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a b s t r a c t

Microorganisms can be found in almost all environments with high-touch surfaces being

an important fomite for microbial growth. Considering the health issues associated to

acquired infection from inanimate surfaces, as well as the raising hygienic concerns, the

incorporation of antimicrobial compounds in high-touch surfaces emerges as an effective

solution for biomedical and common daily applications.

In this work, we incorporated different antimicrobial agents (phenolic-, ionic- and

copper-based compounds) into polyurethane commercial formulations to produce anti-

microbial lacquer-films and evaluated not only their physical/chemical properties, but also

their antimicrobial activity against bacteria (Staphylococcus aureus, Escherichia coli), fungi

(Candida albicans), and virus (SARS-CoV-2).

The incorporation of antimicrobial agents did not affect the performance of lacquer-

films and the main properties were maintained, specifically the visual aspect, gloss

values, optical properties and chemical stability.

Among the different compounds tested, copper-based lacquer-films exhibited the

strongest antibacterial and antifungal activity, with a >4 log reduction, but not against

virus. Importantly, copper-based lacquer-films maintained their cytocompatibility, even at

high concentrations. Regarding the ionic lacquer-films, the highest tested concentration

also showed a strong antimicrobial action (5 log reduction) against fungi and gram-positive

bacteria, but not against gram-negative bacteria and virus. However, at this concentration,

the ionic-containing lacquer-films presented cytotoxic potential. The phenolic-based

compounds were not associated with antimicrobial activity, regardless the concentra-

tions tested.

Collectively, these results highlight the potential of incorporating antimicrobial agents

in polyurethane surface coatings as a promising strategy to avoid the microbial
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colonization on inanimate surfaces and, ultimately, prevent the spreading of potentially

harmful pathogens among humans.

© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Inanimate surfaces have an important role in the trans-

mission of pathogens. These surfaces can act as secondary

reservoirs for microorganisms and offer important opportu-

nities for the transmission and dissemination of pathogens

among humans [1,2]. This situation is particularly relevant in

indoor environments, in which humans spend almost 90% of

their lives [3e5]. These indoor environments are characterized

as multi-shared and confined spaces in which air (e.g. venti-

lation systems, air conditioning devices, airborne particles),

high-touch surfaces (e.g. door handles, faucets, light switches)

and water systems are the most common routes for microbial

transmission [6].

Several studies have been published related to the persis-

tence of pathogens on inanimate surfaces, including door

handles of public service cars [7], automobile indoor surfaces

[8], and frequently touched objects in healthcare facilities [9].

These studies identified Streptococci, Enterococci, Klebsiella

pneumoniae, Salmonella ssp., Escherichia coli, and Staphylococci

as the most common contaminating bacteria [10]. Among

Staphylococci, methicillin-resistant S. aureus (MRSA) have

been a rising concern given its generalized dissemination,

increased persistence, and resistance to b-lactam antibiotics

[11]. Other common group of microorganisms potentially

pathogenic for humans are fungi [12,13]. The most common

fungi identified on inanimate surfaces include Aspergillus spp.

[14], Cryptococcus spp. [15], Candida spp. [1,16], and Torulopsis

glabrata [1]. Importantly, the concern about viral persistence on

inanimate surfaces has been highlighted in the last years, in

particular after the COVID-19 pandemic, as an increasing

concern for public health [17] and include hepatitis A virus

(HAV), rhinoviruses, corona-, noro- and rotaviruses [16].

The persistence of microorganisms on inanimate surface

varies according to the type and surface properties, type(s) of

pathogen, microbial burden, and environmental conditions

[18]. S. aureus can persist in low humidity conditions over

time. On the contrary, gram-negative bacteria, such as Pseu-

domonas spp., Klebsiella spp. and E. coli, improve their survival

rates in high relative humidity [1]. Furthermore, bacteria and

fungi show different survival rates depending on the type of

material surface they encounter, i.e. glass, stainless steel,

aluminum, wood and cloth [18e20]. In addition, viruses, such

as corona, coxsackie, influenza, or rhino virus, can persist in

inanimate surfaces, such as surgical gloves, aluminum, glass,

silicon, ceramic, metal or wood [21]. Specifically, Human

Coronavirus 229E survives on polymer substrate up to 5 days at

21�C [22]. Biofilm formation is also an important factor for

survival rate. In a biofilm state, bacteria are at least 500 times

more resistant to antimicrobial agents. The biofilm matrix

contains water, nutrients and extracellular substances like
polysaccharides and proteins, that not only provide a nutri-

tional source but also a certain level of humidity that protects

the microorganisms against environmental influences [1].

Considering the ability of microorganisms to persist and

survive for long periods of time in inanimate surfaces, the use

of antimicrobial compounds emerges as an attractive solution

for biomedical and commondaily applications. Some examples

include anti-fouling materials [23], industrial water systems

[24], electronic materials (e.g. keyboards [25]) and medical de-

vices (e.g. catheters, endotracheal tubes [26] and implants [27]).

Polymer materials can be modified to enhance their anti-

microbial performance by following different strategies: (i)

modification of the polymer surface properties without an

antimicrobial agent; (ii) deposition of an antimicrobial com-

pound directly on the polymer surface or after a chemical

surface modification; and (iii) incorporation of the antimicro-

bial compound in the polymer matrix. The first strategy is

based on polymer modification of the chemical or physical

properties of the surface, including its free energy, polarity, or

topography. The second approach involves the immobiliza-

tion of an antimicrobial agent at the surface material by sur-

face deposition techniques. The last strategy can be carried

out by incorporating the antimicrobial agent in the polymer

solution or by dispersing the antimicrobial agent in the poly-

mer bulk [28]. Although the development of polymeric coat-

ings with antimicrobial agents is an important strategy to

avoid the colonization of microorganisms on inanimate sur-

faces [29], the selection of antimicrobial compounds is a crit-

ical step to produce antimicrobial coatings, since the intrinsic

properties of antimicrobial agents can impact the properties

of the final product [29] and, ultimately its functionality.

Moreover, manufacturing process parameters are a key factor

when producing antimicrobial polymeric coatings since ma-

terials must withstand extreme pressure and temperature

conditions while keeping antimicrobial activity.

The most frequent antimicrobial agents incorporated in

polymer materials are quaternary ammonium compounds

[30], metal based-compounds [31], antimicrobial peptides [32],

antibiotics [33], as well as other organic (such as chlorhexi-

dine, povidine-iodine or triclosan) [34,35], and inorganic

compounds (graphene based-compounds) [36,37]. Phenolic-

based compounds are a large group of molecules based on a

hydroxyl group attached to one or more aromatic benzene

ring(s) [38]. Due to their antioxidant properties, these com-

pounds represent an important group of metabolites in plants

with a wide range of biological properties [39,40]. In materials

science, phenolic-basedmaterials have been used as additives

in the food packaging industry [41]; as films stabilizers when

incorporated in polymeric matrices [42]; in tissue engineering

[43]; and as a commercial form as epoxy phenolic resins/

compounds [44]. Phenols can be classified in different groups

according to the phenol units and the structural elements
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linked to aromatic groups. The phenol-based compounds

chosen for this study were [1,10-Biphenyl]-2-ol, mostly know

as 2-phenylphenol or o-phenylphenol (OPP), which is a class of

hydroxybiphenyl groups in which a biphenyl is substituted by

a hydroxyl group at position 2; and 2-phenoxyethanol (PE). PE

is not a pure phenol, but rather a derivative from a phenolic

compound with a 2-hydroxyethyl group substituting the aro-

matic ether on oxygen. Both OPP and PE are used as pre-

servatives for surface disinfection, wood treatment, vegetable

packaging, textiles, and cosmetics, due to their large spectrum

of action against gram-negative and gram-positive bacteria as

well as against fungi [45].

In addition to the antibacterial activity associated to

phenol-based-compounds [46], antiviral (against rabies virus)

[47] and antifungal activity (against Candida albicans and Tri-

chophyton rubrum) [48] has also been described. In particular, it

has been shown that OPP and other derivatives of phenolic

compounds have potential effect over different types of virus,

such as human immunodeficiency virus (HIV), herpes simplex

virus (HSV) or hepatitis B viruses [49].

Ionic-based liquids (IL) are a new class of compounds that

have been gaining more attention since the beginning of the

century, not only as an alternative green approach to organic

solvents in industrial processes [50], but also in detergents

and cosmetics [51]. The possibility to physically, chemically,

and biologically modify each constituent of IL independently

(cationic head and tail, and anion) makes these compounds

interesting molecules for biomedical and industrial applica-

tions as antimicrobial agents [52e54]. In fact, it is estimated

that there are 1018 possible combinations [55]. 1,3-didecyl-2-

methylimidazolium chloride (DMIC) is one of those combi-

nations and comprises a heterocyclic group with a chloride

anion. Antimicrobial properties of IL depend on their struc-

ture, in particular the cationic organic head group, the tail

(usually an alkyl linear chain with a variable length) and an

organic/inorganic or biobased anion [55].

Finally, the use of metal based-compound materials has

gained great interest not only in the biomedical field but also

in physical and materials science due to their intrinsic

properties, including good compatibility with biological tis-

sues and bioactivity, high density, high melting point and

thermal conductivity [56]. The most common metal com-

pounds used as antimicrobial agents are silver, titanium,

gold, calcium, magnesium, and copper-based compounds

[57]. The Environmental Protection Agency (EPA) of the

United States has approved copper's ability to inactivate or

kill 99.9% pathogenic bacteria within 2 h [2]. Importantly,

copper's antimicrobial properties are maintained regardless

the mode of presentation, whether that be in bulk form [58];

associated to nanoparticles [59e62]; incorporated in coating

material alone or combined with other compounds (e.g. with

lactic acid) [63]; or associated to metal-organic frameworks

[64].

In this work, antimicrobial polyurethane (PUR) lacquer-

films were produced with the incorporation of different

antimicrobial agents to avoid the colonization by microor-

ganisms on inanimate surfaces and ultimately prevent the

spreading of potentially harmful pathogens among humans.

The antimicrobial lacquer-film was obtained by adding

phenolic-based compounds such as: 2-phenylphenol (OPP) or
2-phenoxyethanol (PE); an ionic-based compound: 1,3-

didecyl-2-methylimidazolium chloride (DMIC); or a metal-

based compound: copper (II) sulphate pentahydrate (CuSP)

to a PUR-based lacquer formulation. The antimicrobial ma-

terials were firstly characterized optically, chemically, and

physically. The antimicrobial analysis was performed using

the most abundant microorganisms that contaminate indoor

surfaces, while the biocompatibility assays of the produced

materials were performedwith a representative cell line from

the skin.
2. Materials and methods

2.1. Production of PUR-modified antimicrobial films

The base lacquer formulation was obtained by mixing

different commercial raw materials, such as waterborne PUR

dispersion, rheology modifiers, defoamers, levelling agents,

hand modifiers, matting agents (silicone) and a crosslinker

agent (polyisocyanate). The isocyanate functional groups

(NCO) of the crosslinker react with free amine or hydroxyl

groups of urethanes increasing the molecular weight of the

pre-polymer. Finally, the antimicrobial stock solutions were

added to the base lacquer formulation and mixed to create a

homogeneous solution. The films were obtained by solvent

casting. Briefly, the lacquer formulation was spread, with a

30 mm thickness, on polyethene inert surface and was sub-

mitted to two heating cycles: 4 min at 50�C on a digital hot-

plate (Stuart SD300, R330000718) following 1 min at 140�C in a

laboratory hot air oven type (Werner Mathis AG, LTF-ST

119988). The polyethene surface acts only as a substrate to

filmdeposition. All rawmaterialsweremade available by TMG

Automotive. Antimicrobial compounds OPP 99% (C12H10O,

CAS 90-43-7), PE � 99% (C₆H₅OCH₂CH₂OH, CAS 122-99-6) and

DMIC 96% (C24H47ClN2, CAS 70862-65-6) and CuSP 99%

(CuO₄S$5H₂O, CAS 7758-99-8) were purchased from Sigma-

Aldrich.

In this work, the highest concentration produced for OPP

and PE were 224 mg/cm2 and 235 mg/cm2, respectively. These

values were obtained after an optimization process to maxi-

mize antimicrobial agent incorporation. The phenolic con-

centrations in lacquer-films were in the upper limit of

compatibility between antimicrobial agent and PUR water-

borne dispersion. Efforts were made to increase the phenolic

concentration in lacquer-films; however, above the

mentioned concentrations a rheological modification of lac-

quer liquid solution was observed (mainly an increase in vis-

cosity), which compromised the production of lacquer-films

and their visual appearance.

2.2. Visual inspection and optical analyses of lacquer-
films

A macroscopic inspection of lacquer-films incorporating

antimicrobial agents was performed to analyse the surface

topography and homogeneity, while gloss analysis was done

to evaluate the optical and surface properties using a single

angle glossmeter with an incidence angle of 60� (Micro-gloss

60� supplied by BYK Instruments).
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2.3. Transmittance spectroscopy analysis of lacquer-
films

Transmittance spectra were collected from 360 to 700 nm,

with a resolution of 10 nm, from 3 different lacquer-films for

each compound in a Datacolor 650™ spectrophotometer. Only

the transmittance analysis of lacquer-films produced with

highest concentration of antimicrobial agents are presented.

2.4. Fourier transform infrared (FTIR) spectroscopy
analysis of lacquer-films

FTIR analyses were performed on a FT-IR Spectrum Frontier.

This technique is based on an interaction between an infrared

beam and a diamond or a crystal with a high refractive index.

As a result, an evanescent wave is generated, which pene-

trates a few microns on the surface of the sample and is

attenuated by interactions with material, affecting energy

absorption. Peak position and intensity are dependent on the

various vibrational modes of molecules that comprise the test

sample [65]. In this study, FTIR analyseswere done on lacquer-

films with and without antimicrobial compounds to charac-

terize the chemical influence of these additivities on lacquer-

films. Spectra were collected at wavenumber range from 400

to 4000 cm�1, with a resolution of 1 cm�1. Only the FTIR

analysis of lacquer-films with highest concentration of the

antimicrobial compound are presented.

2.5. Evaluation of antibacterial and antifungal activity
of lacquer-films

The antibacterial and antifungal assays were based on the

protocol of the International Organization for Standardization

(ISO) 22196(E):2011 - Measurement of antibacterial activity on

plastics and other non-porous surfaces [66]. Briefly, lacquer-

films of 5 � 5 cm2 were inoculated with 0.4 mL of a bacterial

or antifungal suspension (Staphylococcus aureus ATCC 6538 P,

Escherichia coli ATCC 8739 and Candida albicans SC5314/ATCC

MYA-2876) prepared in a suspension medium (6 � 105 bacte-

ria/mL). An inert cover film (4 � 4 cm2) was placed over the

material surface to ensure the contact between inoculum and

lacquer-film. Test samples were incubated for 24 h at 35�C (or

32�C for antifungal assays) in an atmosphere with high rela-

tive humidity. To validate the initial inoculum dose, and

consequently validate the assay, samples of untreated mate-

rial (lacquer-control films) are processed immediately after

inoculation. After incubation, thematerials were washedwith

a wash solution composed by soybean casein, lecithin and

polyoxyethylene sorbitan monooleate. Ten-fold serial di-

lutions of washingmediumwere plated on agar platemedium

(based on yeast extract, tryptone and glucose) for bacterial

assays and YPD agar medium (composed by peptone, glucose

and yeast extract) for antifungal assays. The plates were

incubated for 40e48 h at 35�C or 32�C, for bacteria or fingi,

respectively. Following this incubation period, the number of

colonies forming units (CFU) were counted. The antibacterial

activity (R) was calculated comparing the average of common

logarithm of number of viable colonies recovered from un-

treated materials 24 h after inoculation and the average of

common logarithm of number of viable colonies recovered
from treated materials after 24 h of inoculation. In addition, a

microbial ratio (MR) for treated materials from untreated

materials was also analysed.

2.6. Evaluation of antiviral activity of lacquer-films

The antiviral activity were based on the SARS-CoV-2 ribonu-

cleic acid (RNA) degradation assay using a highly sensitive

reverse transcription-quantitative polymerase chain reaction

(RT-qPCR) method [67]. SARS-CoV-2 samples derived from

excess human swabs were used. Samples were stored at the

University of Minho diagnostic laboratory, approved by the

competent Institutional Review Board, Comiss~ao de �Etica para

an Investigaç~ao emCiências da Vida e da Saúde (CEICVS), with

the reference CEICVS008/2022. Briefly, 0.3 mL of a SARS-CoV-2

sample (with viral loads from 1000 to 3000 copies per mL) was

inoculated on lacquer-film surface (3� 3 cm2). As control, viral

suspensions were also inoculated directly in the polyethene

inert surface (where the lacquer-film is deposited). An inert

cover film (2 � 2 cm2) was placed on the surface of inoculum

for all the conditions tested and incubated for 24 h at room

temperature in an atmosphere with high relative humidity.

After incubation, 150 mL of the viral suspension was collected

and inactivated. RNA was further extracted using a semi-

automated magnetic-particle processor (KingFisher Flex Pu-

rification System; Thermo Fisher Scientific, Waltham, Mas-

sachusetts, USA), according to the manufacturer instructions.

For RT-qPCR, 10 mL of RNA were mixed with 20 mL of a NZY-

Supreme One Step RT-qPCR Probe Master Mix, MB414 (©2020
NZYTech, Lda, Lisbon, Portugal). RT-qPCR assays were per-

formed on a QuantStudio™ 6 Pro (Applied Biosystem by

Thermo Fisher Scientific) following the protocol previously

described [67]. For the antiviral assays, only the highest con-

centration of OPP, PE, DMIC and CuSP incorporated com-

pounds in the lacquer-films were analysed. The percentage of

viral elimination was calculated using Cq values and respec-

tive viral quantification load obtained from the control sam-

ples (viral sample diluted in water) minus the viral load

obtained in the functionalized lacquer-films as previously

described [68,69].

2.7. Cytocompatibility of antimicrobial lacquer-films

Indirect cytocompatibility assays were performed using a

colorimetric assay based on resazurin reduction and an

adaption of protocol of the International Organization for

Standardization (ISO) 10993e5:2009 - Biological evaluation of

medical devices, Part 5: Tests for in vitro cytotoxicity [70].

Resazurin is a non-fluorescent dye used to analyse bacterial or

cell viability [71]. This assay is based on the resazurin reduc-

tion (blue dye) by reductase or diaphorase-type enzymes from

mitochondria of living cells to resorufin (pink color). The color

change is an indicator ofmetabolically viable cells [72]. Briefly,

lacquer-films (0.31 cm2) were incubated with cell culture

media (Dulbecco's Modified Eagle's Medium) supplemented

with 10% of fetal bovine serum (FBS) and 1% L-glutamine at

room temperature for 24 h under orbital shaking (100 rpm), to

obtain supernatant with lacquer extract. The L929 fibroblast

cell line (1� 104 cells/well) was incubated in a 96-well plate for

24 h plate at 37�C in a CO2 incubator with atmosphere of 5% of
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CO2 (Heraeus HERAcell 150 Incubator, Thermo). After reaching

90% of confluence, cell culture media was replaced with the

lacquer-extract medium. Plates were incubated for an addi-

tional 24 h. A positive control (cells cultured in normal cell

culture medium), a negative control (only cell culture me-

dium) and a positive control of cytotoxicity (1% Triton X-100)

were also included. After incubation, 0.02% resazurin dye was

added. The plates were further incubated for 3 h to allow for

resazurin reduction. The optical density was read spectro-

photometrically at 575 and 610 nm. The results were

expressed as percentage of cell viability from positive control,

by absorbance ratio between at 575 and 610 nm for the

different conditions, according to the following equation:

% cell viability ¼ Abs sample� Abs negative control
Abs positive control� Abs negative control

� 100

According to ISO10993e5:2009 protocol, a cell viability

below 70% of the positive control is defined as a potential

cytotoxic result [70].

2.8. Statistical analysis

Data was reported as mean ± standard deviation. Statistical

analysis was done using GraphPad Prism (version 8.0.2) by

testing the normality and the significance values. Bonferroni's
multiple comparisons test was used for antibacterial and

antifungal lacquer-films analysis and Dunn's multiple com-

parisons test was used for antiviral lacquer-films analysis.

Data was considered statistically significant for p < 0.05.
3. Results and discussion

PUR is one of the most important polymer materials used in

coatings, due to its intrinsic properties, high absorptivity,

mechanical stability, softness, and flexibility. In addition, the

possibility to functionalize PUR-based materials to improve

specific properties hasmade it an attractivematerial formany

biomedical and common daily applications, including hospi-

tal environments, packaging, automotive industry, home ap-

pliances and infant care [73]. The selection of antimicrobial

agents to be incorporated in PUR coating formulations should

take into consideration some key criteria: (i) compatibility

with processing parameters of the PUR lacquers (thermal

stability); (ii) chemical compatibility between antimicrobial

compound and the lacquer formulation used, and (iii) spec-

trum of bioactivity (bacteria, fungi, and virus). With these

three criteria in mind, two phenolic-based compounds (OPP

and PE); an ionic based-compound (DMIC); and a metal based-

compound (CuSP) were selected.

Given that the production process of lacquer-films for

surface coatings requires successive cycles of high tempera-

tures to facilitate solvent evaporation, trials were conducted

to confirm that the selected compounds maintained their

antimicrobial activity, even after being subjected to two

consecutive cycles with a minimum temperature of 140 �C.
OPP, PE, and CuSP are reported to be thermally stable at high

temperatures, given their boiling points of 286�C [45], 247�C
(according to supplier), and >500�C [74], respectively.
Accordingly, these compounds maintained their half-

maximal inhibitory concentration values (IC50), even after

being submitted to cycles of high temperatures. In contrast,

the IC50 of DMIC after two cycles of high temperatures

increased; however still presented antimicrobial activity

against the strains tested (Supplementary Material). In fact IL,

such as DMIC, are reported to be stable between 100 and 125 �C
[75], but above these temperatures, a partial degradation of

the alkyl chain can occur, which consequently impact their

properties [75].

3.1. Evaluation of physical, optical, and chemical
properties of lacquer-films incorporated with selected
compounds

An important aspect evaluated in this study was the mainte-

nance of the optical, physical, and chemical properties of the

lacquer-films after composition with the above-mentioned

compounds. The goal of this analysis was to ascertain

whether the incorporation of these compounds affected the

physical and chemical properties of lacquer-films commonly

used as surface coatings. In that sense, antimicrobial com-

pounds were incorporated in a PUR waterborne resin by sol-

vent evaporation to produce antimicrobial lacquer-films. As

shown in Fig. 1A, macroscopic observation of the lacquer-

films with antimicrobial compounds revealed a white hue

with a continuous surface. In some conditions it was possible

to identify a few white aggregates, most likely due to poor

solubility in water or in the PUR resin/formulation. This situ-

ation was more visible in lacquer-films with increasing con-

centrations of OPP (dashed line in Fig. 1A). However, some

minor clusters could also be identified in other lacquer-films

(p.e. lacquer-films of CuSP or DMIC), but in these cases, the

unintended visual impact was lower.

Additional optical analysis of the lacquer-films was per-

formed by gloss measurements and transmittance studies.

Specular gloss can be defined as ameasure between a specular

reflectance of a surface relative to the specular intensity re-

flected at an angle of incidence q [76]. Gloss is a simple and

useful parameter that can be used as an indicator of material

durability by monitoring the chemical bonds and functional

groups existent in materials [77]; the impact of additives,

including pigments [77]; and the surface roughness [78]. Spe-

cifically, there is a correlation between surface roughness and

gloss, in which the increase of roughness decreases the gloss

of the surface for the same angle of incidence [76,79]. In the

present study, gloss analysis showed a value of 8.66 ± 0.59 for

control lacquer-films (Fig. 1B), which was similar to the gloss

of lacquer-films with the highest concentrations of PE

(8.60 ± 0.45), DMIC (9.16 ± 0.41) and CuSP (9.09 ± 0.41). In

contrast, lacquer-films with the highest concentration of OPP

presented an increase of 1.5 in gloss values (10.13 ± 0.27),

when compared to control lacquer-films, which could be

related to intrinsic fluorescent properties of phenolic-based

compounds [80]. The fluorescence can be defined as a radia-

tion emission at lower energy by an object after exposure to a

light source. Indeed, in OPP-based materials, this emitted ra-

diation could be detected by the glossmeter [81], explaining

the increased values. This increasewas not visible in the other

tested phenolic-based compound, PE, since its chemical
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Fig. 1 e Analysis of lacquer-films produced: (A) macroscopic view and (B) gloss measurements of lacquer-films incorporated

with different concentrations of antimicrobial compounds. The gloss values were obtained in three different lacquer-films

for each condition, with 12 reads in different locations across each film length. Scale bar ¼ 1 cm.
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structure is not a pure phenolic compound, as described

above.

Transmittance measurements were performed to analyse

the optical integrity of the lacquer-films after incorporation of

antimicrobial agents. The results showed that the incorpora-

tion of antimicrobial agents does not affect the optical prop-

erties of lacquer-films produced, since the differences

between control and samples are less than 1.5% (Fig. 2A).

Indeed, the transmittance value at 580 nm for control lacquer-

films is 97.5%, while for lacquer-films with OPP, PE, DMIC and
Fig. 2 e (A) Transmittance and (B) FTIR analysis of lacquer-films

correspond to the lacquer-films with the highest concentration

specific bands used to analyse the FTIR spectrum.
CuSP the transmittance values are 98.4%, 97.4%, 98.1% and

98.0%, respectively.

To assess any possible changes in the chemical bonds of

produced lacquer-films induced by the presence of antimi-

crobial agents, we performed FTIR analysis comparing the

normalized FTIR spectrum obtained from the control lacquer-

films with lacquer-films with the highest concentration of

antimicrobial compounds. Firstly, the impact of the incorpo-

ration of antimicrobial compounds in the polymerization

process of PUR was investigated. It has been well described in
produced with antimicrobial compounds. The lines

of antimicrobial compounds produced. Numbers represent
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Fig. 3 e Antimicrobial activity for OPP, PE, DMIC and CuSP lacquer-films against S. aureus, E. coli and C. albicans. CØ

represents the lacquer-films without antimicrobial compound (control lacquer-film). Error bars represent the standard

deviation (n ¼ 4). Bonferroni's multiple comparisons test: *p < 0.05; **p < 0.01; ***p < 0.001 and ****p < 0.0001. Each

condition was tested in quadruplicate in two independent assays.
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the literature that PUR formation can be monitored by

measuring the isocyanate (NCO) content, since it reacts with

diols being consumed [82,83]. As shown in Fig. 2B, the FTIR

spectrum of the lacquer-films, regardless of the addition of

antimicrobial compounds, revealed the absence of the char-

acteristic band of NCO (asymmetric isocyanate stretching

band at approximately between 2250 and 2270 cm�1), con-

firming a reduction of NCO bands and consequent PUR

synthesis.
Further analysis of the FTIR spectrum revealed a spectral

overlap among the different samples indicating the absence of

chemical alterations in lacquer-films, even after the incorpo-

ration of antimicrobial compounds. In Fig. 2B, it is possible to

confirm some characteristic bands of PUR: (i) band 1 is a large

absorption band identified at 3322 cm�1, probably resulting

from the overlap of two peaks corresponding to NH stretching

(at higher wavenumber) and OH group (at smaller wave-

number) [84e86]; (ii) band 2 is attributed to �CH2 stretching
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Table 1 e Antimicrobial activity of produced waterborne polyurethane-based lacquer-films formulated with different
concentrations of antimicrobial compounds.

Concentration
(mg/cm2)

R valuea/Microbial Ratio (%)b

S. aureus E. coli C. albicans SAR-CoV-2c

OPP 37 0.295/48.53 �0.060/�15.75 0.059/11.35 e

70 0.210/38.90 �0.051/�12.06 0.082/17.53 e

119 0.070/13.54 �0.024/�6.23 0.042/7.68 e

224 0.269/46.50 �0.007/�1.47 �0.027/�7.51 n.d./41.17

PE 45 0.130/24.78 �0.075/�18.98 0.075/14.52 e

100 0.154/29.17 �0.009/�2.19 0.135/26.40 e

150 0.124/24.15 �0.035/�9.49 0.069/15.18 e

235 0.190/34.47 0.006/1.46 0.022/5.28 n.d./53.17

DMIC 3 1.506/96.83 0.083/17.11 0.101/16.87 e

5.5 2.350/99.54 0.053/11.50 0.104/21.14 e

7.5 5.077/100 0.038/8.82 0.425/59.09 e

11 5.077/100 0.854/84.41 5.355/100 n.d./19.51

CuSP 0.8 0.716/76.02 0.038/7.67 �0.001/0.27 e

2 2.374/99.54 0.579/73.50 �0.051/�11.80 e

4.7 4.799/100 6.573/100 0.599/74.95 e

10 4.799/100 6.573/100 5.135/100 n.d./13.67

a Antibacterial and antifungal activity (R) is calculated according to ISO 22196:2011, by using the following formula: R¼ (Ut�U0)� (At�U0)¼Ut�
At in which U0, Ut and At are the average of the common logarithm of the number of viable bacteria recovered immediately after inoculation

for untreated samples, 24 h of incubation for untreated samples and 24 h of incubation of test samples, respectively.
b Microbial Ratio (MR) is the percentage of viable bacteria or fungi recovered from treated samples compared to untreated samples after 24 h of

incubation. MR were calculated by the next formula: MR ¼ 100 e (Ts x 100)/Cs, in which Ts and Cs is the average of viable bacteria or fungi

recovered from treated and untreated samples, respectively. Negative values indicated an increase of microbial burden comparing to control

group and positive values indicates a microbial reduction to control samples.
c Antiviral activity is calculated by percentage of viral reduction according to control group (polyethene inert surface).
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[84]; (iii) band 3 (1688 cm�1) is assigned by a C]O groups of

PUR linkage [85] and (iv) bands in region 4 can be attributed to

other modes of vibration of �CH2 group [84e86]. This lack of

specific bands associated to the antimicrobial compoundswas

expected, given that OPP and PE exhibit the same chemical

groups already present in lacquer control formulations and

that in the DMIC and CuSP lacquer-films the antimicrobial

compounds are present at relatively low concentrations

(�11 mg/cm2 and, �10 mg/cm2, respectively), which makes it

difficult to identify specific bands. Collectively, these results

suggest that the addition of these antimicrobial compounds

did not significantly change the chemical nature of the lac-

quer, with exception of OPP in which high concentrations

impacted the gloss values and the surface homogeneity.

3.2. Antimicrobial performance of lacquer-films modified
with the selected compounds

Following the validation of the chemical and physical prop-

erties of the lacquer-films with the addition of antimicrobial

agents, we next evaluated their antimicrobial activity against

a representative gram-positive and gram-negative bacterial

strains and a fungal strain, following the ISO 22196(E):2011

protocol. According to this protocol, antimicrobial activity is

determined by the R value, which is expressed as the differ-

ence between the common logarithm of the number of CFU

collected in control lacquer-films and the common logarithm

of the number of CFU collected in the samples. R values � 0.5

are classified as having no antimicrobial activity; 0.5e1 mod-

erate microbial reduction; 1e2 medium microbial reduction;

and �3 good antimicrobial reduction [87].
Regarding the phenolic-based compounds, although OPP

and PE lacquer-filmswere responsible for a significant CFU log

reduction of S. aureus in all concentrations tested (Fig. 3), this

translated to an R value below 0.5, indicating no antimicrobial

activity (Table 1). Additionally, these phenolic compounds

showed no antibacterial effect on E. coli, as well as no anti-

fungal activity for C. albicans, as themicrobial loadwas similar

to the control condition. Nevertheless, our data suggests that

gram-positive bacteria aremore susceptible to phenolic-based

compounds incorporated in polymer materials. These results

are aligned with Gaikwad, K et al. (2018), which reported an

antimicrobial effect of the phenolic compound pyrogallol

incorporated in low-density polyethylene (LDPE) against S.

aureus, but only moderate activity against E. coli [88]. A similar

result has been reported, showing that films with higher

phenolic content (gallic acid equivalent) have an increased

bacterial inhibition (>1 log reduction) against B. subtilis and S.

aureus in comparison with gram-negative strains [89]. In fact,

the presence of an outer membrane in the cell wall of gram-

negative bacteria plays an important protective role against

environmental conditions by stabilizing its inner membrane

and protecting its thin peptidoglycan layer [90]. This complex

composition of the cell wall in gram-negative strains seems to

contribute to their increased resistance to membrane active

agents, such as phenolic-based compounds [91]. Despite the

high range of applications of phenolic-based compounds for

cosmetic [40] and biomedical purposes [38,92,93] their mech-

anisms of action have not been well described. Their action

have been mainly attributed to the inhibition of microbial

enzymes, toxins and other virulence factors, by directly

altering bacterial metabolism; changing bacterial polarity
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Fig. 4 e Antiviral activity of lacquer-films with OPP, PE,

DMIC and CuSP, (with 224, 235, 11 and 10 mg/cm2) against

SAR-CoV-2. C represents the control condition (polyethene

inert surface where lacquer-films are deposited) and CØ

represents the lacquer-films without antimicrobial

compounds (control lacquer-film). Error bars represent the

standard deviation of four independent essays with

replicates. Dunn's multiple comparisons test: **p < 0.01,

***p < 0.001 and ****p < 0.0001.
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through alteration of surface electron receptors; and impact-

ing the production of substrates required for growth [94,95].

Most importantly, phenolic-based compounds have been

described to act by compromising bacterial cell wall perme-

ability, suggesting that the presence of the outermembrane of

gram-negative bacteria provides protection against phenolic

compounds [96]. Indeed, it is suggested that OPP's biocidal

effect is associated to the disruption of the diaminopimelate

and lysine biosynthesis pathway, leading to the down-

regulation of amino acid synthesis essential for the peptido-

glycan cell wall [97]. PE can also act as a bacteriostatic agent by

changing the permeability of the cytoplasmatic membrane

through inhibition of DNA and RNA synthesis [98]. In in this

work, increased antimicrobial effect of phenolic compounds

could not be obtained, since higher concentrations of OPP and

PE in lacquer formulations, would significantly change the

lacquer properties, specifically viscosity.

On the other hand, DMIC lacquer-films exhibited an in-

termediate antibacterial activity against S. aureus for the

lowest concentration tested (3 mg/cm2) with a 1.51 CFU log

reduction, and a good antibacterial reduction for the inter-

mediate concentration (5.5 mg/cm2) with 2.35 CFU log reduc-

tion. These values represent a bacterial reduction of 96.8 and

99.5%, respectively. For the highest concentrations tested (7.5

and 11 mg/cm2) no bacteria were detected, representing a 100%

bacterial reduction. Regarding DMIC's antibacterial activity

against E. coli, only the highest concentration tested (11 mg/

cm2) was able to control bacterial proliferation (0.85 CFU log

reduction and 84.4% of bacterial reduction). These results are

in accordance to those reported previously, which describe

that gram-positive bacteria seem to be more susceptible to IL

than gram-negative bacteria or fungi [50,99,100], specifically 1-

ethylpyridinium docusate and tributyl(2-hydroxyethyl)phos-

phoniumdocusate [101]; tetrahexyl-ammoniumbromide [102]

and methylimidazolium chloride and pyridinium chloride

based compounds [103]. Gram-negative bacteria have an

additional outer layer which is negatively charged. This layer

can act as a barrier for neutral or negatively charged com-

pounds, while cationic compounds can bind to the outer

membrane of the cell wall and cause bacterial damage [104]. In

that sense, the limited effect of DMIC on gram-negative bac-

teria could be related to the presence of chloride. Similar re-

sults are reported by He et al. (2013), in which an IL with a

fumarate anion presents increased antimicrobial properties

against B. subtilis when compared to E. coli [105]. Regarding its

antifungal properties, DMIC exhibited a great control on

fungal proliferation of C. albicans. Specifically, the two highest

concentrations of lacquer-films with DMIC had a significant

log reduction. Indeed, 7.5 mg/cm2 and 11 mg/cm2 DMIC lacquer-

films showed a 0.43 and 5.36 CFU log reduction, respectively,

representing 59% and 100% fungal reduction (Fig. 3 and Table

1). DMIC has also been described to control different fungi

strains, such as A. padwickii, A. dauci, and A. linicola [106].

Although the mechanism of antimicrobial control by IL is not

completely understood it has been related to the interaction of

cations or anions on the cell surface that promotes structural

and dynamic changes causing pathogen disruption [107]. IL

antimicrobial activity is also potentiated by extending the

number of alkyl groups present in chain length rather than the

anion/cation combination [50,55].
CuSP lacquer-films exhibited a complete clearance (>4 CFU

log reduction) for the highest concentrations tested (4.7 and

10 mg/cm2) for both bacterial strains. For the fungal strain, the

highest concentration tested (10 mg/cm2) resulted in >5 CFU

log reduction, while lacquer-films incorporated with 4.7 mg/

cm2 of CuSP showed only amoderatemicrobial reduction (0.57

log reduction, representing an almost 75% reduction in the

fungal burden). At lower concentrations (0.8 and 2 mg/cm2),

gram-positive bacteria presented a CFU log reduction of 0.72

and 2.37, respectively (representing a 76.0 and 99.5% bacterial

reduction); while for gram-negative bacteria only the 2 mg/cm2

condition displayed antibacterial activity with a 0.58 CFU log

reduction (73.5% bacterial reduction). Lacquer-films incorpo-

rated with 0.8 mg/cm2 or 2 mg/cm2 of CuSP showed no anti-

fungal activity. According to this, CuSP lacquer-films showed

to be highly effective in limiting both bacterial and fungal

growth. These results are aligned with other authors which

describe the antimicrobial activity of copper-based com-

pounds against S. aureus, E. coli [108] andMRSA [109]. Although

the associated antimicrobial mechanisms are not fully eluci-

dated, it is thought that the release of ions from copper plays

an important role, leading to reactive oxygen species (ROS)

production [110,111]. Others have suggested that intracellular

copper ions can selectively bind to sulfhydryl groups of res-

piratory enzymes and disrupt some essential proteins [112].

Copper's proposed mechanism of action justifies its broad

spectrum, ranging from several bacteria, such as Staphylo-

coccus spp., E. coli, Klebsiella oxytoca, Pseudomonas aeruginosa,

and S. tryphimurium [111], to fungi, such as C. albicans, A.niger,
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Fig. 5 e Viability assay of lacquer-films with antimicrobial compounds against L-929 mouse fibroblast cell line using an

indirect exposure method. Cþ represents the positive control (only cells þ medium) and CØ represents the control of

lacquer-films without antimicrobial compounds (control lacquer-film). Dashed line represents 70% of resazurin reduction

and error bars represent the standard deviation. Results are from three independent assays with quadruplicates in each

assay.
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A.oryzae, Fusarium oxysporum and Alternaria alternata

[64,113,114]. Regarding the difference in susceptibility be-

tween gram-positive and negative strains, we observed that

CuSP based lacquer-films are more effective against S. aureus

than E. coli, which is aligned with what reported by Ude. Z.

et al. (2019) [115]. In the same work, the authors showed an

antifungal activity of copper-based compounds against fila-

mentous and non-filamentous fungi (such as different Candida

strains, T. asahii, A. fumigatus, A. corymbifera and T. menta-

grophytes) [115].

The lacquer-films with and without addition of antimi-

crobial agents were tested for antiviral activity by evaluating

the percentage of SARS-CoV-2 deoxyribonucleic acid degra-

dation. The exposure of SARS-CoV-2 samples to the lacquer-

films per se (without addition of antimicrobial compounds),

when compared with the control condition (polyethene inert

surface), resulted in the elimination of 75.7% of the virus RNA.

However, the lacquer-films incorporated with the different
antimicrobial compounds did not enhance viral elimination.

In fact, the incorporation of DMIC and CuSP in lacquer-films

reduced the initial antiviral activity of the lacquer-film to

19.5% and 13.7%, respectively (Fig. 4 and Table 1). This effect

could be related to potential interactions with stabilizers of

the lacquer formulation. Considering that the waterborne PUR

lacquer formulation results from a mixture of different com-

mercial raw materials, it is difficult to pinpoint which com-

pound is responsible for the antiviral activity. The protocol

used in this work (RT-qPCR-based detection method) only

targets the RNA content by measuring the difference of the

copy numbers of nucleic acids in each sample after exposure

to viral inoculum. Although the measurement of RNA degra-

dation clearly testifies to virus elimination, the lacquer, aswell

as the antimicrobial agents tested, could target virus viability

through the disruption of alternative biological processes. An

alternative methodology to test the antiviral activity could be

the measurement of number of plaque forming units (PFU).
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Collectively, these results highlight the antimicrobial per-

formance of several compounds, with CuSP and DMIC pre-

senting the highest potential and the broadest spectrum.

3.3. Cytocompatibility performance of lacquer-films

An important parameter in processing materials with anti-

microbial activity is the selective action against pathogens of

interest, while maintaining cytocompatibility with mamma-

lian cells, in particular for surfaces exposed to human contact.

To assess the cytocompatibility of the materials produced,

L929 fibroblasts were incubated for 24 h with medium previ-

ously exposed to PUR lacquer-films or PUR lacquer-films

incorporated with antimicrobial compounds. Fibroblasts

exposed to PUR lacquer alone exhibited 67.2 ± 13.5% of cell

viability, indicating a potential cytotoxic effect against these

cells (Fig. 5). Importantly, OPP, PE and CuSP lacquer-films,

regardless the concentration tested, exhibited a similar or an

increased cytocompatibility, when compared to control films.

Regarding the phenolic-based compounds, the increased

cytocompatibility can be explained by their protective anti-

oxidant activity [116]. Indeed, phenols, specifically their

catechol group, can provide protective effect against ROS

produced during oxidative stress through its free radical

scavenging activity [116,117]. In contrast, lacquer-films with

the highest concentrations of DMIC (7.5 and 11 mg/cm2)

significantly decreased cytocompatibility, with only

31.79 ± 21.1 and 25.9 ± 15.6% of cell viability, respectively. The

length of alkyl chain and the pair anion/cation seem to play an

important role in the cytotoxicity of IL. IL with longer alkyl

chain length (n > 4) are more lipophilic and therefore, tend to

bemore easily incorporated in the phospholipid bilayers [118].

This incorporation further increases the lipophilic nature of

the biological membranes, and results in delocalized charges

affecting the physiological function of the cell membrane.

Regarding the impact of the anion/cation pair, IL may contain

either bromide [Br]-, chloride [Cl]-, tetrafluoroborato [BF4]- or

hexafluorofosfato [PF6]-, which have also been associated

with cytotoxic effect [118]. This information is aligned with

our data, since DMIC possesses a longer alkyl chain, as well as

the [Cl]- anion, and for this reason it may have contributed for

its cytotoxicity at higher concentrations. Although the ex-

tracts of PUR lacquer were associated with relevant cytotox-

icity, cell viability is still within acceptable parameters

established in ISO 10993e5. In fact, PUR are described as

polymers with good cytocompatibility in what regards L929

mouse fibroblasts, MRC-5 human fibroblast [119], and HeLa

cell line [120]; and have been used in medical devices [121],

chronic wound dressings [122], and water filters [123]. In this

work, the lacquer-films with OPP, PE, and CuSP, indepen-

dently of the concentration tested, did not alter the cyto-

compatibility of the lacquer-films. In contrast, lacquer-films

incorporated with the highest concentrations of DMIC pre-

sented a cytotoxic effect [70].
4. Conclusion

Commercial PUR resins are a versatile material used in many

domains of society. In this study, selected antimicrobial
agents, OPP, PE, DMIC and CuSP, were incorporated in PUR-

based lacquer-films aiming to obtain antimicrobial proper-

ties. Transmittance and FTIR analyses showed that the incor-

poration of the antimicrobial agents did not have an impact on

thevisual andchemicalpropertiesof the lacquer-films.Among

the different compounds tested, CuSP lacquer-films exhibited

the most promising antimicrobial properties, with strong

antibacterial activity against both gram-positive and gram-

negative bacteria, and antifungal properties, while maintain-

ing cytocompatibility. On the other hand, DMIC lacquer-films,

although exhibiting good antimicrobial activity against S.

aureus and C. albicans, display reduced cytocompatibility at

higherconcentrations.Regarding theOPPandPE lacquer-films,

they present a null or lower antibacterial and antifungal ac-

tivity. Furthermore, none of the developed lacquer-films

incorporated with antimicrobial agents showed a significant

effect on viral load. In future studies, it would be important to

evaluate whether the selected compounds maintain their

antimicrobial properties when tested against other microor-

ganisms commonly present on inanimate surfaces, such as P.

aureuginosa, A. niger or other representative viruses. In sum-

mary, the results reported in this study highlight the potential

of incorporating antimicrobial agents in surface coatings as a

promisingstrategy toavoid theattachmentandcolonizationof

microorganisms on inanimate surfaces, and reduce the expo-

sure of potentially harmful pathogens to humans.
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