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ABSTRACT: The role of frequently touched surfaces in the transmission of
infectious diseases is well-documented, and the urgent need for effective surface
technologies with antipathogen activity has been highlighted by the recent global
pandemic and rise in antimicrobial resistance. Here, we have explored combinations
of up to 3 different classes of compounds within a polymeric matrix to enable the
fabrication of coatings with broad-spectrum activity. Compounds were either based
on metals or metal oxides, namely, copper, silver, and copper oxide, essential oils,
namely, cinnamaldehyde, tea tree oil, and carvacrol oil, or cationic polymers, namely,
poly(ε-lysine) and poly(hexamethylene biguanide). These compounds were mixed
into a polymer matrix, coated, and dried to yield durable coatings. Coatings
containing up to 7.5% (w/w) of the compounds were assessed in the zone of
inhibition and biofilm assays using Staphylococcus aureus and Pseudomonas aeruginosa,
as well as infectivity assays using human coronavirus OC43. Our data demonstrate
that a selected combination of additives was able to provide a 5-log reduction in the colony-forming units of both bacteria and a 4-
log reduction in viral infectivity. This simple but highly effective technology is expected to find applications in environments such as
hospitals, aged care facilities, or public transport.

1. INTRODUCTION
Frequently touched surfaces are known to be an important
source of pathogen transmission.1,2 Particularly in environments
where vulnerable people are present, such as hospital or aged
care environments, the prevention of bacterial and viral
pathogen transmission via this path has received increased
attention over the past few years.3,4 Moreover, frequently
touched surfaces associated with public transport, schools, and
publicly accessible buildings have also become a focal point for
prevention measures, such as frequent cleaning with antimicro-
bial agents.5,6

To address the risk of pathogen transmission on these
surfaces, a broad range of technologies have been proposed, and
some of these have been translated into commercial products.
Examples range from frequent cleaning with solutions
containing antimicrobial agents to the exposure of surfaces to
UV light.7−10 Here, surface coatings providing effective
protection over an extended period are an attractive solution,
often requiring the following properties:

• The coating is highly effective against a broad spectrum of
pathogens, including Gram-positive and Gram-negative
bacteria as well as viral pathogens.

• The coating can be easily applied, for example, by spray
coating or using a brush.

• The coating is durable for an extended period when
frequently touched.

• The coating can be easily removedwithout the use of toxic
solvents.

• The polymer coating formulation has a suitable shelf life
after incorporation of all components

However, this list is not comprehensive, and additional factors
such as the use of sustainable materials also need to be
considered.11

While the focus related to the transmission of pathogens in the
context of frequently touched surfaces has been traditionally on
bacteria, this changed during the global pandemic. The need for
preventive technologies to reduce the spread of the highly
infective coronavirus SARS-CoV-212 also shifted the attention
to viral surface transmission. The ability of the SARS-CoV-2
virus in particular to remain infective on surfaces such as
stainless steel and plastic for hours has been documented.13

Therefore, antipathogen surface technologies are now expected
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to provide effectiveness against a broad range of pathogens,
including bacteria and viruses.

While routine manual sanitization and disinfection protocols
of surfaces can be effective to reduce the spread of bacterial and
viral pathogens in, e.g., hospital environments, the increased use
of common disinfectants containing quaternary ammonium
compounds, hydrogen peroxide, bleach, and alcohols may also
cause detrimental effects on human health and the environment,
which need to be considered.14 Moreover, the costs associated
with (typically manual) routine surface cleaning protocols are
high and do not guarantee complete decontamination.15

Effective antimicrobial agents over an extended period reduce
the cost of sanitization and provide more effective protection.

The effectiveness of antimicrobial surface technologies is
related to the mechanism of action of the antimicrobial
compound and the characteristics of the outer membranes of
the microorganisms. For example, virus adsorption has been
proposed to be regulated by the spike protein, which is an
important component of the outer layer of the SARS-CoV-2
virion.16 Once in contact with surfaces, the ability to maintain
their viability differs between viruses and bacteria. On one hand,
the ability of a virus to remain infectious is a function of
environmental factors such as humidity and temperature.17 On
the other hand, bacteria affected by surrounding environmental
conditions can survive through their ability to organize and
thrive in biofilms. These biofilms are communities of micro-
organisms enclosed in a 3D structural matrix composed of
extracellular polymeric substances (EPS). The matrix provides a
structural support and protects embedded bacteria from external
environmental challenges including antimicrobial agents.18

The increased use of antibiotics in humans and animals,
industrialization, and the greater movement of people are some
factors influencing the development of antimicrobial resistance
(AMR).19 As defined by the World Health Organization
(WHO), AMR is developed when pathogens (bacteria, viruses,
fungi, and parasites) change over time, reducing their response
to treatment or medicine. This increases the risk of morbidity
and mortality as their infections become hard to treat.20 Gram-
negative strains such as Pseudomonas aeruginosa (P. aeruginosa)
and Enterobacteriaceae are of great concern due to their high level
of resistance to commercially available drugs and are therefore
included in the priority pathogens published by the WHO.21

They represent two of the ESKAPE (Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa, and Enterobacter spp.)
organisms with the ability to evade antibiotics and represent a
leading cause of healthcare-acquired infections worldwide.22

Among antibacterial and antiviral agents, metal ions andmetal
oxides are of particular interest including silver-, copper-, and
zinc-based materials. Silver-based nanomaterials are the most
established metal antimicrobials.23 Silver nanoparticles have the
ability to interact with disulfide bonds of the proteins in viruses,
bacteria, and fungi. By interfering with the S−S bond, silver
nanoparticles and silver ions can modify the structure of the
proteins and disrupt the functionality.24 Compared with silver
nanoparticles, other metal species such as copper oxide-based
nanoparticles can be more cost-effective and can be easily
synthesized by green technologies, representing promising
candidates.25 Other antipathogenic compounds are essential
oils (EO). Importantly, their natural origin has promoted a
better perception for consumers and a high demand for their use
in various industries, including food applications.26 Alter-
natively, cationic polymers with their two functional compo-

nents, the cationic part that facilitates electrostatic interactions
with the bacterial negatively charged membrane and the
hydrophobic groups that are expected to disrupt them, have
also found a wide range of applications as antipathogenic
agents.27 The majority of the studies where these compounds
have been employed focused on the fabrication of antimicrobial
technologies.28−30 However, some reports have also highlighted
their antiviral activity. For example, Hodek et al.31 evaluated
coatings containing silver, copper, and zinc cations against
different viruses including nonenveloped, double-strandedDNA
and negative and positive single-stranded RNA viruses. Virucidal
activity at diverse exposure times was observed against most
enveloped viruses with better performance against human
immunodeficiency virus type 1 (HIV-1). The antiviral activity of
other widely used antimicrobial compounds such as cationic
polymers, e.g., poly(hexamethylene biguanide) (PHMB), has
also been evaluated with concerns about cytotoxicity. Despite
the moderate in vitro activity of PHMB against HIV-1 virus, high
cytotoxicity toward cervicovaginal epithelial cells was re-
ported.32 In another study, PHMB was incorporated into a
synthetic polymeric fabric, and its antiviral activity against feline
coronavirus, a surrogate virus of SARS-CoV-2, was evaluated.33

The fabric killed 99% of the virus within 2 h of contact in
addition to displaying antibacterial activity against S. aureus.
Similarly, when the antiviral activity of the essential oil carvacrol
was evaluated against the nonenveloped murine norovirus,
inactivation of the virus after 1 h of exposure was reported acting
directly on the viral capsid and RNA of the virus.34

Importantly, synergistic effects between different classes of
antimicrobial as well as antiviral compounds have also been
observed across a broad range of examples. If the mechanism of
action of 2 or more compounds is different, this combination is
often more difficult to overcome for pathogens compared with
single compounds. For example, the use of antimicrobial
peptides in combination with antibiotics has been reported to
provide significantly enhanced antibacterial efficacy compared
to the single components.35 In this particular combination, the
antimicrobial peptide is more resistant to the development of
antimicrobial resistance, opening the door to extending the
lifetime of antibiotics. Other examples where this general
concept of synergistic effects has been exploited range from the
combination of silver with antibiotics36 to combining different
types of metal nanoparticles.37 Overall, the exploitation of
synergistic effects has emerged as an important concept,
particularly in the fight against antimicrobial resistance.
However, efforts to explore this concept in the context of
frequently touched surfaces have only emerged recently.38

Here, we report the fabrication of broad-spectrum polymer
coatings using a blending method. Three categories of
established compounds with reported antibacterial and antiviral
activity were selected for screening experiments using Gram-
positive (S. aureus) and Gram-negative (P. aeruginosa) bacteria,
as well as the human coronavirus OC43.

Compounds based on metals or metal oxides, essential oils,
and cationic polymers were mixed into a polymeric matrix,
coated onto substrate materials, and dried to yield a durable
coating.

A commercial nail polish formulation was used as the
polymeric matrix to provide a coating that can be easily applied
to a range of substrate materials, that is durable when touched
frequently, that is nontoxic, and that can be easily removed
again.
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Selected combinations of additives representing all 3 different
classes of compounds were able to provide more than a 5-log
reduction in the colony-forming units of bothGram-positive and
Gram-negative bacteria and a 4-log reduction in the infectivity of
virus. The coatings are versatile and can be applied to a variety of
surfaces where antipathogenic activity is desired, including but
not limited to frequently touched surfaces in healthcare settings.

2. MATERIALS AND METHODS
2.1. Materials. A commercial polymer formulation was used

to incorporate compounds with antipathogen properties and to
produce coatings (gel-like nail polish, Sinful Colors). The
cationic polymers poly ε-L-lysine HCl (MW, 3500−5000 Da)
(purity, 98%) and polyhexamethylene guanidine (purity, 94%)
were obtained from Biosynth. Essential oils including
cinnamaldehyde (purity, 95%) and carvacrol (purity, 98%)
were obtained from Sigma-Aldrich. Tea tree oil was purchased
from Thursday Plantation. Silver and copper nanoparticles as
well as copper(II) oxide (nanopowder, <50 nm particle size
(TEM)) were acquired from Sigma-Aldrich. Silver-coated
nanoparticles were obtained from Nanoshel containing 80%
copper and 20% silver (size, 80−100 nm; purity of 99.9%). For
bacterial and viral testing, nutrient agar, Mueller−Hinton broth,
and sterile filter paper were purchased from Thermo Fisher
Scientific (Oxoid). Eagles’ minimal essential medium (EMEM)
and 1−5−10% fetal calf serum were acquired from Sigma-
Aldrich. Penicillin/streptomycin (100 μg/uL), sodium pyruvate
(1 mM), nonessential amino acids (0.1 mM), sodium
bicarbonate (0.18%), L-glutamine (2 mM), and 4-(2-hydrox-
yethyl)-1-piperazineethanesulfonic acid (HEPES) (20 mM)
were purchased from Life Technologies. Dulbecco’s modified
eagle medium high glucose (DMEM) was obtained from
Hyclone. Aluminum discs were laser-cut to various sizes and
used as substrates in the different assays.

2.2. Pathogens. 2.2.1. Bacteria. Gram-negative Pseudomo-
nas aeruginosa ATCC 27853 and Gram-positive Staphylococcus
aureus ATCC 25923 strains were employed. Bacterial stocks
were prepared in 60% glycerol and stored at −80 °C until
needed. All surfaces were sterilized with UV light prior to
bacterial assays.
2.2.2. Viruses. The antiviral activity of the materials was

tested using human coronavirus (OC43) according to ISO
21702:2019. OC43 virus was obtained from ATCC (ATCC
number VR-1558), and a working stock was generated by
passaging the virus three times in an MRC-5 fetal lung fibroblast
cell line. MRC-5 cell lines were used to propagate and assay viral
infectious titers. MRC-5 cells were seeded at a final
concentration of 1 × 106 cells/10 mL in 10% EMEM. All
surfaces were sterilized with UV prior to viral assays.

2.3. Coating Fabrication. 2.3.1. Single-Component Coat-
ings. Suspensions containing 5% (v/w) of each antimicrobial
additive were created by adding 50mg of the antimicrobial agent
and 200 μL of ethyl acetate to a glass vial per mL of polymer
paint. This solution was then mixed thoroughly in each case
using a spatula. Substrate materials used in this study included
filter paper, aluminum discs, and individual wells (bottom and
walls) in 96-well plates. Samples were painted within a biohazard
cabinet to reduce the level of contamination. After allowing the
samples to dry for at least 3 h, these were UV treated within the
cabinet for 20 min on each side to sterilize the surface.
2.3.2. Multiple-Component Coatings. Suspensions contain-

ing 2.5% (v/w) of each antimicrobial additive were created for
two-component or three-component polymer coatings by

adding 25 mg of each component and 300 μL of ethyl acetate
to a glass vial per mL of the polymer paint. This solution was
mixed thoroughly in each case using a spatula. These
suspensions were then used to paint the substrate materials
using a small brush. Substrate materials used in this study
included filter paper, aluminum discs, and individual wells
(bottom and walls) in 96-well plates. Samples were painted
within a biohazard cabinet to reduce contamination. After
allowing the samples to dry for at least 3 h, these were UV treated
within the cabinet for 20min on each side to sterilize the surface.

2.4. Coating Thickness Measurements. Coating thick-
ness measurements were carried out using a micrometer
(Mitutoyo Absolute model ID S112x). The commercial nail
polish polymer formulation and single-component coatings and
multiple-component coatings were applied on aluminum
substrates and dried overnight. After the overall thickness was
measured, the paint was removed, and the thickness was
measured again in the same location. The coating thickness was
the difference of the 2 thickness measurements. A minimum of 3
thickness measurements were carried out for each coating type.

2.5. X-ray Photoelectron Spectroscopy (XPS). X-ray
photoelectron spectroscopy (XPS) analysis was used to
characterize the surface chemistry (surface elemental composi-
tion) of the coatings. XPS analysis was performed using an AXIS
Ultra-DLD spectrometer (Kratos Analytical Ltd., UK) equipped
with a monochromated Al Kα X-ray source at a power of 180 W
(12 mA, 15 kV). An internal electron flood gun was used to
compensate for sample charging during irradiation. All of the
elements presented were identified from low-resolution survey
spectra (acquired at a pass energy of 160 eV). The atomic
concentrations of the detected elements were calculated using
integral peak intensities and sensitivity factors supplied by the
manufacturer. Data processing was performed using CasaXPS
processing software, version 2.3.21 (Casa Software Ltd.,
Teignmouth, United Kingdom).

2.6. Antimicrobial Testing. 2.6.1. Zone of Inhibition
Assay. Bacterial stocks were streaked onto nutrient agar plates to
be used as a working stock. After 24 h of incubation at 37 °C, a
single colony from the streaked plate was used and inoculated in
10 mL of Mueller−Hinton broth (MHB), which was incubated
overnight (180 rpm) at 37 °C. This culture was further diluted in
MHB to obtain 106 colony-forming units per mL (cfu mL−1).
Cultures were spread evenly onto agar plates by using a sterile
swab. Sterile filter paper discs (6 mm Ø, Oxoid antimicrobial
susceptibility test discs) previously coated with mixtures of the
polymeric formulation and individual antimicrobial compounds
at a 5% (v/w) concentration were gently pressed onto the
surface of the agar plates. Discs coated with the polymeric film
alone were used as the controls. Plates were then inverted and
incubated for approximately 24 h at 37 °C, and the diameter of
the inhibition zones was measured in millimeters, including the
diameter of the disc.
2.6.2. Biofilm Experiments. Bacterial stocks were streaked

onto nutrient agar plates to be used as a working stock. After 24 h
of incubation at 37 °C, a single colony from the streaked plate
was used and inoculated in 10mL ofMHB, which was incubated
overnight (180 rpm) at 37 °C. For the biofilm test, aluminum
discs (6 mm-diameter laser-cut aluminum discs) with both sides
coated with specific antimicrobial polymer combinations were
incubated for 24 h at 37 °Cwith 50 μL of bacteria solutions (106

cfumL−1). After incubation, samples were gently washed 3 times
using sterile phosphate-buffered saline (PBS) to remove any
planktonic cells. The samples were then individually transferred
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to sterile Eppendorf tubes containing 1 mL of sterile PBS.
Samples were vortexed (3 times for 30 s) and sonicated for 10
min to detach the bacterial biofilm from the surface. After
sonication, samples were vortexed again for 30 s. The
suspensions obtained were serially diluted, and aliquots of 20
μL were plated on nutrient agar plates for viable counts.

2.7. Antiviral Efficacy According to ISO 21702:2019.
2.7.1. Human Coronavirus Inactivation Assay.Twenty-five μL
of OC43 at 4 × 107 TCID50/mL (diluted in EMEM 1% FCS to
give 1 × 106 TCID50/25 μL) was applied to selected coatings
on 15 mm aluminum discs containing one, two, or three
antimicrobial components placed into sterile 24-well tissue
culture plates. Samples were then incubated for 1 h in a class II
biosafety cabinet (lid of the plate left on), with each sample
being tested in triplicates. Similarly, the final selection of
coatings representing 3 different antimicrobial components
were incubated for 30 min with 25 μL of OC43 at 4 × 107

TCID50/mL (diluted in EMEM 1% FCS to give 1 × 106

TCID50/25 μL), and each sample was tested in quadruplicates.
As controls, 25 μL of 1% EMEM or 1% DMEM was added to
assess cell toxicity of the materials. Samples were assayed in
MRC-5 cells. One h post virus/media addition, samples were
collected in 975 μL of virus infectivity assay media (EMEM 1%
FCS) and immediately transferred to a sterile 1.7 mL tube. All
samples and virus inoculums were stored at −80 °C upon
harvest, until the infectivity assay was performed. The cell
toxicity of the components was verified by adding 25 μL of
media for 1 h. Data were analyzed by ordinary one-way ANOVA.
2.7.2. Measure of Viral Infectivity using the TCID50 Assay.

Human coronavirus (OC43) infectivity following exposure to

different materials was determined by using a TCID50 assay in
MRC-5 cells. Cells were seeded at a final concentration of 1 ×
106 cells/10 mL in growth media and incubated overnight at 37
°C/5% CO2 or until 30−40% confluence was achieved.
Samples/viruses were then serially diluted in the required
amount of 1% EMEM. A 200 μL portion of each sample was
pipetted into a 96-well plate. Samples were analyzed in
quadruplicates. Plates were incubated for 5 days at 35 °C/5%
CO2. Finally, the cytopathogenic effect (CPE) was observed
using light microscopy, and the tissue culture infectious dose
(TCID50) was calculated using the Karber method.39

3. RESULTS AND DISCUSSION
The work described in this study is based on the hypothesis that
the combination of agents with known antimicrobial activity in a
polymer coating can achieve much more potent antimicrobial
activity compared to the individual components against both
bacterial and viral pathogens. To test this hypothesis, different
antimicrobial agents representing 3 different categories of
antimicrobial agents were employed, including the following:

1. Metal/metal oxide nanoparticles (Cu(II)O, silver,
copper, and silver-coated copper)

2. Essential oils (cinnamaldehyde, tea tree oil, and carvacrol)
3. Cationic polymers (ε-PL and PHMB)

A schematic representation of the process employed to select
the best antipathogenic combinations is presented in Figure 1.
Antibacterial testing was attempted for all sample types using
representative Gram-positive and Gram-negative bacteria.
Starting with screening experiments for polymer formulations

Figure 1. Schematic representation of the polymer coating fabrication and selection process. Substrates representing the unmodified polymer were
used as the controls. Coatings representing 1 antimicrobial component were then fabricated and tested in a zone of inhibition test. The lead candidates
were then selected for a second set of experiments, in which coatings with 2 components were tested using a biofilm 96-well plate assay. Based on these
results, samples with 3 components were fabricated and tested in the biofilm 96-well plate assay. In parallel, selected samples containing 1, 2, and 3
components underwent the antiviral ISO 21702:2019 test.
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containing 1 antimicrobial component, subsequent selection
experiments using 2- and 3-component combinations were
tested to identify lead candidates containing 3 components. In
parallel, selected samples representing 1, 2, and 3 components
were also tested for antiviral efficacy. These experiments were
used to verify 3-component coating candidates with broad
antipathogen activity.

3.1. Surface Analysis. Coating thickness measurements
were carried out using a micrometer after application of the
commercial nail polish polymer formulation as well as
combinations of 1, 2, and 3 antimicrobial components on
aluminum substrates. The coating thickness measured across the
samples varied between 55 and 98 μm. However, the average
coating thickness determined for the different formulations
remained constant at 75 μm.

To confirm the composition of the surface of the selected
coatings used in this study, X-ray photoelectron spectroscopy
(XPS) analysis was employed (Table 1). As the XPS method
provides an information depth of approximately 10 nm, the
method is often used in studies related to biointerfacial
interactions, including pathogen−material interactions. Here, a
first observation is that the elemental composition of all samples
is very similar to the unmodified commercial nail polish polymer
control sample, emphasizing the fact that the antimicrobial
components are incorporated in the polymer bulk (rather than
being present at the surface) as expected. This observation is
further supported by the fact that the element copper was not
detected at the surface of any of the samples. However, a slight
change in the elemental composition was observed for all
samples containing the small molecule cinnamaldehyde. The
observed small decrease in the oxygen content and the
corresponding small increase in the carbon content on these
samples are consistent with some of this compoundmigrating to
the surface in a hydrophobic environment such as air. Only a
small amount of silicon, a common contamination in XPS
experiments, was observed on all of the coatings.

3.2. Bacterial Testing. 3.2.1. Single-Component Coatings.
Homogeneous mixtures representing single antimicrobial
components within the polymer formulation were first
fabricated. Filter papers were coated with each individual
formulation, and their in vitro antibacterial activity against both

Gram-positive and Gram-negative bacteria was assessed via the
zone of inhibition test as shown in Figure 2. Across the
compounds tested, more compounds were active against the
Gram-positive S. aureus bacteria compared to the Gram-negative
P. aeruginosa. The cationic polymers PHMB and ε-PL were the
only compounds that showed antibacterial effects on both types
of bacteria (Figure 2G,H). Based on these results, both PHMB
and ε-PL were included in further screening experiments.
Electrostatic interactions between these polymers and the
bacterial cell membranes and, for the specific case of PHMB,
DNA binding have been proposed as the mechanism of
action.40,41 It is known that the structural characteristics of the
external membrane of Gram-negative bacteria, particularly its
thickness and composition, confer more protection against
antimicrobial agents when compared to Gram-positive bacteria.

Screening of the essential oils (EOs) showed activity of
cinnamaldehyde and carvacrol against S. aureus. Figure 2D
shows cinnamaldehyde being particularly effective with the
biggest zone of inhibition of all compounds (∼25 mm)
observed. Here, the antimicrobial activity of EOs is suspected
to be related to their lipophilic characteristics. EOsmay interfere
with DNA and RNA synthesis, cell membranes, transport of
electrons, ionic gradients, protein translocation, phosphoryla-
tion, and other enzyme-dependent reactions.42,43 Again, the
higher susceptibility of Gram-positive bacteria to EOs compared
to Gram-negative bacteria has been attributed to the different
characteristics of their cell membranes, where the outer
membrane of Gram-negative bacteria may limit the diffusion
of hydrophobic compounds.25,29 Based on the results, only
cinnamaldehyde was included in the next round of testing.

Metal ions are expected to translocate cell membranes,
interrupting DNA duplication and degrading intracellular ATP.
They may also lead to cellular damage through the generation of
reactive oxygen species (ROS) and electrostatic interac-
tions.23,44,45 Figure 2B,C shows the lack of a clear zone of
growth inhibition around the metal and metal oxide samples,
which could be attributed to the limited diffusivity of the ions
and/or other species released by the nanoparticle-containing
samples into the agar plate. This effect may be closely related to
the ion releasing mechanism intrinsic to each material used in
this study.46 However, a secondary blurred zone around the

Table 1. XPS Analysis of Polymer Coatings Representing Unmodified Controls and Combinations of 1, 2, and 3 Antimicrobial
Components

O% N% C% Si%

samples mean std mean std mean std mean std

polymeric film 32.6 0.2 5.1 0.2 62.1 0.2 0.1 0.0
Individual components (5%)
cinnamaldehyde 31.3 0.2 4.5 0.2 64.0 0.4 0.3 0.1
Cu(II)O 32.7 0.2 5.0 0.1 62.0 0.3 0.2 0.0
ε-PL 32.9 0.1 5.1 0.2 61.8 0.2 0.2 0.1
PHMB 32.9 0.2 5.1 0.1 61.8 0.2 0.2 0.0
Two-component combination (2.5% each)
cinnamaldehyde/Cu(II)O 31.3 0.1 4.6 0.1 63.9 0.2 0.3 0.1
cinnamaldehyde/PHMB 31.1 0.3 4.5 0.2 64.2 0.3 0.2 0.1
cinnamaldehyde/ε-PL 31.8 0.1 4.8 0.2 63.1 0.2 0.3 0.1
Cu(II)O/PHMB 32.9 0.4 5.1 0.1 61.7 0.4 0.3 0.1
Cu(II)O/ε-PL 32.8 0.2 5.1 0.3 61.8 0.5 0.2 0.1
ε-PL/PHMB 32.7 0.1 5.1 0.1 62.0 0.1 0.3 0.1
Three-component combination (2.5% each)
Cu(II)O/Cinnamaldehyde/ε-PL (LY) 31.5 0.3 4.7 0.2 63.5 0.4 0.3 0.1
Cu(II)O/Cinnamaldehyde/PHMB (PB) 30.6 0.5 4.5 0.1 64.7 0.5 0.2 0.1
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silver-coated nanoparticle samples (Figure 2B top) was
observed, when tested against S. aureus. This zone likely is
associated with a bacteriostatic effect where ions released from
the nanoparticles prevent bacteria from growing rather than
killing them.47We concluded that this specific test may not be an
appropriate method to confirm the antibacterial activity of the
metal and metal oxide nanoparticles included in this study.
Therefore, both Cu(II)O and silver-coated copper particles
were included in the next round of testing based on their widely
recognized antibacterial activity. Moreover, based on their
widely recognized antibacterial activity, silver and copper
nanoparticles were also added to the analysis.
3.2.2. Two-Component Coatings. In the second round of

antimicrobial testing, the activity of combinations of two of the
selected compounds, one from each class (metal/metal oxide
nanoparticles and essential oils), against Gram-positive and
Gram-negative bacteria was evaluated. Cationic polymers were
not included in this set of experiments as their ability to inhibit
the growth of both S. aureus and P. aeruginosa was previously
demonstrated via the zone of inhibition test. Coated samples
were subjected to a quantitative 96-well plate biofilm experiment

where viable counts were assessed, and the results are presented
in Figure 3. Aluminum substrates with a diameter of 6 mm were
painted on both sides with the corresponding combinations.
Samples were incubated with both Gram-positive and Gram-
negative bacteria for 24 h. Then, samples were washed to remove
any nonadherent planktonic bacteria followed by the detach-
ment of the bacterial biofilm in PBS. Aliquots of the solution
were diluted and plated on agar to evaluate bacterial viability.
Only combinations containing cinnamaldehyde showed a
reduction in S. aureus bacterial viability. The highest activity
with a 5-log reduction of S. aureus colony counting was observed
when cinnamaldehyde was combined with either copper oxide
or silver-coated copper nanoparticles. Based on these results,
cinnamaldehyde, copper oxide, and silver-coated copper
nanoparticles (as the only metals) were included in the next
round of testing.

The higher antibacterial activity of cinnamaldehyde against S.
aureus compared to other bacterial strains including Gram-
negative Escherichia coli has previously been reported.48 A study
using methicillin-resistant S. aureus (MRSA)49 showed how the
presence of cinnamaldehyde at subminimum inhibitory

Figure 2. Antibacterial activity of different coating samples representing a single antimicrobial component evaluated using the zone of inhibition test.
The concentration of compounds was set at 5% (w/v) and tested using S. aureus and P. aeruginosa with (A) unmodified polymer (control). (B) AgCu
nanoparticles. (C) Copper dioxide (Cu(II)O). (D) Cinnamaldehyde. (E) Carvacrol. (F) Tea tree oil. (G) ε-PL. (H) PHMB.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c02235
ACS Omega 2024, 9, 32662−32673

32667

https://pubs.acs.org/doi/10.1021/acsomega.4c02235?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02235?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02235?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02235?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c02235?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


concentrations drastically affected the expression of the gene
SarA, a regulator of the biofilm-associated protein (Bap),
reported to be crucial for the adherence and biofilm formation
by this strain.50

Despite the promising result toward Gram-positive bacteria,
none of the combinations promoted a sufficient reduction in the
viability of the Gram-negative P. aeruginosa biofilm as seen in
Figure 3.
3.2.3. Three-Component Coatings. Combinations of either

copper oxide or silver-coated copper nanoparticles with
cinnamaldehyde from the two-compound coatings showed a
significant reduction in S. aureus viability. The lack of activity of
these 2-component combinations against P. aeruginosa con-
trasted the effectiveness displayed by the cationic polymers in
the zone of inhibition test. In order to ensure activity of the
coatings against Gram-negative bacteria and, therefore,
accomplish broad-spectrum coatings, PHMB and ε-PL cationic
polymers were incorporated into a three-compound coating
system. The details of the combinations fabricated for this set of
experiments are presented in Table 2.

The three-component coatings were evaluated via a biofilm
experiment similar to what was previously conducted with the
two-component coatings. All combinations (A−D) showed
significant activity against both S. aureus and P. aeruginosa, with
the absence of bacterial growth after 24 h of incubation being
observed in Figure 4. However, despite the effectiveness of all
combinations, samples A and B containing silver-coated
nanoparticles showed instability of the polymer formulation

over time after the addition of all components, limiting the use of
these formulations due to an insufficient shelf life. Therefore,
these formulations were discarded for further experiments, and
only the Cu(II)O/cinnamaldehyde/ε-PL (LY) and Cu(II)O/
cinnamaldehyde/PHMB (PB) combinations were employed in
further experiments.

Figure 5 shows the logarithmic reduction of the cfu/mL
obtained from the viable counting of samples C (LY) and D
(PB). Significant differences (p < 0.0001) between the control,
polymeric film samples, and the three-component coatings were
observed. Samples LY and PB showed a 5-log and more than 6-
log reduction in the viable counting of S. aureus and P.
aeruginosa, respectively.

PHMB and its proteolysis resistance properties51 have been
suggested as a candidate for the treatment of chronic ulcers
where P. aeruginosa is present. This cationic polymer has been
widely employed in hospitals and a range of industries as a result
of its antibacterial and antiviral properties;41 however, its
inherent toxicity against mammalian cells must be considered.
The ability of PHMB to penetrate bacterial membranes leading
to bacterial death has commonly been accepted as its
mechanism of action.52 PHMB has been incorporated into for
example polydimethylsiloxane (PDMS) films where inhibition
of E. coli, S. aureus, and Staphylococcus epidermis among other
strains has been reported at different loading concentrations
(0.1, 0.3, and 0.5% (w/w)).53 Despite the described low
cytotoxicity against L929 cells of the PHMB-loaded samples at a
concentration of 0.1%, another study has highlighted the
likelihood of PHMB entering mammalian cells.41 Chindera et
al.41 also suggested a mechanism of action of PHMB, which
involves DNA binding. This mechanism of chromosome
condensation, apart from resulting in toxicity, may also represent
a path for bacteria to develop resistance against this compound.

In the case of ε-PL, electrostatic adsorption as a result of its
cationic nature has been recognized as the mechanism of
action.54 ε-PL has been widely used in food applications,55 but
recently, its uses have been expanded into medical research and
industrial applications. For biomedical applications, ε-PL has
been grafted to methacrylamide for the fabrication of hydrogels,
which showed a 3-log reduction of P. aeruginosa in vitro.56

Figure 3. Biofilm experiment using aluminum substrates. Logarithmic reduction of cfu/mLwas obtained from the viable counting of the samples. Both
S. aureus and P. aeruginosa were evaluated. Data were analyzed by ordinary one-way ANOVA using multiple comparisons to the baseline (****p <
0.0001, ***p = 0.0003).

Table 2. Three-Component Combination Samples Used in
This Study

sample metals/metal oxide essential oil
cationic
polymer

A silver-coated copper
nanoparticles

cinnamaldehyde ε-PL

B silver-coated copper
nanoparticles

cinnamaldehyde PHMB

C Cu(II)O cinnamaldehyde ε-PL
D Cu(II)O cinnamaldehyde PHMB
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Similarly, in another study, ε-PL was cross-linked with catechol
for the fabrication of antibacterial coatings for medical devices.
These coatings at the highest concentration of ε-PL reported a
99.99% reduction in both Gram-positive and Gram-negative
bacteria as well as the ability to inhibit biofilm formation for 1
week.57 When the antimicrobial properties of ε-PL were
evaluated against different strains of P. aeruginosa, a 3-log
reduction in the viability was reported when concentrations
greater than two times the minimum inhibitory concentrations
were employed. ε-PL was reported to hold the highest microbial
selectivity over mammalian cells compared to other cationic
polymers such as linear polyethylenimine (LPEI), α-poly-D-
lysine (PDL), and α-poly-L-lysine (PLL), among others.58

Therefore, toxicity issues are more likely to be dismissed using ε-
PL instead of PHMB.

3.3. Viral Infectivity Assay. Two viral infectivity assays
were performed. The first assay examined the antiviral activity of
1-, 2-, and 3-component coatings on OC43 after 1 h of
incubation. The second assay evaluated the antiviral activity of
the final 3-component coatings Cu(II)O/cinnamaldehyde/ε-

Figure 4. 96-Well plate biofilm experiment using a coating representing three different antimicrobial components. Agar plates A1−E1 used S. aureus,
while plates A2−E2 used P. aeruginosa. The different coatings tested were the control, unmodified polymeric matrix control samples, (A1−2) Ag−Cu/
cinnamaldehyde/ε-PL combination coatings, (B1−2) Ag−Cu/cinnamaldehyde/PHMB combination coatings, (C1−2) Cu(II)O/cinnamaldehyde/ε-
PL (LY) combination coatings, and (D1−2) Cu(II)O/cinnamaldehyde/PHMB (PB) combination coatings.

Figure 5. 96-Well plate biofilm experiment using a coating representing
three different antimicrobial components. Logarithmic reduction of the
cfu/mL obtained from the viable counting of Cu(II)O/cinnamalde-
hyde/ε-PL (LY) and Cu(II)O/cinnamaldehyde/PHMB (PB) combi-
nation samples. Data were analyzed by ordinary one-way ANOVAusing
multiple comparisons to the baseline (****p < 0.0001).

Figure 6. Viral infectivity assay of coatings representing 1, 2, or 3 components. The cell toxicity of the components was verified by adding 25 μL of
media for 1 h. The initial inoculum, limit of detection of the TCID50 assay (LOD), and cell toxicity for samples containing the PHMB component (PB
+PHMB tox) are shown on the graph (dotted lines). Data were analyzed by ordinary one-way ANOVA using multiple comparisons to the baseline
(***p < 0.0005; **p < 0.005).
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PL (LY) and Cu(II)O/cinnamaldehyde/PHMB (PB) and the
control material on the infectious OC43 virus at 30 min and 1 h
of incubation.

The TCID values for the OC43 virus after exposure to the
tested samples for the first assay are presented in Figure 6. The
PHMB polymer as a single component and as part of the 3-
component coatings showed toxicity toMRC-5 cells, in line with
a previously reported study.41 The toxicity of all other
components was negligible. Of the single components, the
viral infectivity of OC43 was significantly lower in the
cinnamaldehyde and PHMB-treated samples (p < 0.0005), in
comparison to the baseline. There was no significant reduction
of OC43 infectivity for Cu(II)O and ε-PL-treated samples after
1 h; however, the combination of Cu(II)O with ε-PL resulted in
a significant reduction of infectious OC43 in comparison to
polymeric film control samples (p < 0.005). Similarly, the
infectious virus was reduced for samples treated with Cu(II)O
combined with cinnamaldehyde (p < 0.0005); however, this
reduction was comparable to cinnamaldehyde alone. A
maximum reduction in the infectious virus was observed for
the 2-component cinnamaldehyde and ε-PL coating, as well as
the 3-component samples (p < 0.0005). For coatings
representing 3 components (LY and PB), the reduction of
infectious OC43 was greater than 99.9% in comparison to the
baseline.

In order to extend the testing of the antiviral properties of the
lead candidate samples, the LY and PB samples, which showed
the best performance in the antimicrobial testing as well as in the
first round of antiviral testing, were then tested against the
infectious human coronavirus OC43. Figure 7 shows TCID

values for the OC43 infectious virus after exposure to the tested
compounds. Again, cell toxicity was observed for PB-treated
discs in MRC-5 cells due to the presence of the PHMB
component. The toxicity of the LY component was equal to the
limit of detection after 1 h, but not detectable at 30 min. There
was a significant reduction in OC43 infectivity for every
compound at both 30 min and 1 h time points. After 30 min,
OC43 infectivity was reduced by 63.9 and 83% when exposed to
LY and PB compounds, respectively (p = 0.002 for LY and p <
0.001 for PB). By 1 h, OC43 infectivity was reduced by 99.99%
for the PB and LY compounds (p < 0.001 for both). The
measured OC43 infectious virus after exposure to the
compounds was equal to the cell toxicity observed for the LY
and PB compounds in the absence of virus.

The ability of viral particles to retain infectivity in the
environment andmainly on surfaces can be influenced by several
factors such as the type of surface, environmental characteristics
(humidity and temperature), inherent characteristics of the
virus, their surroundings, and chemical properties.59 In terms of
structure, enveloped viruses are composed of structural proteins
that perform essential functions including acting as viral
antigens, protecting the viral genome, collaborating for attach-
ment to cells, and facilitating transfer of viral nucleic acids.60

Coronaviruses are enveloped single-stranded ribonucleic acid
(ssRNA) viruses. SARS-CoV-2 encodes structural proteins
including host−cell recognition spike (S) glycoprotein, as well
as membrane (M) and envelope (E) glycoproteins and
nucleocapsid (N) phosphoprotein.61 Most of the studied
antiviral surfaces have reported effectiveness for enveloped
viruses due to the instability of their phospholipid layer against
physical disruption.62 Here, we have presented synergistic
coatings with broad antipathogenic activity, including activity
against enveloped human coronavirus OC43. This outstanding
ability was exclusively achieved as a result of the combination of
three different components, where each compound contributed
in a specific fashion to the overall activity. Although the study of
the mechanism of action of each compound is beyond the scope
of this paper, other authors have studied their therapeutic
potential in the specific context of SARS-CoV-2. Supporting the
effectiveness of cinnamaldehyde observed here, Kulkarni et al.63

evaluated the antiviral properties of a variety of essential oils
using molecular docking and the conceptual density functional
theory. Cinnamaldehyde is one of the best scoring phytochem-
icals considering its high docking score to the S1 subunit of the
(S) glycoprotein and high electronegativity, both reassuring its
high efficiency of inhibition and potential antiviral properties. In
terms of polycationic compounds, they have been reported to
inhibit the in vitro replication of enveloped viruses, e.g.,
retroviruses. Specifically, polylysines have attached to phospho-
lipids at the cell membrane hindering viruses such as herpes
simplex virus (HSV-1) from binding to cells.64 Moreover, the
interactions between ε-PL and negatively charged groups in cell
membranes imply low toxicity against mammalian cells as well as
susceptibility differences upon changes in membrane composi-
tion.65 This low toxicity favors the use of ε-PL compared to its
counterpart PHMB especially for applications in healthcare
environments.

Finally, when using metal ions, evidence of the inactivation of
the enveloped virus has been correlated to a reaction between
those ions and the thiol and disulfide bonds of viruses’ proteins
and enzymes.62 Moreover, the damage to the viral genome by
metal ions could also be associated with reactive oxygen species
(ROS).66

Overall, the combination of the selected three antipathogenic
compounds led to the fabrication of broad-spectrum antipatho-
genic coatings, providing the potential to contain the surface-
based transmission and spread of microorganisms. This simple
but highly effective coating technology is expected to find
applications in environments where surface pathogen trans-
mission is particularly problematic, such as hospitals, aged care
facilities, or public transport.

On the path to commercial translation, future work will be
required to evaluate the long-term durability and effectiveness of
the coatings, including under real-world conditions. Assessing
the effectiveness of the antipathogen activity after repeated
cleaning cycles or exposure to environmental factors will provide
valuable information to potential users and will ultimately

Figure 7.Component antiviral testing onOC43. Data were analyzed by
two-way ANOVA using multiple comparisons to the baseline (***p <
0.001; **p = 0.002).
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determine the instructions for the use of the coating. Here, it is
expected that durability tests will be carried out by certified
laboratories that are able to collect information according to
relevant standards, such as ASTME2149-2067 and ISO 22196,68

while testing under real-world conditions is expected to be
carried out in controlled studies in healthcare environments.69

4. CONCLUSIONS
In this study, the combination of up to 3 different classes of
compounds with documented antipathogen activity within a
polymeric matrix was explored to enable the fabrication of
coatings with broad-spectrum activity against bacterial and viral
pathogens. Compounds were either based on metals or metal
oxides, namely, copper, silver, and copper oxide, essential oils,
namely, cinnamaldehyde, tea tree oil, and carvacrol oil, or
cationic polymers, namely, poly(ε-lysine) (ε-PL) and poly-
(hexamethylene biguanide) (PHMB). These compounds were
mixed into a commercial nail polish polymer matrix, coated onto
substrate materials, and dried to yield a durable coating with a
consistent thickness. Samples representing coatings containing
up to 7.5% (w/w) of either 1, 2, or 3 different candidates from
the different classes were assessed for their antibacterial activity
in the zone of inhibition tests and biofilm formation assays using
S. aureus and P. aeruginosa. Here, copper oxide and
cinnamaldehyde displayed superior activity against Gram-
positive bacteria after incorporation into the coatings. However,
only the cationic polymers were effective toward the Gram-
negative bacteria when incorporated into the polymer coatings.
The screening of combinations representing three different
additives resulted in the identification of a polymer coating
formulation with broad-spectrum antibacterial properties.

Formulations comprising a metal-based component (Cu(II)-
O), an essential oil (cinnamaldehyde oil), and a cationic
polymer (either ε-PL or PHMB) within the polymeric base
provided a 5-log reduction and more than a 6-log reduction in
the colony-forming units of S. aureus and P. aeruginosa compared
to controls. Moreover, the antiviral activity of the coatings was
assessed using a viral infectivity assay using the human
coronavirus OC43. Here, the selected combination of additives
representing all 3 different classes of compounds was able to
provide a 4-log reduction in infectivity.

Our data demonstrate that the concept of using multi-
component antimicrobial coatings to provide broad-spectrum
synergistic effects is suitable for exploitation in the context of
frequently touched surfaces.

It is expected that this easy-to-apply but highly effective
surface coating technology will find applications in environ-
ments where surface pathogen transmission is particularly
problematic such as hospitals, aged care facilities, or public
transport. Here, the reduction of the risk of transmission of both
bacterial and viral infectious diseases that the technology is
promising may provide significant benefits.
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