LWT - Food Science and Technology 182 (2023) 114839

ELSEVIER

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/lwt

LWT-

Food Science and Technology

Development of novel antimicrobial coatings incorporating linalool and
eugenol to improve the microbiological quality and safety of raw chicken

Sotirios I. Ekonomou *', Damien J. Leech ™", Sonny Lightfoot 4. David Huson “, Alexandros

Ch Stratakos ™"

& College of Health, Science and Society, School of Applied Sciences, University of the West of England, Coldharbour Lane, Bristol, BS16 1QY, UK
b Centre for Additive Manufacturing, Faculty of Engineering, University of Nottingham, Nottingham, NG8 1BB, UK

¢ Imec, 3001, Leuven, Belgium

d Centre for Fine Print Research, University of the West of England, Coldharbour Lane, Bristol, BS16 1QY, UK

ARTICLE INFO ABSTRACT

Keywords: Incorporating natural antimicrobial agents in antimicrobial coatings has recently been gaining more attention.
Antimicrobial coatings This study aimed to develop novel coatings with incorporated natural antimicrobial compounds (linalool,
Linalool eugenol) to improve the quality and safety of raw chicken during storage at 4 °C. Coatings consisting of chitosan
](Ell}iig:lzaor{ and gelatine (C/G) mixes (40:60 ratio) revealed lower viscosities above 30 °C, while the shear thinning

behaviour of chitosan and gelatine was maintained. Furthermore, the antimicrobial coatings, when applied to
raw chicken samples resulted in lower pH and TBARS levels compared to the control during storage. Also, raw
chicken coated with the antimicrobial coatings containing 0.5 and 0.7 mg/mL of linalool and eugenol suppressed
Lactic-acid-bacteria and Total-Plate-Counts under the spoilage level (7-logs CFU/g) and showed that they can
increase the microbiological shelf-life of the product up to two days during storage at 4 °C. Results also showed
that the coated samples exhibited a significantly lower Listeria monocytogenes population than the control samples
during storage. Conclusively, this study revealed that adding linalool and eugenol in C/G coatings can enhance

Listeria monocytogenes

the shelf-life and safety of raw chicken.

1. Introduction

The foods we eat are never sterile, and different microorganisms are
present with their composition depending on various factors, such as
their growth, survival, and interaction with the food components over
time (Adams & Moss, 2007). Chicken meat is a relatively cheap protein
source, low in fat, and is consumed worldwide. However, it is perishable
and has a relatively short shelf-life, even when stored under refrigera-
tion temperatures. In this respect, and for the commercialisation of fresh
chicken products, the rapid growth of spoilage bacteria and the
contamination with pathogens are among the main limitations. Listeria
monocytogenes is a ubiquitous bacterium that, due to its ability to survive
under various conditions and even grow under temperatures as low as
0 °C, remains an important concern for the consumers’ safety in
refrigerated products (Ekonomou et al., 2020; Stratakos et al., 2015).
Traditionally, to extend the shelf-life and maintain the quality of raw
chicken products, brining, chilling, freezing, and irradiation treatments
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were carried out however these showed adverse effects on the sensory
properties and loss of freshness of the food (Leygonie et al., 2012).

One common way to maintain this quality is through the production
of safe and efficient food packaging or coatings. Food packaging remains
an area of interest across many scientific fields, including chemistry,
manufacturing, and microbiology, and is widely used to retain and
extend the quality, shelf-life, and safety of many raw food products
(Quintavalla & Vicini, 2002). Primarily, the packaging is intended to
isolate and be the first line of defence against extrinsic factors such as
impact forces, dust/particulate, gases and moisture, radiation, and
contamination of food with pathogenic microorganisms and can often be
one of the core parameters that determine the shelf-life of food. Anti-
microbial packaging, or active packaging techniques, aims to combat
the spread of foodborne pathogens that can cause severe human in-
fections by incorporating antimicrobial materials into this design pro-
cess (Al-Tayyar et al., 2020).

Many packaging approaches have been taken to preserve the quality
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and safety of raw food, including the incorporation of nanoparticles (L.
Wang et al., 2021) and antimicrobial polymers directly into the pack-
aging (Cagri et al., 2001; Gonzélez-Gonzalez et al., 2021; Ouattara et al.,
2000) and post-processing techniques such as plasma treatment (Lei
et al., 2014). However, many of these techniques require access to
specialised equipment or complex material processing knowledge prior
to packaging fabrication. Alternatively, others have proposed an
approach that utilises biodegradable soft polymers as the core compo-
nent of their coatings and films (Al-Tayyar et al., 2020; Cagri et al.,
2001; Ouattara et al., 2000) that are typically manipulated by casting
using pre-built moulds.

Chitosan, a polysaccharide found in the exoskeletons of many crus-
taceans, has previously shown promising results, specifically within
antimicrobial food packaging applications and is one of the most widely
used antimicrobial polymers to produce coatings for fresh meat products
(Yuan et al., 2022). However, the extent of the antimicrobial activity has
been shown to be dependent on various factors, including molecular
weight, additives, and post-processing (Wang et al., 2021). In our study,
a Chitosan/Gelatine (C/G) mix has been used as a basis mixture of our
antimicrobial coatings. In the coatings prepared in the current study, the
gelatine component seeks to increase the film’s mechanical properties
and provide a natural barrier against water, UV light, and oxygen, while
the chitosan component increases the viscosity and setting time. Previ-
ously, C/G mixes of this type have also been shown to increase the
shelf-life and sensory attributes of red bell peppers (Poverenov et al.,
2014), fresh pork meat (Xiong et al., 2020), salmon (Gomez-Estaca et al.,
2009), and chicken fillet (Hassan et al., 2022). The choice of chitosan
and gelatine was intentional to provide a low-cost, approachable version
of these antimicrobial polymers.

In order to develop a method that the food industry can readily
adopt, it is required that we use natural compounds with high antimi-
crobial effects in low concentrations to avoid causing a negative effect
on the sensory quality of the food products. Therefore, this study aimed
to develop novel coatings with incorporated natural antimicrobials to
improve the quality and safety of raw chicken during storage. Further-
more, due to these materials’ generality and ease of use, we can extend
this setup to audition various antimicrobial components to determine
those with the most prominent antimicrobial properties. However, this
study focused on two primary candidates with broad application in
many sectors: linalool and eugenol. The rheological and chemical
characterisation of the C/G coatings with 0.5 or 0.7 mg/mL of linalool or
eugenol was performed with the materials identified. In addition, the
pH, lipid oxidation, effect on spoilage microorganisms, and the anti-
microbial effect of the coatings against L. monocytogenes were moni-
tored. In the current study, we propose the application of a simple, low-
cost method using antimicrobial and biodegradable coatings made from
natural, food-grade materials that can be used as a preservation method
for a wide variety of raw food products without the need for mould or
casting equipment.

2. Materials and methods
2.1. Materials

Chitosan was purchased from Oxford Vitality (Bicester, UK) as a
dietary supplement and the beef gelatine was purchased from MM In-
gredients (Wimborne, UK), with a bloom value of 240 - both were used
as received and chosen primarily for their low cost. All components
within the C/G coating are considered safe for use in food. Linalool and
eugenol were chosen as they are accessible and relatively cheap anti-
microbial compounds that are considered safe for use in food and bev-
erages by both the U.S. Food and Drug Administration (FDA) and the
Joint FAO/WHO Expert Committee on Food Additives (JECFA) (World
Health Organization, 2022). Linalool (3,7-Dimethylocta-1,6-dien-3-ol)
is a monoterpenoid that has been isolated from a variety of plants and
essential oils (EOs) and has displayed good antimicrobial activity
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against numerous foodborne pathogens, including Escherichia coli
(Suppakul et al., 2008) and L. monocytogenes (Gao et al., 2019).
Eugenol (4-Allyl-2-methoxyphenol) is another natural antimicrobial
compound sourced most prominently from clove oil but also basil and
cinnamon leaves and has shown strong antimicrobial activity against a
large number of gram-positive and -negative pathogenic bacteria (Hu
et al., 2018; Marchese et al., 2017). The linalool and eugenol were both
purchased from Sigma-Aldrich, UK and used as received.

2.2. Preparation of the mixes

The C/G mixes were formed by mixing powdered 10% chitosan with
90% acetic acid and storing it for 48 h at room temperature or until fully
dissolved. Then, a solution of 25% (w/v) 250 Bloom gelatine was pre-
pared in warm water (40 °C) and refrigerated for 48 h. The C/G mix was
produced from a 40:60 ratio of these to produce a water-loaded hydrogel
with the desired setting properties. This ratio attempts to balance the
setting time (generally driven by the gelatine) with the viscosity of the
mix (controlled by the chitosan) to produce an easy-to-use and malleable
mix that can be used in coating, film-forming and printing techniques
with minimal variation.

The addition of 0.055 mg/mL Polysorbate 20 incorporated into the
mix can mean that up to 0.7 mg/mL of essential oils can easily be added
and retained during the film formation process. Our primary testing
formulations were comprised of the core C/G mix, with the addition of
0.5 and 0.7 mg/mL of linalool or eugenol.

2.3. Rheological analysis

Rheological measurements were taken using a rheometer (Kinexus
Pro+, Netzsch, UK) that allows the rheological response to be probed
with varying shear rates and temperature. Each of the four C/G mixes
was tested separately in a temperature range of 30-55 °C by placing 2 g
of material onto the heated plate and heating it at 30 °C. This ensures
that all the tested materials were in a liquid form to better simulate the
conditions in which they can be applied as films or coatings.

2.4. Fourier-transform infrared (FTIR) spectroscopy

FTIR spectra were obtained using a PerkinElmer FTIR Frontier and
used to analyse the chemical nature of the mixtures. Solid, room tem-
perature samples of each of the four mixtures were placed onto the
crystal cell of the FTIR spectrophotometer, with the platform cleaned
thoroughly in-between to remove any presence of residual liquid. The
measurements were performed in the range of 750-4000 cm ! at room
temperature, and the responses were collected from 10 scans at a reso-
lution of 4 cm ™.

2.5. Determination of pH

The pH values were measured using a pH meter (FiveEasy Plus,
Mettler Toledo, UK). Briefly, five (5) grams of coated and uncoated
chicken samples were added in 45 mL of distilled water into a stomacher
bag (Seward, UK) separately. Then, the samples were homogenised at
200 rpm for 2 min using a stomacher (Stomacher® 400 Circulator,
Seward, UK).

2.6. Thiobarbituric acid reactive substances (TBARS) analysis

Lipid oxidation was measured by TBARS value as described by
Gonzalez-Gonzalez et al. (2021). Coated and uncoated chicken samples
of 5 g were added separately in 35 mL of 7.5% trichloroacetic acid
(TCA). All samples were standardised after homogenisation for 30 s,
centrifugation at 3000xg for 2 min (Allegra X-30 Series, Beckman
Coulter, US), and filtration through a Whatman filter paper with a
diameter of 125 mm (Grade 1, Thermo Fischer Scientific, UK). Then (5)
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millilitres of the standardised samples were transferred into plastic
universal polystyrene containers (Sterilin, UK), with 5 mL of 0.02 mol/L
thiobarbituric acid (TBA) to a ratio of 1:1, TBA: standardised sample.
The samples were vortexed and kept at room temperature (20 °C) for 20
h. After this step, the samples were vortexed again, and an aliquot of
200 pL of each sample was transferred into a 96-well plate to measure
their absorbance at 532 nm, using a microplate reader FLUOstar Omega
(BMG Labtec, UK). A blank sample was prepared by adding 5 mL of both
TCA and TBA. For negative control, the uncoated chicken sample was
washed with distilled water. The calibration curve was prepared using 1,
1,3,3-tetra methoxy propane. The TBARS value was expressed as mg of
malondialdehyde (MDA)/kg of chicken. The values were expressed as
the mean of 4 different samples tested twice (two technical replicates).

2.7. Bacterial cultivation and growth conditions

2.7.1. Total plate counts (TPC) and lactic acid bacteria (LAB)

Ten (10) grams from each chicken sample were transferred asepti-
cally into stomacher bags with 90 mL of Maximum Recovery Diluent
(0.1% w/v peptone, 0.85% w/v NaCl; MRD) and homogenised at 200
rpm for 2 min using a Stomacher. A volume of 0.1 mL from the appro-
priate 10-fold serial dilutions, using the spread plate technique, was
used to enumerate the total plate counts (TPC) on plate count agar (PCA)
incubated at 25 °C for 48-72 h. A volume of 1 mL from the appropriate
10-fold serial dilutions, using the pour plate technique, was used to
enumerate the lactic acid bacteria (LAB) on De Man, Rogosa, Sharpe
agar (MRS), incubated at 25 °C for 72 h. The microbiological analysis
was carried out every 2 days. All results were expressed as Log CFU/g.
All microbiological media were supplied by Oxoid, UK.

2.7.2. L. monocytogenes

Listeria monocytogenes NCTC 7973 from a frozen stock stored at
—80 °C in Cryoinstant vials with porous beads (Microbank, Pro-Lab
Diagnostics, UK) was used. A single bead was transferred aseptically
in sterile Mueller Hinton broth (MHB) to activate the culture and incu-
bated overnight at 37 °C. From the overnight culture, a volume of 0.1 mL
was transferred in 10 mL MHB and incubated at 37 °C for 24 h. To
prepare the working culture, the cells were harvested by centrifugation
at 6500 xg for 10 min, washed twice with phosphate-buffered saline (pH
7.4; PBS), and finally resuspended in 10 mL of MRD to an appropriate
bacterial population before use. An inoculum of 0.1 mL was added on
the surface of the chicken meat samples to reach a bacterial population
of 10% Log CFU/g, and the samples were stored at 4 °C for 8 days. Control
samples were inoculated with 0.1 mL of sterile distilled water. As
mentioned in section 2.7.1, 10 g from each chicken sample were added
aseptically in a Stomacher bag with 90 mL of MRD and homogenised at
200 rpm for 2 min using a Stomacher. Finally, the 10-fold dilutions were
prepared in MRD, and an aliquot of 0.1 mL from the appropriate 10-fold
serial dilution was plated onto Brilliance Listeria agar [formerly Oxoid
Chromogenic Listeria Agar (OCLA)] and incubated at 37 °C for 24 h. The
microbiological analysis was carried out every 2 days. All results were
expressed as Log CFU/g.

2.8. Statistical analysis

All experiments were performed at least in triplicate and were ana-
lysed twice. Statistical analysis was done using Excel Microsoft® Office
365 (ver. 16.48). When required, the data were subjected to a one-way
ANOVA followed by Tukey post hoc test using IBM® SPSS® statistics 26
software for macOS (SPSS Inc.). All data showed a normal distribution.
Student’s t-test was used to determine significant differences between
two groups at a 5% level of significance. Thus, results were considered
statistically significant when p was less than 0.05 (p < 0.05).
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3. Results and discussion
3.1. Rheological properties of the mixes

Fig. 1a shows the results for the mixture containing 0.5 mg/mL
eugenol and how they change with varying temperatures. The solid
eugenol samples were heated at 30 °C to ensure that were fully liquid
before being introduced to the rheometer and utilised the in-built
heating plate to move to the desired measurement temperature. All
temperatures were examined in our “liquid window” of functionality -
above 30 °C (below the mixture’s setting temperature) and below 55 °C
(above which the antimicrobial activity can be negatively affected). As
expected, larger temperatures result in lower viscosities and, therefore,
an easier method of depositing and moving material, making tempera-
ture control the most direct and simplest method of controlling the
viscosity of the mixture. As the primary components of the mixture were
gelatine and chitosan, the shear thinning behaviour of those components
(Payet et al., 2010) was maintained in this mixture. The other antimi-
crobial mixtures used in this study revealed the same trend (results are
not shown). In addition, comparisons between the four mixtures at a
similar temperature (35 °C), in Fig. 1b, show a similar shear viscosity
response with increasing shear rate and compare well with other liter-
ature (Bertolo et al., 2021; Wang et al., 2009) with a higher average
value due to the higher loading of gelatine and chitosan. The variations
seen between the differing mixtures may be due to inhomogeneity
within the mixture, possibly arising from incomplete mixing and the
lack of purity of the core biopolymers in the mixture. As such, due to the
large amount of variation inherent in the chosen biopolymers arising
from differing sources and production methods (Schnepp, 2013), direct
comparisons are not easy and would not produce many valuable
insights.

The four mixtures used are solid at room temperature and become
liquid in the region of 30-40 °C, meaning that their properties can be
probed via characterisation methods that require both liquid and solid
samples. The core formulation is cheap, easy to make, and accessible in
producing an antimicrobial coating. When using these materials as
malleable coatings with a low phase transition temperature, their liquid
and general fluid flow response can be useful in probing how these
materials could be used in forming antimicrobial films, surfaces and/or
coatings. This manipulation could even be extended to the production of
more complex textures and surfaces through three-dimensional
patterning techniques, like direct ink writing (Gutierrez et al., 2019;
Pattinson & Hart, 2017). In the current study, however, all raw chicken
samples were coated by dipping the samples into the antimicrobial mix
while in a liquid form, as explained earlier.

3.2. FTIR analysis

FTIR analysis was used to probe the chemical composition of the
mixtures. Fig. 2 shows the FTIR spectra for two representative samples
of C/G mixtures loaded with either linalool or eugenol at 0.7 mg/mL. As
the majority of the mixture is comprised mostly of the C/G component,
much of the FTIR response is the same and overlaps, however the two
formulations can be distinguished by the fingerprint region of
750-2000 cm ™}, alongside the region of 2500-3000 cm . Distinctive
peaks, such as the dominant 3300 cm™! peak (representing —NHj
stretching) and the peak at 1670 cm ™! (representing the C=0 stretch-
ing), can be found in gelatine-chitosan mixes within the literature
(Pezeshki-Modaress et al., 2018). Fig. 2a shows the FTIR results for a
linalool loaded ink - the 2971 cm™! peak found in the spectra is the
aliphatic C-H stretching (Jabir et al., 2018), C=C stretching of the allyl
groups at 1634 cm ™!, N-H bending at 1550 cm ™! and a C-O stretching
band at 1094 cm™! (Menezes et al., 2014). Fig. 2b shows the FTIR results
for a eugenol loaded mix with peaks at 1640 cm ™! and 1510 cm™! that
are also found in eugenol spectra and can correspond to the C—=C
stretching of the aromatic moiety (Nuchuchua et al., 2009; Yang & Song,
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Fig. 1. (a) Rheological response of a C/G antimicrobial mix formulation, loaded with 0.5 mg/mL eugenol, displaying the large differences in material response at 30,
25, 40, and 55 °C. (b) Rheological response of a C/G antimicrobial mix, loaded with 0.5 and 7 mg/mL eugenol or linalool. The temperature was kept at a constant

35 °C for each measurement.
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Fig. 2. FTIR spectra of a standard C/G mix, prepared as documented in the main text and loaded with a) 0.7 mg/mL linalool and b) 0.7 mg/mL eugenol.

2005). The stronger peak at 1157 cm™! also corresponds to C-O
stretching (Pezeshki-Modaress et al., 2018). Similar results were seen for
mixtures containing 0.5 mg/mL of linalool and eugenol.

3.3. pH profile of chicken coated with the antimicrobial mixtures

In order to show the efficacy of the antimicrobial coatings, each
variation of the mixture was applied to raw chicken breast, kept at 4 °C
and monitored across 8 days of storage. Fig. 3 shows the raw data for this
pH response for uncoated (control) and coated with 0.5 and 0.7 mg/mL

of eugenol and linalool samples across the storage period at 4 °C. It can
be observed that raw chicken breast when coated with the antimicrobial
mixtures maintained a lower pH for longer periods of storage and the
rate of pH reduction increases as the concentration of the antimicrobial
compounds increase. The higher pH value is an indicator that microbial
growth is faster, and that spoilage is occurring (Adams & Moss, 2007).
This is in accordance with our microbiological results presented in the
next section where the uncoated samples reached the spoilage level
(7-logs CFU/g) after 6 days of storage and the coated samples with 0.5
mg/mL linalool on the last day of storage (Day 8). Similar to our results,

6.8 4 —+— Control
—}— Linalool 0.5 mg/mL
—}— Linalool 0.7 mg/mL
6.6 4 —— Eugenol 0.5 mg/mL
—— Eugenol 0.7 mg/mL
L 6.4
o
6.2
6.0

0 1 2 3

4 3 6 7 8

Storage Period (Days)

Fig. 3. pH response of raw chicken breast, during storage at 4 °C across 8 days, both with and without an applied antimicrobial coating.
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Volpe et al. (2015), also found a lower pH increase for the
Carrageenan-based coated fresh trout fillets with or without essential
lemon oil compared to uncoated samples.

3.4. Determination of lipid oxidation

The TBARS value was selected as a useful chemical indicator for the
quality assurance of chicken during storage. TBARS is one of the most
widely used methods for measuring malondialdehyde (MDA), the most
predominant end product of lipid peroxidation (Singh et al., 2016). The
TBARS value of uncoated (control) and coated chicken meat with
linalool and eugenol are presented in Fig. 4.

The TBARS value for all samples increased during storage. On Day 4,
the TBARS values for the coated samples with linalool and eugenol 0.5
and 0.7 mg/mL reached 0.49, 0.45, 0.50, and 0.43 mgMDA/kg,
respectively and remained lower than the control samples (0.61
mgMDA/kg). According to (Reitznerova et al., 2017) there is no legis-
lative limit on MDA concentrations in meat products indicating lipid
oxidation. However, numerous studies indicated that TBARS values
lower than 0.50 mgMDA/kg indicate oxidation at a tolerable level, while
values above 1.00 mgMDA/kg are an index of oxidation (Frigg, 1992;
Warriss, 2000). At the end of the storage period (Day 8), the TBARS
values for the control samples (1.39 mgMDA/kg) were higher than the
coated samples with linalool and eugenol 0.5 and 0.7 mg/mL, ranging
from 0.79 to 0.85 mgMDA/kg (Fig. 4). Our results gave evidence that the
coating formulations with linalool and eugenol can extend the shelf-life
of the raw chicken compared to the uncoated samples. In contrast, the
TBARS values for the uncoated raw chicken on Day 8 (end of storage)
were above the acceptable level of 1.00 mgMDA/kg, showing its
oxidation during storage at 4 °C. This effect can be attributed to the
reduced oxygen atmosphere of the coated samples and the high anti-
oxidant effect of the natural antimicrobials in the coatings and has been
observed by other authors investigating the antimicrobial effect of
edible films enriched with pomegranate peel powder on chicken nuggets
(Bashir et al., 2022), ginger (Zingiber officinale) EO on chicken breast
(Noori et al., 2018), tea polyphenol and rosemary extract on raw fish (Li
et al., 2012), and apple peel extract (rich on polyphenols) on meat
products (Maroufi et al., 2022). As demonstrated in the study of Liu et al.
(2021), the edible coating on hairtail fish meat with eugenol-chitosan
nano-emulsions showed a high preservative effect with the TBARS
values remaining above the acceptable level after 16 days of storage at
4 °C. Furthermore, the antioxidant properties of the various substances,
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such as gums and gelling agents, that are traditionally used to form
coatings have been shown by numerous researchers (Criado et al., 2020;
Panahi & Mohsenzadeh, 2022). In particular, edible alginate films
loaded with cellulose nanocrystals revealed high antioxidant properties
in chicken breast samples during storage at 4 °C (Criado et al., 2020).
This effect was correlated to both the presence of the cellulose nano-
crystals and the reduced oxygen permeability of the alginate based
edible films.

3.5. Microbiological analyses

3.5.1. Microbial population changes during storage

It is known that during aerobic storage of chicken meat at refriger-
ation temperatures, the most frequently isolated bacteria contributing to
spoilage include Pseudomonas spp., Enterobacteriaceae, Brochothrix
thermosphacta, and LAB (Katiyo et al., 2020). However, the C/G coating
applied on the samples was expected to act as a very good barrier to
oxygen during storage (Elsabee & Abdou, 2013). Indeed, as seen from
the TBARS values, at the end of the storage period (Day 8), the coating
provided an efficient oxygen barrier to the coated samples with linalool
and eugenol 0.5 and 0.7 mg/mL, since TBARS remained under 1.00
mgMDA/kg. Under these conditions, the growth of aerobic spoilage
microbiota can be significantly reduced (Narasimha Rao & Sachindra,
2002), and for this reason, in the current study, the growth of LAB
during storage, was investigated. The microbiological changes in the
TPC and LAB counts for uncoated (control) and coated raw chicken
breast during storage at 4 °C are presented in Figs. 5 and 6.

The initial (Day 0) population of TPC and LAB was 4.40 and 1.66 log
CFU/g, respectively. These results were within the range of other studies
that reported that the initial levels of mesophiles and LAB on refriger-
ated chicken were 3-5 and 1 to 3-log CFU/g, respectively (Park et al.,
2013). The TPC counts increased and were significantly higher from Day
2 to Day 8 for the control samples compared to all coated raw chicken
samples (p < 0.05, Fig. 5). In particular, the TPC counts on Day 6
reached 7.08 log CFU/g which is above the level of 7-logs that is
considered as the first indication of spoilage in fresh meat (Adams &
Moss, 2007) and fish products (Ekonomou et al., 2022). On the same
day, the TPC numbers of raw chicken meat coated with antimicrobial
mixtures containing linalool and eugenol 0.5 and 0.7 mg/mL remained
under this limit showing their protective effect against the spoilage of
the raw chicken. At the end of storage (Day 8), the TPC numbers of the
control were 7.63 log CFU/g, while the bacterial counts of TPC only for

1.60 1
~—&— Control

_ 140 4 —e—Linalool 0.5 mg/mL
g 120 4 —&— Linalool 0.7 mg/mL
a ' Eugenol 0.5 mg/mL
%n 1.00 ~ Eugenol 0.7 mg/mL
£
2 0.80
=
£ 0.60 A
7
&~
< 0.40
[=a]
=

0.20 A

0.00 T T T ,

0 2 4 6 8
Storage period (Days)

Fig. 4. Effect of the antimicrobial coatings containing 0.5 and 0.7 mg/mL linalool and eugenol on lipid oxidation in chicken meat during storage at 4 °C for 8 days.
The data represent the mean mg MDA of eight replicates and their standard deviations (S.D.), some of which however lies within the data points.
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Fig. 5. Microbiological changes of TPC of chicken meat coated with antimicrobial mixtures containing 0.5 and 0.7 mg/mL linalool and eugenol during storage at 4 °C
for 8 days. Each column represents the mean of 6 replicates (3 batches from each and 2 technical). Error bars represent the S.D. The values followed by different

lowercase letters differed significantly within each day of storage (p < 0.05).
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Fig. 6. Microbiological changes of LAB of chicken meat coated with antimicrobial mixtures containing 0.5 and 0.7 mg/mL linalool and eugenol during storage at
4 °C for 8 days. Each column represents the mean of 6 replicates (3 batches from each and 2 technical replicates). Error bars represent the S.D. The values followed by
different lowercase letters differed significantly within each day of storage (p < 0.05).

the coated sample with linalool 0.5 mg/mL reached 7.10 log CFU/g. Our
results clearly demonstrate that raw chicken breast coated with the
antimicrobial mixtures with linalool 0.7 mg/mL and eugenol 0.5 and
0.7 mg/mL delayed spoilage and can potentially increase the shelf-life of
the product. This result can be due to the decrease in oxygen levels
caused by the C/G coating that is known that act as an oxygen barrier
and can inhibit the growth of aerobic microorganisms (Devlieghere
et al., 2004). In addition, chitosan has been shown to exhibit antimi-
crobial properties (L. Wang et al., 2021). However, the antimicrobial
activity observed was also due to the incorporation of the antimicrobial
compounds of linalool and eugenol. The mode of action of both linalool
and eugenol is related to the disruption of the cell membranes, causing
increased permeability and uptake of compounds (Mohammadi Nejad
et al., 2017), as has been seen for other natural antimicrobial com-
pounds (Stratakos et al., 2015). This fact explains the lower levels of TPC
and LAB found in the coated raw chicken breast samples. Moreover,

Oyedemi et al. (2009) observed that the time of exposure of bacterial
cells to eugenol is an important factor as the cell wall and membrane
damage was increased after a longer exposure time.

A similar pattern was observed for the LAB counts after Day 4, where
the population on the control samples was significantly higher
compared to the coated ones and equal to 3.60 log CFU/g (p < 0.05,
Fig. 6). On Day 4, the LAB population of raw chicken samples coated
with antimicrobial mixtures containing 0.7 mg/mL linalool (3.07 log
CFU/g) and eugenol (3.00 log CFU/g) was significantly lower compared
to the samples coated with the mixtures incorporated with 0.5 mg/mL of
the same antimicrobials (p < 0.05, Fig. 6). At the end of the storage
period (Day 8), the antimicrobial coatings with 0.5 and 0.7 mg/mL
eugenol were the most effective against the growth of LAB, showing the
highest inhibitory effect. As a result, it can be concluded that the effect
of eugenol was more pronounced on the counts of LAB than on TPC
counts. Our results are in agreement with other recent studies using
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antimicrobial compounds and EOs incorporated in food coatings to
reduce the microbial population of TPC, LAB, and H,S-producing bac-
teria in raw chicken coated with guar gum and oregano EO formulations
(Garavito et al., 2020), and other food products such as fish (Volpe et al.,
2015; Yuan et al., 2022) and meat with edible kappa-carrageenan
coatings incorporated with cinnamon EO (He & Wang, 2022). In addi-
tion, the findings of Liu et al. (2021) suggested that eugenol-chitosan
nano-emulsions can inhibit the growth of TPC on fish meat and pre-
vent the entry of other microorganisms on the food product during
storage.

3.5.2. Effect of linalool and eugenol-based antimicrobial coatings on
L. monocytogenes

In addition to the microbiological quality, it was essential to assess
the safety of the coated raw chicken samples by monitoring the effect of
the antimicrobial coatings in inhibiting L. monocytogenes. The effect of
the antimicrobial coatings against L. monocytogenes during storage at
4 °C for 8 days is presented in Fig. 7. The initial (Day 0) population of
L. monocytogenes on raw coated and uncoated chicken samples was 3.13
log CFU/g (Fig. 7). After two days of storage at 4 °C L. monocytogenes
population significantly increased for all samples except the coated
samples with the highest concentration (0.7 mg/mL) of eugenol showing
an inhibitory effect with a population of 3.12 log CFU/g (p < 0.05,
Fig. 7). During storage, from Day 4 to Day 8 all the coated samples
revealed a significantly lower population for L. monocytogenes,
compared to the control samples that the final population of the path-
ogen on the last day of storage (Day 8) reached at 4.94 log CFU/g (p <
0.05, Fig. 7). Finally, the antimicrobial coatings incorporated with 0.7
mg/mL eugenol were the most effective against L. monocytogenes with a
final population on Day 8 of only 3.80 log CFU/g (Fig. 7). The high
antimicrobial effect of eugenol-loaded coatings is mainly related to the
nature of the compound, which is a volatile bioactive naturally occur-
ring phenolic monoterpenoid. Noori et al. (2018) observed a similar
effect in inhibiting L. monocytogenes and Salmonella Typhimurium on the
raw chicken breast by incorporating ginger EO in edible coatings. The
authors explained that this effect was mainly attributed to the phenolic
compounds that are presented in ginger EO. It is well known that phe-
nols can damage the bacterial membrane leading to microbial death,
and inhibit the growth of various foodborne pathogens, including L.
monocytogenes (Ekonomou et al., 2020; Noori et al., 2018).

Linalool is another efficient antimicrobial compound that has been
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found to be effective against Pseudomonas aeruginosa (X. Liu et al.,
2020), Staphylococcus aureus (Silva et al., 2015), and L. monocytogenes
(Gao et al., 2019). The mechanism of action of linalool remains unclear.
However, Gao et al. (2019) tried to describe the primary mechanism of
the anti-listeria effects of linalool. The authors observed that the cells
treated with linalool initially lost their cellular wall, followed by the
rupture of their cytoplasmic membrane, causing the final lysis of the
cells (cytoplasm separation from the cells) and finally leading to the
up-regulation of genes related to peptidoglycan biosynthesis as a
response to the cellular damage. Moreover, Garavito et al. (2020)
demonstrated the synergistic antimicrobial effect of nisin (1 mg/mL) as
a naturally occurring food preservative in combination with oregano EO
(0.05 mg/mL) incorporated in Guar Gum edible coatings on raw chicken
breast fillets and observed an inhibitory effect against Pseudomonas spp.

4. Conclusions

In the framework of this study, a novel antimicrobial coating was
formulated from inexpensive and malleable core ingredients and, as
such, can readily be utilised in coatings. Rheological measurements
showed a broad change in the overall viscosity of the mixture in a
relatively low temperature range (30-55 °C), and the mixture allowed
for the retention of antimicrobial components (eugenol and linalool)
that are liquid at room temperature and therefore challenging to utilise
in coatings. Collectively, the microbiological results indicated that the
C/G antimicrobial coatings coupled with the presence of 0.5 and 0.7
mg/mL linalool and eugenol can inhibit bacterial growth for at least 2
days and can be considered as a promising preservation method.
Furthermore, it was shown that the coatings incorporated with 0.5 and
0.7 mg/mL eugenol were the most effective among the others in
inhibiting the growth of L. monocytogenes on raw chicken during storage
at 4 °C. It was also observed that the presence of linalool and eugenol
prevents lipid oxidation in raw chicken during the first 8 days of storage
as shown by the TBARS value. Taking into account the preferences of
modern consumers for natural additives, the proposed antimicrobial
coatings can potentially be adopted by the food industry to help reduce
the risk of foodborne disease, maintain quality and extend the shelf-life
of raw chicken meat to help ensure food safety and decrease food waste.
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Fig. 7. Microbiological changes of artificially inoculated L. monocytogenes on chicken meat coated with antimicrobial mixtures containing 0.5 and 0.7 mg/mL
linalool and eugenol during storage at 4 °C for 8 days. Each column represents the mean of 6 replicates (3 batches from each and 2 technical replicates). Error bars
represent the S.D. The values followed by different lowercase letters differed significantly within each day of storage (p < 0.05).
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