinc/epoxy com-
posites), etc. The mechanistic studies of antimicrobial
polymer composites used in high-touch surface are very
limited; the antimicrobial mechanisms of polymeric
materials in general healthcare applications would be
used for high-touch surface even though in literature
they are mostly focused on biomedical devices and im-
plants surfaces, which are briefly discussed below.

The general antimicrobial action of polymeric materials
can first be classified as either passive or active. Mate-
rials are passively antimicrobial when microbial species
are not able to settle on the surface due to its inherent
physico-chemical characteristics, whereas materials are
actively antimicrobial if the material actively inhibits or
kills pathogens. The mechanisms that act on bacteria,
viruses and fungi differ due to the differences in the
outer surface or membrane. As biological membranes are
hydrophobic and negatively charged, the surface of a
passively antimicrobial material is usually hydrophilic,
negatively charged, or has a low surface free energy,
repelling the infectious agents [13]. Polyethylene glycol
(PEG) has been well studied in this regard and has
shown effectiveness against S. aureus, F.scherichia coli, and
Pseudomonas aeruginosa. More importantly, however, is the
use of PEG in specific configurations—as polymer
brushes [14]—that enable the material to not only be
antimicrobial but also anti-fouling. This behaviour is
attributed to PEG’s high chain mobility, large exclusion
volume, and the steric hindrance effect of the highly
hydrated layer [15], which prevent protein adsorption
and bacterial adhesion [14]. The zwitterionic polymers
and charged polyampholytes, for example, phosphobe-
taine, sulfobetaine, or phospholipid polymers [16] are
also used to provide passive antimicrobial activity.

Active antimicrobial activity can be further classified as
either biostatic or biocidal. Biostatic action refers to a
surface that inhibits microbial replication. The biostatic
surfaces can be suitable for coating certain medical in-
struments. This contrasts with biocidal action, which
actively Kkills microbes. Of the two, biocidal activity is
more desirable as it also prevents the microbes from
replicating after leaving the surface [17]. It should be
noted that what is biostatic against one organism may be
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biocidal against another, and therefore, the definition of
the activity is linked to specific organisms. Furthermore,
the adage “the dose makes the poison” is somewhat
applicable when discussing the spectrum of biostatic to
biocidal activity.

Active antimicrobial activity can be enabled using
polymeric biocides, biocidal polymers, or biocide-
releasing polymers [8] (see Figure 1). Polymeric bio-
cides are defined as the interconnection of repeating
active biocidal units [13]. Biocidal polymers are macro-
molecules with at least one biocidal group embedded
within their structure, which can damage the integrity of
the infectious agent(s). The functional groups are usu-
ally antibiotics, positively charged biocides, or antimi-
crobial peptides [18]. It is determined by the
antimicrobial repeating groups they contain. As for the
contact Kkilling, the polymeric surfaces are biocidal by
themselves. While the mechanism of action is still un-
clear there are two well regarded hypotheses for
different tethering length. For surface tethered small
molecules the phospholipid sponge effect dominates,
where the negatively charged phospholipids from the
cell membranes are attracted by positively charged
surface groups leading to damage to the phospholipid
bilayer and cell death [19]. The polymeric spacer effect
occurs when the tethering molecule is long enough for
the biocide to penetrate the cell membrane. Once the
phospholipid bilayer is broken, cellular content leaches
out killing the microbial cells [20]. The same two
mechanisms can also be utilized for antiviral activity
against enveloped viruses as they are less stable than
non-enveloped viruses, since the phospholipid bilayer
has high susceptibility to physical disruption [21].
Biocide releasing polymers are materials loaded with
biocides and hence their biocidal activity is not due to
the polymeric matrix itself. Instead, the matrix acts as a

Figure 1
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carrier of the biocidal agents and releases them to con-
tact and attack the targeted organisms [22].

With only one of the three mechanisms being discussed
above—repelling, biocide-releasing and contact-active
activities, antimicrobial polymers cannot always work
sufficiently for practical applications as each of them has
its respective inherent defects [23]. Therefore, multi-
functional antimicrobial surfaces have been actively
developed. Examples of combination repelling and
contact-killing properties include the surface developed
by Laloyaux et al., comprising surface attached magainin
grafted with oligo(ethylene glycol) methacrylate. The
contact-killing action of this surface is activated at room
temperature with the polymer brushes stretched. It
switches to repel microbes when the PEG brush struc-
tures collapse by increasing the temperature to over
35°C (Teon) [24]. The combination of biocide-releasing
and contact-active approaches has also been demon-
strated to increase the antimicrobial efficiency and
lifetime of antimicrobial activity of the entire system.
Liang et al. combined N-halamine siloxane with qua-
ternary ammonium salt siloxane to form a composite
polyurethane coating. It was found that the coating
displayed lasting antimicrobial activity due to the
addition of the quaternary ammonium compounds.
These contact-killing-QACs continued to provide anti-
microbial action after the hypochlorite release system
ceased to function, giving the coating long term func-
tionality [25]. A similar behaviour could be achieved by
the coating approach Li et al. developed based on a
layer-by-layer assembled antibacterial coating with
immobilized quaternary ammonium salts and releasable
silver ions on a polystyrene surface. The antimicrobial
efficiency of silver ion-releasing was accompanied by the
contact-killing activity from the layer of quaternary
ammonium compounds [26].
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Schematic illustration of three typical types of antimicrobial polymers: a) polymeric biocides consisting of repeating biocidal units; b) biocidal polymers a
macromolecule containing at least one biocidal group; ¢) biocide releasing polymers consisting of a matrix filled with a biocidal agent that releases over

time.
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Assessment method of antimicrobial
polymers and composites

The evaluation of the antimicrobial activity of various
composites and functionalized polymer surfaces is usu-
ally performed using live cultures of microorganisms
exposed to the surfaces. The extent of survival can then
be assessed using culture techniques, which is then

compared to control surfaces having no antimicrobial
activity. Although the antimicrobial assessment is often
similar, the experimental details vary significantly
among researchers and this lack of standardization re-
sults in difficulties in comparing the efficacy of various
materials. To illustrate, "Table 1 summarizes a few recent
publications and the techniques reported.

Table 1

An overview of selected publications measuring antimicrobial efficacy on polymer-based surfaces.

Material Microbes Conditions Measures Ref.
Functionalized poly- E. coli and Bacillus Overnight cultures at 0.07 Plate counts [17]
lactic acid films subtilis ODggo, 24 h droplet on polymer
contact
Amphiphilic ternary P. aeruginosa, E. coli, Broth dilution method of Minimum inhibitory [31]
polymers S. aureus polymer samples concentration
Functionalized S. aureus, Broth incubation (5 x 107 CFU/ Plate count [32]
polyurethane (PU) E. coli, mL) at 37°C for 16 h
Vancomycin-resistant
Enterococcus,
E. coli 107 CFU of E. coliin Live/dead staining with confocal [32]
100 pL deposited on surface microscopy
after 30 min samples were
lightly rinsed
SARS-CoV-2, 100 pL of virus suspension 50% tissue culture infective [32]
enveloped TGEV, were added on the test sample, dose (TCID50) assay
non-enveloped FCV which were incubated for
various times before the virus
was recovered by vortexing the
sample with medium.
Functionalized PU S. aureus, 10° cfu/mL submerged polymer Plate counts [33]
films S. epidermis, incubation for 48 h at 37°C.
P. aeruginosa,
E. coli
Functionalized S. aureus, 108 cfu/mL droplets on polymer Plate counts [34]
silicone E. coli, for 3 h at 37°C with humidity.
(Polydimethyl- P. aeruginosa
siloxane also
known as PDMS)
Cuprous oxide SARS-CoV-2 5 uL of virus suspension were 50% tissue culture infective [35]
(Cu0) particles added on the test solid, which dose (TCID50) assay
bound with PU were incubated until the
droplets were desiccated.
The surface was soaked in
300 pL of medium.
Silver nanoparticle HIV-1 and HSV-1/2 HIV-1: 200 pL of HIV Assayed by the observation of [36]
(AgNP)-coated suspension were incubated levels of viruses-
polyurethane with the AgNPs-coated induced syncytium formation
polyurethane. Viruses were and HIV-1-infected (GFP+)
collected and used to infect T cells microscopy
cells.
AgNP-chitosan Influenza A virus Viral suspension was added to The supernatant was used to [37]
250 pL AgNP-chitosan infect MDCK cells and the virus
composite suspension. After was titrated by TCID50.
1 h, samples were centrifuged.
Polyethylene coated Non-enveloped 10 pL of a virus suspension was Plague assay [38]

with linear N,N-
dodecyl,methyl-
PEI

poliovirus
and rotavirus.

added on a coated slide and the
droplet was sandwiched with a
bare slide. After 30 min
incubation at room temperature,
the sandwiched slides were
washed with cell culture
medium.
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No matter the biological entity that is being examined,
the overall antimicrobial testing process typically in-
volves contacting the material with a volume of liquid
biological suspension. This liquid volume is either kept
as a liquid or dried onto the surface. The biological
entities are either recovered from the surface by reap-
plying a liquid volume to remove them, or the assess-
ment of biological load is done directly from the liquid
being applied to the surface. For bacteria or fungi, plate
counts are frequently used to determine their survival;
however, it is also possible, especially if biocides are
released from the polymer, to use zones of inhibition
methods. Since these methods cannot account for mi-
crobes that are injured or simply inhibited, microscopic
methods with live/dead stains are sometimes used for
direct observations on surfaces. For viruses, various
methods can be used to test their presence and viability;
however, the viability is the most important and requires
cell-based assays. These can include plaque assays, 50%
tissue culture infective dose (TCIDsg) and end-point
dilution assays. The core of all these types of assays
involves serial dilutions of a solution in which virus is
thought to be present that is added to a permissive (and
ideally optimal) host cell line. Results are determined
by observing microscopic cytopathic effects caused by
the virus. An alternative methodology can make use of
virus vectors, genetically engineered to carry a gene that
leads to the production of a reporter protein such as
green fluorescent protein (GFP) [3,4]. The latter makes
use of detecting the reporter protein instead of a cyto-
pathic effect. Factors such as temperature, presence of
ions, humidity, light, and pH can have a significant
impact on the activity of a surface and controlling for a
single set of values, while useful for comparisons can
limit the applicability of the results. For example, the
conditions under which an antimicrobial coating on a
hospital bed side table is subjected are significantly
different than the same coating on a water fountain. For
this reason, while standardized tests are important to
determine the relative efficacy of a surface, they should
not be considered a golden standard as additional testing
should be done.

Some standard methods for hard antimicrobial surfaces
have been issued, although there are significant differ-
ences. A U.S. EPA interim method [27] uses specific
strains of P aeruginosa and S. aureus at 22°C and 30%—
40% relative humidity for 1—2 h of contact time. How-
ever, it also specifies aggressive abrasion testing as it was
initially developed for copper-coated surfaces and may
not be realistically appropriate for polymeric compos-
ites. ISO 21702 [28] suggests the use of Influenza A and
Feline calicivirus strains applied to antimicrobial poly-
mer surfaces at 25°C with minimum 90% relative hu-
midity for 24 h. ISO 22196 [29] likewise tests plastic
surfaces using bacterial species . aureus and E. coli
applied for 24 h at 35°C and minimum 90% relative
humidity. An OECD guidance document [30] expands
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upon and suggests methods similar to ISO 22196. While
these standard methods are useful for comparing ma-
terials, there are concerns that the test conditions do not
adequately replicate realistic scenarios for antimicrobial
material usage in many environments, for example,
lower humidity and temperature, or repeated and
frequent contamination events via touch or aerosol
deposition.

The research and published standard protocols that
exist for testing antimicrobial surfaces are therefore seen
to be quite varied. The continued development of
standardized test methods is important to permit com-
parisons between materials, but caution should be taken
to ensure the material functions correctly in its intended
application and environment. This will include an un-
derstanding of the anticipated environmental conditions
such as temperature, humidity, potential abrasion,
chemical cleaning, and disinfection frequency, among
others. The performance requirements for antimicrobial
efficacy may also be quite important to characterize in
terms of the kinetics of biocidal action. For example, an
antimicrobial material being contaminated by touch
several times per hour would require fast kinetics versus
one contaminated infrequently, for adequate infection
transmission prevention.

Strategies for developing antimicrobial
polymer composites

The common strategies of developing antimicrobial
polymer system can be divided into (1) adding intrinsic
antimicrobial polymers, which contain inherent antimi-
crobial activity into polymer matrix; (2) adding antimi-
crobial organic compounds into polymer matrix, (3)
adding antimicrobial inorganic fillers (micro/nano parti-
cles) into polymer matrix.

Intrinsic antimicrobial polymers

Generally, intrinsic antimicrobial polymers only perform
as a stable antimicrobial coating when incorporated into
another polymer matrix as they are water soluble leading
to the dissolution of the coating on first contact with
water. Several intrinsic antimicrobial polymers, their
structure and mechanism of action are listed in Table 2.
Of these polymers, chitosan is one of the earliest
discovered antimicrobial polymers and widely studied.
It is a polycationic polysaccharide and its natural anti-
microbial activity against a broad spectrum of microor-
ganisms is determined by the number of amino groups in
the chitosan. Its antimicrobial mechanism varies based
on the pH of the surroundings. When the pH is lower
than pKa, amines in the chitosan can be protonated so
that electrostatic interaction occurs between the posi-
tively charged polymer and the negatively-charged
bacterial cell wall, whereas chelation and hydrophobic
interaction predominate the antimicrobial performance
of chitosan when pH is higher than pKa. While chitosan
is typically used as an additive for coating textiles to
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Table 2

List of intrinsic antimicrobial polymers, their structure and mechanism of action.

Intrinsic antimicrobial polymers

Monomer structure

Mechanisms of antimicrobial
action

Remarks

Chitosan

e-poly-L-lysine

QACs

Polyethyleneimine

Polyguanidines

N-halamines

HO_

L NH;
0, P ot
T/ \,r W/ A
oS Yy O
\l,/ ow ~ I "o
NH, §

Ho'|

|_OH

n

NH

Cell wall destruction by
protonated amine groups when
pH < pKa, chelation and
hydrophobic interactions

pH < pKa,

Cell wall destruction by a
protonated amine groups

Cell wall destruction by a
cationic quaternary amine
groups

Cell wall destruction by a
protonated amine groups

Interrupting Ca®* salt bridges
present in the cell membrane
leading to phase separation and
disruption of the cellular
membrane.

Through the oxidative halogen
present in the structure that
attacks the amino or thio groups
of cell receptors.

Water-soluble, biocompatible
and biodegradable.

Biodegradable, nontoxic,
thermostable and water-
soluble.

High chemical stability.

Non-volatile, having long-term
effectiveness and lower
hemolytic activity.

Water-soluble, nontoxic.

Having long-term stability under
both dry and aqueous condition.

provide antimicrobial activity [39], it has also been
shown to provide antimicrobial activity when incorpo-
rated into polymer composites such as poly(methyl
methacrylate) [40]. e-poly-L-lysine (EPL) is an intrinsic
cationic lysine homopolymer (n = 25—30) with e-amino
and o-carboxyl groups bonded by amides. EPL is
generally used in food preservatives since it is a
nontoxic, thermostable and water-soluble antimicrobial
polymer. Its antimicrobial activity starts with electro-
static adsorption of cationic EPL, onto the negatively-
charged bacterial cell surface, leading to the disruption
of bacterial outer membrane and leakage of essential
compounds in bacterial cytoplasm. Both actions result in
the death of bacteria [41]. Recently EPL. has been
shown to provide antimicrobial activity when incorpo-
rated in a poly(hydroxybutyrate) non-woven film. While
effective, the composite was only useful as a single use
item as the majority of the EPL was released within 1 h

[42]. PEI derives its antimicrobial activity from the
primary, secondary and tertiary amine groups within its
chain. With protonation of the respective amines, the
primary, secondary and tertiary ammonium groups can
become cationic. These cationic ammonium groups are
commonly used to make antimicrobial polycations. In
addition to PED’s inherent antibacterial property, the N-
alkylated derivatives of PEI are the most studied syn-
thetic polymers with antiviral activity, which can be non-
covalently or covalently bound to different materials,
including polymer composites [43]. Studies have proven
that it has antiviral activity against different enveloped
viruses, including Influenza [44], HIV [38,44], herpes
simplex viruses [45], as well as non-enveloped poliovirus
and rotavirus [46]. A practical application of derivatives
of PEI against viruses was proposed by Larson et al.
using N-dodecyl,methyl-polyethylenimine as a coating
on latex condoms to decrease the infectivity of two
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strains of herpes virus: HSV-1 and HSV-2 [45]. Surfaces
coated with quaternary ammonium salts (QACs) are
frequently less active against non-enveloped viruses.
Fulmer et al. developed antimicrobial latex coatings
containing QACs and antimicrobial peptides, which
were active against enveloped viruses, but were inef-
fective against feline calicivirus, a non-enveloped virus
[47]. Tuladhar et al. demonstrate the lack of significant
virucidal activity of immobilized QACs coated onto glass
and plastic surfaces against poliovirus after up to 6 h of
exposure [48]. On the other hand, Larson et al. showed
that  polyethylene slides painted with N,N-
dodecyl,methyl-PEI efficiently reduced titers of the
poliovirus and rotavirus [49].

Adding antimicrobial agents into a polymer matrix
While many materials are not intrinsically antimicrobial,
antimicrobial activity can be achieved through the
addition of biocidal agents into the matrix. The anti-
microbial activities of polymers are based on their active
biocidal agents. Positively-charged quaternary ammo-
nium has been one of the most known antimicrobial
agents to be chemically incorporated into polymeric
matrix to produce synthetic antimicrobial polymers.
Other studied agents include quaternary phosphonium
and tertiary sulfonium as pendent antimicrobial agents.
Regarding polycations, quaternary phosphonium and
tertiary sulfonium obtain similar antimicrobial principle
as quaternary ammonium. In addition to polycations,
organic acids such as phenol and benzoic acid are also
important antimicrobial additives. Phenols display the
antimicrobial activity by disrupting the bacterial cell
membrane, causing leakage of intracellular essentials as
well as causing coagulation of cytoplasm. These lead to
inhibition of bacterial growth. Though the antimicrobial
mechanism of benzoic acid has not been clearly
demonstrated in current studies, benzoic acid as a
lipophilic acid has been found to interfere with the
ability of E. coli and Bacillus subtilis’ to uptake various
amino acids and oxyacids.

Adding antimicrobial inorganic additives and micro/
nano particles into polymer matrix

While significant research has focused on organic anti-
microbial polymeric composites, inorganic particles have
also been incorporated for antimicrobial purposes. Silver
and copper are the most commonly used metallic anti-
microbial agents taken the form of silver or copper
micro/nanoparticles though recent research has also
used various oxide particles such as zinc oxide, or mag-
nesium oxide [50]. Generally, these particles release
their respective metal ions that penetrate the cell and
disrupt functions. The studies of the antibacterial
mechanism of silver ions have shown that the ions
interact with multiple membrane proteins, resulting in
the disruption of the membrane and eventually cell
death. Additionally, it was also found that silver ions are
capable of disrupting the DNA replication cycle and
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interrupting the respiratory chain of bacteria. The
virucidal activity of copper relies on the release of
copper ions, that leads to reactive oxygen species gen-
eration, virus morphology alterations due to the loss of
membrane structural integrity, and viral genome degra-
dation [51]. Sagripanti et al. demonstrated that cupric
ions were able to inactivate viruses with different
biochemical and structural compositions, including
enveloped or nonenveloped, single- or double-stranded
DNA or RNA viruses [52].

The efficacy of these composites is highly dependant on
the release rate of metal ions. There are three general
approaches to increase release rate: the use of smaller
filler particles to increase surface area, the use of a more
hydrophilic matrix to increase diffusion of ions, and the
use of metal oxide particles rather than metal particles
as the oxide film is responsible for ion release. The first
two approaches were demonstrated by Palza et al. [53]
when comparing ion release rates of copper micro and
nano particles in various polymer matrixes. While
Delgado et al. demonstrated the Ilast approach
comparing copper oxide and copper nanoparticles in
polypropylene [54]. Note that metal nanoparticles
(NPs) have been found to effectively provide antimi-
crobial activity in polymer composite systems with
greater performance than their microparticle analog.
The smaller particles provide significantly higher sur-
face areas and reactivity, also tend to provide extra
functionalities to the NPs-polymer composite system as
well as increase its mechanical properties. Lyutakov
et al. has developed light-activated antimicrobial coat-
ings against both §. aureus and P aeruginosa by doping
porphyrin  and  silver nanoparticles in  poly-
methylmethacrylate. Under illumination, porphyrin ab-
sorbs light and produces reactive oxygen, affecting the
release of silver ions [55].

Several studies have demonstrated the antiviral activity
of AgNPs against different viruses, including hepatitis B
virus [56], influenza virus [57], and SARS-CoV-2 [58].
AgNPs have high antiviral activity against enveloped
viruses, but not against non-enveloped viruses. In
contrast, Cu and cuprous compounds such as Cu2O,
Cul, and CuCl exhibit antiviral activity against both
enveloped and non-enveloped viruses, and therefore,
Cu-coated surfaces have received more attention [59].
However, studies evaluating antiviral effects of copper
coated onto polymer composites are scarce, and to-date
no study was available evaluating the antiviral efficacy of
those surfaces against non-enveloped viruses. The
general antiviral mechanism is believed to be associated
with silver nanoparticles that directly interact with the
virus surface proteins and the silver nanoparticles to
block the entry of the viruses into cells [60]. However,
due to AgNPs size and properties, several disadvantages
have been reported such as inherent particle aggrega-
tion, that could reduce their antiviral capabilities over
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time, and cytotoxicity and DNA damage when inhaled
or ingested by humans in high quantities [51]. There-
fore, AgNPs have been combined with different classes
of materials as a strategy to fabricate materials with
antiviral properties. Mori et al. synthesized AgNP/
chitosan composites with antiviral activity against H1N1
influenza A. The antiviral effects of surfaces containing
copper nanoparticles or polymer composites based on
copper nanoparticles (CuNPs) are much less studied
than AgNPs. Sundberg et al. demonstrated that the
antiviral activity of CuNPs surfaces against influenza A is
higher than that with conventional copper [61]. Most
recently, CuNPs attracted attention because of their
potential employment in face masks. Ahmed et al.
described a new respirator mask against SARS-CoV-2
composed of a nanofibrous matrix of polylactic acid
and cellulose acetate containing copper oxide nano-
particles and graphene oxide nanosheets [62].

Surface patterning for antimicrobial activity

While chemical design provides significant promise for
finding novel polymers with antimicrobial activity,
physical patterning can be used to imbue an inert ma-
terial with antimicrobial activity or in addition to
chemical design to improve antimicrobial activity. Stra-
tegies utilizing surface patterning to achieve antimi-
crobial activity are typically based off natural
biostructures such as cicada wings that show bactericidal
activity towards Gram-negative bacteria. Effective pat-
terns used for these surfaces include nanospikes, nano-
ripples, and nanotubes [63]. While there are multiple
articles focusing on metal and glass, fewer have inves-
tigated surface patterning on polymeric surfaces for this
purpose. Generally polymeric surfaces can be patterned
through soft lithography, stamping or laser ablation.
Additionally, there are multiple factors to take into ac-
count when designing a surface pattern for antimicrobial
activity. If bacteriostatic surfaces are desired nanotubes
or nanoripples with sub 1 pum surface features are
desirable as they reduce the adhesion of bacteria on the
surface other approaches utilize self-healing, slippery
liquid-infused porous surface (SLIPS), commonly made
of microtextured poly(dimethyl siloxane) with a hydro-
phobic oil impregnating microwells in the surface [64].
If bactericidal surfaces are needed high aspect ratio
structures such as nanospikes, nanowires or nanopillars
are required with feature sizes under 100 nm. It is
important that the structures are below 1 im and have a
high aspect ratio in order to provide a hostile environ-
ment to bacteria rather than shield them in the valleys
of the structures. However, for repelling surfaces the
aspect ratio has an inverse effect of adhesion as taller
structures promote adhesion. While the exact mecha-
nism for these surfaces is not yet known, they show
promise as they can be generated on a polymeric sur-
faces and compliment other methods of antimicrobial
activity [63]. Surface patterning of polymer was recently

found by Sanjay et al. to improve the antimicrobial ac-
tivity of composite surfaces by facilitating the exposure
of copper particles to the surface, showing an interesting
synergic effect of the addition of surface structure and
biocidal fillers [65]. Another example of a combined
approach utilizes lotus leaf inspired composites
consisting of PDMS with a surface layer of silica nano-
particles  functionalized with  3-(trimethoxysilyl)-
propyldimethyloctadecyl ammonium chloride reported
by Rauner et al. [66]. This combined approach of con-
tact killing and surface patterning was demonstrated to
be an effective method of retaining hydrophobicity after
the addition of QAC groups.

Concluding remarks and perspectives

In summary, antimicrobial polymer composites for high-
touch surfaces have seen significant developments over
the past decade. These polymers can provide protection
of people from the spread of infectious disease via ob-
jects in the environment. In many instances, the
mechanisms of antimicrobial action are still not well
understood. There have been several approaches for
achieving antimicrobial activities, including the addition
of intrinsic antimicrobial polymers, antimicrobial agents,
or inorganic nano/microparticles to a polymer matrix,
surface patterning with antimicrobial structures or a
synergistic approach incorporating multiple of the above
approaches in a single composite.

Major advances in the field have focused on the incor-
poration of antimicrobial agents within inert polymers
to achieve antimicrobial activity with low toxicity,
allowing safe handling and use in health care and similar
environments. There is an emerging development of
synthetic antimicrobial peptides (SAMP) that applies
high throughput techniques to screen libraries of
compounds to determine antimicrobial activity. By
selecting acrylate monomers with various pendant
groups to mimic antimicrobial peptides, an analog can
be produced that is not susceptible to enzymatic
degradation [67]. These emerging molecules might be
used as novel additives in various HT'S coatings as their
stability and compatibility with polymer matrices will
likely be improved. One underdeveloped area is the
characterization methods for these surfaces. While in-
dividual research groups have developed reliable tests
for determining the antimicrobial activity of a com-
posite, these methods are not standardized, leading to
difficulty comparing multiple sources within the liter-
ature. It is strongly recommended that standard testing
protocols should be established in addition to the
typical situational testing performed to confirm the
material’s applicability for a desired application and
environment. Furthermore, while antibacterial or anti-
viral characterization is commonplace within the field,
rarely is a material comprehensively tested for their
antiviral, antibacterial, and antifungal properties. These
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flaws have been pushed into the spotlight due to the
current health crisis, where antimicrobial composites
are essential for high touch surfaces such as hospital
furniture and equipment.

During the pandemic, the usage of disinfectants and
sterilization agents has increased exponentially leading to
an increase of sterilizing agents in wastewater. Due to the
liquid or water-soluble nature of many of these products,
care must be taken to reduce the environmental impact
of cleaning residues in our wastewater and ecological
systems [68]. Additionally, chemical cleaning and disin-
fection of surfaces is known to be very dependent on the
frequency and skill of the cleaners. For this reason, long
lasting antimicrobial composites are of significant interest
as the transfer of these problem chemicals into the
environment are reduced due to their stability and ability
to be recycled by other means. Furthermore, antimicro-
bial composites can be used in tandem with manual
cleaning to add another layer of safety when manual
disinfection fails to provide the necessary level of pro-
tection on its own. In addition to safer materials, the
development of multi approach materials seeks to over-
come the disadvantages associated with each strategy by
incorporating multiple mechanisms of action into a single
material. These approaches include surface patterning
along with the incorporation of a biocide or antimicrobial
nanoparticle to achieve both passive and active antimi-
crobial activity. Challenges exist that require addressing
as the field grows, specifically the development of long-
lasting, nontoxic or environmentally friendly antimicro-
bial polymers against a broad-spectrum of microbes with
suitable properties under the environmental conditions
of usage.
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