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ARTICLE INFO ABSTRACT

Keywords:
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Microbial contaminations are responsible for many chronic, healthcare, persistent microbial infections and ill-
nesses in the food sector, therefore their control is an important public health challenge. Over the past few years,
essential oils (EOs) have emerged as interesting alternatives to synthetic antimicrobials as they are biodegradable,

Encz;;sutlatlllonl extracted from natural sources and potent antimicrobials. Through their multiple mechanisms of actions and
urdle technolo; . . . . . . .
Disinfection &Y target sites, no microbial resistance has been developed against them till present. Although extensive docu-

mentation has been reported on the antimicrobial activity of EOs, comparisons between the use of whole EOs or
their active components alone for an antimicrobial treatment are less abundant. It is also essential to have a good
knowledge about EOs to be used as alternatives to the conventional antimicrobial products such as chemical
disinfectants. Moreover, it is important to focus not only on planktonic vegetative microorganisms, but to study
also the effect on more resistant forms like spores and biofilms. The present article reviews the current knowledge
on the mechanisms of antimicrobial activities of EOs and their active components on microorganisms in different
forms. Additionally, in this review, the ultimate advantages of encapsulating EOs or combining them with other
hurdles for enhanced antimicrobial treatments are discussed.

1. Introduction

The persistence of different types of microbial contaminations
including vegetative, viable but nonculturable, spores, planktonic and
sessile cells, remains a serious public health concern in food, industrial,
biomedical and environmental fields despite the different prevention and
control measures. These contaminations and their subsequent conse-
quences result in an increase of occurrence of food-borne diseases, out-
breaks, reduced shelf-life of food products, costly socio-economical
losses, along with healthcare-associated infections. The centers for dis-
ease control (CDC) estimates that annually, around 48 million Americans
suffer from foodborne illnesses resulting in 3000 deaths and 128,000
hospitalizations (Scharff, 2012). The European Food Safety Authority
(EFSA) and the European Center for Disease Prevention and Control
(ECDC) reported in 2018 a total of 5079 food-borne and water-borne
outbreaks in the European Union (EU) (EFSA and ECDC, 2018). Along
the health losses, foodborne illnesses have created economic burdens
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from which, illness costs are estimated to be annually between $60.9 and
$90.2 billion in the United States (Scharff, 2018).

Several synthetic antimicrobials and control measures have been
adopted to overcome microbial contaminations. Nevertheless, due to the
recent negative perception of consumers towards synthetic antimicro-
bials, the resistance developed by certain microorganisms towards them,
their possible side toxic effects along with their low biodegradability and
negative environmental impacts, increased efforts are urgently needed to
find some new effective control measures to limit microbial contamina-
tions (Campana et al., 2017; Calo et al., 2015).

In recent years, biosourced antimicrobials and particularly essential
oils (EOs) and their active components have received remarkable atten-
tion and emerged as vigorous and convenient natural alternatives for
synthetic antimicrobials. For many years, EOs have been used in therapies,
pharmaceuticals, perfumes, cosmetics and in food industries. They are
environmental-friendly, biodegradable into non-toxic products with
potent antimicrobial activity against different types of microbial
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contaminations (Ju et al., 2019; Teixeira et al., 2022). Additionally,
several EO active components have been recognized as GRAS (Generally
Recognized as Safe) by the US Food and Drug Administration (FDA) and
have been accepted by the European Commission as flavoring agents in
food products (Gutiérrez-del-Rio et al., 2018). Till present, most of liter-
ature studies demonstrated no particular antimicrobial resistance to EOs
as they exhibit several modes of action against multiple target sites in
bacterial cells (Garcia-Salinas et al., 2018; Vidacs et al., 2018). Few studies
reported a variable sensitivity of bacterial strains to EOs and/or an
emergence of an antimicrobial resistance (Becerril et al., 2012; Marotta
etal., 2016). However, further exploration is still required to have a strong
evidence about the potential resistance that could be developed by the
different bacterial strains against EOs. Different EOs (as thyme, tea tree,
peppermint, clove, lemon, bergamot, lavender, mint), in addition to active
EOs components (as carvacrol, thymol and eugenol) have been reported to
exert significant antimicrobial activities against different microorganisms
such as Salmonella spp., Staphylococcus aureus, Candida sp., Listeria mon-
ocytogenes., Escherichia coli, Klebsiella sp., Proteus sp., and Pseudomonas
aeruginosa (Ben Hsouna et al., 2017; Cakmak et al., 2020; Ed-Dra et al.,
2021; El-Darier et al., 2018; Orlo et al., 2021; Rajkowska et al., 2016;
Valkova et al., 2021). EOs were initially applied in their free form,
nevertheless, they presented several limitations as their strong odors and
flavors, low stability, poor water solubility, high volatility, high degrad-
ability and low bioavailability that limited their different applications
(Radiinz et al., 2018). Therefore, recent micro- and nano-encapsulation
methods have been developed to overcome these challenges and ensure
protection of free EO molecules from the external environmental condi-
tions. In addition, encapsulation has been reported to mask EOs negative
organoleptic properties, enhance their antimicrobial activity and ensure a
controlled release (da Silva Giindel et al., 2018; Granata et al., 2018;
Popiolskietal., 2016; Shettaetal., 2019). Another strategy adopted for the
application of EOs was their combination with other hurdles. In most
cases, combining EOs with other treatments exerted more pronounced
anti-microbial activity and reduced the amounts of EOs being used, thus
minimizing production costs, lowering environmental and sensorial im-
pacts, and reducing any potential risk of developing antimicrobial resis-
tance (Duarte et al., 2012; Moosavy et al., 2008; Yamazaki et al., 2004;
Yoon et al., 2011).

This review provides an overview of the published data and current
knowledge on EOs and their active components as potent antimicrobial
tools used to fight different forms of microbial contaminations along with
their mechanisms of action. Moreover, this review highlights the stra-
tegies used to improve EOs antimicrobial activity by micro- and nano-
encapsulation and by their combination with other hurdles.

2. Search strategies

In this review, the specialized databases Scopus, ScienceDirect,
PubMed and Web of Science were used for the literature search using
different combinations of the following keywords: essential oils, anti-
microbial, hurdle technology, and encapsulation.

2.1. Vegetative cells

Vegetative cells are the most common form of microbial contamina-
tions that are easily detectable and generally inhibited by conventional
treatments. Under harsh and stressful conditions as temperature, osmotic
stress, desiccation and/or regular cleaning and disinfection procedures,
some vegetative cells may adapt by implementing physiological, struc-
tural and/or molecular mechanisms making them more resistant (Esbelin
et al., 2018; Potts, 2001). Sporulation and biofilm formation are the most
common resistance mechanisms developed by microbial cells to survive
stressful conditions. In addition, vegetative cells may enter the viable but
not culturable physiological state as a response for the stressful con
ditions.
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2.2. Viable but non culturable (VBNC) cells

VBNC cells are viable bacterial cells that have low levels of metabolic
activity. Several non-spore forming microorganisms and pathogens could
enter the VBNC state as E. coli, E. coli O 157:H7, L. monocytogenes,
S. aureus, H. pylori, P. aeruginosa, Salmonella spp., Enterococcus faecalis,
Yersinia, Bacillus coagulans, Micrococcus luteus, Lactobacillus brevis and
Vibrio spp. (Boehnke et al., 2017; Casasola-Rodriguez et al., 2018; Chang
and Lin, 2017; Dolezalova et al., 2016; Han et al., 2018; Highmore et al.,
2018; Jiang et al., 2015; Kibbee and Ormeci, 2017; Liu et al., 2018;
Majeed et al., 2018; Mukamolova et al., 2018; Orta et al., 2017; Zhang
etal.,, 2015; Zhao et al., 2016; Zhong and Zhao, 2018). Despite being in a
stressed state, VBNC cells maintain a persistent cellular biology and
structure with normal gene expression (Fakruddin et al., 2013). How-
ever, they are not culturable into colonies on standard bacteriological
culture media and are unfortunately not detected by classical microbio-
logical techniques. Alternative microscopic and molecular detection
methods are thus required to detect them (Dong et al., 2020). With
appropriate conditions, VBNC cells are resuscitated, repaired and become
again culturable and metabolically active (Dong et al., 2020). Thus, they
remain a public health concern with their ability to cause severe in-
fections and diseases (Schottroff et al., 2018).

2.3. Microbial spores

Under unfavorable growth conditions, some microorganisms
including mainly Clostridia and Bacilli may form metabolically dormant
spores as an adaptive survival strategy (Setlow, 2014). Due to their unique
structure and components, spores exhibit a better resistance state than
their vegetative forms against several environmental, chemical and
physical stresses (Trunet et al., 2017). They are able to escape the
destruction by different types of treatments even the most severe ones as
mechanical disruption, heating and/or the exposure to a variety of
chemicals (Burgess et al., 2010). Spores are able to adhere tightly to both
abiotic and biotic surfaces and spread to contaminate other surfaces, in-
dividuals or appliances (Mallozzi et al., 2010). Under proper conditions,
dormant spores are able to recover by germination and return back into
sensitive vegetative cells that are responsible for severe food contamina-
tions, intoxications and illnesses, along with nosocomial infections (Mal-
lozzi etal., 2010; Wells-Bennik et al., 2016). Moreover, microbial cells can
communicate through small diffusible chemical signal molecules known
as the autoinducers that regulate the quorum sensing (QS) mechanism
involved in the coordination of the community activities and in moni-
toring their population density (Afonso et al., 2020; Palla et al., 2018). QS
was shown to regulate spore germination, the metabolite productions as
well as the development of an antimicrobial resistance (Narla et al., 2021;
Preda and Sandulescu, 2019). Studies have demonstrated that the inhi-
bition of QS signaling molecules suppressed the initiation of sporulation as
well as spores' germination (Vesty et al., 2020; Wang et al., 2018; Xiong
et al., 2021).

2.4. Molds and mycotoxins

Molds are responsible for the production of prominent amounts of
mycotoxins that have become an important global issue. The main
mycotoxin producers are Penicillium, Aspergillus, Fusarium and Alternaria
(Ramirez et al., 2018). The Food and Drug Organization estimates that
more than 25% of food produced worldwide are contaminated to a
certain level with mycotoxins (Magnoli et al., 2019). Mycotoxins can be
responsible for acute and/or chronic toxicity, depending on the type and
dose of the toxin, as well as the health and age of the exposed individual
or animal. They pose great threats to the quality of food products and to
the global food security (Guo et al., 2023; Singh et al., 2021). Moreover,
due to their greater stability and as they are unavoidable, their preven-
tion and/or elimination remains very challenging (Guo et al., 2023).
Studies have shown that QS mechanisms with a variety of signaling
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molecules, play a major role in the regulation of molds and mycotoxins
processes such as the growth of molds, hyphae formation, and myco-
toxins production (Barriuso et al., 2018; Huang et al., 2020). Therefore,
convenient control strategies that target QS mechanism should be
adopted to control molds and their associated mycotoxins.

2.5. Planktonic cells and biofilms

Biofilms are complex communities of single or multiple microbial
species able to attach and colonize different types of abiotic and biotic
surfaces in food and water processing plants, industrial, clinical and
biomedical fields (Bazargani and Rohloff, 2016; Khelissa et al., 2017). If
the conditions are favorable, adherent cells to surfaces will multiply and
secrete an extracellular matrix of organic polymers in which they become
embedded. The matrix acts a protective barrier against different harmful
and/or stressful conditions, provides nutrients, favors horizontal gene
transfer and metabolic cooperation between bacterial species (Khelissa
et al., 2017; Sandasi et al., 2011). Moreover, increased cell densities in
biofilm structure, favors the QS signaling that could control tightly the
expression of many genes promoting biofilm formation, as well as the
transfer of genetic material between cells (Afonso et al., 2020; Li and
Tian, 2012; Narla et al., 2021).

Thus, once biofilms are firmly established, it becomes very difficult to
remove and control them as microorganisms grow as communities that
associate in different layers. Over time, biofilms have shown potent
resistance against different conventional commercial disinfectants (as
peroxyacetic acid, quaternary ammonium and chlorine compounds) and
have become up to 1000 fold more resistant than their planktonic mi-
crobial cells (Abdallah et al., 2014). Biofilms resistance is multifactorial
and can be linked to the diffusion limitations of antimicrobials, pheno-
typic adaptations and genetic mutations (Bridier et al., 2011). Therefore
they remain an important public health issue as they could disperse and
revert into their planktonic form, colonizing thus new habitats and
resulting in cross-contaminations, transmission of diseases, reduced
products shelf-life and may possibly restart biofilm formation (Donlan,
2002; Srey et al., 2013; Valeriano et al., 2012). Biofilms could be wet or
dry in relation to their growth environment. Wet biofilms are formed in
hydrated environments whereas, dry biofilms are formed on hard and
soft dry environmental surfaces (Almatroudi et al., 2015). Wet biofilms
identified on medical devices with the presence of liquid and/or moisture
are responsible for 65% of healthcare-associated infections (Ledwoch
et al., 2018). Some studies showed that dry biofilms have a more pro-
nounced heat resistance compared to wet biofilms.

For example, upon heating up to 121 °C for 20 min, dry S. aureus dry
biofilms have shown higher heat resistance than wet biofilms and
planktonic cells with a reduction of 2, 7 and 8 logs, respectively (Alma-
troudi et al., 2018). In fact, dry biofilms acquired a cross protection and
an increased ability to withstand extreme conditions as they were
exposed to sub-lethal periodic dehydrations that led to osmotic stress
(Almatroudi et al., 2018). In another study, Bacillus cereus spores formed
in dry biofilms on stainless steel and polystyrene surfaces were less heat
resistant than spores formed in wet biofilms except for dry spores from
B. cereus NIZO 4088 (Hayrapetyan et al., 2016). Drying biofilms by air
exposure, increased spores formation and accelerated their germination
and release from mother cells making them less heat resistant (Hay-
rapetyan et al., 2016).

3. Essential oils and their active components as potent
antimicrobials

3.1. Essential oils composition

EOs are natural complex antimicrobials constituted of different major
active components that some can be found at relatively high concentra-
tions (between 20 and 70%) and others in trace amounts (Bakkali et al.,
2008). The chemical composition and amount of extracted EOs depend
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on the harvest period, climate, soil type, plant and the extraction tech-
nique (Garcia-Salinas et al., 2018). EOs active constituents are generated
by different biosynthetic pathways and predict EOs biological properties.
The different active compounds can be classified into terpene compounds
with their oxidative derivatives terpenoids or into phenylpropanoids
along with their aromatic derivatives (Figure 1) (Dhifi et al., 2016). More
than 4000 different terpenes and only around 50 phenylpropanoids have
been discovered till present (Omonijo et al., 2018).

Terpenes are hydrocarbon compounds of general formula (CsHg)
where “n” represents the number of isoprene units (5-carbon blocks) (El
Asbahani et al., 2015). Depending on “n”, terpenes could be classified as
monoterpenes (CigHie), sesquiterpenes (CisHag), diterpenes (CooHsz)
and triterpenes (CgoH4p) (Swamy et al., 2016). Monoterpenes (as
p-cymene, o-pinene, limonene, f-pinene, a-terpinene and &-3-carene)
constitute 90% of EOs composition but have shown no remarkable
antimicrobial activity when used alone as they have a benzene ring with
no functional groups on their side chains (Bakkali et al., 2008; Hyldgaard
et al., 2012; Dhifi et al., 2016).

The biochemical modifications of terpenes by adding oxygen mole-
cules, and removing or moving methyl groups via enzymes results in the
formation of terpenoids (as carvacrol, thymol, citronellal, menthol,
linalool, geraniol and linalyl acetate) (Bakkali et al., 2008; Hyldgaard
et al., 2012). Terpenoids could be divided according to their function-
alities into aldehydes, ketones, phenols, alcohols, esters, ethers, acids and
epoxides (Chouhan et al., 2017). Their antimicrobial activity is mainly
linked to the presence of functional groups.

Some EOs contain other oxygenated molecules known as phenyl-
propanoids (Dima and Dima, 2015). They are less frequent than terpenes
and the mostly studied ones were eugenol, safrole, isoeugenol, cinna-
maldehyde and vanillin (Hyldgaard et al., 2012). Aromatic compounds
derived from phenylpropanoids may comprise phenolic acids, aldehydes,
alcohols, ketones, esters, amines, epoxides and sulfides (Calo et al.,
2015).

The greatest antimicrobial activity was reported for phenolic com-
pounds mainly carvacrol, thymol and eugenol (Al-Magqtari et al., 2021;
Tariq et al., 2019). This is related to the presence of an acidic hydroxyl
group and delocalized electrons, followed by aldehydes (cinnamaldehyde,
citronellal), terpene alcohols (geraniol, citronellol, menthol, linalool,
a-terpineol, terpinen-4-ol) and then EOs containing esters (cedryl acetate)
or ketones (menthone, carvone, camphor, thujone) (Al-Magqtari et al.,
2021; Dhifi et al., 2016; Hyldgaard et al., 2012; Kalemba and Kunicka,
2003; Omonijo et al., 2018).

3.2. Antimicrobial mechanisms of essential oils and their active
components

The activity of EOs and their active components has been reported
against several types of bacteria, yeasts, molds and was found to be
related to EOs chemical composition and structure, in addition to the
type and structure of targeted microorganisms (Al-Magqtari et al., 2021;
Kalagatur et al., 2018).

Against yeasts and molds, EOs were found to disrupt their membranes
and damage their endomembrane system (Trindade et al., 2015; Hu
et al., 2019). Additionally, EOs were reported to interfere with biofilms
3D structure reducing extracellular polymeric substances, to inhibit
biofilms metabolic activity and respiration with subsequent adverse ef-
fects on mitochondria (Almeida et al., 2016; Braga et al., 2008; Hu et al.,
2019).

Most studies reported that EOs are slightly more efficient against
Gram-positive bacteria than Gram-negative bacteria (Brenes and Roura,
2010; Vidacs et al., 2018; Aiemsaard et al., 2011; Bazargani and Rohloff,
2016; de Medeiros Barbosa et al., 2016). The presence of lipophilic ends of
lipoteichoic acid in cell membranes of Gram-positive bacteria makes them
more susceptible for EOs penetration (Chouhan et al., 2017). Moreover,
Gram-negative bacteria are more resistant to the action of EOs due to their
rigid and complex outer membrane rich in lipopolysaccharides providing
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Figure 1. Chemical structure and function of some of the most common essential oils active components.

a barrier and restricting the penetration of hydrophobic molecules
(Bhargava et al., 2015; Bazargani and Rohloff, 2016). However, some
studies reported that Gram negative bacteria are more sensitive to EOs
than Gram positives. For example, Gram-negative such as Acinetobacter
baumannii and Vibrio parahaemolyticus were the most sensitive microor-
ganisms to Eucalyptus camaldulensis EO (Aleksic Sabo and Knezevic, 2019).
Similarly, Gram-negative enteropathogenic E. coli biofilms were more
sensitive than Gram-positive L. monocytogenes sessile cells to cinnamon EO
and cinnamaldehyde (de Oliveiraetal., 2012). In addition, it was reported
that Gram-negative Salmonella were found more susceptible to both
oregano and thyme EOs than L. monocytogenes (El Moussaoui et al., 2013).
Studies have also shown that different strains of the same bacterium may
exert highly variable responses to EOs (Sales et al., 2017; Marotta et al.,
2016). It remains thus of utmost importance to evaluate the antimicrobial
activity of EOs and their active components against different bacteria as
well as against different strains of the same bacterium.

Depending on their chemical composition and structure, different
mechanisms have been proposed for the antimicrobial activity of EOs and
their active components (Figure 2). Originally, their mechanisms of

action were limited to the destruction of cells cytoplasmic membranes,
but additional mechanisms have been proposed recently.

The mechanism of action of several EOs and their phenolic com-
pounds was mainly linked to their attachment and destabilization of
bacterial cellular membranes. Owing to their lipophilic nature, EOs and
their active components were reported to penetrate and accumulate
easily in the lipid bilayer of cytoplasmic membranes. They align between
the fatty acid chains of cell membranes causing destabilization and
degradation of its different layers through an inactivation of enzymatic
mechanisms or a destruction of electron transport system (Bhavaniramya
et al., 2019; Burt, 2004; Dhifi et al., 2016; de Oliveira et al., 2010; Swamy
etal., 2016). Subsequently, this leads to the breakdown of the integrity of
the phospholipid bilayer and an increase in its permeability. The
enhanced permeability favors the penetration of antimicrobial agents,
disrupts the normal cellular function and results in a leakage of the vital
intracellular content (ions, proteins, nucleic acids), a disruption of the
proton motive force (PMF), a reduction in the membrane potential and a
depletion of adenosine triphosphate (ATP) (Burt, 2004; Pathania et al.,
2018; Zhang et al., 2017). The loss of intracellular components is
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Figure 2. Different antimicrobial mechanisms of action of encapsulated essential oils.

tolerated to a certain amount with no loss of viability (Ju et al., 2019).
However, the greater the contact time between EOs and microorganisms
the higher is the loss of intracellular content that further leads to cell
death by necrosis or apoptosis (Bakkali et al., 2008; Valeriano et al.,
2012).

In literature studies, Salvia sclarea EO, carvacrol and eugenol were able
to disrupt the membrane integrity and increase the permeability of
L. monocytogenes, S. aureus and E. coli cellular membranes (Gill and Holley,
2006; Khan et al., 2017; Cui et al., 2015). This was confirmed by the
dissipation of PMF, release of DNA and proteins, and the decrease in
intracellular ATP with subsequent increase in extracellular ATP (Gill and
Holley, 2006; Khan et al., 2017; Cui et al., 2015). The permeability of
E. coliand S. aureus membranes was also altered after exposure to terpenes
and phenylpropanoids. This alteration in permeability allows the rela-
tively large molecules to pass easily through the membrane (Nogueira
etal., 2021). Exposure of methicillin-resistant S. aureus (MRSA), E. coli and
B. subtilis to Amomum villosum Lour and Origanum compactum EOs induced
a leakage of macromolecular molecules such as DNA, RNA and proteins
(Bouyahyaetal., 2019; Tangetal., 2020). The leakage of vital intracellular
constituents such as ions and proteins from S. Enteritidis and E. coli cells
was also reported after exposure to carvacrol and thymol (Yammine et al.,
2022). Also, the application of 0.2% v/v mustard EO caused a significant
loss of intracellular ATP of both E. coli 0157:H7 and Salmonella typhi
(Turgis et al., 2009). Similar results were reported when applying
0.006-0.025% oregano EO against L. monocytogenes and E. coli 0157:H7
(Caillet et al., 2005; Caillet and Lacroix, 2006). Following treatment with
carvacrol, oregano and eugenol, leakages of phosphate and potassium ions
were reported from S. aureus, P. aeruginosa and E. coli bacterial membranes
(Lambert et al., 2001; Walsh et al., 2003; Bouhdid et al., 2009). In
Gram-negative bacteria, carvacrol and thymol have been reported to
break down the outer membrane, releasing lipopolysaccharides and thus
destabilizing and increasing the permeability of cytoplasmic membranes
with loss of ATP (Pérez-Conesa et al., 2011; Turgis et al., 2009). Moreover,
other studies reported that sub-inhibitory concentrations of citral and
Thymus vulgaris EOs provoked increased sub-lethally injured Listeria and

Salmonella bacterial cells, respectively (Ed-Dra et al., 2021; Silva-Angulo
etal., 2015). Injured bacterial cells had a higher sensitivity to unfavorable
conditions enhancing thus the effectiveness of other preservation methods
added as salt.

Other mechanisms of action have been proposed for EOs phenolic
compounds as their interference with specific proteins and their inhibi-
tion of flagella and toxins synthesis. An overnight exposure of E. coli
0157:H7 to 1 mM (approximately 0.015%) carvacrol induced significant
production of heat shock proteins 60 (which are usually secreted by
bacteria under stressful and toxic conditions) and inhibited significantly
the synthesis of flagella (Burt et al., 2007). Another effect reported of EOs
on cell membranes was the inhibition of toxins production as the case
reported when carvacrol and oregano inhibited the release of B. cereus
and S. aureus toxins, respectively (Ultee and Smid, 2001). The mecha-
nism of action to limit toxins production was probably related to the
insufficient PMF or ATP energy to export the secreted toxins out of the
bacterial cells or to the little energy left for toxins production as cells
conserve the available energy for survival functions (Ultee and Smid,
2001). It has been also established that eugenol inhibited the activity of
several enzymes such as amylase, ATPase, protease and histidine decar-
boxylase (Hyldgaard et al., 2012). An additional mechanism of action has
been proposed for carvacrol that acted as a transmembrane carrier due to
the presence of phenolic hydroxyl group and a system of delocalized
electrons (Ultee et al., 2002). Carvacrol carried its hydroxyl group into
the cytoplasm through the cytoplasmic membrane and carried back out a
cation (mainly potassium) from the cytoplasm to the external environ-
ment (Hyldgaard et al., 2012).

Additionally, some phenolic compounds and aldehydes have shown
the ability to suppress the expression of bacterial genes related to biofilm
formation, to interfere with (QS) signaling and to prevent cell division
and thus lead to cell death without causing a damage to bacterial cell
membranes (Amalaradjou and Venkitanarayanan, 2011; Brackman et al.,
2008; Domadia et al., 2007; Kwon et al., 2003). EOs and their active
components have shown to breakdown the QS communication mecha-
nism by interacting with bacterial cell wall receptors, reducing thus the
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reception of signaling molecules and degrading this cell-to-cell commu-
nication that eventually inhibits biofilms formation (Maurya et al.,
2021). Luciardi et al. (2016) reported an inhibitory effect of Citrus
reticulata EO on QS signaling and on the production of autoinducers and
elastase enzymes that subsequently inhibited the formation of
P. aeruginosa biofilms. Epigallocatechin gallate, a polyphenol found in tea
extracts, was also found to down regulate a quorum sensing gene (agrA)
in L. monocytogenes biofilms (Du et al., 2018). Cinnamaldehydes which
are considered the aldehydes with the strongest antimicrobial activity,
were able in different studies to bind to the FtsZ cell division regulating
protein, inhibiting thus the process of cell division (Domadia et al., 2007;
Hemaiswarya et al., 2011). Also, aldehydes functional groups were found
to bind covalently with DNA of bacterial cells, thereby interfering with
the normal translation and transcription functions with a subsequent
blockage of proteins synthesis (Hyldgaard et al., 2012).

3.3. Free essential oils versus their active components

Several free EOs and their active components have been screened for
their potent antimicrobial activity against a broad range of microorgan-
isms. They were reported to induce significant reductions or inhibitions
of microbial contaminations (Adukwu et al., 2012; Almeida et al., 2016;
Amaral et al., 2015; Bazargani and Rohloff, 2016; Braga et al., 2008; de
Medeiros Barbosa et al., 2016; Garcia-Salinas et al., 2018; Kwiecinski
et al.,, 2009; Rattanachaikunsopon and Phumkhachorn, 2010; Scotti
etal., 2021), as well as inhibitions of spore germination, mycelial growth
and mycotoxins secretion (Hu et al., 2019; Xu et al., 2021) (Table 1).
However, the use of EO as a whole or using its active major components
alone to control microbial contaminations is still a debatable issue.

Few studies reported a better antimicrobial activity of whole EOs as
lemongrass, Cymbopogon nardus and cinnamon compared to that of their
major components used alone (Trindade et al., 2015; Chang et al., 2001;
Aiemsaard et al., 2011) (Table 2). This was mainly explained by the
interaction between the different components present in EOs that may
have a synergistic or additive antimicrobial activity (Bazargani and
Rohloff, 2016; Marino et al., 2001). In these cases, active components
(citronellal, citral, geraniol and cinnamaldehyde) were mainly terpe-
noids with alcohol and aldehyde functions, which explains their weak
antimicrobial activity when used alone. In addition, myrcene active
component belonging to the terpene group possessed no antimicrobial
activity when used alone against several microorganisms in comparison
to the whole EO lemongrass (Aiemsaard et al., 2011).

Whereas, most of the other studies reported that active EO compo-
nents had a similar or better antimicrobial activity against different types
of microorganisms when compared to the activity of the whole EO (Desai
et al., 2012; dos Santos Rodrigues et al., 2017; Nostro et al., 2007; Soni
etal., 2013; Vidacs et al., 2018). This was related to the presence of some
active components, mainly phenolic compounds, such as carvacrol and
thymol that form a fraction of EO but are mainly responsible for the wide
and strong antimicrobial activity of the whole EO. Thus, higher amounts
of EO will be required to exert the same antimicrobial activity as that of
the main active component used alone against different types of micro-
bial cells (dos Santos Rodrigues et al., 2017). The lower concentrations of
active components used will also reduce the cost, potential toxicity and
negative impacts of EOs on the sensory attributes of food products (Calo
et al., 2015). Additionally, more reproducible and accurate standardi-
zation may be achieved when using active components alone as many
factors could affect the chemical composition of whole EOs (de Oliveira
et al., 2012).

All tested free EOs and their active components were effective against
planktonic bacterial cells, except in two studies where p-cymene, oregano
and carvacrol did not show significant antimicrobial activity against
E. coli 0157:H7 and S. aureus (Burt et al., 2007; dos Santos Rodrigues
et al,, 2017). Compared to their planktonic counterparts, biofilms
required much higher concentrations of EOs or their active components
to reach equivalent microbial reductions or not even (Adukwu et al.,
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2012; Almeida et al., 2016; Karpanen et al., 2008; Kwiecinski et al., 2009;
Quendera et al., 2019; Sieniawska et al., 2013; Somrani et al., 2021). In
several studies, there was no complete eradication of biofilms even when
EOs or their active components were used at 2 times their minimum
inhibitory concentrations (MIC) determined on planktonic cells or even
at higher concentrations (Almeida et al., 2016; El Abed et al., 2011; Falco
et al., 2019; Jadhav et al., 2013; Sandasi et al., 2011; Vetas et al., 2017;
Vidacs et al., 2018; Amaral et al., 2015; Quendera et al., 2019). Addi-
tionally, biofilms grown for longer time required higher concentrations
of EOs and prolonged exposure time to be eliminated (Desai et al., 2012;
Braga et al., 2008).

The intrinsic composition of food may influence as well the bacterial
sensitivity and decrease EOs antimicrobial activity. It has been found that
greater concentrations of free EO or their active components were needed
to achieve an equivalent antimicrobial effect in food when compared to
in vitro assays due to the interaction of EOs with food components (Cava
et al.,, 2007; Gutierrez et al., 2008; Rattanachaikunsopon and Phum-
khachorn, 2010; Singh et al., 2003). This may develop unpleasant
organoleptic impacts and decrease the overall acceptability of food
products (Jiménez et al., 2018; Radiinz et al., 2018). EOs or their active
components were found to be more effective in zero or low fat food
compared to food with high fat levels (Rattanachaikunsopon and
Phumkhachorn, 2010; Cava et al., 2007; Singh et al., 2003). Also, the
antimicrobial activity of EOs may be related to some external de-
terminants as pH, temperature and oxygen presence. Generally, at low
pH, the antimicrobial activity of several EOs was enhanced due to their
increased hydrophobicity and easier dissolution in bacterial cell mem-
branes (Ali et al., 2005; Cava et al., 2007; Gutierrez et al., 2008; Nostro
et al., 2012). The temperature effect on the antimicrobial activity of EOs
was contradictory in some studies. Lower temperatures (7 °C compared
to 35 °C) were found to enhance the antimicrobial activity of EOs or their
active components due to the increase in unsaturated phospholipids in
cytoplasmic membranes composition with a subsequent increase in
membranes' fluidity (Cava et al., 2007). The increased fluidity weakens
the membrane attachment and enables an easier dissolution of EOs into it
(Cava et al., 2007). On the contrary, the antimicrobial activity of
carvacrol combined with cymene was found better at 25 °C compared to
their activities at 15 and 4 °C (Rattanachaikunsopon and Phumkhachorn,
2010). There was no clear explanation for the decreased sensitivity of
bacterial cells to antimicrobial agents at lower temperatures but it could
be attributed to changes in membrane’s properties and/or fluidity, or to
low temperatures that may affect the synthesis of target sites in both EOs
and bacterial cytoplasmic membranes which affects the sensitivity of
microorganisms to EOs (Rattanachaikunsopon and Phumkhachorn,
2010). Also, the antimicrobial activity of EOs was found to be higher in
the presence of low oxygen (vacuum packaging and modified atmosphere
packaging) as compared to aerobic conditions (Skandamis et al., 2002;
Tsigarida and Nychas, 2001).

In most published studies, the required time to eliminate planktonic
or sessile cells by free EOs was between 1 and 216 h, which was
considered to be neither practical nor economical for industrial appli-
cations. For example, at MIC concentrations, oregano, Cymbopogon nar-
dus, eugenol and cinnamaldehyde required 2-8 h, 1 h, 9 h and 12 h to
reduce significantly (up to 6 log reductions) planktonic and sessile mi-
croorganisms of L. monocytogenes, E. coli, S. enterica and H. pylori,
respectively (Ali et al., 2005; de Medeiros Barbosa et al., 2016; de Oli-
veira et al., 2010). In other studies, higher concentrations than MIC
detected on planktonic cells and a prolonged exposure time were
required to induce significant reductions. In lab cultures, Cymbopogon
flexuosus and Thymus vulgaris, thyme, oregano and carvacrol, and black
pepper were needed at least at 2 MIC concentrations for a minimum of 1
h to induce significant reductions (up to 7 logs) in Aeromonas spp. and
Enterococcus spp., Salmonella and E. coli (Quendera et al., 2019; Soni
et al., 2013; Zhang et al., 2017). In few other studies, lower exposure
times (10-20 min) to 5-10 pl of oregano and carvacrol (dos Santos
Rodrigues et al., 2018), and to the MIC of peppermint and lemongrass
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Table 1. In vitro antimicrobial activity of free EOs and their active components against different types of microbial contaminations.

Target EOs and active MIC" Exposure Antimicrobial activity References
microorganisms components concentration, time
Gram-positive bacteria
S. aureus Cymbopogon flexuosus 0.06% 0.03-4%, 24 h Complete inhibition at MIC Adukwu et al. (2012)
Origanum compactum 0.031-1% MIC and 1.5MIC, Immediately significant reductions at 1-1.5MIC Bouhdid et al. (2009)
0-120 min
Melaleuca alternifolia 0.12-0.50% 0-8%, 15-60 min Significant reduction with 0.5% EO after 60 min Kwiecinski et al. (2009)
Origanum vulgare L., 2.5-5 pl/ml 0.31-2.5pl/ml, 24h  No decrease in microbial counts dos Santos Rodrigues et al.
Carvacrol (2017)
Carvacrol, CIN, Thymol 0.2-0.4 mg/ 0.01-4 mg/ml, 24 h  Significant inhibition at MIC Garcia-Salinas et al. (2018)
ml Around 3-5 log reductions with 0.5-1 mg/ml EO
Salvia officinalis, Mentha 1.25% 2.5-5%, 6 min 2.3-3.1 log reductions Vetas et al. (2017)
spicata
S. aureus (Biofilms) Cymbopogon flexuosus 0.06-0.12% 0.06-4%, 24 h Prevention of biofilm formation at MIC and total loss of ~ Adukwu et al. (2012)
viability at 0.125-4%
Melaleuca alternifolia 0.12-0.50% 0-8%, 0-120 min Complete eradication and inhibition of metabolism with Kwiecinski et al. (2009)
1% EO after 120 min
Origanum vulgare L., 5-10 pl/ml 0.31-2.5 pl/ml, 360  Decrease in counts after 216 h exposure to 1.25-2.5 pl/ dos Santos Rodrigues et al.
Carvacrol h ml (2017)
Carvacrol, CIN, Thymol N/A 0.25-1 mg/ml, 24 h  Significant inhibition at MIC Garcia-Salinas et al. (2018)
Around 3-5 log reductions with 0.5-1 mg/ml EO
Origanum vulgare L. 10 pl/ml 5-10 pl/ml, 10-15 Complete removal of S. aureus LPMA63 but not S. aureus ~ Dos Santos Rodrigues et al.
min LPMA11 biofilms (2018)
Carvacrol 5 pl/ml 2.5-5 pl/ml, 10-15 Complete removal of all biofilms
min
Salvia officinalis, Mentha 0.63-1.25% 5-15%, 6 min 0.8-3 log reductions Vetas et al. (2017)
spicata
S. epidermidis spp. Mutellina purpurea, 0.31-0.625 0.15-2.5 mg/ml, 24 Complete inhibition at 0.312-0.625 mg/ml Sieniawska et al. (2013)
a-pinene mg/ml h
Cinnamomum burmannii 0.5-1% MIC, 24 h Complete inhibition Nuryastuti et al. (2009)
S. epidermidis spp. Mutellina purpurea, 0.62-1.25 2.5-10 mg/ml, 24 h  Concentrations >10 mg/ml were needed to eradicate Sieniawska et al. (2013)
(Biofilms) a-pinene mg/ml biofilms
Cinnamomum burmannii 1-2% 0.01-2%, 1-24 h Complete loss of metabolic activity after 3-24 h exposure ~ Nuryastuti et al. (2009)
with detachment of biofilms
Enterococcus spp. Cymbopogon flexuosus, 0.47-15 mg/ MIC, 24 h Complete inhibition Quendera et al. (2019)
Thymus vulgaris ml
Enterococcus spp., Cymbopogon flexuosus, N/A 1.9-30 mg/ml, 30 Higher levels of eradication were reported for Aeromonas
(Biofilms) Thymus vulgaris min-1 h spp. at 15 and 30 mg/ml for all treatment times
L. monocytogenes Corydothymus capitatus 0.02% 0.06-0.02%, N/A At 0.025%, significant effect on murein composition and  Caillet et al. (2005); Caillet
reduction of intracellular ATP with an increase in and Lacroix (2006)
extracellular ATP
Origanum vulgare L., 0.6-10 pl/ml MIC, 24 h Significant reduction after 2-8 h exposure de Medeiros Barbosa et al.
Rosmarinus officinalis L. (2016)
L. monocytogenes, Thyme, 0.01-0.09% MIC and 0.1%, 2 h Significant 1.4-3.3 log reductions of sessile cells when Sadekuzzaman et al.
(Biofilms) Tea tree treated with MIC and 0.1%. (2018)
Thyme, Oregano, N/A 0.10-0.50%, 24h Complete inactivation with 0.25% for 24 h Desai et al. (2012)
Carvacrol
Gram-negative bacteria
E. coli Eugenol, CIN” 1 pg/ml 0.5-2 pg/ml, 0-90 Complete inhibition at MIC after 60-75 min Ali et al. (2005)
min
Carvacrol, Thymol 200 mg/1 MIC, 12 h No complete inhibition but significant reductions Xu et al. (2008)
Carvacrol, CIN, Thymol 0.2-0.4 mg/ 0.01-4 mg/ml, 24h Significant inhibition at MIC Garcia-Salinas et al. (2018)
ml Around 3-5 log reductions with 0.5-1 mg/ml EO
Black pepper 1.0 pl/ml MIC and 2MIC, 24 h  Significant inhibitory effect of 96.73% after 24 h Zhang et al. (2017)
exposure to 2MIC
Origanum vulgare L., 0.6-10 pl/ml MIC, 24 h Significant reduction after 2-8 h exposure de Medeiros Barbosa et al.
Rosmarinus officinalis L. (2016)
Thymbra capitata 0.05% 1%, 30-60 s Inhibition of approximately 8 logs after 30-60 s Falco et al. (2019)
E. coli, (Biofilms) Thymbra capitata N/A 0.25-2.5%, 1-10 Reduction of >3 logs after 10 min exposure to 2.5% Falcé et al. (2019)
min
E. coli 0157:H7 Carvacrol N/A 1 mM = 0.015%, Significant inhibition of flagella synthesis and production ~ Burt et al. (2007)
overnight of heat shock proteins 60
p-cymene N/A 1-10 Mm, overnight  No significant activity
Corydothymus capitatus 0.02% 0.06-0.02%, N/A At 0.025%, significant effect on murein composition and  Caillet et al. (2005); Caillet
reduction of intracellular ATP with an increase in and Lacroix (2006)
extracellular ATP
Mustard 0.2% 0-0.2%, 30 min At 0.1 and 0.2%, a significant increase in both Turgis et al. (2009)

extracellular ATP and cell constituents' release.

(continued on next page)
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Target EOs and active MIC" Exposure Antimicrobial activity References
microorganisms components concentration, time
E. coli 0157:H7 Thyme, 0.01-0.09% MIC and 0.1%, 2 h Significant 1.4-3.3 log reductions of sessile cells when Sadekuzzaman et al.
(Biofilms) Tea tree treated with MIC and 0.1%. (2018)
Salmonella spp. Origanum vulgare L., 0.6-10 pl/ml MIC, 24 h Significant reduction after 2-8 h exposure de Medeiros Barbosa et al.
Rosmarinus officinalis L. (2016)
Thymbra capitata 0.05% 1%, 30-60 s Inhibition of approximately 8 logs after 30-60 s Falco et al. (2019)
Mustard 0.2% 0-0.2%, 30 min At 0.1 and 0.2%, a significant increase in both Turgis et al. (2009)
extracellular ATP and cell constituents' release.
Thyme, Oregano, 0.025% 0.006-0.1%, 24 h Complete inhibition at MIC Soni et al. (2013)
Carvacrol
Salmonella spp. Thymbra capitata N/A 0.25-2.5%, 1-10 Around 1 log reduction after 10 min exposure to 2.5% Falco et al. (2019)
(Biofilms) min
Carvacrol, Thymol 156-312 pg/ 16-624 pg/ml, 1 h Reduced established biofilms but no complete inhibition =~ Amaral et al. (2015)
ml
Thyme, 0.01-0.09% MIC and 0.1%, 2 h Significant 1.4-3.3 log reductions of sessile cells when Sadekuzzaman et al.
Tea tree treated with MIC and 0.1%. (2018)
Thyme, Oregano, N/A 0.006-0.1%, 24 h Significant reduction after 1 h exposure to 0.05 or 0.1%  Soni et al. (2013)
Carvacrol
Mentha piperita, 7.8 pl/ml MIC, 10-40 min Significant reductions of 4.03-4.20 logs after 10 min Valeriano et al. (2012)
Cymbopogon citratus contact and complete inhibition after 20 min
P. aeruginosa Origanum compactum 0.031-1% MIC and 1.5MIC, Immediately significant reductions at 1-1.5MIC Bouhdid et al. (2009)
0-120 min
P. aeruginosa Carvacrol, Thymol 0.02-0.05% 1/16 -2MIC, 24 h Inhibited up to 97% at 2MIC El Abed et al., 2011
(Biofilms)
Aeromonas spp. Cymbopogon flexuosus, 0.47-15 mg/ MIC, 24 h Complete inhibition Quendera et al. (2019)
Thymus vulgaris ml
Aeromonas spp. Cymbopogon flexuosus, N/A 1.9-30 mg/ml, 30 Higher levels of eradication were reported for Aeromonas ~ Quendera et al. (2019)
(Biofilms) Thymus vulgaris min-1 h spp. at 15 and 30 mg/ml for all treatment times
Thymus vulgaris, 31-62 pl/ml MIC, 15 min Significant reduction of 3.84-4.51 log CFU/cm? Millezi et al. (2013)
Cymbopogon citratus
Fungi
C. albicans Cymbopogon winterianus, 65.5-250 pg/ 7.8-1000 pg/ml, Complete inhibition at MIC Almeida et al. (2016)
Cinnamon cassia ml 24-48 h
C. albicans (Biofilms) N/A 1 mg/ml,0-48 h Significant reductions but no complete inhibition and no
prevention of biofilm regrowth
Thymol 125 pg/ml 1/8MIC-MIC, up to Significant reductions at MIC after 1 h and almost a Braga et al. (2008)

24 h

complete destruction of 3D structure

@ MIC: Minimum Inhibitory Concentration.
b CIN: Cinnamaldehyde.

(Valeriano et al., 2012) reduced significantly S. aureus and S. enterica
sessile cells, respectively. Thymbra capitata was the only EO reported to
induce more than 8 log reductions in both E. coli and S. enterica in
maximum 60 s, but with 20 times its MIC value (Falco et al., 2019).

3.4. Essential oils and their active components versus synthetic
antimicrobials

In recent years, EOs and their active components have received
particular attention and emerged as effective biosourced candidates to
fight the different forms of microbial contaminations and replace the
synthetic antimicrobials. Beside the numerous advantages of EOs, many
studies showed that their antimicrobial activity could be even better or
equivalent to that of synthetic antimicrobials (dos Santos Rodrigues
et al., 2018; Viddacs et al., 2018). For example, no sessile (<1 log
CFU/cm®) S. aureus LPMA63 biofilms were detected on stainless steel
after 15 min exposure to EOs active components oregano (10 pl/ml) and
carvacrol (5 pl/ml), whereas 15 min exposure to 250 mg/L of a synthetic
antimicrobial (sodium hypochlorite) was ineffective to eliminate bio-
films and induced approximately 3.5 log CFU/cm? reductions because of
its limited diffusion (dos Santos Rodrigues et al., 2018). Cinnamon,
thyme and marjoram EOs showed to have equivalent or better antimi-
crobial effect against E. coli and L. monocytogenes biofilms compared to
chemical sanitizers conventionally used in food industries such as per-
acetic acid and sodium hypochlorite (Vidacs et al., 2018). Also, in a

similar study, cinnamon EO and cinnamaldehyde proved to have similar
or greater antimicrobial activity against enteropathogenic E. coli (EPEC)
and L. monocytogenes when compared to commercial synthetic sanitizers
such as alkyl dimethyl benzyl ammonium chloride (ADBAC), sodium
hypochlorite and hydrogen peroxide (de Oliveira et al., 2012).

A great number of synthetic antimicrobials has been widely applied to
encounter microbial contaminations. Nevertheless, the long term expo-
sure to sub-inhibitory concentrations of these antimicrobials induced
microbial resistance and thus reduced their effectiveness (El Sayed Zaki
et al., 2019). It was reported that 22 % of L. monocytogenes strains were
resistant and 30% of S. aureus isolates have shown reduced susceptibility
towards benzalkonium chloride (BAC) (Jiang et al., 2016; El Sayed Zaki
et al., 2019). In another study, L. monocytogenes harboring quaternary
ammonium compounds (QACs) resistance genes (qacH and becrABC) were
found to be prevalent in food processing environments (Mgretrg et al.,
2017). Several sanitizers such as acetic acid, NaOH, NaySO4, glyceryl
monolaurate, BAC and peracetic acid were ineffective to eliminate totally
L. monocytogenes and S. aureus planktonic and sessile cells (Chavant et al.,
2004; Ibusquiza et al., 2011; Khelissa et al., 2019). Synthetic antimicro-
bials were also reported to be ineffective in the total elimination of bio-
films. An exposure for 10 min to sodium hypochlorite (1000-20,000 ppm)
did not eliminate totally S. aureus dry biofilms (Charlebois et al., 2017).
Also, L. monocytogenes biofilms showed resistance to chlorine followed by
peroxyacetic acid and QACs (Belessi et al., 2011). C. perfringens biofilms
were reported to be resistant to disinfectants commonly used in food
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Table 2. Comparison of MIC values between free EOs and their active components against different types of microbial contaminations.

Microorganism Whole EO EO Active Components References
Type MIC? Type MIC
Gram-positive bacteria
S. aureus Oregano 0.06-0.12%" Carvacrol 0.01-0.03% Nostro et al. (2007)
Thymol 0.03-0.06%
Oregano 5 pl/ml Carvacrol 2.5 pl/ml dos Santos Rodrigues et al. (2017)
Oregano 575 mg/1 Carvacrol 175 mg/1 Lambert et al. (2001)
Thymol 140 mg/1
Lemongrass 0.54 pl/ml Citral 0.62-1.25 pl/ml* Aiemsaard et al. (2011)
Geraniol 0.62-1.25 pl/ml
Myrcene >17.5 pl/ml
S. aureus (Biofilms) Oregano 0.25-0.50% Carvacrol 0.03-0.12% Nostro et al. (2007)
Thymol 0.06-0.12%
Oregano 10 pl/ml Carvacrol 5 pl/ml dos Santos Rodrigues et al. (2017)
S. epidermidis Oregano 0.06-0.12% Carvacrol 0.01-0.03% Nostro et al. (2007)
Thymol 0.03-0.06%
S. epidermidis (Biofilms) Oregano 0.12-0.50% Carvacrol 0.03-0.12% Nostro et al. (2007)
Thymol 0.03-0.12%
L. monocytogenes Oregano 0.05% Carvacrol 0.05% Desai et al. (2012)
Thyme 0.05%
Streptococcus agalactiae Lemongrass 0.27-0.54 pl/ml Citral 0.31-0.62 pl/ml Aiemsaard et al. (2011)
Geraniol 0.31 pl/ml
Myrcene >17.5 pl/ml
Gram-negative bacteria
E. coli Thyme 1.60 mg/ml Carvacrol 0.20 mg/ml Vidacs et al., (2018)
Thymol 0.20 mg/ml
Cinnamon 0.40 mg/ml CINY 0.20 mg/ml
Cinnamon 250 pg/ml cIN? 500 pg/ml Chang et al. (2001)
Lemongrass 0.54-1.09 pl/ml Citral 1.25-2.5 pl/ml Aiemsaard et al. (2011)
Geraniol 1.25-2.5 pl/ml
Myrcene >17.5 pl/ml
S. Typhimurium Oregano 0.05-0.10% Carvacrol 0.02% Soni et al. (2013)
Thyme 0.05-0.10%
P. aeruginosa Oregano 1648 mg/1 Carvacrol 450 mg/1 Lambert et al. (2001)
Thymol 385 mg/1
Cinnamon 250 pg/ml CIN* 1000 pg/ml Chang et al. (2001)
K. pneumoniae Cinnamon 500 pg/ml cIN? 1000 pg/ml Chang et al. (2001)
B. cereus Lemongrass 0.13 pl/ml Citral 0.15 pl/ml Aiemsaard et al. (2011)
Geraniol 0.31 pl/ml
Myrcene >17.5 pl/ml
Fungi
C. albicans C. nardus 64 pg/ml Citronellal 512 pg/ml Trindade et al. (2015)

@ MIC: Minimum Inhibitory Concentration.
b MIC values were determined in a range as they were tested on several strains.

¢ MIC values were determined in a range as the experiments were done in triplicates.

4 CIN: Cinnamaldehyde.

processing environment and in farms like quaternary ammonium chlo-
ride, sodium hypochlorite, potassium monopersulfate, glutaraldehyde
and hydrogen peroxide (Charlebois et al., 2017). QACs were very effective
to kill more than 98% of L. monocytogenes planktonic cells but ineffective
against 7 days old biofilms (Chavant et al., 2004).

Additionally, a potential risk of exposure to QAC disinfectants was
reported as they are discharged from several sources and eventually
reach freshwater and marine environments, soils, sediments and waste-
water systems (Mulder et al., 2018). Despite being generally biode-
gradable under aerobic conditions, QACs adsorption into environmental
surfaces and organisms cell membranes is faster than their degradation as
they have long half-life degradation (Zhang et al., 2015). Thus, long-term
exposure to residual QACs was found to have a great toxic effect not only
on the environment but also on several organisms as aquatic species,
plants, animals and humans (Ferk et al., 2007; Lavorgna et al., 2016;
Mulder et al., 2018; Russo et al., 2018; Wu et al., 2011; Zhang et al.,
2015). Moreover, some of QACs were considered endocrine disruptors
and resulted in disturbances in the endocrine system of different

organisms with subsequent alterations in reproduction and development
(Melin et al., 2016; Sreevidya et al., 2018).

Due to these limitations and side effects of the conventional synthetic
antimicrobial agents, the interest in biosourced antimicrobials as natural
alternatives has increased remarkably. EOs are being favored as no
particular resistance have been developed against them as they are
composed of different active components, have multiple targets in bac-
terial cells and subsequently multiple modes of antimicrobial activity
(Bakkali et al., 2008; Garcia-Salinas et al., 2018; Kavanaugh and Ribbeck,
2012; Vidacs et al., 2018). Additionally, as the chemical composition of
each batch may be different, it would be difficult for microorganisms to
develop a mechanism of resistance against EOs (Sieniawska et al., 2013).
However, it should be pointed out that microbial strains could have
different sensitivities to EOs (Marotta et al., 2016) and they might show
as well a decreased susceptibility to some EOs due to the repeated
exposure (Becerril et al., 2012). Therefore, further studies should explore
the possible antimicrobial tolerance or resistance mechanisms that could
be developed against EOs over time.
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4. Combined essential oils and their active components with
other treatments

4.1. Micro- and nano-encapsulated essential oils and their active
components

Several strategies have been adopted to encounter the different lim-
itations and improve the antimicrobial activity of free EOs including the
development of new delivery systems as micro- and nano-capsules. The
different encapsulation systems entrapping EOs were able to reduce or to
eliminate microorganisms in different states as vegetative (Esmaeili and
Asgari, 2015; Granata et al., 2018; Guarda et al., 2011; Jamil et al., 2016;
Shetta et al., 2019), and biofilms (Giongo et al., 2016; Mechmechani
et al.,, 2022; Rossi et al., 2017; Yammine et al., 2022). Moreover,
encapsulated EOs reduced the viability of spores, inhibited molds growth
as well as the formation of mycotoxins (Jiang et al., 2023; Lopez-Meneses
et al., 2018; Meng et al., 2022; Wang et al., 2018). Until present, and
despite remaining a public health concern, no studies as to our knowl-
edge have yet reported the antimicrobial activity of encapsulated EOs
against VBNC cells.

The enhanced antimicrobial activity of the encapsulated EOs against
the different types of microbial contaminations could be mainly linked to
the reduced size of the particles and their increase in surface to volume
ratio, which facilitates the diffusion of EOs into microbial cells (Cui et al.,
2016; Granata et al., 2018). Also, the diffusion of EOs to cell membranes
is facilitated by the encapsulation process as free EOs have low water
solubility and thus a difficulty to interact with membranes whereas
encapsulated EOs have an enhanced solubility (Moghimi et al., 2016).
Encapsulation protects also EOs from degradation and volatilization
which could be additionally related to a possible enhancement of their
antimicrobial activity (da Silva Giindel et al., 2018).

4.1.1. Against vegetative cells

Several studies attempted to reduce considerably vegetative bacterial
cells using encapsulated EOs. The encapsulation of Carum copticum EO
enhanced its antimicrobial activity against S. epidermidis, S. aureus,
B. cereus, E. coli, S. Typhimurium and P. vulgaris (Esmaeili and Asgari,
2015). Granata et al. (2018) reported a bactericidal activity of encapsu-
lated Thymus capitata and Origanum vulgare EOs against pathogenic bac-
teria, namely S. aureus, E. coli, P. aeruginosa and L. monocytogenes. The
encapsulation of EOs active components carvacrol and thymol promoted
the growth inhibition of a broad spectrum of microorganisms such as
S. aureus, E. coliO157:H7, L. innocua and S. cerevisiae (Guarda et al., 2011).
Nanoencapsulated cardamon, green tea and peppermint EOs showed
similar trends by exhibiting excellent antimicrobial potencies against
E. coli and S. aureus (Jamil et al., 2016; Shetta et al., 2019). Moreover,
several studies investigated the susceptibility of Gram-negative and
Gram-positive bacteria to encapsulated EOs. Gram-positive bacteria were
found to be more susceptible to the antimicrobial activity of several
encapsulated EOs as compared to the Gram-negative bacteria (Esmaeili
and Asgari, 2015; Granata et al., 2018; Guarda et al., 2011). This could be
due to the additional outer membrane containing lipopolysaccharides in
Gram-negative bacteria that obstructs the penetration of EOs.

Moreover, most of literature studies showed an enhanced antimi-
crobial activity of EOs when encapsulated into different carrier systems
with lower MIC values compared to their free forms. Exceptionally, some
EOs or their active components showed equivalent MIC values in their
free and encapsulated forms, like Cymbopogon flexuosus, peppermint and
carvacrol against S. aureus, E. coli and E. faecalis (Table 3). Lower EOs
concentrations used in the encapsulation process achieved equivalent or
better antimicrobial activity against several microorganisms when
compared to the free EOs (da Silva Giindel et al., 2018; Granata et al.,
2018; Mechmechani et al., 2022; Moghimi et al., 2018; Shetta et al.,
2019; Yammine et al., 2022). This will additionally reduce sensorial
impacts on food products, economic costs, toxic side effects and any
potential resistance that may be developed by microorganisms against
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EOs. Also, an improved long-term antimicrobial activity of encapsulated
EOs was demonstrated. For example, the antimicrobial activity of
eugenol and thymol was prolonged for 24 h against E. coli 0157:H7 and
L. monocytogenes when encapsulated (Chen et al., 2015). Cardamom EO
antimicrobial activity was also prolonged for 7 days against E. coli and
methicillin resistant S. aureus with encapsulation (Jamil et al., 2016).
Free cinnamon, clove and thyme EOs presented an antimicrobial activity

Table 3. Comparison of MIC values between free and encapsulated EOs and their
active components against different types of microorganisms.

Microorganisms EOs or active MIC approximate range Reference
(in planktonic EO (mg/ml)
tat t:
state) components Free Encapsulated
Gram-positive bacteria
E. faecalis Carvacrol 0.62 0.62 Mechmechani
et al. (2022)
M. fortuitum Cymbopogon 0.87 0.35 Rossi et al.
flexuosus (2017)
M. massiliense 3.50 0.35
M. abscessus 3.50 0.35
S. aureus Mentha piperita  1.36 1.11 Shetta et al.
(2019)
Camellia 5.44 0.57 Shetta et al.
sinensis (2019)
Origanum 4 0.5 Granata et al.
vulgare (2018)
Thymus 2 0.25 Granata et al.
capitatus (2018)
Cymbopogon 0.58 0.58 Rossi et al.
flexuosus (2017)
Cardamon 4.4 0.27 Nahr et al.
(2018)
L. monocytogenes Origanum 2 1 Granata et al.
vulgare (2018)
L. delbrueckii D-limonene >25 10 Donsil et al.
(2011)
Gram-negative bacteria
S. Enteritidis Carvacrol 1.25 0.31 Yammine et al.
(2022)
Thymol 1.25 0.62
P. aeruginosa Carvacrol 5 1.25 Mechmechani
et al. (2022)
Cymbopogon -+ >11.33 Rossi et al.
flexuosus (2017)
E. coli Thymus 4.0 0.4 Moghimi et al.
daenensis (2016)
Mentha piperita ~ 2.72 2.72 Shetta et al.
(2019)
Camellia 5.44 1.15 Shetta et al.
sinensis (2019)
Origanum 4 0.5 Granata et al.
vulgare (2018)
Thymus 2 0.25 Granata et al.
capitatus (2018)
Cardamon 4.4 0.27 Nabhr et al.
(2018)
D- limonene >25 10 Donsi et al.,
2011
A. baumannii Thymus 0.06-0.08  0.03-0.04 Moghimi et al.
daenensis (2018)
Fungi
C. albicans Cymbopogon 1.22 0.28 Rossi et al.
flexuosus (2017)
C. grubii 0.58 0.28
S. cerevisiae D- limonene >25 10 Donsi et al.,

2011

-*No inhibitory activity detected at all tested concentrations.
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for maximum 2 days, while encapsulating them prolonged their activity
to 8 days (Soliman et al., 2013). However, most of EOs encapsulation
studies lack a direct application in food or other types of matrices with
their subsequent sensory evaluations.

4.1.2. Against microbial spores

Encapsulated EOs showed prominent activity against microbial
spores by inhibiting mainly spore germination or the spore-forming mi-
croorganisms. For example, the germination of both Fusarium graminea-
rum and Phomopsis sp. were inhibited once exposed to encapsulated
cinnamon and lemon EOs, respectively (Meng et al., 2022; Wu et al,,
2019). Moreover, encapsulated clove EO suppressed the activity of
Penicillium digitatum spores' germination as well as the elongation of the
germ tube (Wang et al., 2018). The antimicrobial activity of encapsulated
EOs was also tested against spore-forming bacteria and results have
shown that encapsulation of Manuka EO inactivated 4 logs of
spore-forming B. cereus as compared to only 1 log reduction induced by
the non-encapsulated EO (Liu et al., 2021). Moreover, B. cereus were
reduced significantly in rice samples with up to 81.88% release of
intracellular DNA, proteins and ATP after exposure to encapsulated curry
plant EO (Cui et al., 2017). Despite presenting high risks, studies on the
activity of encapsulated EOs against bacterial spores are limited
compared to their antimicrobial activity against the other types of mi-
crobial contaminations.

4.1.3. Against molds and mycotoxins

Encapsulated EOs exhibited also a remarkable activity against molds
and their associated mycotoxins. Results showed that the encapsulation
of several EOs together promoted their antifungal activity against
Aspergillus flavus as well as their anti-aflatoxigenic potency by down-
regulating ver-1 and omt-A genes function (Kumar et al., 2019). Other
studies showed that encapsulation of cinnamon and hop EOs enhanced
their antifungal activities against Fusarium graminearum by inhibiting
mycelial growth, and by remarkably suppressing the production of the
deoxynivalenol mycotoxin in rice samples (Jiang et al., 2023; Wu et al.,
2019). The growth of Aspergillus parasiticus was inhibited after exposure
to nanoencapsulated Schinus molle L. EO with a 59% reduction in Afla-
toxin production (Lopez-Meneses et al., 2018). In beef patties samples,
yeasts and mold counts were reduced to up to 3.16 logs after exposure to
encapsulated cinnamon EO (Ghaderi-Ghahfarokhi et al., 2017). More-
over, Aflatoxin Bl levels were effectively reduced in Salvia hispanica
seeds once treated with nanoencapsulated Zingiber zerumbet EO (Deepika
et al., 2021). Lemon EO nanoemulsions significantly inhibited mycelial
growth of Phomopsis sp. preventing rot development and postharvest
decay of fresh kiwi fruits. This inhibitory effect was ascribed to the
enhanced activities of the intracellular antioxidant enzymes, to the
accumulation of reactive oxygen species, and to cell apoptosis (Meng
et al., 2022). Wang et al. (2018), and Hasheminejad et al. (2019) re-
ported a superior ability of encapsulated clove EO to control Penicillium
digitatum green molds developed on Navel oranges, as well as the
mycelial growth of Aspergillus niger in pomegranate, respectively. The
activity of encapsulated EOs on molds and their associated mycotoxins
was related to several factors including the type and concentrations of
EOs used as well as the food matrix components.

4.1.4. Against biofilms

Increasing number of studies showed the promising antibiofilm ac-
tivity of encapsulated EOs. They have reported damages to the biofilm
matrix and even an eradication of biofilms. As reported by Yammine et al.
(2022), nanoencapsulation of carvacrol and thymol inhibited totally S.
Enteritidis biofilms after an exposure for 15 min at 2 MIC. While, free
carvacrol and thymol at the same exposure time and concentration
reduced up to 4.27 logs of biofilm cells. Similarly, nanoencapsulation of
geranium EO inhibited significantly Candida spp. biofilm formation as
compared to lower activity induced by free EO (Giongo et al., 2016).
Mechmechani et al. (2022a,b) demonstrated the higher antibiofilm
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activity of encapsulated carvacrol against P. aeruginosa and E. faecalis
biofilms as compared to free EOs components. Nanoencapsulated Cym-
bopogon flexuosus showed a complete eradication of several strains of
Mycobacteria biofilms (Rossi et al., 2017). Moreover, scanning electron
microscopy images confirmed the morphological damages induced to
bacterial cells recovered from biofilms after exposure to encapsulated
EOs (Yammine et al., 2022). This proves that encapsulated EO could
penetrate and disrupt the biofilms complex matrix and subsequently
induce damages and death to bacterial cells.

4.2. Combining essential oils and their active components with other
treatments

Strategies to control microbial contaminations are currently oriented
toward multiple-hurdle technology such as the combination of EOs with
other treatments (Calo et al., 2015; He et al., 2021; Mechmechani et al.,
2022; Prakash et al., 2018). The main purpose of this combination is to
observe a synergistic effect that provides a combined effect greater than
the sum of individual effects. When combining EOs with other hurdles,
synergism may be due to: i) the different modes of actions of the treat-
ments applied and thus their different target sites, ii) to the interaction of
one antimicrobial with cell membrane or cell wall leading to an increase
uptake of other agents, or iii) to the inhibition of a series of steps in a
biochemical pathway (Hyldgaard et al., 2012). Recent studies explored
the combination of free and encapsulated EOs with other hurdles as heat,
ultra-sound (US), high pressure processing (HPP), irradiation, pulsed
electric field (PEF), vacuum packaging (VP), modified atmosphere pack-
aging (MAP), antibiotics or other antimicrobial agents (Table 4). All the
different combinations with EOs showed a significant synergistic effect
except when coriander EO was combined with some antibiotics, an ad-
ditive effect was observed and when oregano EO was combined with PEF,
no synergism was noticed (Duarte et al., 2012; Clemente et al., 2020).

When EOs were combined with mild heating (53-55 °C), synergism
was reported on the reduction and/or elimination of E. coli 0157:H7,
L. monocytogenes and C. sakazakii bacterial populations in lab cultures
and in infant formulas (Espina et al., 2011; Merino et al., 2019; Shi et al.,
2017).

Another promising intervention involves the combination of EOs with
VP and MAP, which has been assessed for the packaging of different food
products. Combination of EOs with VP and/or MAP showed a synergistic
effect with an enhanced reduction of spoilage and/or pathogenic bacteria
in marinated chicken samples (Karam et al., 2019), in paprika spices
(Casas et al., 2016), in marinated beef (Karam et al., 2020), and in minced
pork meat packages (Boskovic et al., 2017). Populations of total meso-
philic counts in cabbage and radish sprouts were completely inactivated
when lemongrass EO was combined with MAP (Hyun et al., 2015).

MIC of different EOs were reduced when combining them with con-
ventional antibiotics such as Chloramphenicol, Ciprofloxacin, Genta-
micin, Tetracycline and Polymixin B, in lab cultures (Aleksic et al., 2014;
Duarte et al., 2012). Moreover, a synergistic antibiofilm activity of
several EOs was reported when combined with common antibiotics as
Norfloxacin, Gentamicin, Oxacillin, Tetracycline and Ampicillin against
different strains of Gram-positive and Gram-negative biofilms (El Baa-
boua et al., 2015; Rosato et al., 2020). This combination reduced the
amounts of both EOs and antibiotics used to control microbial contami-
nation and biofilms. However, another study reported an additive effect
against Acinetobacter baumannii when coriander EO was combined with
Cefoperazone and Piperacillin antibiotics (Duarte et al., 2012).

An enhanced antimicrobial activity of EOs was also reported when
combined with irradiation against L. monocytogenes, E. coli 0157:H7,
yeasts and molds, A. niger, Aspergillus flavus, Aspergillus parasiticus and
Penicillium chrysogenum in cauliflower and rice (Hossain et al. 2014,
2019; Tawema et al., 2016). Additionally, a complete inhibition of S.
Typhimurium biofilms, Fusarium graminearum mycotoxins and an
absence of intracellular ATP within L. monocytogenes and E. coli 0157:H7
populations were observed in lab cultures as well as in maize samples
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Table 4. Antimicrobial activity of EOs and their active components in combination with other hurdles.

Target microorganisms EOs or active EO Combined treatment Exposure time, Antimicrobial activity References
Applicati
components- pplication EO or other Combined treatment
(Concentration)
treatment alone
Free
E. coli 0157:H7, Citrus sinensis (0.2 pl), Mild heat (54 °C) 10 min, Lab No inactivation More than 5 log cycles Espina et al. (2011)
L. monocytogenes Citrus lemon (0.2 pl), culture inactivation
Citrus reticulata (0.2 pl)
Cronobacter sakazakii Citral (0.3-0.9%) Mild heat (25-55 °C) 2 h, Infant N/A* Complete inhibition Shi et al. (2017)
(Desiccated and non- formula
desiccated)
Total viable counts, Thymol (0.4-0.8%) + vp° 21 days, 0.5-2.9 log 0.8-3.1 log reductions Karam et al. (2019),
Pseudomonas spp., Lactic Carvacrol (0.4-0.8%) Marinated reductions Karam et al. (2020)
acid bacteria, E. coli, chicken and beef
Total coliforms, (Shawarma)
B. thermosphacta, Yeasts
and Molds
Total mesophilic counts Cymbopogon citratus (400 ~ MAP‘ (CO, 100%) 21 days, Cabbage 1.55-2.26 log Complete inactivation (<1 Hyun et al. (2015)
ul) and radish reductions log) after 14 days
sprouts
Salmonella Thyme (0.3-0.9%) VP, MAP (CO 50%) 15 days, Minced Up to 2.9 log 1.69-4.05 log reductions in Boskovic et al. (2017)
pork meat reductions in the 15 days
first 3 days
Total aerobic count, Origanum vulgare High pressure CO, 15 min-48 h, Around 0.3 log Significant reductions and Casas et al. (2016)

B. cereus,
C. perfringens

Acinetobacter baumannii

Acinetobacter baumannii

L. monocytogenes,
E. coli 0157:H7
Yeasts and molds

Fusarium graminearum

A. niger,
P. chrysogenum
S. Typhimurium

S. Typhimurium

Campylobacter jejuni

=~

monocytogenes

=

monocytogene,
innocua

=~

Typhimurium,
monocytogenes
Typhimurium,
aureus

N w»mn Hn

monocytogenes

]

epidermidis

@

epidermidis (Biofilms)

Salmonella enterica
serotype Newport

(400-32000 ppm)

Coriandrum sativum L.
(0-6 pl/ml)

Myrtus communis L.
(0.03-1 MIC%)

Oregano (0.01%),
Lemongrass (0.01%)

Cananga odorata (0-5
mg/g)

Ocimum basilicum (2%)
Clove (1.2 mg/ml)

Cinnamomum verum
(0-5%)

Oregano (1/4 and 1/2
MIC = 15.625 and 31.25
ppm)

Thymus vulgaris L.
(<0.06-0.50%)

Mentha piperita (0.05 and
0.1 ml/100 ml)

Cinnamomum zeylanicum
(0.625 pL/mL)

Zataria multiflora Boiss.
(15-30 pl/100 ml)
Origanum vulgare L.,
Thymus vulgaris L.,
Rosmarinus officinalis L.
(50-300 ppm)

Thymol (0.06-16 g/1),
Tea tree (0.25-64 g/1),
Eucalyptus (0.25-64 g/1)

Origanum vulgare,
Carvacrol (0.1-0.5%)

(100 bar/80 °C)

Chloramphenicol
(32-64 pl/ml)

Polymixin B,
Ciprofloxacine
(0.03-4 MIC)

Gamma irradiation
(0.5 or 1 kGy)
Gamma irradiation
(0-10 kGy)
Irradiation (0-4 kGy)

Ultraviolet light-C

PEF® (10-30 kV/cm)

PEF (1-20 kV/cm)

HPP (200-300 MPa)

HPP (600 MPa)

US (24 kHz, 400 W)

Nisin (0-0.5 pg/ml at
8 and 25 °C)

Lactic acid (50 ppm)

Chlorhexidine
digluconate
(0.125-16 mg/1)
Ozonized water
(0.01-0.1 mg O3/L)

Paprika spice

16-20 h, Lab
culture

24 h, Lab culture

14 days, Fresh cut
cauliflower

14 days, Maize

14 days, Rice

N/A, Lab culture

60-3000 s,
Pasteurized skim
milk

20 ps, Liquids and
raw chicken

15 min, Fresh
cheese

300 s, Yogurt
drink

0-6 days, Milk
21 days, Barley

soup
24 h, Lab culture

24 h, Lab culture

60-120 min,
Iceberg lettuce

12

reductions and no
inactivation of spore
population

MIC ranged between
1 and 4 pl/ml.

MIC ranged between
0.25 and 4 pl/ml

1.16-3.29 log
reductions

0.52-2.61 log
reductions
Complete inhibition
at 3.9 mg/g

0.42-1.18 log
reductions
1.8-2.9 log
reductions

No bactericidal
effect

1.64-3.32 log
reductions with
varied PEF
treatments

Around 3.5 log
reductions

More than 5 log
reductions

0.7-3.0 log
reductions

Complete inhibition
in 2-12 days

32.0-83.48 %
inhibition

MIC: 0.5-16 g/1

MIC: 0.5-64 g/1

1.76-2.09 log
reductions

spores inactivation

MIC of EO and antibiotic
decreased by up to 62.5 times
MIC of antibiotics and EO
reduced by up to 1/8 MIC
with complete inhibition of
microbial counts after 6 h

Duarte et al. (2012)

Aleksic et al. (2014)

Undetectable up to 14 daysat ~ Tawema et al. (2016)

0.5-1 kGy

Around 2-3 log reductions

Significant reductions at 2.5
mg/g EO combined with 4
kGy irradiation

Kalagatur et al.
(2018)

Up to 5 log reductions Hossain et al. (2014)

6.8 log reductions Silva-Espinoza et al.

(2020)

Pina-Pérez et al.
(2012)

Up to 1.97 log reductions

EO applied following PEF Clemente et al. (2020)
induced further inactivation

of 1.2 log cycles

More than 5 log reductions Bleoanca et al. (2016)

Additional 1 log reduction Evrendilek and
and reduced HPP treatment Balasubramaniam
(2011)

Mortazavi and
Aliakbarlu (2019)

Moosavy et al. (2008)

2.7-4.5 log reductions

Complete inhibition

60.33-99.08% inhibition Dimitrijevic et al.

(2007)

Reduced MIC to 0.5-1 g/1
Reduced MIC to 0.25-16 g/1

Karpanen et al.
(2008)

Dev Kumar and
Ravishankar (2019)

Complete inhibition

(continued on next page)
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Target microorganisms EOs or active EO Combined treatment Exposure time, Antimicrobial activity References
t: Applicati
componen S. ppiication EO or other Combined treatment
(Concentration)
treatment alone
Nano-encapsulated
E. coli 0157:H7 Sakai, Thymbra capitate Heat (53 °C) 12 min, Lab Up to 0.5 log Up to 5 log reductions Merino et al. (2019)
L. monocytogenes EGD-e nanoparticles (0.1 pl) culture reductions
A. niger, Thymus vulgaris + Irradiation (750 kGy) 8 weeks, Rice 1.19-2.87 log 3.7-4.93 log reductions Hossain et al. (2019)
A. flavus, Origanum compactum reductions
A.parasiticus, nanocrystals (0.13 and
P. chrysogenum 0.19%)
E. coli 0157:H7 Thyme nanoemulsions US' (127-255 W/ 3-9 min, Lab 3.28-4.13 log 5.14-7.42 log reductions Guo et al. (2020)
(0.375 mg/ml) cm?) culture reductions
S. enterica Oregano and thyme US (continuous and 5-25 min, Lettuce ~ Up to 2.23 log Complete inactivation Millan-Sango et al.
nanoemulsions (0.025%)  pulsed 200 W) leaves reductions (2016)

2 N/A: Not Applicable.

Y VP: Vacuum Packaging.

¢ MAP: Modified Atmosphere Packaging.

4 MIC: Minimum Inhibitory Concentration.
¢ PEF: Pulsed Electric Field.

f Us: Ultrasound.

(Caillet et al., 2005; Caillet and Lacroix, 2006; Kalagatur et al., 2018;
Silva-Espinoza et al., 2020).

Similarly, when EOs were combined with PEF, a synergistic effect was
observed against S. Typhimurium and E. coli 0157:H7 populations in
pasteurized skim milk and in different juices, respectively (Ait-Ouazzou
et al., 2013; Pina-Pérez et al., 2012). However, when oregano was
combined with PEF, the antimicrobial activity of oregano did not
improve against C. jejuni in liquids and on raw chicken, except when
following a sequential combination approach and applying EO after the
PEF treatment, a significant increase in inactivation levels was reported
(Clemente et al., 2020).

When applying HPP in combination with EOs, an enhanced antimi-
crobial activity was observed against L. monocytogenes and L. innocua in
fresh cheese and yogurt drink, respectively (Bleoanca et al., 2016;
Evrendilek and Balasubramaniam, 2011). This combination resulted in a
reduction of pressure severity and impacts on food products.

The application of US treatment in combination with EOs also
resulted in enhanced antimicrobial activity against E. coli 0157:H7 and a
reduction of S. enterica populations below detection limits in lettuce
leaves (Guo et al., 2020; Millan-Sango et al., 2016). Also, in low and high
fat milk samples, cinnamon EO combined with US treatment induced
further significant reductions in S. Typhimurium and L. monocytogenes
populations compared to individual treatments (Mortazavi and Aliak-
barlu, 2019).

Additionally, when combined with other antimicrobial agents (such as
nisin, lactic acid, diglycerol monolaurate or chlorhexidine digluconate),
EOs showed remarkable synergistic effects against L. monocytogenes,
B. subtilis and, S. epidermidis (Dimitrijevic et al., 2007; Ettayebi et al., 2000;
Karpanen et al., 2008; Yamazaki et al., 2004; Yoon et al., 2011).

The combination of an optimized mixture of EOs with other hurdles
showing synergistic effect may reduce the concentrations required to yield
the same antimicrobial activity when compared to EOs used alone. This
may result in lower economic costs and lower sensorial impacts on food
products, while maintaining their microbiological safety (Hyldgaard et al.,
2012). Also, combining EOs with conventional antibiotics may reduce the
latter used concentrations and thus decrease the probability of developing
resistance towards them and minimize their side effects.

5. Conclusions

In this review, the advances and major trends in the use of EOs as
potent tools to fight microbial contaminations were addressed. Addi-
tionally, the functional role and mechanisms of action of the different
active EO components were discussed. Among the different active EO
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components, phenolic compounds were found to exhibit the greatest
antimicrobial activity by acting principally on the disruption and increase
in permeability of cell membranes, inducing a leakage of vital intracellular
contents and eventually leading to microorganisms' inactivation and
death. In most studies, the antimicrobial activity of active compounds was
more pronounced than that of whole EOs, thus minimizing the amounts of
EOs being used while achieving more reproducibility and standardization.
EOs and their active components were effectively used in their free, micro-
and nano-encapsulated forms and combined with other hurdles for anti-
microbial purposes. Generally, encapsulation of EOs and their combina-
tion with other hurdles provided an enhanced antimicrobial activity when
compared to free EO applications, with lower amounts being used. This
could be promising technologies to control the different types of microbial
contaminations and achieve microbiological safety. Further research
studies should explore: i) the antimicrobial mode of action of EOs com-
bined with other hurdles as one strategy could promote or modify the
action of the other; ii) the combination of encapsulated EOs with other
hurdles to determine their potential antimicrobial efficiencies as it is ex-
pected to have a synergistic or additive effect; and iii) the impact of the
strong odor of EOs on the sensorial properties of food products. Additional
studies should also assess the activities of EOs encapsulated or combined
with other hurdles against microorganisms in different states as biofilms,
viable but not culturable cells, spores and molds. Moreover, robust na-
tional and international frameworks and regulations should be set towards
the use of EOs and their active components before being applied in diverse
applications and fields.
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