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Abstract: The growing concern over the transmission of pathogens, particularly in high-risk
environments such as healthcare facilities and public spaces, necessitates the development
of effective and sustainable antimicrobial solutions. Traditional coatings often rely on met-
als, which despite their efficacy, pose significant environmental and economic challenges.
This study explores the potential of bio-based alkyd resins, supplemented with natural
antimicrobial bioadditives, as an eco-friendly alternative to traditional antibacterial and
antiviral coatings. Specifically, alkyd formulations incorporating thymol and soft resins
extracted from hops were evaluated for antimicrobial and antiviral efficacy, following ISO
standards (ISO 22196:2007 and ISO 21702:2019, respectively). The coating formulations
showed significant activity against Gram-negative (Escherichia coli) and Gram-positive
(Staphylococcus aureus), and Influenza A (H3N2) virus, proving their potential for mitigating
pathogen spread. These bio-based coatings not only reduce reliance on harmful chemicals
but also align with circular economy principles by repurposing industrial by-products. This
innovative approach represents a significant step toward greener antimicrobial technolo-
gies, with broad applications in healthcare, public infrastructure, and beyond, especially
considering the rising zoonotic disease outbreaks.

Keywords: antibacterial coatings; antiviral coatings; alkyd resins; bio-based resins; coatings;
lignin-based resins

1. Introduction

The discovery of microorganisms by Robert Hooke and Antoni van Leeuwenhoek in
the mid-17th century marked a pivotal point in scientific history. Inconceivable at that point,
they laid the groundwork for modern microbiology while underscoring the significant
impact of microorganisms on human history [1]. Over the centuries, pathogens have driven
major historical events. The most recent example is the COVID-19 pandemic caused by
SARS-CoV-2, which resulted in over 74 million cases by the end of 2020 [2]. This pattern
of pathogen-driven crises underscores the critical need to control microbial spread. Since
the 1970s, over 1500 new pathogens have been identified, some of which have significantly
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impacted global public health, including MERS-CoV, Zaire ebolavirus, and Zika virus.
These examples highlight the persistent threat of emerging infectious diseases and the
necessity for vigilance in combating microbial threats [3].

Recently, disinfection methods have played a crucial role in controlling local transmis-
sions [3]. Although the primary mode of transmission during the COVID-19 pandemic was
through person-to-person contact with an infected individual, the World Health Organiza-
tion (WHO) emphasised the potential for surface-mediated transmission of pathogens [4,5],
as some bacterial and viral pathogens can persist on surfaces from hours to days [3,6].
This is particularly concerning in hospital environments, where surfaces such as door
handles, washbasins, and elevator buttons have been identified as potential reservoirs for
nosocomial pathogens such as Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa,
or Streptococcus pneumoniae [7–12]. In fact, a study conducted across 27 intensive care units
using a fluorescent tracer revealed that standard cleaning protocols disinfected only 48.1%
of all surfaces. Alarmingly, common touch points such as room doorknobs (25%) and
bathroom light switches (26%) were even less thoroughly cleaned, highlighting critical gaps
in current disinfection practices [13]. Given that disinfecting these surfaces is laborious,
costly, and often inefficient, the development of antimicrobial coatings has emerged in
recent years as a promising alternative, with potential applications in diverse settings such
as healthcare facilities, public transport, and educational institutions [6,14,15].

In simple terms, antimicrobial coatings operate through two different, but not mu-
tually exclusive, strategies: (i) passive surfaces that prevent microorganism adhesion,
such as anti-biofouling surfaces [16] or (ii) active surfaces with intrinsic antimicrobial
activity [3,17]. However, according to the data provider company BCC Research (https://
www.bccresearch.com/market-research/chemicals/antimicrobial-coating-market.html, ac-
cessed on 25 January 2025), most traditional coatings contain environmentally harmful
metals like silver and copper, which, although effective, are not sustainable both envi-
ronmentally and economically [3]. As a result, the increasing demand for eco-friendly
materials has driven interest in alternative coatings derived from renewable sources, such
as lignin, cellulose, and vegetable oils [18–20].

The transition toward a bio-based circular economy has brought significant innovation
to the polymer and coating industries. Plastics, indispensable in modern life, are largely
produced from petroleum-based feedstocks. However, growing emphasis on reducing car-
bon footprints and achieving sustainable production has catalysed a shift toward renewable
raw materials. In the surface coating industry, this trend has prioritised the development of
polymer-based products to minimise dependence on petrochemicals [21,22].

Alkyd resins, synthesised from vegetable oils, represent a cornerstone of eco-friendly
coatings due to their excellent adhesion, durability, and gloss [23,24]. First produced in
the 1920s by Kienle, and subsequently commercialised in the 1930s by General Electric,
alkyd resins are part of a broader class of modified condensation polymers known as
polyesters [21,22]. They are widely employed as binders in architectural, marine, and
industrial coatings, offering low cost, versatility, and high performance, including resistance
to ageing, weather, chemicals, and heat. These attributes, combined with their adaptability
to chemical modifications, have established alkyd resins as a dominant material in the
paint and coating industries alongside acrylic, epoxy, and polyurethane resins [21,22,25].
Currently, global production of alkyd resins exceeds 200,000 tons annually, with market
projections estimating growth to USD 5.3 billion by 2030 [25] or even more [21].

Additionally, alkyd-based systems offer a versatile platform for incorporating dif-
ferent additives to achieve new and desirable traits [21,22]. One of the earliest examples
of the alkyd hybrid system was the synthesis of silicone–alkyd resin, first reported in
1947. Subsequently, urethane hybridisation was developed to enhance the drying time of
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alkyd resins while improving abrasion resistance, toughness, chemical durability, and UV
resistance [22]. More recently, advances have focused on the incorporation of antimicro-
bial agents, presenting an innovative approach to reducing surface-mediated pathogen
transmission [23,26–28]. One promising additive is thymol (Figure 1) (also referred as
2-isopropyl-5-methylphenol or IPMP), a monoterpenoid phenol from thyme oil. Thymol
is a white crystalline substance with antiseptic, antibacterial, antifungal, and antiviral
properties, making it suitable for antimicrobial applications. Toxicological studies indicate
that thymol is safe and non-genotoxic [29,30]. Furthermore, recent studies conducted by
our group have demonstrated the antimicrobial properties of hop soft resins (data under
publication), a fraction obtained from hop extraction that contains bitter acids such as
humulones and lupulones (Figure 1). These compounds are well documented for their
effectiveness against both Gram-positive and Gram-negative bacteria, as well as select
actinomycetes and yeast and fungal species [31].

tt
ff
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ff

ff

Figure 1. Molecular structures of thymol, humulone, and lupulone.

Despite their extensive use, the integration of lignin into alkyd resins remains under-
explored [25], even when this approach offers a dual opportunity: increasing the bio-based
content of alkyd resins while utilising lignin as a renewable resource to develop more
sustainable coatings.

This study aims to develop sustainable antimicrobial coatings based on alkyd resins
by incorporating bio-based antimicrobial additives such as thymol and soft hop resins,
as alternatives to conventional metal-based substances. Additionally, we investigate the
incorporation of lignin into alkyd resins to further increase the bio-based content of these
coatings. It is hypothesised that these modifications will not only improve the antimicrobial
performance of the coatings but also contribute to reducing pathogen transmission through
surfaces. By aligning with the growing demand for bio-based materials, this approach
contributes to the advancement of the circular bioeconomy and offers a promising strategy
for the development of more sustainable antimicrobial coatings.

2. Materials and Methods

2.1. Materials and Strains

Two bioadditives were selected as antimicrobial agents: (i) thymol (CAS 89-83-8,
BORDAS, Sevilla, Spain) and (ii) hop soft resins extracted from the Nugget variety (Órbigo
Valley S.L., Villamor de Órbigo, León, Spain) using an optimised sequential extraction
procedure [32].

The antimicrobial activity of these bioadditives was tested on two resins: (i) a com-
mercial alkyd resin (Resydrol AY 6150w, ALLNEX, solids 46.5%, Biocontent 35%, Wern-
dorf, Austria) and (ii) a bio-alkyd resin synthetised from lignin by our group (V004/2023-
80%EtOH, solids 47.6%, Biocontent 52%, BARPIMO Coatings, Nájera, Spain) [25].

The final paint formulations included the following additives: (i) cobalt drier (Additol
VXW 6206), (ii) anti-skinning (Additol XL 297), (iii) wetting agent (Additol VXW 6503),
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(iv) dispersing additive (Additol VXW 6208), (v) VOC-free defoamer additive (Additol
VXW 6393), (vi) levelling additive (Modaflow AQ 3025), and (vii) anti-foam air releaser
(Additol VXW 4973), all from ALLNEX (Germany, Werndorf, Austria). Additionally, a VOC-
free thickener or rheological modifier (Acrysol RM 5000, DOW, Shwalbach A.T., Germany),
titanium dioxide (TiO2, Kronos 2300, TiO2 content ≥94%, KRONOS, Leverkusen, Germany)
for pigmentation (white colour and opacity), and 30% ammonia solution (SCHARLAU,
Cham, Germany) for pH adjustment (recommended pH > 8) were incorporated into the
final formulations.

For antimicrobial efficacy testing, two bioindicator bacterial strains (E. coli CECT 515
and S. aureus CECT 239, both from Colección Española de Cultivos Tipo, Paterna, Spain),
as well as the Influenza A (H3N2) virus (Wesel, Germany) (strain A/Hong Kong/8/68,
propagated in MDCK cells (Wesel, Germany), a canine kidney cell line) were employed.

2.2. Paint Formulation

The initial stage of paint formulation involved preparing two water-based coatings:
(i) A-REF, derived from the commercial alkyd resin (based on ALLNEX’s guide formu-
lation) and (ii) BA-REF, based on the synthesised bio-alkyd resin [25]. Each formulation
incorporated only the resin and essential additives to ensure homogeneous mixtures
(Table 1). To impart antimicrobial properties to the final products, bioadditives were
subsequently introduced.

Table 1. Base paints formulations for both commercial alkyd and bio-alkyd resins.

Component Alkyd Paint
(A-REF)

Bio-Alkyd Paint
(BA-REF)Phase I (wt%)

Water 6.01 9.01
Dispersing agent 1.83 1.83

Defoamer additive 0.24 0.24
TiO2 pigment 26.22 26.22

Rheological additive 0.19 0.00

Phase II (wt%)

Alkyd Resydrol AY 6150w (46.5%) 60.87
Bio-alkyd (47.6%) 59.46

Ammonia 29% 0.44 0.44

Phase III (wt%)

Dryer/siccative additive 0.68 0.90
Wetting agent 0.31 0.31

Anti-foam agent 0.18 0.25
Levelling agent 0.50 0.80

Anti-skinning additive 0.54 0.54
Rheological additive 1.00 0.00

Water 0.99 0.00

Total (wt%) 100.00 100.00

Solid content (wt%) 57.34 57.41

The mixing process was conducted using a DISPERMAT® CV3 Plus mechanical
stirrer (VMA-GETZMANN GmbH, Reichshof, Germany) at 2000 rpm for 50 min at room
temperature (RT). The solid content was determined by measuring the total mass of solids
in a 100 g sample of paint.

After preparing the base paints (Table 1), antimicrobial bioadditives (thymol or soft
hop resins) were incorporated to create antimicrobial formulations (Table 2). Thymol (T)
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was added at concentrations of 0.01%, 0.03%, 0.05%, and 0.10%, while soft hop resins (H)
were added at 0.15% and 0.25%.

Table 2. Antimicrobial paint formulations.

Paint Formulation Resin Thymol (%) Soft Hop Resin (%)

A-REF A - -
BA-REF BA - -

A-T005 A 0.05 -
A-T010 A 0.10 -

BA-T001 BA 0.01 -
BA-T003 BA 0.03 -
BA-T005 BA 0.05 -
BA-T010 BA 0.10 -

A-H015 A - 0.15

BA-H015 A - 0.15
BA-H025 A - 0.25

2.3. Application and Physical Characterisation of Paints

The paints were applied to various substrates, including glass, B/N Leneta charts
and stainless steel. Multiple tests were conducted to evaluate properties such as adhesion,
colour, gloss, hardness, water resistance, and contact angle.

Viscosity (in centipoise, cP) was determined using a Brookfield DV-II+ Pro Viscometer
(Brookfield Engineering Laboratories Inc., Middleboro, MA, USA) at 25 ◦C and 100 rpm,
with spindle sizes of #4 and #5 selected for accuracy.

Paint colour was assessed by comparing the films on substrates with the original
substrate colour. Colorimetric measurements based on the CIE colour system (Equation (1))
were performed with a Konica Minolta CM-2600d spectrophotometer (Osaka, Japan). Films
were applied on Leneta test charts (Neurtek Instruments, Eibar, Spain) with a 120 µm Baker
Applicator using an ATX Automatic Applicator (Neurtek Instruments, Eibar, Spain) at
40 mm/min; this was followed by a two-week drying period. Each analysis was based
on colour measurements compared to a white calibration plate, with the corresponding
average and standard deviation derived from ten individual measurements automatically
performed by the spectrophotometer.

∆E*ab(D65) =
2
√

∆L*2 + ∆a*2 + ∆b*2 (1)

where L* refers to lightness, a* refers to red–green chromatic coordinates, and b* refers to
yellow–blue chromatic coordinates [33,34]. According to this system, the colour difference
is considered undetectable by the human eye when the ∆E*ab (D65) is smaller than 2.
Colour was measured on the white part of the films and compared to the white calibration
reference.

Gloss was measured using a BYK GARDNER micro-TRI-gloss glossmeter (Geretsried,
Germany), compatible with 20◦, 60◦, and 85◦ geometries, according to ISO 2813:2014 [35].
An incident angle of 60◦ was used initially; if gloss values exceeded 70 units, the angle was
adjusted to 20◦, and for values below 10 units, it was set to 85◦. Paint films were applied at
a thickness of 120 µm on dark glass and allowed to dry for two weeks at RT. The results are
averages of ten measurements.

Persoz pendulum hardness was assessed using a TQC Sheen Pendulum Hardness
Tester (Capelle aan den IJssel, the Netherlands), in line with the EN ISO 1522:2022 stan-
dard [36]. This test measures the number of oscillations before the pendulum comes to rest;
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higher oscillation counts indicate greater hardness. Samples were prepared with a 120 µm
paint layer on dark glass and dried for one month at RT, with results averaged from three
replicates.

Adhesion on stainless steel substrates (without and with primer) was evaluated
using a cross-cut test, according to EN ISO 2409:2020 [37]. A 9 mm wide NT edge cutter,
25 mm wide adhesive tape, and a ZCT 2160.2 cross-cut template (Zehntner GmbH Testing
Instruments, Sissach, Switzerland) were used. A single 120 µm wet paint layer was applied
to the metal, with samples dried for two weeks at RT.

Sample surface morphology was examined using a JEOL IT700HR field-emission
scanning electron microscope, revealing detailed topographical features and providing
high-resolution images essential for analysing the material’s microstructure (FE-SEM,
Tokyo, Japan). Non-conductive samples were coated with a ~20 nm gold layer using a
cathodic sputter coater to improve conductivity and image quality. Samples were prepared
by applying a 120 µm paint layer on dark glass for assessment of levelling and general film
appearance.

Water resistance was evaluated by placing a cotton pad with 1 mL of water on the
paint film, covered by a watch glass for 24 h. Changes in the coatings were observed at two
intervals: (i) after 24 h in water contact and (ii) after 24 h of recovery at RT. Paint films were
applied to B/N test charts with a 120 µm Baker Applicator at 40 mm/min and dried for
two weeks at RT.

Water contact angle (CA) was determined using a DataPhysics OCA 15 Plus goniome-
ter (Filderstadt, Germany), with image analysis performed by DataPhysics Instruments
GmbH software (Version 3.11.11 Build 160). Paints were applied on metal substrates with a
120 µm Baker Applicator and dried for two weeks at RT. A 3 µL water droplet was used
for each reading, and the results are averages of ten measurements. The evolution of the
contact angle was determined at 0, 1, 3, and 6 min.

2.4. Antimicrobial Tests

The antimicrobial properties of the paints were evaluated with metal samples (50 mm2),
coated with a 125 µm wire bar coater. The painted samples were air-dried for two weeks
at RT and 50% ± 5% relative humidity. To ensure successful antimicrobial testing, it was
necessary to apply a primer to enhance paint adhesion on the metal substrate, as initial
testing showed detachment of the coating. Therefore, an acrylic primer (Oroprimer 446,
supplied by IRURENA GROUP, Azpeitia, Spain) was applied using a 75 µm wire bar coater
and left to dry for one day at RT.

The antibacterial activity of the coatings was evaluated in accordance with ISO
22196:2007 [38]. Each antimicrobial agent was incorporated separately into a reference
alkyd paint (0.05% or 0.10% for thymol and 0.15% for soft hop resins) or a bio-alkyd paint
(0.01%, 0.03%, or 0.05% for thymol and 0.15% or 0.25% for soft hop resins). The coated
metal surfaces (50 ± 2 mm x 50 ± 2 mm) were then compared to untreated metal surfaces
(negative control) in terms of antibacterial activity against E. coli CECT 515 and S. aureus

CECT 239.
Pre-cultures of each bacterial strain were prepared by transferring a single colony

from a stock culture to a screw-capped tube containing slant nutrient agar (NA, Condalab,
Madrid, Spain) using a sterile inoculation loop. The cultures were incubated at 37 ◦C
for 24 h. To prepare the test inoculum, a loopful of bacteria from the slant culture was
transferred to a small volume of nutrient broth (NB, Condalab, Madrid, Spain), obtaining a
bacterial concentration ranging from 2.5 × 105 to 10.0 × 105 cells/mL.

Subsequently, the metal sample (coated or untreated) was placed in a sterile Petri dish,
and 400 µL of the test inoculum was added to its surface. The inoculum was then covered



Coatings 2025, 15, 445 7 of 18

with a 40 × 40 mm film, the dish was sealed with its lid, and incubation was carried out at
37 ◦C and ~90% relative humidity for 24 h.

To determine the number of viable cells, the samples were recovered by washing the
surface with 10 mL of sterile soybean casein digest broth supplemented with lecithin and
polyoxyethylene sorbitan monooleate (SCDLP, Condalab, Madrid, Spain). To validate the
bacterial recovery process, additional untreated metal surface samples were washed with
10 mL of SCDLP at 0 h (immediately after inoculum addition) and at 24 h.

The number of viable cells was determined by preparing 10-fold serial dilutions of
the wash solutions in phosphate-buffered physiological saline (Thermo Fisher Scientific,
Waltham, MA, USA). Then, 1 mL of each dilution was plated on Plate Count Agar (PCA,
Biokar, Paris, France) using the pour plate method with 15 mL of molten medium. The
plates were incubated at 37 ◦C for 24 h. All tests were performed in triplicate. The number
of viable bacteria per cm2 (N) was calculated using Equation (2):

N =
(10·C·D·V)

A
(2)

where C is the average plate count for the duplicate plates; D is the dilution factor; V is the
volume (mL) of SCDLP added (10 mL); A is the surface area (mm2) of the cover film (in
this case, 40 mm × 40 mm = 1600 mm2). In the event that no colonies were recovered in
any of the Petri dishes for a dilution series, the number of viable bacteria was assumed to
be V (10 mL), and the value of N was calculated based in that value.

The reduction in the number of viable bacteria (R) was calculated according to
Equation (3):

R = (UT − U0) − (AT − U0) = UT − AT (3)

where U0 is the average logarithm of the viable bacteria count from untreated samples
(negative control) immediately after inoculation (0 h), UT is the average logarithm of the
viable bacteria count from untreated samples (negative control) after 24 h, and AT is the
average logarithm of the viable bacteria count from treated samples after 24 h. A reduction
of two orders of magnitude (R ≥ 2) was considered indicative of a bactericidal effect.

2.5. Antiviral Bioassay

The antiviral activity of the coated samples was evaluated in accordance with ISO
21702:2019 [39], “Measurement of antiviral activity on plastics and other non-porous
surfaces”. Metal-coated samples (5 cm2) were cut, sterilised using UV light, and then
inoculated with a virus suspension. A total of six samples of the bio-alkyd formulation
without bioadditives (BA-REF) were prepared, along with three samples containing 0.1%
thymol (BA-T010) and three with 0.15% hop soft resin (BA-H015). Following application of
the virus suspension, each sample was covered with a sterile 4 cm2 film (Seward, Stomacher)
and incubated at 25 ◦C and > 90% relative humidity for 24 h.

MDCK cells were grown in Eagle’s Minimum Essential Medium (EMEM, Gibco,
Paisley UK) supplemented with 10% foetal bovine serum (Sigma-Aldrich, Oslo, Norway)
at 37 ◦C and 5% CO2 until a confluent monolayer formed. The cells were infected with
Influenza A (H3N2) at 103 plaque-forming units per millilitre (PFUs/mL) and stored at
−80 ◦C. Dilutions of the virus were applied to MDCK cells, incubated for 1 h, overlaid
with agarose (Sigma-Aldrich, Oslo, Norway), and incubated at 37 ◦C and 5% CO2 for
3 days. Plaques were visualised microscopically (Nikon, Amstelveen, the Netherlands)
after fixation and staining, enabling the calculation of viral concentrations.

Residual viral material on the samples was neutralised using soybean casein digest
broth with lecithin and polyoxyethylene sorbitan monooleate (SCDLP, Sigma-Aldrich, Oslo,
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Norway). To confirm the absence of cytotoxic effects, MDCK cells were exposed to the
neutralised sample broth and then incubated, washed, and analysed via a plaque assay.

To establish control measures, virus suspensions were also applied to untreated metal
surfaces and bio-alkyd controls (BA-REF) and MDCK cells were inoculated to measure viral
concentrations in PFUs/mL, ensuring consistency in cell responses. The viral infectivity
titre (S) was calculated using Equation (4):

S = (10·P) (4)

where S is the infectivity titre and P is the average plaque count. Infectivity difference
conditions (|Sn − Su| ≤ 0.5) were met for the control and untreated samples.

Immediately post-inoculation, untreated and treated samples were washed with
SCDLP, and virus recovery was quantified via a plaque assay. After a 24 h incubation,
treated samples were processed similarly to determine the antiviral effect. Antiviral activity
(R) was quantified based on PFUs.

The viral recovery data were analysed using one-way ANOVA to determine significant
differences between groups, followed by pairwise t-tests for specific comparisons. Statistical
significance was set at p < 0.05.

3. Results and Discussion

3.1. Paints’ Physical Characterisation

Viscosity of paint formulations plays a critical role in film formation and surface char-
acteristics. Both the developed A-REF alkyd and BA-REF bio-alkyd paints exhibited high
viscosities at RT. Specifically, A-REF paint had a viscosity of 1500 ± 100 cP at 23 ◦C and at
100 rpm, while BA-REF paint displayed a higher viscosity of 2500 ± 100 cP under the same
test conditions. This increase in viscosity for the BA-REF formulation aligns with previous
reports, attributing the effect to the inclusion of lignin during resin production [25,40].
Lignin’s branched molecular structure, rich in polar functional groups such as hydroxyl
and phenolic groups, facilitates strong intermolecular interactions, thereby increasing vis-
cosity [40]. Despite this notable rise in viscosity, application and uniform coating formation
were not impeded.

Colour of the paint films was analysed on a Leneta chart substrate using colorimetric
testing (Table 3). Measurements were obtained via the CIE colour system, revealing that
A paints appeared white, while BA paints exhibited a beige to brown hue (Figure 2).
This difference is reflected in the colorimetric data. A-REF showed a high L* value (>95),
indicating a nearly white appearance, with neutral a* and b*, meaning the resin maintained
the properties of titanium dioxide. In contrast, BA-REF, despite its high titanium dioxide
content, exhibited a lower L* (<83), reflecting a darker beige to brown hue. The high b*
value indicates the yellow hue in BA-REF paints. This colour shift is due to lignin, which
contains chromophore groups such as quinones that reflect yellow or brown tones, leading
to paint darkening [41]. Consequently, ∆E*ab (D65) values in comparison to white plate
exceeded 20 for BA paints, whereas A paints had values below 15. The yellowing effect,
commonly observed in alkyd resins due to oil content [23,42,43], was further intensified in
BA paints, likely due to lignin. Regarding the effect of antimicrobial compounds on colour,
thymol did not induce any changes. However, the inclusion of soft resins, which contain
phenolic structures and conjugated double bonds [44] similar to lignin, further contributed
to paint darkening [41].
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Table 3. Physical characterisation: colour, gloss in gloss units, and Persoz hardness results in
oscillation number.

Paint Sample
Colour (Leneta Chart) Gloss

(Dark Glass)
Persoz Hardness

(Glass)L* a* b* ∆E* ab (D65)

White plate 94.73 ± 0.02 1.15 ± 0.01 −6.54 ± 0.01 - - -
A-REF 95.60 ± 0.03 −0.45 ± 0.08 5.45 ± 0.07 12.12 68 ± 2 154 ± 3
A-T010 95.62 ± 0.03 −0.47 ± 0.06 5.35 ± 0.07 12.03 73 ± 2 136 ± 2
A-H015 92.60 ± 0.02 0.89 ± 0.01 8.94 ± 0.03 15.63 50 ± 2 113 ± 3
BA-REF 82.63 ± 0.03 2.90 ± 0.01 13.68 ± 0.03 23.62 85 ± 1 71 ± 2
BA-T005 82.68 ± 0.04 2.78 ± 0.01 13.58 ± 0.03 23.50 88 ± 2 77 ± 2
BA-T010 82.68 ± 0.04 2.78 ± 0.01 13.58 ± 0.03 23.50 88 ± 2 75 ± 2
BA-H015 80.44 ± 0.03 3.00 ± 0.06 15.38 ± 0.06 26.23 78 ± 2 44 ± 2

Table 3. Physical characterisation: colour, gloss in gloss units, and Persoz hardness results in oscil-
lation number.
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Figure 2. Visual colour comparison of the alkyd (left)- and bio-alkyd (right)-based paints.

Gloss measurements at a 60° angle, applied on dark glass, are presented in Table 3. 
Alkyd paints showed high gloss values, close to 70 gloss units, typical for alkyd resins 
[45]. The bio-alkyd (BA) paints exhibited even higher gloss values, suggesting that the 
lignin enhances a smoother surface finish.

Persoz pendulum hardness was assessed after one month of air drying at RT (Table 
3). The BA formulations demonstrated fewer oscillations, indicating a slower drying pro-
cess compared to the conventional alkyd formulations. This trend was also observed in 
BA variants with bioadditives like thymol and hop soft resin, in contrast to the faster dry-
ing of A paints with or without bioadditives. Paint hardness is influenced by factors such 
as chain flexibility and the degree of crosslinking within the polymer network. Addition-
ally, external factors, including substrate type, coating–substrate adhesion, and coating 
heterogeneity, affect hardness measurements [28].

Paint adhesion to metal substrates was evaluated using a cross-cut adhesion test (Ta-
ble 4). The results indicated a significant improvement in adhesion when a primer was 
applied, as evidenced by smooth cut edges (class 0). Samples without primer exhibited 
minor edge defects (class 1).

Table 4. Adhesion results on metal substrates (cross-cut test). Class 0 indicates that the edges of the 
cut are completely smooth, with no detachment of the coating squares, whereas class 1 indicates the 
detachment of small flakes at the intersections of the cuts, affecting up to 5% of the cross-cut area.

Sample Metal
Primer + A-REF Class 0

A-REF Class 1
Primer + BA-REF Class 0 

BA-REF Class 1

Figure 2. Visual colour comparison of the alkyd (left)- and bio-alkyd (right)-based paints.

Gloss measurements at a 60◦ angle, applied on dark glass, are presented in Table 3.
Alkyd paints showed high gloss values, close to 70 gloss units, typical for alkyd resins [45].
The bio-alkyd (BA) paints exhibited even higher gloss values, suggesting that the lignin
enhances a smoother surface finish.

Persoz pendulum hardness was assessed after one month of air drying at RT (Table 3).
The BA formulations demonstrated fewer oscillations, indicating a slower drying process
compared to the conventional alkyd formulations. This trend was also observed in BA
variants with bioadditives like thymol and hop soft resin, in contrast to the faster drying of
A paints with or without bioadditives. Paint hardness is influenced by factors such as chain
flexibility and the degree of crosslinking within the polymer network. Additionally, external
factors, including substrate type, coating–substrate adhesion, and coating heterogeneity,
affect hardness measurements [28].

Paint adhesion to metal substrates was evaluated using a cross-cut adhesion test
(Table 4). The results indicated a significant improvement in adhesion when a primer was
applied, as evidenced by smooth cut edges (class 0). Samples without primer exhibited
minor edge defects (class 1).

Table 4. Adhesion results on metal substrates (cross-cut test). Class 0 indicates that the edges of the
cut are completely smooth, with no detachment of the coating squares, whereas class 1 indicates the
detachment of small flakes at the intersections of the cuts, affecting up to 5% of the cross-cut area.

Sample Metal

Primer + A-REF Class 0
A-REF Class 1

Primer + BA-REF Class 0
BA-REF Class 1
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Both A-REF and BA-REF paints displayed good levelling and appearance, confirmed
via FE-SEM analysis. SEM images (Figure 3) revealed detailed nanometric structures with
a smooth and homogeneous film surface, devoid of notable defects such as blisters, craters,
or cracks.

ff

tt
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Figure 3. SEM images of A-REF (left) and BA-REF (right) paints.

Water sensitivity was assessed by immersing samples in water for 24 h, and their
appearance was recorded (Figure 4). The BA paint exhibited slight bleaching. This suggests
that after 24 h of immersion in water, the lignin in the paint interacts with water through
its polar areas, such as the hydroxyl and carbonyl groups. Upon drying, the areas where
bleaching has occurred release the absorbed water, recovering their original appearance,
indicating that the effect is reversible after drying (after 24 h in air).

Both A-REF and BA-REF paints displayed good levelling and appearance, confirmed 
via FE-SEM analysis. SEM images (Figure 3) revealed detailed nanometric structures with 
a smooth and homogeneous film surface, devoid of notable defects such as blisters, cra-
ters, or cracks.

Figure 3. SEM images of A-REF (left) and BA-REF (right) paints.

Water sensitivity was assessed by immersing samples in water for 24 h, and their 
appearance was recorded (Figure 4). The BA paint exhibited slight bleaching. This sug-
gests that after 24 h of immersion in water, the lignin in the paint interacts with water 
through its polar areas, such as the hydroxyl and carbonyl groups. Upon drying, the areas 
where bleaching has occurred release the absorbed water, recovering their original ap-
pearance, indicating that the effect is reversible after drying (after 24 h in air).

Figure 4. Water sensibility evaluation results of paints.

Water contact angle measurements (Table 5) indicated increased hydrophilicity in 
BA-REF paint due to lignin incorporation, with contact angles of 83° ± 3°, compared to 65° 
± 3° for A-REF paint (Figure 5). According to Thomas Young’s classical equation, surface 
wettability is classified as hydrophilic (CA < 90°), hydrophobic (CA > 90°), or superhydro-
phobic (CA > 150°). The lower contact angle of BA-REF confirms its higher affinity for 
water.

Table 5. Water contact angle results.

Sample Water Contact Angle (°)
A-REF 65 ± 3

BA-REF 83 ± 3

Figure 4. Water sensibility evaluation results of paints.

Water contact angle measurements (Table 5) indicated increased hydrophilicity in
BA-REF paint due to lignin incorporation, with contact angles of 83◦ ± 3◦, compared to
65◦ ± 3◦ for A-REF paint (Figure 5). According to Thomas Young’s classical equation,
surface wettability is classified as hydrophilic (CA < 90◦), hydrophobic (CA > 90◦), or
superhydrophobic (CA > 150◦). The lower contact angle of BA-REF confirms its higher
affinity for water.

Table 5. Water contact angle results.

Sample Water Contact Angle (◦)

A-REF 65 ± 3
BA-REF 83 ± 3
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Figure 5. Contact angle results of paints (water drops).

Overall, A-REF and BA-REF alkyd paints revealed comparable physicochemical prop-
erties suitable for application on metal surfaces. However, the BA-REF paint displayed
a brownish colouration, higher viscosity, and slightly increased water sensitivity, all at-
tributed to lignin.

3.2. Antimicrobial Activity of the Paints

The antimicrobial activity of bioadditive-enriched conventional alkyd and bio-alkyd
coatings was evaluated against E. coli and S. aureus. Control coatings without antimicro-
bial additives were used to isolate the effect of the tested bioadditives. Based on MIC
(minimum inhibitory concentration) and MBC (minimum bactericidal concentration)
values, different concentrations were analysed [46]. Preliminary antimicrobial tests
identified effective doses at 0.05% thymol and 0.15% soft hop resins in the reference
alkyd paint. Given their antimicrobial nature, low concentrations were used. Reduced
thymol doses were tested in the bio-alkyd paint, while the concentration of soft hop
resins in the same formulation was increased to 0.25% due to insufficient efficacy at
lower levels. This approach allowed for a direct comparison of antimicrobial effects
across both paints while minimising replication.

Unexpectedly, the untreated alkyd resin base (A-REF) exhibited antimicrobial ac-
tivity against S. aureus but not against E. coli (Table 6). This effect may be linked to
the presence of TiO2 in the paint, known to generate reactive oxygen species (ROS)
under UV light, which can degrade organic compounds [47]. The difference in bacterial
susceptibility may be due to the cell wall structure: Gram-positive bacteria such as S.

aureus lack an outer membrane, making them more susceptible ROS-induced oxidative
damage. Conversely, Gram-negative bacteria such as E. coli have an additional outer
membrane that limits molecule permeability [48], including ROS. However, further
research is needed to confirm the role of TiO2 in the observed antimicrobial activity.
Additionally, other studies report the opposite effect, with higher inhibitory efficacy of
TiO2 against E. coli than S. aureus under certain conditions [49–51]. This discrepancy
highlights the need for further analysis to elucidate the factors influencing this selective
antimicrobial activity. As a result, antibacterial testing of the remaining paints was
finalised exclusively against S. aureus.
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Table 6. Antibacterial activity of metal surface samples coated with conventional alkyd paints (A)
or bio-alkyd paints (BA) with or without antibacterial agents (thymol and hop soft resins) against
E. coli and S. aureus. Log (CFU/cm2) is the logarithm of the number of viable bacteria found on a
test metal surface, based on triplicate measurements, with the standard deviation (SD) included. R
represents the antibacterial activity, calculated as R = UT − AT. UT represents the average logarithm
of viable bacteria recovered from untreated samples after 24 h. AT represents the average logarithm
of viable bacteria recovered from treated samples after 24 h. A value of R ≥ 2 is considered as grown
inhibition. NA: not analysed.

Paint Name
Time of

Incubation (h)

Log (CFU/cm2) Antibacterial Activity (R)

E. coli S. aureus E. coli S. aureus

A-REF 0 5.16 ± 0.03 5.35 ± 0.11
NO YESA-REF 24 4.96 ± 0.01 0.80 ± 0.00

A-REF 0 5.06 ± 0.02 5.35 ± 0.11
YES

(4.16 ± 0.01) YESA-REF 24 4.96 ± 0.01 0.80 ± 0.00
A-T005 24 0.80 ± 0.00 0.80 ± 0.00

A-REF 0 5.06 ± 0.02 5.35± 0.11
YES

(4.16 ± 0.01) YESA-REF 24 4.96 ± 0.01 0.80 ± 0.00
A-T010 24 0.80 ± 0.00 0.80 ± 0.00

A-REF 0 4.82 ± 0.10 5.35 ± 0.11
YES

(3.00 ± 0.01) YESA-REF 24 3.79 ± 0.01 0.80 ± 0.00
A-H015 24 0.80 ± 0.00 0.80 ± 0.00

BA-REF 0 4.79 ± 0.07 4.92 ± 0.04
NO YESBA-REF 24 4.09 ± 0.04 0.80 ± 0.00

BA-REF 0 5.24 ± 0.04
NO

(0.04 ± 0.00) NABA-REF 24 4.48 ± 0.12 -
BA-T001 24 4.44 ± 0.12

BA-REF 0 5.24 ± 0.04
NO

(−0.10 ± 0.00) NABA-REF 24 4.48 ± 0.12 -
BA-T003 24 4.58 ± 0.11

BA-REF 0 4.95 ± 0.05 4.92 ± 0.04
YES

(2.15 ± 0.05) YESBA-REF 24 2.95 ± 0.05 0.80 ± 0.00
BA-T005 24 0.80 ± 0.00 0.80 ± 0.00

BA-REF 0 4.79 ± 0.08
NO

(0.16 ± 0.09) NABA-REF 24 4.09 ± 0.04 -
BA-H015 24 3.93 ± 0.06

BA-REF 0 5.24 ± 0.04
NO

(−0.18 ± 0.14) NABA-REF 24 4.48 ± 0.12 -
BA-H025 24 4.66 ± 0.07

Thymol addition was effective in both alkyd and bio-alkyd resins at concentrations of
0.05% and above, completely inhibiting E. coli growth within 24 h (Table 6). This suggests
that thymol maintains its antimicrobial efficacy across resin types, with 0.05% identified
as the minimum bactericidal concentration. Lower concentrations (0.01% and 0.03%)
lacked activity in the bio-alkyd resin, indicating a threshold concentration for inhibition.
This is in agreement with the previously described MIC for thymol [46]. Thymol-rich
essential oils have been investigated for their antimicrobial properties, attributed to its
membrane-disrupting and DNA-binding properties, which likely underpins its efficacy
against E. coli [52].

In contrast, hop-derived soft resins showed antibacterial activity only in the conven-
tional alkyd paint at 0.15%, achieving an R value of 3.00 against E. coli. Higher concentra-
tions of hop resins are likely required to exert significant antibacterial activity compared to
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thymol, as several compounds in hop extracts (such as xanthohumol, humulone, lupulone,
bitter acids, and essential oils) have shown potent antibacterial effects, particularly against
Gram-positive bacteria and fungi. However, these compounds are generally less effective
against Gram-negative bacteria and yeasts [53,54]. Given that E. coli is a Gram-negative
bacterium, the lack of efficacy at lower hop resin concentrations is not unexpected [55–59].
Indeed, some studies suggest that hop fractions may require concentrations exceeding
1000 mg/L to effectively inhibit Gram-negative bacterial strains [60]. It would therefore be
reasonable to anticipate stronger antimicrobial effects against other Gram-positive bacterial
species, though further analysis is necessary.

Nevertheless, no biocidal effect was observed in the bio-alkyd resin, even when the
concentration was increased to 0.25%. This result is somewhat unexpected, as the presence
of lignin might suggest an increase in the antibacterial activity of the bio-alkyd resin. In
the late 1970s, Zemek et al. [61] reported the antibacterial activity of guaiacyl and syringyl
lignin models against both Gram-negative and Gram-positive bacteria, likely due to the
structure of their side chains. Since then, the antimicrobial effects of lignin have been
controversial, varying by plant source and bacterial strain analysed [62].

It is also possible that lignin, a complex polymer rich in phenolic structures, interacts
chemically with the alpha and beta acids present in hops, thereby reducing their antimi-
crobial efficacy. Alternatively, lignin may act as a physical barrier within the bio-alkyd
matrix, restricting the dispersion of hop resins and potentially encapsulating them, fur-
ther diminishing their effectiveness. These findings suggest that while hop resins exhibit
promising antimicrobial properties, their efficacy may be compromised in bio-based formu-
lations due to matrix interactions, highlighting the need for further chemical analysis using
spectroscopy to determine the release rate.

Given the increasing interest in bio-alkyd resins enriched with antimicrobial
agents [23,26,27], these results open new possibilities in sustainable coatings. The suc-
cessful incorporation of thymol highlights its potential as an eco-friendly antimicrobial
additive, aligning with circular economy and sustainability principles. Similarly, hop resins,
derived as a waste product of the beer industry, offer another avenue for repurposing
industrial by-products in the development of sustainable coatings.

3.3. Antiviral Activity of the Paints

Based on the results obtained in the previous sections, bio-based alkyd resin samples
supplemented with 0.10% thymol and 0.15% hop resins were selected to evaluate their
virucidal activity against Influenza A (H3N2).

All the test conditions described in the ISO standard were met (Table 7), ensuring
that the test setup accurately reflected the antiviral activity of the samples studied, thereby
confirming the test as valid. In the first condition, a value of < 0.2 indicated that the
maximum and minimum number of plaques counts from the specimens were closely
aligned. The initial viral titre (U0) was 1.1 × 106 PFUs/cm2, which fell within acceptable
range. While the viral titre at 24 h (Ut) was naturally lower than U0, it remained well above
the minimum threshold, confirming that the control surface exhibited no antiviral activity,
allowing the virus to remain viable over the 24 h period and validating the test conditions.
Additionally, no cytotoxic effect on the host cell, no reduction in cell sensitivity to the virus,
and effective inactivation of the antiviral activity in the SCDLP broth were confirmed.



Coatings 2025, 15, 445 14 of 18

Table 7. Summary of validity conditions for ISO 21702:2019. All four conditions were met, which
established reliability in the assay results. * Lmax is the common log of the maximum number of
plaques recovered from a specimen, Lmin is the common log of the minimum number of plaques
recovered from a specimen, Lmean is the common log of the mean number of plaques recovered from
the 3 specimens, ** U0 is the average number of plaques recovered immediately after inoculation
from the untreated specimens, and *** Ut is the number of plaques recovered from each untreated
test specimen with 24 h of contact. **** Supplementary Materials (Table S1: Raw_data_antiviral).

Condition Criteria Test Results Validation Test

Maximum and
minimum plaque
count alignment *

(Lmax −

Lmin)/(Lmean) ≤ 0.2
(1.36 − 1.15)/
1.25 = 0.168

Passed

Initial viral titre
(U0) **

U0 range 2.5 × 105

–1.2 × 106

PFUs/cm2

U0 = 1.1 × 106

PFUs/cm2 Passed

Viral titre at 24 h
(Ut) ***

Ut ≥ 6.2 × 102

PFUs/cm2
Ut = 1.10 × 105

PFUs/cm2 Passed

Absence of
cytotoxic effects

and inactivation or
antiviral

activity ****

No adverse effects
on host cells;

effective
inactivation in
SCDLP broth

Suppressive
efficiency of agent’s
activity confirmed

Passed

The viral titre of the negative control at 0 h was 1 × 108 PFUs/mL, corresponding to
an average logarithmic titre of 6.03 PFUs/cm2 (Table 8). After 24 h, the control samples
showed a decrease to a mean logarithmic titre of 5.04 PFUs/cm2. In contrast, for the treated
samples (BA-T010 and BA-H015), minimal or no plaques were observed across all tested
dilutions. The average logarithmic viral titres for BA-T010 and BA-H015 after 24 h were
1.62 and 1.80 PFUs/cm2, respectively. Both thymol and hop resin demonstrated significant
antiviral activity effects, achieving reductions of 3.42 and 3.24 logs, equivalent to a viral
load reduction of over 99.99% compared to the untreated controls (Table 8). Statistical
analysis confirmed a significant reduction in viral recovery for both formulations compared
to the reference (ANOVA: F = 148.15, p = 7.82 × 10−6). Pairwise t-tests showed that thymol
and hop resin were both significantly different from the reference (p = 0.0067 for both),
whereas no significant difference was observed between the two treatments (p = 0.23). A
table summarising the ANOVA and t-test results, along with the raw data, is provided in
Supplementary Materials (Table S1).

Table 8. Summary of results for the antiviral activity tests, showing the percentage of viral load
reduction in the two coated surfaces and the untreated control specimens. The data shown correspond
to the average of 3 replicates.

Log Viral Titre
(PFUs/cm2)

Antiviral
Activity (R)

% Reduction

Control at 0 h 6.03 ± 0.11 - -
Control at 24 h 5.04 ± 0.06 - -
BA-T010 at 24 h 1.62 ± 0.00 3.42 99.996
BA-H015 at 24 h 1.80 ± 0.17 3.24 99.992

The consistent antiviral efficacy of both bioadditives contrasts with their differences in
antimicrobial effectiveness. Both ISO standards employ similar test conditions with regards
to humidity and contact time, which ensures that the active compound behaves consistently
in both resins. Yet, different factors likely influence the activity against bacteria versus
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viruses. Bacteria possess rigid cell walls composed of peptidoglycan and lipopolysaccha-
rides, which act as a structural barrier and influence the way antimicrobial agents penetrate
or disrupt the cell. However, antiviral activity follows a distinct mechanism. Unlike bac-
teria, viruses lack cell walls, so antiviral efficacy may depend less on bioadditive release
or diffusion and more on direct interactions with viral envelopes. Influenza A (H3N2),
the virus employed in the assay, is an enveloped virus of the Orthomyxoviridae family.
Enveloped viruses are known to be more sensitive than their non-enveloped counterparts.
They depend on their lipid bilayer for structural integrity and host cell entry, making them
more susceptible to compounds that target membrane stability [63].

Both thymol [64] and hop resins [55] are known to integrate into lipid membranes,
affecting, via different mechanisms, both membrane fluidity and protein conformation.
Their virucidal activity is likely linked to this ability to interact with the viral envelope,
destabilising viral proteins required for infection. In the case of hop extracts, β-acids and
oil extracts have been found to lack antiviral activity, whereas bitter acids, particularly
those present in hop soft resins, exhibit strong antiviral properties [55,65]. This suggests
that specific components within the hop extract selectively target viral envelopes, further
reinforcing the mechanistic distinction between antiviral and antibacterial modes of action.

4. Conclusions

The increasing concern over the spread of pathogens, particularly in high-risk envi-
ronments such as hospitals and public spaces, underscores the urgent need for innovative
antimicrobial coatings. Developing bio-based alternatives aligns with global efforts to
reduce ecological impact and improve sustainability. In this context, the exploration of
alkyd resins enriched with antimicrobial bioadditives offers a promising solution to control
microbial dissemination effectively.

The incorporation of natural compounds such as thymol and soft hop resins into
bio-based alkyd formulations not only provides potent antimicrobial properties but also
supports circular economy principles. Thymol, derived as a by-product of the cosmetic in-
dustry, and hop resins, a waste product from beer production, exemplify the transformation
of industrial residues into high-value materials. This approach fosters resource efficiency
and environmental sustainability while addressing the pressing demand for eco-friendly
and functional coatings to mitigate pathogen transmission, at a time when outbreaks of
zoonotic diseases are increasingly frequent.

The newly developed antimicrobial biocoatings demonstrated good and glossy appear-
ance when applied to metal surfaces, with beige to brown colouration (derived from lignin
presence in the alkyd resin), strong adhesion to metal when a primer is applied beforehand
(“class 0” rating in the cross-cut adhesion test), lower hardness (Persoz hardness exceeding
50 oscillations after 1 month at RT), and slight water sensitivity (although it recovers when
water contact is removed) compared to a reference white coating containing a conventional
alkyd resin.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/coatings15040445/s1. Table S1: Raw_data_antiviral.
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lupulus L. (Hops)—A Valuable Source of Compounds with Bioactive Effects for Future Therapies. Mil. Med. Sci. Lett. 2016, 85,
19–30. [CrossRef]

56. Astray, G.; Gullón, P.; Gullón, B.; Munekata, P.E.S.; Lorenzo, J.M. Humulus lupulus L. as a Natural Source of Functional
Biomolecules. Appl. Sci. 2020, 10, 5074. [CrossRef]

57. Srinivasan, V.; Goldberg, D.; Haas, G.J. Contributions to the Antimicrobial Spectrum of Hop Constituents. Econ. Bot. 2004, 58,
S230–S238.

58. Erzinger, G.S.; Lopes, P.C.; del Ciampo, L.F.; Zimath, S.C.; Vicente, D.; Martins de Albuquerque, F.; Prates, R.C. Bioactive
Compounds of Hops Resulting from the Discarding of the Beer Industry in the Control of Pathogenic Bacteria. In Natural Bioactive

Compounds; Elsevier: Amsterdam, The Netherlands, 2021; pp. 41–55.
59. Sun, S.; Wang, X.; Yuan, A.; Liu, J.; Li, Z.; Xie, D.; Zhang, H.; Luo, W.; Xu, H.; Liu, J.; et al. Chemical Constituents and Bioactivities

of Hops (Humulus lupulus L) and Their Effects on Beer-related Microorganisms. Food Energy Secur. 2022, 11, e367. [CrossRef]
60. Bogdanova, K.; Kolar, M.; Langova, K.; Dusek, M.; Mikyska, A.; Bostikova, V.; Bostik, P.; Olsovska, J. Inhibitory Effect of Hop

Fractions Against Gram-Positive Multi-Resistant Bacteria. Pilot Study Biomed. Pap. 2018, 162, 276–283. [CrossRef] [PubMed]
61. Zemek, J.; Košíková, B.; Augustín, J.; Joniak, D. Antibiotic Properties of Lignin Components. Folia Microbiol. 1979, 24, 483–486.

[CrossRef] [PubMed]
62. Chen, M.; Li, Y.; Liu, H.; Zhang, D.; Shi, Q.-S.; Zhong, X.-Q.; Guo, Y.; Xie, X.-B. High Value Valorization of Lignin as Environmental

Benign Antimicrobial. Mater. Today Bio 2023, 18, 100520. [CrossRef]
63. Lin, Q.; Lim, J.Y.C.; Xue, K.; Yew, P.Y.M.; Owh, C.; Chee, P.L.; Loh, X.J. Sanitizing Agents for Virus Inactivation and Disinfection.

View 2020, 1, e16. [CrossRef]
64. Kowalczyk, A.; Przychodna, M.; Sopata, S.; Bodalska, A.; Fecka, I. Thymol and Thyme Essential Oil—New Insights into Selected

Therapeutic Applications. Molecules 2020, 25, 4125. [CrossRef]
65. Almaguer, C.; Schönberger, C.; Gastl, M.; Arendt, E.K.; Becker, T. Humulus lupulus—A Story That Begs to Be Told. A Review. J.

Inst. Brew. 2014, 120, 289–314. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.indcrop.2021.114014
https://doi.org/10.1680/jgrma.22.00093
https://doi.org/10.1128/AAC.49.6.2474-2478.2005
https://doi.org/10.1021/acsami.7b05977
https://doi.org/10.30684/etj.2023.143301.1577
https://doi.org/10.1016/j.toxrep.2020.04.015
https://www.ncbi.nlm.nih.gov/pubmed/32528857
https://doi.org/10.1016/j.foodchem.2016.04.111
https://www.ncbi.nlm.nih.gov/pubmed/27211664
https://doi.org/10.1016/j.phymed.2007.10.008
https://doi.org/10.1556/1886.2022.00006
https://doi.org/10.31482/mmsl.2016.004
https://doi.org/10.3390/app10155074
https://doi.org/10.1002/fes3.367
https://doi.org/10.5507/bp.2018.026
https://www.ncbi.nlm.nih.gov/pubmed/29790489
https://doi.org/10.1007/BF02927180
https://www.ncbi.nlm.nih.gov/pubmed/389763
https://doi.org/10.1016/j.mtbio.2022.100520
https://doi.org/10.1002/viw2.16
https://doi.org/10.3390/molecules25184125
https://doi.org/10.1002/jib.160

	Introduction 
	Materials and Methods 
	Materials and Strains 
	Paint Formulation 
	Application and Physical Characterisation of Paints 
	Antimicrobial Tests 
	Antiviral Bioassay 

	Results and Discussion 
	Paints’ Physical Characterisation 
	Antimicrobial Activity of the Paints 
	Antiviral Activity of the Paints 

	Conclusions 
	References

