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Abstract: Antimicrobial resistance (AMR) has been identified as one of the biggest health threats
in the world. Current therapeutic options for common infections are markedly limited due to
the emergence of multidrug resistant pathogens in the community and the hospitals. The role of
different essential oils (EOs) and their derivatives in exhibiting antimicrobial properties has been
widely elucidated with their respective mechanisms of action. Recently, there has been a heightened
emphasis on lavender essential oil (LEO)’s antimicrobial properties and wound healing effects.
However, to date, there has been no review published examining the antimicrobial benefits of
lavender essential oil, specifically. Previous literature has shown that LEO and its constituents act
synergistically with different antimicrobial agents to potentiate the antimicrobial activity. For the
past decade, encapsulation of EOs with nanoparticles has been widely practiced due to increased
antimicrobial effects and greater bioavailability as compared to non-encapsulated oils. Therefore, this
review intends to provide an insight into the different aspects of antimicrobial activity exhibited by
LEO and its constituents, discuss the synergistic effects displayed by combinatory therapy involving
LEO, as well as to explore the significance of nano-encapsulation in boosting the antimicrobial effects
of LEO; it is aimed that from the integration of these knowledge areas, combating AMR will be more
than just a possibility.

Keywords: antimicrobial resistance; combination therapy; lavender essential oil; nanoencapsulation;
synergy

1. Introduction

The phenomenon of antimicrobial resistance (AMR) has escalated substantially over
the past few decades and it has been ascertained to be one of the greatest global health
crisis at present [1]. AMR can be broadly categorized into three different patterns of re-
sistance exhibited in AMR-organisms: multi-drug resistant (MDR) is defined as acquired
non-susceptibility to one agent in at least three or more different antimicrobial categories,
extensively-drug resistant (XDR) means non-susceptibility to at least one agent in all but
two or fewer antimicrobial categories (where bacterial isolates are susceptible to agents
from only one or two antimicrobial categories), and pan-drug resistant (PDR) refers to
non-susceptibility to all agents in all available antimicrobial categories [2]. Emergence of dif-
ferent strains of drug-resistant pathogens, especially in a significant proportion of hospital-
acquired infections has rendered the use of conventional antimicrobial agents ineffective
worldwide [3,4]. A specific group of MDR-organisms known as the “ESKAPEE” pathogens
which encompasses seven different bacteria: Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacter spp., and
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Escherichia coli, are the leading causes of hospital-acquired or nosocomial infections [5,6].
These pathogens are also associated with a significant risk of mortality and morbidity
in hospitalized patients as a consequence of therapeutic failure, resulting in consider-
able healthcare and economic repercussions [7]. In the United Kingdom, incidences of
bloodstream infection caused by MDR-pathogens, particularly Enterobacteriaceae like
K. pneumoniae, E. coli, and Gram-positive bacteria like Enterococcus spp. in the hospitals
have steadily increased by 32% between year 2015 and 2019 [8]. Similarly, in Malaysia,
the most recent National Surveillance of Antibiotic Resistance report in 2016 has noted
significant increase in prevalence of meropenem-resistant Acinetobacter baumannii and
vancomycin-resistant Enterococcus faecium in various hospitals, resulting in poorer patient
prognosis [9]. It has been postulated that the incessant dissemination of AMR is accelerated
by many extrinsic and intrinsic factors. Inappropriate and indiscriminate prescribing of an-
tibiotics in clinical settings due to non-adherence to proper antibiotic stewardship remains
as the leading extrinsic cause of the emergence of AMR [10,11]. Other extrinsic factors such
as widespread and unregulated use of antibiotics in veterinary and agricultural sectors,
patient’s non-adherence to prescribed antibiotics and unauthorized self-prescribing of
easily-available antibiotics which are over-the-counter tended to speed up the trajectory of
AMR [12,13].

On the other hand, intrinsic resistance in bacteria to antibiotics is acquired through
inherent or mutational changes in functional or structural attributes of both the pathogens
or molecular targets. These adaptations obtained by resistant strains of pathogens are
mediated by genetic mutations in the bacteria themselves or through horizontal gene
transfer. Certain bacteria possess the ability to employ certain hydrolytic enzymes to
inhibit the intracellular binding between the drug and the target pathogen [14]. One
such example would be the production of K. pneumoniae carbapenemase (KPC) seen in
K. pneumoniae which degrades antibiotics, such as the (3-lactam antibiotics (including
carbapenems), aminoglycosides, and fluoroquinolones, before reaching the drug-binding
protein targets, eventually nullifying their antimicrobial effects [15,16]. Another essential
mechanism utilized by MDR-pathogens is via the presence of active drug efflux pumps,
which promotes the active transport of the antibiotics out of the bacterial cell, eventually
decreasing the intracellular concentration of the drug significantly [17,18]. Efflux pump
up-regulation is more commonly seen in Gram-negative organisms, particularly in biofilm-
producing P. aeruginosa, whereby the presence of different efflux pumps confers additional
biofilm resistance to different forms of antibiotics [19].

Therefore, due to the rapid spread and acceleration of life-threatening MDR-strains
of pathogens, there is a dire need in researching for novel yet effective antimicrobial
agents and possible alternatives involving natural products to mitigate the development
of AMR. Various natural compounds with medicinal properties have been proposed as
antimicrobial agents against MDR pathogens, especially when used in association with
conventional antibiotics [20,21]. Plant-derived metabolites such as essential oils (EOs) have
been investigated extensively for their tremendous use as antimicrobial agents [22,23]. EOs
are naturally-occurring compounds which are extracted from plants and they consist of
different small complexes which are lipophilic and highly volatile [24,25]. In recent years,
there has been a heightened emphasis on the therapeutic benefits of lavender essential
oils (LEOs) and their derivatives especially on their antimicrobial effects. LEOs (primar-
ily Lavandula angustifolia) have been shown to possess an extensive array of biological
properties such as analgesic, antimutagenic, anti-inflammatory, anxiolytic, and a range
of antimicrobial benefits [26-30]. Furthermore, combinatorial therapies incorporating the
use of EOs has been shown by numerous in vitro studies to drastically potentiate the
bactericidal effects against the MDR pathogens, which can be potential approaches in
mitigating AMR [31,32]. Such strategies can be adopted via a few different combinations:
(i) combination of different natural adjuvants (i.e., combining LEO with one or more types
of EOs), (ii) incorporation of LEO into conventional antibiotics, (iii) optimization of LEO
with inclusion of nanoparticles [33]. EOs (including LEOs) have poor oral bioavailability
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and are chemically unstable to oxygen and humidity, which may limit their application as
potential novel antimicrobial agents [34]. However, incorporation of LEOs into different
types of nanoparticle delivery systems enables a more sustained and controlled release of
the EOs, which enhances their antimicrobial benefits [35].

To date, there are limited reviews focusing on the antimicrobial benefits of LEOs and
none elucidating the antimicrobial benefits of combinatorial therapies involving LEOs. This
review aims to highlight the main antimicrobial properties that are exhibited by LEOs and
their derivatives. In addition, application of different combinatorial therapies involving
LEOs in augmenting their antimicrobial effects will be outlined, including the advantages
of nano-based approaches in potentiating the therapeutic benefits of LEOs.

2. Components of LEO with Their Respective Antimicrobial Properties

Numerous qualitative and quantitative studies, done via different methods such as
the gas chromatography, high-performance liquid chromatography and gas chromatogra-
phy/mass spectrometry analyses have been conducted extensively in the past to identify
the different constituents of LEOs [36,37]. Although there is a considerable amount of
variation in terms of the chemical composition of different LEOs due to different areas of
plant cultivation, presence of various plant genotypes and different oil extraction meth-
ods [38,39], it has been substantiated that it is the synergistic interaction from different
components in the LEO that augments its antimicrobial effects.

By and large, LEO is primarily comprised of monoterpenes such as linalool, linalyl
acetate, 3-ocimene (both cis- and trans-) and lavandulol. Other sesquiterpenes-based
compounds like 3-caryophyllene and esters, such as lavandulyl acetate, can also be found
in LEO [30,40]. Linalool and linalyl acetate constitute the highest proportion of chemical
compounds found in extracted LEOs, with percentages ranging from 20 to 40% and 25 to
50%, respectively [41]. Table 1 illustrates the main terpene and terpenoid derivatives found
abundantly in LEO that have been proven by previous studies to demonstrate promising
antimicrobial properties.

Table 1. Relative abundance of main compounds found in lavender essential oil (LEO) and their antimicrobial effects from

different quantitative and qualitative studies.

Chemical Molecular Formula Percentage (%) Possible Mechanism of Action in References
Components el Exhibiting Antimicrobial Effects
. Inhibition of bacterial growth.
Linalool CroHis0 20-40 Disruption of cellular membrane. [16,42]
Linalyl acetate C12Hp9O, 25-50 Disruption of cellular membrane. [43,44]
-ocimene Ci0Hys 3-5 Disruption of cellular membrane. [45]

Terpinen-4-ol

Inhibition of bacterial growth.
C10H150 3-8 Disruption of cellular membrane. [46,47]
Inhibition of biofilm formation.

Eucalyptol
(1,8-cineole)

Inhibition of bacterial growth.
Cq1poH180 14 Disruption of cellular membrane. [48,49]
Inhibition of efflux pumps.

Disruption of cellular membrane.

Camphor CroH60 1-10 Inhibition of biofilm formation. (50,511
[3-caryophyllene Cis5Hpy 2-5 Disruption of cellular membrane. [52]
. Disruption of cellular membrane.
Geraniol CroH50 2-5 Inhibition of biofilm formation. [53,54]
Lavandulyl acetate C12Hy90O5 3-8 Inhibition of bacterial growth. [55]
Linalyl anthranilate CyHy3NO, 2-12 Disruption of cellular membrane. [56]
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As shown in Table 1, most of the chemical compounds found in LEO exhibits their
antimicrobial effects by destroying the lipid cellular membrane of the pathogens, causing
increased permeability to these compounds, leakage of intracellular molecules, and even-
tually irreversible cellular damage. This is possibly due to the fact that LEO and most of
its constituents are lipophilic in nature, which promotes the penetration and accumula-
tion of hydrophobic LEO into the phospholipid bilayer of the cellular membrane of the
microbes [57].

In previous studies, oxygenated monoterpenes like eucalyptol, linalyl acetate, and
linalool are associated with greater antimicrobial effects due to their lipophilic and/or
hydrophobic properties [58,59]. Therefore, it is not surprising that LEOs have been proven
to possess a broad spectrum of antimicrobial capacity against different Gram-positive and
Gram-negative bacteria, a number of fungi such as yeasts and dermatophytes and as well
as some parasites like Schistosoma spp. and Trichomonas vaginalis. The in vitro antimicrobial
activities exhibited by LEOs are screened and assessed by measuring the diameters of
zones of bacterial growth inhibition, determining the minimum inhibitory concentration
(MIC) and minimum bactericidal concentration or minimum fungicidal concentration
(MBC/MFC) levels against different pathogens. The MIC of LEO is defined as the lowest
concentration of LEO required to inhibit the growth of microbial colonies tested. On the
other hand, the MBC value of LEO denotes the minimum concentration needed to kill
99.9% or more of the pathogens, which is an indicator of LEO’s bactericidal activity [60,61].
These parameters are evaluated using common bioassays such as the disc-diffusion method,
broth macro- and microdilution assays [62]. However, the time-kill test has been found to
be the best tool to ascertain the bactericidal or fungicidal effects of LEO due to its ability to
establish the presence of any dynamic interaction between LEO and the microbes; which
can be concentration-dependent or time-dependent [62,63]. Table 2 shows the MIC values
of different clinically relevant pathogens that are obtained from a range of in vitro studies.

Table 2. Minimum inhibitory concentration (MIC) values of LEO against various pathogens obtained from different

in vitro studies.

MIC Values (ug/mL) References
Gram-positive bacteria
Staphylococcus aureus 5.0
Listeria monocytogenes 55
Staphylococcus epidermidis 4.0 [33,64—-67]
Bacillus cereus 25.0
Enterococcus faecalis 1.3
100.0
Gram-negative bacteria
Escherichia coli 10,000.0
Klebsiella pneumoniae 10,000.0 [68-71]
Pseudomonas aeruginosa 5000.0
Proteus mirabilis 1000.0
Acinetobacter baumannii 2000.0
Candida albicans 10.0
Trichophyton rubrum 1.0
Trichosporon beigelii 2.0 [71=741
Cryptococcus neoformans 1000.0
Aspergillus fumigatus 3000.0

The role of LEO as an alternative antimicrobial agent warrants special attention,
particularly in clinical settings against MDR-bacteria as a few studies have reported its
therapeutic benefits against different MDR pathogens like A. baumannii and P. aeruginosa.
Sienkiewicz et al. (2014) conducted a study to evaluate the antibacterial properties
exhibited by cinnamon, geranium, and LEOs against strains of A. baumannii isolated
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from hospitals which are resistant to most conventional antibiotics, including trimetho-
prim/sulfamethoxazole, tobramycin, and tigecycline. MIC levels were determined using
the broth microdilution method and all the EOs including LEOs have been shown to exhibit
inhibitory activity against these resistant strains of A. baumannii [75]. In another study,
Nikolic et al. (2014) evaluated the cytotoxic and antimicrobial effects of EOs from five differ-
ent Lamiaceae species, including L. angustifolia through the microdilution method. Seven bac-
terial species consisting of Streptococcus pyogenes, Streptococcus mutans, Streptococcus sanguis,
Streptococcus salivarius, Lactobacillus acidophilus, Enterococcus faecalis, and P. aeruginosa, along
with fifty-eight other clinical isolates of oral Candida spp. were used in the study. All the
EOs, including L. angustifolia, have displayed significant bactericidal and fungicidal effects
against all tested microbes [76]. On the other hand, Imane et al. (2017) studied the antimi-
crobial effects of LEOs against three of the most common causes of nosocomial skin and
soft tissue infections: S. aureus, P. aeruginosa, and E. coli. From the disc diffusion test, it was
reported that LEO exhibited bactericidal effects against both E. coli and P. aeruginosa with
MBC values of 10.67 and 85.33 pL/mL, respectively [77]. Furthermore, the antimicrobial
potential and cytotoxic effects of lavender and immortelle EOs against different clinical
strains of bacteria and fungi were evaluated by Mesic et al. (2018). LEOs were found
to demonstrate significant growth inhibition against all tested Gram-positive and Gram-
negative bacteria, including MDR strains of microbes, extended-spectrum p-lactamase
(ESBL) producing E. coli and MRSA [78].

LEO also has potent antifungal properties against a wide spectrum of different yeasts
and dermatophytes [76,78]. Multiple studies have suggested that the antimycotic properties
exhibited by LEOs are the results of inhibition of biosynthesis of ergosterol, which is one of
the vital components of plasma membrane in most of the fungi. This leads to destruction
of the fungi cell membrane and eventually, apoptosis ensues [79,80]. D’Auria et al. (2005)
reported the use of LEOs against different clinical strains of Candida albicans demon-
strated both fungistatic and fungicidal activity in a concentration-dependent manner [81].
C. albicans, which is a common opportunistic pathogen found in patients who are usually
immunocompromised, is said to exhibit its virulence and pathogenicity via the constant re-
versible transition between the hyphal and yeast form. This transition process is mediated
by the formation of germ tube and the application of LEOs was said to be able to suppress
the germ tube formation, hence slowing down the spread and progression of the fungal
infection [81,82].

Certain degree of antiparasitic benefits in LEOs were observed in a few studies,
where Moon et al. (2006) conducted a study to evaluate the antiprotozoal activities of
LEOs against Trichomonas vaginalis, the primary cause of non-viral sexually transmitted
illnesses and Giardia duodenalis or Giardia lamblia, an important cause of acute and chronic
diarrhoea found usually in contaminated food or water [83-85]. LEOs have been shown
to inhibit the growth of both G. lamblia and T. vaginalis in vitro completely, even at low
concentrations [83]. Furthermore, LEOs were shown to possess antileishmanial properties
when the use of LEOs in different concentrations were effective in inhibiting the activity of
Leishmania major promastigotes and significantly reducing the number of amastigotes found
in the macrophages [86]. Antischistosomal benefits were noticed in a study conducted by
Mantovani et al. (2013), whereby incubation with LEOs exerts considerable effects against
adult Schistosoma mansoni worms and exponentially decreases the rate of egg development
after 120 h [87].

3. Combination Therapy Involving LEO

Many in vitro studies in the past have demonstrated that the combination therapies in-
volving EOs are beneficial in potentiating their antimicrobial properties and has been count-
lessly recommended as a potential strategy in mitigating the worsening of AMR [88,89].
Combinatory therapy involving LEOs can be classified into three main forms of drug
interaction, i.e., additivity, antagonism, and synergism. Additivity or non-interaction is
said to occur when two different bioactive compounds used in combination, produces
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antimicrobial effects that are equal to the sum of the individual drugs [90]. When there is
pronounced decline in the efficacy of the combination therapy as compared to its individual
compounds, it is termed as antagonism [91]. Previous studies have hypothesized that an
antagonistic interaction occurs in combination therapy involving LEOs due to combination
of bacteriostatic and bactericidal agents at the same time, use of two compounds with
similar mechanisms of action or presence of unfavourable physiochemical properties [92].
On the other hand, synergism, which is most favourable and preferred approach of all
three, is when the combined effects of both antimicrobial agents are greater than the sum
of the effects of the two individual compounds [93]. Numerous studies involving the
combination therapy with LEOs in the past have given special attention to the presence
of synergistic interactions due to the utilization of multitargeted antimicrobial activity,
which results in marked reduction in toxicity and higher efficacy of LEOs [94,95]. Antimi-
crobial effects of LEOs can be augmented by employing a few different combinations: (i)
between different constituents of LEOs; (ii) LEOs with other EOs; and (iii) LEOs with other
antimicrobial agents.

To establish the presence of synergism between LEOs and other agents as mentioned
above, different in vitro methods are used to evaluate the antimicrobial interactions in
these combinatory therapies. However, the most commonly used techniques for synergy
prediction is the checkerboard assay and time-kill curve methods [62,96]. Checkerboard
method involves multiple combinations of LEO and other test agents in serial dilutions into
different microtiter plates. The LEO combination in which the growth of microbes tested is
completely inhibited will be the effective MIC value [97]. Data from the checkerboard assay
expresses the antimicrobial interactions of these two compounds on the basis of plotting of
isobolograms or determination of fractional inhibitory concentrations (FIC) and FIC index
(FICI) [98]. The value of FIC can be expressed and calculated using the following equation:

FIC _ MIC of LEO in combination
LEO = MIC of LEO when used alone

The value of FICI is obtained by addition of the FIC values of the LEO and the
other compound:
FICI = FIC g0 + FICther compound %, @

where FICother compound = MICother compound in combination/ MICother compound when
used alone.

* other compound denotes substances like EOs other than LEO, constituents of LEO
or conventional antibiotics.

Generally, synergistic interaction is said to be achieved when the FICI is equal or less
than 0.5, additive or no interaction was seen if the FICI value was between 0.5 and 4.0 and
antagonism was portrayed when the FICI is more than 4.0 [99].

The time-kill curve method allows determination of bactericidal effects of each in-
dividual compound by measuring the number of viable inoculums in the presence of a
certain combination of antibacterial agents at multiple intervals [100]. Although it is time-
consuming and labour-intensive, time kill assay is usually deemed as the “gold standard”
in synergy prediction due to its good reproducibility and sensitivity [95].

3.1. LEO and Other Essential Oils

One of the biggest studies conducted with regard to combinatory therapy involving
LEOs and other EOs was performed by de Rapper et al. (2013), where they evaluated
the antimicrobial activity of LEO in combination with 45 other aroma-therapeutic oils
against three different microbes: S. aureus, P. aeruginosa, and C. albicans. Upon investi-
gating different ratios of different EOs in combination, FICI analysis revealed favorable
interactions, whereby 26.7% of these interactions are synergistic and 48.9% are additive.
Only one combination exhibited antagonistic effects (LEO and Cymbopogon citratus) with
FICI value of 6.7. It was also found that the most optimal synergistic interactions were
noted in combinations of LEO with Cinnamomum zeylanicum and LEO with Citrus sinensis
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when used against C. albicans and S. aureus [101]. In another study, Imane et al. (2020)
assessed the antimicrobial benefits in a formulation containing the combination of three
different EOs, which are LEO, Artemisia herba alba and Rosmarinus officialis EOs against
common wound pathogens. Disc-diffusion assay revealed the combination of these three
EOs have bactericidal effects against all the tested microbes. A synergistic effect was also
seen in this combination with FICI values ranging from 0.015 to 0.5 [102]. On the other
hand, Abboud et al. (2015) conducted a study to ascertain the antimicrobial activities of
combined LEO and Thymus vulgaris EOs against common Streptococcus and Staphylococcus
strains that cause bovine mastitis. Mixture of LEO and T. vulgaris EO has successfully
demonstrated a significant decrease in these bacterial colonies in different samples of cow
milk [103]. Orchard et al. (2019) conducted an in vitro study to assess the antifungal activity
of 128 different combinations of EOs including LEOs against topical fungal pathogens
like C. albicans and dermatophytes, which commonly cause superficial fungal infection
like onychomycosis and ringworms. Broth microdilution methods were utilized and it
was found that most of the combinations with LEOs have fungistatic or fungicidal effects
against the fungal pathogens. However, from the isobologram studies, most of the interac-
tions resulted in additivity which is slightly different as compared to previous studies [104].
Another similar study done by Cassella et al. (2002) has proven that the combination of
tea tree oil (Melaleuca alternifolia) and LEO demonstrated significant antifungal activity
against tested dermatophytes like Trichophyton rubrum and Trichophyton mentagrophytes.
Isobologram and FICI analysis further revealed that the combination of M. alternifolia EO
and LEO exhibit a synergistic antimycotic effect against both tested fungal pathogens [105].
Table 3 illustrates the FICI values of the combinatory therapy involving the use of LEOs
and other EOs.

Table 3. Synergistic effects exhibited by LEO when used in combination with other EOs from different in vitro studies.

Combination of MIC of LEO MIC of Tested EO
When Used in When Used in FICI Methods Used to Presence of
LEO and Other Pathogens Combination Combination Values Test for Synergism Synergism References
Essential Oils ( L
mg/mL) (mg/mL)
Cinnamomum C. albicans 1.00 1.00 0.40 +
zeylanicum S. aureus 1.00 1.00 0.50 Chefke;bloard assay + [101]
(cinnamon) P. aeruginosa 1.00 1.00 0.53 sobologram 0
. . . C. albicans 1.00 1.00 0.42 +
(C‘zfirust slg‘gszs) S. aureus 1.00 1.00 0.38 CheIC kc;rbloard assay + [101]
sweet orange P. aeruginosa 1.00 1.00 0.51 sobologram 0
Artemisia herba alb S. aureus 0.02 0.02 0.03 +
Fiiiraibitios: E. coli 0.02 0.02 0.25 Checkerboard assay + [102]
(desert wormwood) P. aeruginosa 0.02 0.02 0.50 +
R . ciali S. aureus 0.02 0.02 0.13 +
osnzgrémltrslao{ﬁ )C 1alis E. coli 0.02 0.02 0.25 Checkerboard assay + [102]
osemary. P. aeruginosa 0.02 0.02 0.48 +
Allium sativum C. albicans 0.50 0.50 1.25 sobologram 0 [104]
(garlic) T. mentagrophytes 0.13 0.13 0.23 +
Syzygium aromaticum C. albicans 2.00 2.00 1.50 Tsobologram 0 [104]
(clove) T. mentagrophytes 0.50 0.50 4.35 -
. . MRSA 1.00 1.00 0.50 +
i E.coli 100 a0 [10e]
& P. aeruginosa 0.75 075 0.75 sobologram 0

+ indicates synergy; 0 indicates additivity; - indicates antagonism; MRSA: methicillin-resistant Staphylococcus aureus.

3.2. LEO and Antimicrobial Agents

Several studies in the past have demonstrated mostly additive or synergistic activity
in combination therapy involving LEOs and conventional antibiotics. The incorpora-
tion of natural products (including LEOs) into different antibacterial agents in treating
MDR-pathogens has been shown to cause irreversible disruption of bacterial cell mem-
brane [107,108]. These hydrophobic compounds have the propensity to neutralize the
lipopolysaccharide (LPS), which is found in the outer membrane of most Gram-negative
bacilli. This will subsequently potentiate the bactericidal effects of the combined an-
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timicrobial agent by promoting the influx of these agents into the bacterial cell [109,110].
Yap et al. (2014) reported synergistic interactions between LEOs and piperacillin against
MDR-resistant E. coli ]53 R1 where time-kill analysis revealed complete eradication of
the bacteria. The results also indicated the LEO-piperacillin may have a role in revers-
ing the E. coli resistance to piperacillin via its anti-quorum sensing effects and ability
to alter E. coli’s outer membrane permeability [111]. A similar study was conducted
involving transcriptomic analysis on the similar strains of MDR-E. coli to identify any
presence of transcriptional changes to the MDR-E-coli genome upon the use of combi-
nation of LEO-piperacillin treatment [112]. Pathway enrichment analyses revealed that
LEO-piperacillin use causes upregulation of certain genes which affects the biosynthesis
of LPS of the bacterial cell wall and the metabolism of E. coli in diverse environments,
which increases its susceptibility to cellular destruction [112]. In another study conducted
by Kwiatkowski et al. (2020), LEO combinations with octenidine dihydrochloride (OCT),
an antiseptic agent with broad bactericidal effects were thoroughly investigated. The
efficiency of this combination against S. aureus ATCC 43300 (reference strains) and other
clinical isolates was assessed with checkerboard assays and time-kill curve methods; the
FICI was found to be between 0.11 and 0.26, indicating a strong synergistic effect. Further
Fourier transform infrared (FTIR) spectroscopy revealed that the combination of LEO/OCT
causes modification of cell wall in MRSA, augmenting the penetration of LEO/OCT into
the cells [113]. On the other hand, LEO along with the use of chloramphenicol exhibited
clear synergism against the Gram-negative P. aeruginosa, with the FICI of 0.29. Isobologram
analysis further revealed that LEO was able to interact synergistically with many of the
conventional antibiotics when combined in ratios with higher proportions of LEO. This
is probably the first huge-scaled study focusing on the beneficial effects of LEO when
used in combination with other antimicrobial agents [114]. Another study conducted by
Yang et al. (2020) detected the presence of synergistic antimicrobial effects when LEOs
are used concurrently with meropenem against carbapenemase-producing K. pneumoniae,
where MIC values of both LEO and meropenem were found to be remarkably decreased.
Checkerboard and time-kill assays revealed the FICI to be 0.31 and further proteomic
analysis revealed the combination of LEO and meropenem causes disruption of the cel-
lular membrane of K. pneumoniae via induction of oxidative stress, resulting in influx of
LEO-meropenem and other generated free radicals into the bacterial cell [115]. Other than
that, the incorporation of gentamicin into LEO exhibits markedly synergistic interactions
when used against different strains of S. aureus. In contrast, no interaction was seen when
LEO-gentamicin was used against P. aeruginosa, which coincides with findings from past
studies [116]. Table 4 illustrates the FICI values of the combinatory therapy involving the
use of LEOs and other conventional antimicrobial agents.

Table 4. Synergistic effects exhibited by LEO when used in combination with other antibiotics from different in vitro studies.

sl MIC of LEO MIC of Antibiotics
Combination of . -
s When Used in When Used in FICI Methods Used to Presence of
LEOAanI;gg ]i)()lntfifcirent Pathogens Combination Combination Values Test for Synergism Synergism References
(mg/mL) (ng/mL)
Octenidine Checkerboard assay
dihydrochloride MRSA 0.12 171 0.16 Time-kill curve * [113]
C. albicans 3.00 0.63 1.00 0
Chloramphenicol S. aureus 2.00 0.31 0.75 CheIc kc;rbloard assay 0 [114]
P. aeruginosa 2.00 0.31 0.29 sobologram +
Ciprofloxacin S. aureus 2.00 0.11 0.49 CheICke;bloard assay + [114]
P. aeruginosa 2.00 0.04 0.74 sobologram 0
Carbapenemase-
Meropenem resistant 6.30 8.00 0.31 Ch]e":'ckerll‘().cila rd assay + [115]
K. pneumoniae Ime-KIil curve
MRSA 0.13 0.13 0.14 +
Gentamicin S. aureus 0.64 0.13 0.19 Checkerboard assay + [116]
P. aeruginosa 2.00 0.50 0.70 0
Piperacillin E. coli 1.30 0.13 0.26 Checkerboard assay + [117]
Ceftazidime E. coli 5.00 0.50 1.00 Checkerboard assay 0 [117]
Ketoconazole C. albicans 0.16 0.06 0.53 Checkerboard assay 0 [118]

+ indicates synergy; 0 indicates additivity; MRSA: methicillin-resistant Staphylococcus aureus.
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4. Significance of Nanotechnology in LEO Use

Nanotechnology refers to the emerging field of molecular studies, dealing with the
design, production, and application of materials with size ranged between 1 and 100 nm.
Previous publications have shown that the incorporation of nanoparticles into bioactive
compounds like LEOs is an effective and feasible strategy in enhancing its antimicrobial
effects as these materials may facilitate the delivery of LEOs into the cell, resulting in
higher intracellular uptake of LEOs [119,120]. Moreover, the use of nanoencapsulation
confers the ability to overcome some of the intrinsic drawbacks of LEOs mentioned pre-
viously in this review (i.e., poor oral bioavailability, highly hydrophobic and chemically
unstable when being exposed to heat, moisture, or oxygen), allowing the utilization as a
potential antimicrobial agent to be fully exploited [36,121]. Hence, over the last decade,
nano-based approaches are frequently applied in conjunction with the use of EOs in differ-
ent disciplines, including in food processing and pharmaceutical industries. The use of
nanoencapsulation involving EOs encompasses a wide variety of different nanocarriers de-
signs and materials; however, polymeric nanoparticles (i.e., chitosan and sodium alginate),
lipid-based nanoparticles (i.e., liposomes, solid lipid nanoparticles, and micro- and na-
noemulsions), and formation of inclusion complexes are some of the common nanosystem
platforms employed for the encapsulation of EOs [122,123]. To the best of our knowledge,
only a limited range of antimicrobial nanodelivery systems have been utilized into studies
involving LEO-based combinatorial therapies. In fact, there is scarcity of in vitro and clini-
cal studies investigating the antimicrobial properties of these LEOs-based nanoparticles
against clinically relevant MDR-bacteria, such as K. pneumoniae, P. aeruginosa, MRSA, and
E. coli and none reported against strains like E. faecium or A. baumannii.

One of the common nanoencapsulation strategies used in delivering LEO into the
target sites effectively and augmenting its antimicrobial effects is via the formation of
molecular complexes like cyclodextrins (CDs) and their derivatives. CDs are macrocyclic
oligosaccharide compounds with a central hydrophobic core and outer hydrophilic surface,
which plays a role in increasing the chemical stability of LEO [124]. Previous studies with
other EOs have shown that complexation with cyclodextrins allows a more sustained
and controlled release of the EOs and may potentiate their antimicrobial effects [125,126].
Yuan et al. (2019) investigated the biochemical properties and antimicrobial capacity of LEO
when encapsulated in hydroxypropyl-f3-cyclodextrin (HPCD) in comparison with non-
encapsulated LEO against strains of E. coli, S. aureus, and C. albicans. Disc diffusion assay
revealed both high bactericidal and fungicidal effects exhibited by the combination of LEO
and HPCD composite against all three tested pathogens. The MIC levels of LEO/HPCD
composite against those tested microbes were considerably lower when compared to the
values obtained when using LEO or the composite extract alone. This marked growth in
biocidal activity may be attributed to the increased LEO aqueous solubility after HPCD
encapsulation, which facilitates the access of LEO into the bacterial cytoplasm and cell
membrane [127]. Similar study was done by Das et al. (2019) whereby four different
essential oils including LEO were encapsulated with randomly methylated 3-cyclodextrin
(RAMEB). The findings from this in vitro study are in accordance with the results obtained
from Yuan et al., as the LEO-RAMEB inclusion complexes demonstrated remarkable
antibacterial properties against E. coli and S. aureus; the antimicrobial activities were found
to be elevated by at least two to four folds as compared with LEOs only [128].

Over the past decade, there has been a steady increase in publications focusing on
the use of various types of polymeric nanofibres as a medium for the delivery of EOs
because they demonstrated promising wound healing and antibacterial benefits [129,130].
The fabrication of these nanofibres via the electrospinning technology is considered the
most versatile and feasible process where this technique is frequently adopted by fellow
scientists [131]. Balasubramanian and Kodam (2014) incorporated LEOs into electrospun
polyacrylonitrile (PAN) nanofibrous mats where the process of electrospinning was fur-
ther facilitated by the addition of an electrolytic solution of sodium chloride with various
concentrations, ranging from 0.1% to 0.3%. The antibacterial efficacy of these LEO/PAN
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nanofibres against different strains of S. aureus and K. pneumoniae were evaluated via disc
diffusion assays and unsurprisingly, the combination of LEO/PAN exhibited clear zones of
inhibition against both bacteria with MIC value of 0.1 mg/mL, which signifies excellent an-
tibacterial activity. Cytotoxicity tests via MTT assay also revealed that the use of LEO/PAN
nanofibres results in 100% cellular viability, even at a high concentration of 200pug/mL,
which may suggest that PAN are suitable nanocarriers for medical applications with a low
risk for cellular damage [132]. On the other hand, the biosynthesis of silver nanoparticles
(AgNP) as an alternative disinfectant and antimicrobial agent has been widely described
in many studies, due to its potent bactericidal properties against both Gram-positive and
Gram-negative pathogens [133,134]. Sofi et al. (2019) engineered nanofibre-based wound
dressings where AgNP and LEOs are simultaneously incorporated into polyurethane
nanofibres. These nanofibrous wound dressings fabricated with LEOs and AgNP exhib-
ited significant bactericidal activity against different isolates of both S. aureus and E. coli.
From the in vitro tests as well, gradual increase in concentrations of both LEOs and AgNP
demonstrated larger zones of inhibition for both microbes, which may be attributed to the
presence of synergistic effects when these two components are combined together. From
studies done on other nanoparticles, the addition of AgNP to LEOs is also said to be able
to overcome the problems encountered when using polymers such as PAN and sodium
alginate nanofibres, such as the presence of narrow spectrum antibacterial properties or
low tensile strength [135]. Therefore, these LEOs-AgNP-polyurethrane nanofibres wound
dressings have a great potential in promoting wound healing and possessing remarkable
bactericidal effects against commonly seen skin pathogens.

Other forms of nanoformulations like rhamnolipid-based emulsions and inclusion of
hydroxyapatite nanoparticles are becoming increasingly popular when used in combination
with LEOs as these nanocarrier systems have been indicated to enhance the antimicrobial
potentials of LEOs [136,137]. For the purpose of this review, studies pertaining to the
antimicrobial benefits of LEOs when incorporated into different types of nanoparticles
against clinically relevant pathogens are summarized in Table 5.

Table 5. The use of LEOs in combination with different nanocarrier systems in boosting their antimicrobial activities.

Encapsulation Method Encapsulating Agent Target Pathogens Antimicrobial Activity References
. . S. aureus Increases LEOs aqueous
Inclusion complexes Cyclodextrin E. coli solubility, which promotes [127,128]
formation (HPCD, RAMEB) - Y, which p ’
C. albicans penetration into cells.
. S. aureus Causes membrane disruption.
Polyacrylonitrile (PAN) K. pneumoniae Inhibition of bacterial growth. [152]
lN?nofipre§ Causes membrane disruption.
electrospmning E. coli Inhibition of bacterial growth.
AgNP + polyurethane S. aureus Exhibits synergistic [135]
antimicrobial effects.
Increases LEOs aqueous
.. MRSA solubility, which promotes
Rhamnolipids C. albicans penetration into cells. [136]
Causes membrane disruption.
Nanoemulsion - -
Refined, bleached and S. aure.u§ Cal%se.s. membrane Fhsruptlon.
. B. subtilis Inhibition of bacterial growth.
deodorized sunflower . o . ° [138]
oil (RBDSFo) E. coli Exhibits synergistic
S. enterica antimicrobial effects.
E. coli ESBL
; Causes depolarization of
Nanoencapsulation Hydroxyapatite E coleAlli;lCrZi§5922 bacterial cell membrane. [137,139]
MRS A Inhibition of bacterial growth.
. . E. coli Causes membrane disruption.
Nanoprecipitation Starch nanoparticles S. aureus Tnhibition of bacterial growth. [140]
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5. Current Challenges and Future Prospects

It is without a doubt that different strategies or approaches have to be adopted in
order to slow down or mitigate the acceleration of AMR. One of the main challenges
in coming up with an effective solution is that there is no “one-size-fits-all” approach
in circumventing this issue. A multitude of strategies and therapies have to be applied
concurrently in order to have the maximum therapeutic benefits due to the presence of
a multifaceted antimicrobial mechanism. LEO and its derivatives have been shown to
exhibit a broad spectrum of antimicrobial activities against many different Gram-positive
and Gram-negative bacteria, fungal pathogens, and parasites. Studies in the past have also
demonstrated the therapeutic benefits of combinatorial therapies involving LEO. However,
there is a scarcity of information regarding the pharmacokinetics and pharmacodynamics
of these combinatorial therapies involving LEO. More clinical and in vitro studies should
be done to reinforce the presence of promising synergistic interactions between LEO and
other essential oils or antimicrobial agents. Different clinical trials, including cytotoxicity
studies on these combinatory therapies should be conducted to explore the safety and
efficacy of these LEO-based formulations, with hope that these can lead to the development
of formulations which will be a safe and prospective alternative for the common antibi-
otics when used in the clinical practice in treating infections caused by MDR-pathogens.
Formulation enhancement will also enable the revival of previously sidelined antibiotics
due to growing resistance.

Furthermore, there is a heightened interest in developing novel strategies involving
nano-encapsulation of LEOs as these nanomolecules are able to compensate for the sub-
optimal physicochemical characteristics of using LEOs only. By increasing its chemical
stability and solubility in water, encapsulated LEOs have more reliable and potent an-
timicrobial effects as compared to non-encapsulated ones due to a more sustained and
controlled release of these bioactive compounds into the bacterial cells. However, there
is paucity in knowledge about the detailed mechanism on how these nanoparticles have
the capacity to potentiate the bactericidal and fungicidal effects of these LEOs. Moreover,
only a limited array of nanodelivery systems have been explored in combination with the
use of LEOs. Hence, future studies should explore the specific mechanisms of action of
these nanomolecules in augmenting the antimicrobial potentials of LEOs and possibly,
demonstrating any presence of synergism or additivity when LEOs are incorporated into
them. More emphasis should also be placed into employing a broader range of different
nanocarriers when using LEOs as a therapeutic approach in combatting AMR.

6. Conclusions

In summary, the present review has managed to highlight the importance of LEO and
its derivatives as novel antimicrobial agents due to its efficacious bactericidal effects against
many drug-resistant pathogens, which are the predominant causes of life-threatening
hospital-acquired infections. A range of different combinatory therapies involving LEOs
which are proven to exhibit potent antimicrobial benefits have been outlined, where some
of these formulations may even have the potential to reverse the resistance to common
antibiotics in certain bacteria. In addition, this review discussed the different forms of
nanodelivery system that are employed in previous research involving LEO, where these
nanocarriers have the capacity to potentiate the therapeutic benefits of LEOs. The integra-
tion of these diverse approaches may provide knowledge areas which are imperative in
mitigating the threats of AMR.

Author Contributions: Conceptualization, S.-H.E.L.; resources, data curation, and writing—original
draft preparation, W.-H.L.; writing—review and editing, W.-H.L. and K.-S.L.; visualization, S.-H.E.L.
and K.-S.L.; supervision, project administration, and funding acquisition, S.-H.E.L. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the Research Excellence and Innovation Grant (REIG_2020_043)
from UCSI University, Malaysia.



Processes 2021, 9, 609 12 of 17

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: The authors would like to thank the Higher Colleges of Technology and Perdana
University for making this work possible.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Shriram, V.; Khare, T.; Bhagwat, R.; Shukla, R.; Kumar, V. Inhibiting bacterial drug efflux pumps via phyto-therapeutics to combat
threatening antimicrobial resistance. Front. Microbiol. 2018, 9, 2990. [CrossRef]

2. Magiorakos, A.P.; Srinivasan, A.; Carey, R.; Carmeli, Y.; Falagas, M.; Giske, C.; Harbarth, S.; Hindler, ].; Kahlmeter, G.;
Olsson-Liljequist, B.; et al. Multidrug-resistant, extensively drug-resistant and pandrug-resistant bacteria: An international
expert proposal for interim standard definitions for acquired resistance. Clin. Microbiol. Infect. 2012, 18, 268-281. [CrossRef]

3. Esposito, S.; De Simone, G. Update on the main MDR pathogens: Prevalence and treatment options. Infez. Med. 2017, 25, 301-310.

4. Pendleton, ].N.; Gorman, S.P.; Gilmore, B.F. Clinical relevance of the ESKAPE pathogens. Expert Rev. Anti Infect. Ther. 2013,
11, 297-308. [CrossRef] [PubMed]

5. Subramani, R.; Narayanasamy, M.; Feussner, K.D. Plant-derived antimicrobials to fight against multi-drug-resistant human
pathogens. 3 Biotech 2017, 7, 172. [CrossRef] [PubMed]

6. Ma, Y.X; Wang, C.Y;; Li, Y.Y;; Li, ].; Wan, Q.Q.; Chen, ].H.; Tay, ER.; Niu, L.N. Considerations and caveats in combating ESKAPE
pathogens against nosocomial infections. Adv. Sci. 2020, 7, 1901872. [CrossRef]

7. Founou, R.C.; Founou, L.L.; Essack, S.Y. Clinical and economic impact of antibiotic resistance in developing countries: A
systematic review and meta-analysis. PLoS ONE 2017, 12, e0189621. [CrossRef] [PubMed]

8. Public Health England. English Surveillance Programme for Antimicrobial Utilisation and Resistance (ESPAUR); PHE: London, UK,
2020. Available online: https://www.gov.uk/government/publications/english-surveillance-programme-antimicrobial-
utilisation-and-resistance-espaur-report (accessed on 26 November 2020).

9. Gerald, N.M.J. Malaysian Action Plan on Antimicrobial Resistance (MyAP-AMR) 2017-2021. Awvailable online: https:
/ /www.moh.gov.my/moh/resources/Penerbitan/Garis%20Panduan/Garis%20panduan%20Umum%20(Awam)/National _
Action_Plan_-_FINAL_29_june.pdf (accessed on 26 November 2020).

10. Laxminarayan, R.; Duse, A.; Wattal, C.; Zaidi, A K.; Wertheim, H.F,; Sumpradit, N.; Vlieghe, E.; Hara, G.L.; Gould, ILM.;
Goossens, H. Antibiotic resistance—the need for global solutions. Lancet Infect. Dis. 2013, 13, 1057-1098. [CrossRef]

11. Srivastava, J.; Chandra, H.; Nautiyal, A.R.; Kalra, S.J. Antimicrobial resistance (AMR) and plant-derived antimicrobials (PDA ms)
as an alternative drug line to control infections. 3 Biotech 2014, 4, 451-460. [CrossRef]

12.  Ayukekbong, J.A.; Ntemgwa, M.; Atabe, A.N. The threat of antimicrobial resistance in developing countries: Causes and control
strategies. Antimicrob. Resist Infect. Control 2017, 6, 47. [CrossRef]

13.  Yang, SK.; Yusoff, K.; Mai, CW.; Lim, WM.; Yap, W.S.; Lim, S.H.E.; Lai, K.S. Additivity vs synergism: Investigation of the
additive interaction of cinnamon bark oil and meropenem in combinatory therapy. Molecules 2017, 22, 1733. [CrossRef] [PubMed]

14. Ali, J,; Rafiq, Q.A.; Ratcliffe, E. Antimicrobial resistance mechanisms and potential synthetic treatments. Future Sci. OA 2018,
4, FSO290. [CrossRef] [PubMed]

15. Sidjabat, H.; Nimmo, G.R.; Walsh, T.R.; Binotto, E.; Htin, A.; Hayashi, Y; Li, J.; Nation, R.L.; George, N.; Paterson, D.L.
Carbapenem resistance in Klebsiella pneumoniae due to the New Delhi metallo-B-lactamase. Clin. Infect. Dis. 2011, 52, 481.
[CrossRef] [PubMed]

16. Yang, S.K; Yusoff, K.; Ajat, M.; Thomas, W.; Abushelaibi, A.; Akseer, R.; Lim, S.H.E.; Lai, K.S. Disruption of KPC-producing
Klebsiella pneumoniae membrane via induction of oxidative stress by cinnamon bark (Cinnamomum verum J. Presl) essential oil.
PLoS ONE 2019, 14, 0214326. [CrossRef] [PubMed]

17. Masi, M.; Réfregiers, M.; Pos, KM.; Pages, ]. M. Mechanisms of envelope permeability and antibiotic influx and efflux in
Gram-negative bacteria. Nat. Microbiol. 2017, 2, 1-7. [CrossRef]

18. Moo, C.L,; Yang, SK.; Yusoff, K.; Ajat, M.; Thomas, W.; Abushelaibi, A.; Lim, S.H.E.; Lai, K.S. Mechanisms of antimicrobial
resistance (AMR) and alternative approaches to overcome AMR. Curr. Drug Discov. Technol. 2020, 17, 430-447. [CrossRef]

19. Soto, S.M. Role of efflux pumps in the antibiotic resistance of bacteria embedded in a biofilm. Virulence 2013, 4, 223-229. [CrossRef]

20. Gavari¢, N.; Kovag, J.; Kretschmer, N.; Kladar, N.; Mozina, S.S.; Bucar, F.; Bauer, R.; Bozin, B.J. Concepts, Compounds and the
Alternatives of Antibacterials; InTech: London, UK, 2015; pp. 123-152.

21. Gargano, M.L.; Zervakis, G.I.; Isikhuemhen, O.S.; Venturella, G.; Calvo, R.; Giammanco, A.; Fasciana, T.; Ferraro, V. Ecology,
phylogeny, and potential nutritional and medicinal value of a rare white maitake collected in a Mediterranean forest. Diversity
2020, 12, 230. [CrossRef]

22. Solérzano-Santos, F.; Miranda-Novales, M.G. Essential oils from aromatic herbs as antimicrobial agents. Curr. Opin. Biotechnol.

2012, 23, 136-141. [CrossRef]


http://doi.org/10.3389/fmicb.2018.02990
http://doi.org/10.1111/j.1469-0691.2011.03570.x
http://doi.org/10.1586/eri.13.12
http://www.ncbi.nlm.nih.gov/pubmed/23458769
http://doi.org/10.1007/s13205-017-0848-9
http://www.ncbi.nlm.nih.gov/pubmed/28660459
http://doi.org/10.1002/advs.201901872
http://doi.org/10.1371/journal.pone.0189621
http://www.ncbi.nlm.nih.gov/pubmed/29267306
https://www.gov.uk/government/publications/english-surveillance-programme-antimicrobial-utilisation-and-resistance-espaur-report
https://www.gov.uk/government/publications/english-surveillance-programme-antimicrobial-utilisation-and-resistance-espaur-report
https://www.moh.gov.my/moh/resources/Penerbitan/Garis%20Panduan/Garis%20panduan%20Umum%20(Awam)/National_Action_Plan_-_FINAL_29_june.pdf
https://www.moh.gov.my/moh/resources/Penerbitan/Garis%20Panduan/Garis%20panduan%20Umum%20(Awam)/National_Action_Plan_-_FINAL_29_june.pdf
https://www.moh.gov.my/moh/resources/Penerbitan/Garis%20Panduan/Garis%20panduan%20Umum%20(Awam)/National_Action_Plan_-_FINAL_29_june.pdf
http://doi.org/10.1016/S1473-3099(13)70318-9
http://doi.org/10.1007/s13205-013-0180-y
http://doi.org/10.1186/s13756-017-0208-x
http://doi.org/10.3390/molecules22111733
http://www.ncbi.nlm.nih.gov/pubmed/29113046
http://doi.org/10.4155/fsoa-2017-0109
http://www.ncbi.nlm.nih.gov/pubmed/29682325
http://doi.org/10.1093/cid/ciq178
http://www.ncbi.nlm.nih.gov/pubmed/21258100
http://doi.org/10.1371/journal.pone.0214326
http://www.ncbi.nlm.nih.gov/pubmed/30939149
http://doi.org/10.1038/nmicrobiol.2017.1
http://doi.org/10.2174/1570163816666190304122219
http://doi.org/10.4161/viru.23724
http://doi.org/10.3390/d12060230
http://doi.org/10.1016/j.copbio.2011.08.005

Processes 2021, 9, 609 13 of 17

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Bhavaniramya, S.; Vishnupriya, S.; Al-Aboody, M.S.; Vijayakumar, R.; Baskaran, D. Role of essential oils in food safety:
Antimicrobial and antioxidant applications. Grain Oil Sci. Technol. 2019, 2, 49-55. [CrossRef]

Yang, S.K.; Low, L.Y.; Yap, P.S.X; Yusoff, K.; Mai, CW.,; Lai, K.S.; Lim, S.H.E. Plant-derived antimicrobials: Insights into mitigation
of antimicrobial resistance. Rec. Nat. Prod. 2018, 12, 295-316. [CrossRef]

Bakkali, E.; Averbeck, S.; Averbeck, D.; Idaomar, M. Biological effects of essential oils—a review. Food Chem. Toxicol. 2008,
46, 446-475. [CrossRef] [PubMed]

Karadag, E.; Samancioglu, S.; Ozden, D.; Bakir, E. Effects of aromatherapy on sleep quality and anxiety of patients. Nurs. Crit. Care
2017, 22, 105-112. [CrossRef] [PubMed]

Vakilian, K.; Atarha, M.; Bekhradi, R.; Chaman, R. Healing advantages of lavender essential oil during episiotomy recovery: A
clinical trial. Complementary Ther. Clin. Pract. 2011, 17, 50-53. [CrossRef] [PubMed]

Evandri, M.; Battinelli, L.; Daniele, C.; Mastrangelo, S.; Bolle, P.; Mazzanti, G. The antimutagenic activity of Lavandula angustifolia
(lavender) essential oil in the bacterial reverse mutation assay. Food Chem. Toxicol. 2005, 43, 1381-1387. [CrossRef] [PubMed]
Cardia, G.EE,; Silva-Filho, S.E.; Silva, E.L.; Uchida, N.S.; Cavalcante, H.A.O.; Cassarotti, L.L.; Salvadego, V.E.C.; Spironello, R.A;
Bersani-Amado, C.A.; Cuman, R.K.N. Effect of lavender (Lavandula angustifolia) essential oil on acute inflammatory response.
Evid. Based Complementary Altern. Med. 2018, 2018, 1-10. [CrossRef] [PubMed]

Woronuk, G.; Demissie, Z.; Rheault, M.; Mahmoud, S. Biosynthesis and therapeutic properties of Lavandula essential oil
constituents. Planta Med. 2011, 77, 7-15. [CrossRef]

Yang, S.K.; Yap, P.S.X,; Krishnan, T.; Yusoff, K.; Gan, K.C.; Yap, W.S.; Lai, K.S.; Lim, S.H.E. Mode of action: Synergistic interaction
of peppermint (Mentha x piperita L. Carl) essential oil and meropenem against plasmid-mediated resistant E. Coli. Rec. Nat. Prod.
2018, 12, 582.

Van Vuuren, S.; Suliman, S.; Viljoen, A. The antimicrobial activity of four commercial essential oils in combination with
conventional antimicrobials. Lett. Appl. Microbiol. 2009, 48, 440-446. [CrossRef]

Miladinovi¢, D.L.; 1li¢, B.S.; Mihajilov-Krstev, T.M.; Nikoli¢, N.D.; Miladinovi¢, L.C.; Cvetkovi¢, O.G. Investigation of the
chemical composition—antibacterial activity relationship of essential oils by chemometric methods. Anal. Bioanal. Chem. 2012,
403, 1007-1018. [CrossRef]

Trifan, A.; Luca, S.V,; Greige-Gerges, H.; Miron, A.; Gille, E.; Aprotosoaie, A.C. Recent advances in tackling microbial multidrug
resistance with essential oils: Combinatorial and nano-based strategies. Crit. Rev. Microbiol. 2020, 46, 338-357. [CrossRef] [PubMed]
Turek, C.; Stintzing, F.C. Stability of essential oils: A review. Compr. Rev. Food Sci. Food Saf. 2013, 12, 40-53. [CrossRef]

Prakash, B.; Kujur, A.; Yadav, A.; Kumar, A.; Singh, P.P,; Dubey, N. Nanoencapsulation: An efficient technology to boost the
antimicrobial potential of plant essential oils in food system. Food Control 2018, 89, 1-11. [CrossRef]

Dong, G.; Bai, X.; Aimila, A.; Aisa, H.A.; Maiwulanjiang, M. Study on lavender essential oil chemical compositions by GC-MS
and improved pGC. Molecules 2020, 25, 3166. [CrossRef]

Cavanagh, H.M.; Wilkinson, ].M. Lavender essential oil: A review. Aust. Infect. Control 2005, 10, 35-37. [CrossRef]

Maietti, S.; Rossi, D.; Guerrini, A.; Useli, C.; Romagnoli, C.; Poli, F,; Bruni, R.; Sacchetti, G. A multivariate analysis approach to the
study of chemical and functional properties of chemo-diverse plant derivatives: Lavender essential oils. Flavour Frag. ]. 2013,
28,144-154. [CrossRef]

Danh, L.T,; Triet, N.D.A.; Zhao, J.; Mammucari, R.; Foster, N. Antioxidant activity, yield and chemical composition of lavender
essential oil extracted by supercritical CO2. |. Supercrit. Fluids 2012, 70, 27-34. [CrossRef]

Beale, D.J.; Morrison, P.D.; Karpe, A.V.; Dunn, M.S. Chemometric analysis of lavender essential oils using targeted and untargeted
GC-MS acquired data for the rapid identification and characterization of oil quality. Molecules 2017, 22, 1339. [CrossRef]

Liu, X,; Cai, J.; Chen, H.; Zhong, Q.; Hou, Y.; Chen, W.; Chen, W. Antibacterial activity and mechanism of linalool against
Pseudomonas aeruginosa. Microb. Pathog. 2020, 141, 103980. [CrossRef]

Khayyat, S. Thermal, photo-oxidation and antimicrobial studies of linalyl acetate as a major ingredient of lavender essential oil.
Arab. J. Chem. 2020, 13, 1575-1581. [CrossRef]

Trombetta, D.; Castelli, F; Sarpietro, M.G.; Venuti, V.; Cristani, M.; Daniele, C.; Saija, A.; Mazzanti, G.; Bisignano, G. Mechanisms
of antibacterial action of three monoterpenes. Antimicrob. Agents Chemother. 2005, 49, 2474-2478. [CrossRef] [PubMed]

Mighri, H.; Sabri, K.; Eljeni, H.; Neffati, M.; Akrout, A. Chemical composition and antimicrobial activity of Pituranthos chloranthus
(Benth.) hook and Pituranthos tortu-osus (Coss.) maire essential oils from southern Tunisia. Adv. Biol. Chem. 2015, 5, 273. [CrossRef]
Li, WR,; Li, H.L.; Shi, Q.S.; Sun, T.L.; Xie, X.B.; Song, B.; Huang, X.M. The dynamics and mechanism of the antimicrobial activity
of tea tree oil against bacteria and fungi. Appl. Microbiol. Biotechnol. 2016, 100, 8865-8875. [CrossRef] [PubMed]

Bordini, E.A.F,; Tonon, C.C.; Francisconi, R.S.; Magalhaes, F.A.C.; Huacho, PM.M.; Bedran, T.L.; Pratavieira, S.; Spolidorio, L.C.;
Spolidorio, D.P. Antimicrobial effects of terpinen-4-ol against oral pathogens and its capacity for the modulation of gene
expression. Biofouling 2018, 34, 815-825. [CrossRef]

Saviuc, C.; Gheorghe, I.; Coban, S.; Drumea, V.; Chifiriuc, M.C.; Banu, O.; Bezirtzoglou, E.; Lazar, V. Rosmarinus officinalis
essential oil and eucalyptol act as efflux pumps inhibitors and increase ciprofloxacin efficiency against Pseudomonas aeruginosa
and Acinetobacter baumannii MDR strains. Rom. Biotechnol. Lett. 2016, 21, 11783.

Taha, A.M.; Eldahshan, O.A. Chemical characteristics, antimicrobial, and cytotoxic activities of the essential oil of Egyptian
Cinnamomum glanduliferum bark. Chem. Biodivers. 2017, 14, e1600443. [CrossRef]


http://doi.org/10.1016/j.gaost.2019.03.001
http://doi.org/10.25135/rnp.41.17.09.058
http://doi.org/10.1016/j.fct.2007.09.106
http://www.ncbi.nlm.nih.gov/pubmed/17996351
http://doi.org/10.1111/nicc.12198
http://www.ncbi.nlm.nih.gov/pubmed/26211735
http://doi.org/10.1016/j.ctcp.2010.05.006
http://www.ncbi.nlm.nih.gov/pubmed/21168115
http://doi.org/10.1016/j.fct.2005.03.013
http://www.ncbi.nlm.nih.gov/pubmed/15907354
http://doi.org/10.1155/2018/1413940
http://www.ncbi.nlm.nih.gov/pubmed/29743918
http://doi.org/10.1055/s-0030-1250136
http://doi.org/10.1111/j.1472-765X.2008.02548.x
http://doi.org/10.1007/s00216-012-5866-1
http://doi.org/10.1080/1040841X.2020.1782339
http://www.ncbi.nlm.nih.gov/pubmed/32608293
http://doi.org/10.1111/1541-4337.12006
http://doi.org/10.1016/j.foodcont.2018.01.018
http://doi.org/10.3390/molecules25143166
http://doi.org/10.1071/HI05035
http://doi.org/10.1002/ffj.3145
http://doi.org/10.1016/j.supflu.2012.06.008
http://doi.org/10.3390/molecules22081339
http://doi.org/10.1016/j.micpath.2020.103980
http://doi.org/10.1016/j.arabjc.2017.12.008
http://doi.org/10.1128/AAC.49.6.2474-2478.2005
http://www.ncbi.nlm.nih.gov/pubmed/15917549
http://doi.org/10.4236/abc.2015.57024
http://doi.org/10.1007/s00253-016-7692-4
http://www.ncbi.nlm.nih.gov/pubmed/27388769
http://doi.org/10.1080/08927014.2018.1504926
http://doi.org/10.1002/cbdv.201600443

Processes 2021, 9, 609 14 of 17

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Bouazama, S.; Harhar, H.; Costa, J.; Desjobert, J.; Talbaoui, A.; Tabyaoui, M. Chemical composition and antibacterial activity of
the essential oils of Lavandula pedunculata and Lavandula dentate. . Mater. Environ. Sci. 2017, 8, 2154-2160.

Manoharan, R.K.; Lee, ].H.; Lee, J. Antibiofilm and antihyphal activities of cedar leaf essential oil, camphor, and fenchone
derivatives against Candida albicans. Front. Microbiol. 2017, 8, 1476. [CrossRef]

Moo, C.L,; Yang, S.K.; Osman, M.A.; Yuswan, M.H.; Loh, J.Y.; Lim, W.M.; Lim, S.H.E.; Lai, K.S. Antibacterial activity and mode of
action of 3-caryophyllene on Bacillus cereus. Pol. ]. Microbiol. 2020, 69, 49. [CrossRef]

Coutinho, H.D.M.; de Freitas, M.A.; Gondim, C.N.EL.; de Albuquerque, R.S.; de Alencar Ferreira, ].V.; Andrade, J.C. In vitro
antimicrobial activity of geraniol and cariophyllene against Staphylococcus aureus. Rev. Cuba. Plantas Med. 2015, 20, 98-105.

De Lira, M.H.P.; de Andrade Junior, F.P.; Moraes, G.F.Q.; da Silva Macena, G.; de Oliveira Pereira, F.; Lima, I.O. Antimicrobial
activity of geraniol: An integrative review. J. Essent. Oil Res. 2020, 32, 187-197. [CrossRef]

Bamoniri, A.; Ebrahimabadi, A.H.; Mazoochi, A.; Behpour, M.; Kashi, E]J.; Batooli, H. Antioxidant and antimicrobial activity
evaluation and essential oil analysis of Semenovia tragioides Boiss. from Iran. Food Chem. 2010, 122, 553-558. [CrossRef]

Yang, S.K.; Yusoff, K.; Ajat, M.; Yap, W.S.; Lai, K.S. Antimicrobial activity and mode of action of terpene linalyl anthranilate
against carbapenemase-producing Klebsiella pneumoniae. J. Pharm. Anal. 2020. [CrossRef]

Biaton,, M.; Krzysko-Lupicka, T.; Nowakowska-Bogdan, E.; Wieczorek, PP. Chemical composition of two different lavender
essential oils and their effect on facial skin microbiota. Molecules 2019, 24, 3270. [CrossRef]

Zengin, H.; Baysal, A.H. Antibacterial and antioxidant activity of essential oil terpenes against pathogenic and spoilage-forming
bacteria and cell structure-activity relationships evaluated by SEM microscopy. Molecules 2014, 19, 17773-17798. [CrossRef]
Mahizan, N.A.; Yang, S.K.; Moo, C.L.; Song, A.A.L.; Chong, C.M.; Chong, C.W.; Abushelaibi, A.; Lim, S.H.E.; Lai, K.S. Terpene
derivatives as a potential agent against antimicrobial resistance (AMR) pathogens. Molecules 2019, 24, 2631. [CrossRef]

Yilmaz, M.T. Minimum inhibitory and minimum bactericidal concentrations of boron compounds against several bacterial strains.
Turk. J. Med Sci. 2012, 42, 1423-1429.

Miller, R.; Walker, R.; Carson, J.; Coles, M.; Coyne, R.; Dalsgaard, I.; Gieseker, C.; Hsu, H.; Mathers, J.; Papapetropoulou, M.
Standardization of a broth microdilution susceptibility testing method to determine minimum inhibitory concentrations of
aquatic bacteria. Dis. Aquat. Org. 2005, 64, 211-222. [CrossRef]

Balouiri, M.; Sadiki, M.; Ibnsouda, S.K. Methods for in vitro evaluating antimicrobial activity: A review. J. Pharm. Anal. 2016,
6,71-79. [CrossRef]

Chouhan, S.; Sharma, K.; Guleria, S. Antimicrobial activity of some essential oils—present status and future perspectives.
Medicines 2017, 4, 58. [CrossRef]

Sokovi¢, M.; Glamo¢lija, J.; Marin, P.D.; Brki¢, D.; Van Griensven, L.J. Antibacterial effects of the essential oils of commonly
consumed medicinal herbs using an in vitro model. Molecules 2010, 15, 7532-7546. [CrossRef] [PubMed]

Blazekovi¢, B.; Yang, W.; Wang, Y.; Li, C.; Kindl, M.; Pepeljnjak, S.; Vladimir-KneZevi¢, S. Chemical composition, antimicrobial and
antioxidant activities of essential oils of Lavandula x intermedia ‘Budrovka’and L. angustifolia cultivated in Croatia. Ind. Crops Prod.
2018, 123, 173-182. [CrossRef]

Zenao, S.; Aires, A ; Dias, C.; Saavedra, M.].; Fernandes, C. Antibacterial potential of Urtica dioica and Lavandula angustifolia extracts
against methicillin resistant Staphylococcus aureus isolated from diabetic foot ulcers. J. Herb. Med. 2017, 10, 53-58. [CrossRef]

Danh, L.T; Triet, N.D.A.; Zhao, J.; Mammucari, R.; Foster, N. Comparison of chemical composition, antioxidant and antimicro-
bial activity of lavender (Lavandula angustifolia L.) essential oils extracted by supercritical CO,, hexane and hydrodistillation.
Food Bioprocess Technol. 2013, 6, 3481-3489. [CrossRef]

Mayaud, L.; Carricajo, A.; Zhiri, A.; Aubert, G. Comparison of bacteriostatic and bactericidal activity of 13 essential oils against
strains with varying sensitivity to antibiotics. Lett. Appl. Microbiol. 2008, 47, 167-173. [CrossRef]

Javed, H.; Tabassum, S.; Erum, S.; Murtaza, I.; Muhammad, A.; Amin, F,; Nisar, M.F. Screening and characterization of selected
drugs having antibacterial potential. Pak. ]. Pharm. Sci. 2018, 31, 933-939.

Hossain, S.; Heo, H.; De Silva, B.; Wimalasena, S.; Pathirana, H.; Heo, G.J. Antibacterial activity of essential oil from lavender
(Lavandula angustifolia) against pet turtle-borne pathogenic bacteria. Lab. Anim. Res. 2017, 33, 195-201. [CrossRef]

Moon, T.; Wilkinson, J.; Cavanagh, H. Antibacterial activity of essential oils, hydrosols and plant extracts from Australian grown
Lavandula spp. Int. |. Aromather. 2006, 16, 9-14. [CrossRef]

Adam, K.; Sivropoulou, A.; Kokkini, S.; Lanaras, T.; Arsenakis, M. Antifungal activities of Origanum vulgare subsp. hirtum,
Mentha spicata, Lavandula angustifolia, and Salvia fruticosa essential oils against human pathogenic fungi. J. Agric. Food Chem. 1998,
46, 1739-1745.

Khoury, M.; Stien, D.; Eparvier, V.; Ouaini, N.; El Beyrouthy, M. Report on the medicinal use of eleven Lamiaceae species in
Lebanon and rationalization of their antimicrobial potential by examination of the chemical composition and antimicrobial
activity of their essential oils. Evid. Based Complementary Altern. Med. 2016, 2016, 1-17. [CrossRef]

Shin, S. Anti-Aspergillus activities of plant essential oils and their combination effects with ketoconazole or amphotericin
B. Arch. Pharmacal. Res. 2003, 26, 389. [CrossRef] [PubMed]

Sienkiewicz, M.; Glowacka, A.; Kowalczyk, E.; Wiktorowska-Owczarek, A.; J6zwiak-Bebenista, M.; Lysakowska, M. The biological
activities of cinnamon, geranium and lavender essential oils. Molecules 2014, 19, 20929-20940. [CrossRef] [PubMed]

Nikoli¢, M.; Jovanovi¢, K.K.; Markovi¢, T.; Markovié, D.; Gligorijevi¢, N.; Radulovi¢, S.; Sokovi¢, M. Chemical composition,
antimicrobial, and cytotoxic properties of five Lamiaceae essential oils. Ind. Crops Prod. 2014, 61, 225-232. [CrossRef]


http://doi.org/10.3389/fmicb.2017.01476
http://doi.org/10.33073/pjm-2020-007
http://doi.org/10.1080/10412905.2020.1745697
http://doi.org/10.1016/j.foodchem.2010.03.009
http://doi.org/10.1016/j.jpha.2020.05.014
http://doi.org/10.3390/molecules24183270
http://doi.org/10.3390/molecules191117773
http://doi.org/10.3390/molecules24142631
http://doi.org/10.3354/dao064211
http://doi.org/10.1016/j.jpha.2015.11.005
http://doi.org/10.3390/medicines4030058
http://doi.org/10.3390/molecules15117532
http://www.ncbi.nlm.nih.gov/pubmed/21030907
http://doi.org/10.1016/j.indcrop.2018.06.041
http://doi.org/10.1016/j.hermed.2017.05.003
http://doi.org/10.1007/s11947-012-1026-z
http://doi.org/10.1111/j.1472-765X.2008.02406.x
http://doi.org/10.5625/lar.2017.33.3.195
http://doi.org/10.1016/j.ijat.2006.01.007
http://doi.org/10.1155/2016/2547169
http://doi.org/10.1007/BF02976696
http://www.ncbi.nlm.nih.gov/pubmed/12785735
http://doi.org/10.3390/molecules191220929
http://www.ncbi.nlm.nih.gov/pubmed/25514231
http://doi.org/10.1016/j.indcrop.2014.07.011

Processes 2021, 9, 609 15 0f 17

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Moussi Imane, M.; Houda, F; Said Amal, A.H.; Kaotar, N.; Mohammed, T.; Imane, R.; Farid, H. Phytochemical composition and
antibacterial activity of Moroccan Lavandula angustifolia Mill. |. Essent. Oil Bear. Plants 2017, 20, 1074-1082. [CrossRef]

Mesic, A.; Mahmutovié-Dizdarevi¢, I.; Tahirovi¢, E.; Durmisevi¢, I.; Eminovic, I.; Jerkovié-Mujkié, A.; Besta-Gajevi¢, R. Evaluation
of toxicological and antimicrobial activity of lavender and immortelle essential oils. Drug Chem. Toxicol. 2018, 4, 1-8. [CrossRef]
Sharifi-Rad, J.; Sureda, A.; Tenore, G.C.; Daglia, M.; Sharifi-Rad, M.; Valussi, M.; Tundis, R.; Sharifi-Rad, M.; Loizzo, M.R.;
Ademiluyi, A.O. Biological activities of essential oils: From plant chemoecology to traditional healing systems. Molecules 2017,
22,70. [CrossRef]

da Cruz Cabral, L.; Pinto, V.F; Patriarca, A. Application of plant derived compounds to control fungal spoilage and mycotoxin
production in foods. Int. |. Food Microbiol. 2013, 166, 1-14. [CrossRef]

D’auria, F; Tecca, M.; Strippoli, V.; Salvatore, G.; Battinelli, L.; Mazzanti, G. Antifungal activity of Lavandula angustifolia essential
oil against Candida albicans yeast and mycelial form. Med. Mycol. 2005, 43, 391-396. [CrossRef]

McKenzie, C.; Koser, U.; Lewis, L.; Bain, J.; Mora-Montes, H.; Barker, R.; Gow, N.; Erwig, L. Contribution of Candida albicans cell
wall components to recognition by and escape from murine macrophages. Infect. Immun. 2010, 78, 1650-1658. [CrossRef]
Moon, T.; Wilkinson, J.M.; Cavanagh, H.M. Antiparasitic activity of two Lavandula essential oils against Giardia duodenalis,
Trichomonas vaginalis and Hexamita inflata. Parasitol. Res. 2006, 99, 722-728. [CrossRef]

Johnston, V.J.; Mabey, D.C. Global epidemiology and control of Trichomonas vaginalis. Curr. Opin. Infect. Dis. 2008, 21, 56-64.
[CrossRef] [PubMed]

Adam, R.D. Biology of Giardia lamblia. Clin. Microbiol. Rev. 2001, 14, 447-475. [CrossRef] [PubMed]

Shokri, A.; Saeedi, M.; Fakhar, M.; Morteza-Semnani, K.; Keighobadi, M.; Teshnizi, S.H.; Kelidari, H.R.; Sadjadi, S. Antileish-
manial activity of Lavandula angustifolia and Rosmarinus officinalis essential oils and nano-emulsions on Leishmania major
(MRHO/IR/75/ER). Iran. ]. Parasitol. 2017, 12, 622. [PubMed]

Mantovani, A.L.; Vieira, G.P.; Cunha, W.R.; Groppo, M.; Santos, R.A.; Rodrigues, V.; Magalhaes, L.G.; Crotti, A.E. Chemical
composition, antischistosomal and cytotoxic effects of the essential oil of Lavandula angustifolia grown in Southeastern Brazil.
Rev. Bras. Farmacogn. 2013, 23, 877-884. [CrossRef]

Aljaafari, M.; Alhosani, M.S.; Abushelaibi, A.; Lai, K.S.; Lim, S.H.E. Essential Oils-Oils of Nature; IntechOpen: London, UK, 2019.
Yu, Z.; Tang, J.; Khare, T.; Kumatr, V. The alarming antimicrobial resistance in ESKAPEE pathogens: Can essential oils come to the
rescue? Fitoterapia 2020, 140, 104433. [CrossRef]

Bush, K.; Courvalin, P.; Dantas, G.; Davies, J.; Eisenstein, B.; Huovinen, P.; Jacoby, G.A; Kishony, R.; Kreiswirth, B.N.; Kutter, E.
Tackling antibiotic resistance. Nat. Rev. Microbiol. 2011, 9, 894-896. [CrossRef]

Bhat, A.S.; Ahangar, A.A. Methods for detecting chemical-chemical interaction in toxicology. Toxicol. Mech. Methods 2007,
17, 441-450. [CrossRef]

Hyldgaard, M.; Mygind, T.; Meyer, R.L. Essential oils in food preservation: Mode of action, synergies, and interactions with food
matrix components. Front. Microbiol. 2012, 3, 12. [CrossRef]

Efferth, T.; Koch, E. Complex interactions between phytochemicals. The multi-target therapeutic concept of phytotherapy.
Curr. Drug Targets 2011, 12, 122-132. [CrossRef]

Jugreet, B.S.; Mahomoodally, M.E. Essential oils from 9 exotic and endemic medicinal plants from Mauritius shows in vitro
antibacterial and antibiotic potentiating activities. S. Afr. J. Bot. 2020, 132, 355-362. [CrossRef]

Owen, L.; Laird, K. Synchronous application of antibiotics and essential oils: Dual mechanisms of action as a potential solution to
antibiotic resistance. Crit. Rev. Microbiol. 2018, 44, 414-435. [CrossRef] [PubMed]

Hemaiswarya, S.; Kruthiventi, A.K.; Doble, M. Synergism between natural products and antibiotics against infectious diseases.
Phytomedicine 2008, 15, 639-652. [CrossRef] [PubMed]

Owen, L.; Grootveld, M.; Arroo, R.; Ruiz-Rodado, V.; Price, P.; Laird, K. A multifactorial comparison of ternary combinations
of essential oils in topical preparations to current antibiotic prescription therapies for the control of acne vulgaris-associated
bacteria. Phytother. Res. 2017, 31, 410-417. [CrossRef] [PubMed]

van Vuuren, S.; Viljoen, A. Plant-based antimicrobial studies-methods and approaches to study the interaction between natural
products. Planta Med. 2011, 77, 1168-1182. [CrossRef] [PubMed]

Odds, EC. Synergy, antagonism, and what the chequerboard puts between them. J. Antimicrob. Chemother. 2003, 52, 1-11. [CrossRef]
Langeveld, W.T.; Veldhuizen, E.J.; Burt, S.A. Synergy between essential oil components and antibiotics: A review.
Crit. Rev. Microbiol. 2014, 40, 76-94. [CrossRef]

de Rapper, S.; Kamatou, G.; Viljoen, A.; van Vuuren, S. The in vitro antimicrobial activity of Lavandula angustifolia essential oil in
combination with other aroma-therapeutic oils. Evid. Based Complementary Altern. Med. 2013, 2013, 1-10. [CrossRef]

Moussii, LM.; Nayme, K.; Timinouni, M.; Jamaleddine, J.; Filali, H.; Hakkou, F. Synergistic antibacterial effects of Moroccan
Artemisia herba alba, Lavandula angustifolia and Rosmarinus officinalis essential oils. Synergy 2020, 10, 100057. [CrossRef]

Abboud, M.; El Rammouz, R.; Jammal, B.; Sleiman, M. In vitro and in vivo antimicrobial activity of two essential oils
Thymus vulgaris and Lavandula angustifolia against bovine Staphylococcus and Streptococcus mastitis pathogen. Middle East ]. 2015,
4,975-983.

Orchard, A.; van Vuuren, S.F; Viljoen, A M. Commercial essential oil combinations against topical fungal pathogens.
Nat. Prod. Commun. 2019, 14, 1934578X1901400139. [CrossRef]


http://doi.org/10.1080/0972060X.2017.1363000
http://doi.org/10.1080/01480545.2018.1538234
http://doi.org/10.3390/molecules22010070
http://doi.org/10.1016/j.ijfoodmicro.2013.05.026
http://doi.org/10.1080/13693780400004810
http://doi.org/10.1128/IAI.00001-10
http://doi.org/10.1007/s00436-006-0234-8
http://doi.org/10.1097/QCO.0b013e3282f3d999
http://www.ncbi.nlm.nih.gov/pubmed/18192787
http://doi.org/10.1128/CMR.14.3.447-475.2001
http://www.ncbi.nlm.nih.gov/pubmed/11432808
http://www.ncbi.nlm.nih.gov/pubmed/29317888
http://doi.org/10.1590/S0102-695X2013000600004
http://doi.org/10.1016/j.fitote.2019.104433
http://doi.org/10.1038/nrmicro2693
http://doi.org/10.1080/15376510601177654
http://doi.org/10.3389/fmicb.2012.00012
http://doi.org/10.2174/138945011793591626
http://doi.org/10.1016/j.sajb.2020.05.001
http://doi.org/10.1080/1040841X.2018.1423616
http://www.ncbi.nlm.nih.gov/pubmed/29319372
http://doi.org/10.1016/j.phymed.2008.06.008
http://www.ncbi.nlm.nih.gov/pubmed/18599280
http://doi.org/10.1002/ptr.5762
http://www.ncbi.nlm.nih.gov/pubmed/28124400
http://doi.org/10.1055/s-0030-1250736
http://www.ncbi.nlm.nih.gov/pubmed/21283954
http://doi.org/10.1093/jac/dkg301
http://doi.org/10.3109/1040841X.2013.763219
http://doi.org/10.1155/2013/852049
http://doi.org/10.1016/j.synres.2019.100057
http://doi.org/10.1177/1934578X1901400139

Processes 2021, 9, 609 16 of 17

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Cassella, S.; Cassella, J.P.; Smith, I. Synergistic antifungal activity of tea tree (Melaleuca alternifolia) and lavender
(Lavandula angustifolia) essential oils against dermatophyte infection. Int. |. Aromather. 2002, 12, 2-15. [CrossRef]

Orchard, A.; Viljoen, A.; van Vuuren, S. Wound pathogens: Investigating antimicrobial activity of commercial essential oil
combinations against reference strains. Chem. Biodivers. 2018, 15, e1800405. [CrossRef] [PubMed]

Cho, Y.S.; Oh, ].J.; Oh, K.H. Synergistic anti-bacterial and proteomic effects of epigallocatechin gallate on clinical isolates of
imipenem-resistant Klebsiella pneumoniae. Phytomedicine 2011, 18, 941-946. [CrossRef]

Aguiar, J.].; Sousa, C.P.,; Araruna, M.K; Silva, M.K.; Portelo, A.C.; Lopes, J.C.; Carvalho, V.R.; Figueredo, F.G.; Bitu, V.C,;
Coutinho, H.D.  Antibacterial and modifying-antibiotic activities of the essential oils of Ocimum gratissimum L. and
Plectranthus amboinicus L. Eur. |. Integr. Med. 2015, 7, 151-156. [CrossRef]

Eumkeb, G.; Siriwong, S.; Phitaktim, S.; Rojtinnakorn, N.; Sakdarat, S. Synergistic activity and mode of action of flavonoids
isolated from smaller galangal and amoxicillin combinations against amoxicillin-resistant Escherichia coli. |. Appl. Microbiol. 2012,
112, 55-64. [CrossRef]

Dra, L.A.; Brahim, M.A.S,; Boualy, B.; Aghraz, A.; Barakate, M.; Oubaassine, S.; Markouk, M.; Larhsini, M. Chemical composi-
tion, antioxidant and evidence antimicrobial synergistic effects of Periploca laevigata essential oil with conventional antibiotics.
Ind. Crops Prod. 2017, 109, 746-752. [CrossRef]

Yap, P; Krishnan, T.; Yiap, B.; Hu, C.; Chan, K.G.; Lim, S. Membrane disruption and anti-quorum sensing effects of synergistic
interaction between Lavandula angustifolia (lavender oil) in combination with antibiotic against plasmid-conferred multi-drug-
resistant Escherichia coli. J. Appl. Microbiol. 2014, 116, 1119-1128. [CrossRef]

Lai, PJ.; Ng, E.V;; Yang, S.K.; Moo, C.L.; Low, W.Y,; Yap, PS.X.; Lim, S H.E.; Lai, K.S. Transcriptomic analysis of multi-drug
resistant Escherichia coli K-12 strain in response to Lavandula angustifolia essential oil. 3 Biotech 2020, 10, 1-9. [CrossRef]
Kwiatkowski, P.; Lopusiewicz, L.; Kostek, M.; Droztowska, E.; Pruss, A.; Wojciuk, B.; Sienkiewicz, M.; Zielifiska-Blizniewska, H.;
Dotegowska, B. The antibacterial activity of lavender essential oil alone and in combination with octenidine dihydrochloride
against MRSA strains. Molecules 2020, 25, 95. [CrossRef]

de Rapper, S.; Viljoen, A.; van Vuuren, S. The in vitro antimicrobial effects of Lavandula angustifolia essential oil in combination
with conventional antimicrobial agents. Evid. Based Complementary Altern. Med. 2016, 2016, 1-9. [CrossRef]

Yang, S.K,; Yusoff, K.; Thomas, W.; Akseer, R.; Alhosani, M.S.; Abushelaibi, A.; Lai, K.S. Lavender essential oil induces oxidative
stress which modifies the bacterial membrane permeability of carbapenemase producing Klebsiella pneumoniae. Sci. Rep. 2020,
10, 1-14. [CrossRef] [PubMed]

Adaszynska-Skwirzynska, M.; Szczerbinska, D.; Zych, S. Antibacterial activity of lavender essential oil and linalool combined
with gentamicin on selected bacterial strains. Med. Weter. 2020, 76, 115-118. [CrossRef]

Yap, P.S.X,; Lim, S.H.E.; Hu, C.P; Yiap, B.C. Combination of essential oils and antibiotics reduce antibiotic resistance in plasmid-
conferred multidrug resistant bacteria. Phytomedicine 2013, 20, 710-713. [CrossRef] [PubMed]

Goger, G.; Comoglu, B.A,; Iscan, G.; Demirci, F. Evaluation of anticandidal effects of oils of commercial lavender
(Lavandula angustifolia Miller) in combination with ketoconazole against some Candida Berkhout strains. Trak. Univ. ]. Nat. Sci.
2020, 21, 13-19.

Prakash, A.; Baskaran, R.; Paramasivam, N.; Vadivel, V. Essential oil based nanoemulsions to improve the microbial quality of
minimally processed fruits and vegetables: A review. Food Res. Int. 2018, 111, 509-523. [CrossRef]

Herculano, E.D.; de Paula, H.C.; de Figueiredo, E.A.; Dias, F.G.; Pereira, V.d.A. Physicochemical and antimicrobial properties of
nanoencapsulated Eucalyptus staigeriana essential oil. LWT Food Sci. Technol. 2015, 61, 484—491. [CrossRef]

Donsi, E; Annunziata, M.; Sessa, M.; Ferrari, G. Nanoencapsulation of essential oils to enhance their antimicrobial activity in
foods. LWT Food Sci. Technol. 2011, 44, 1908-1914. [CrossRef]

Franklyne, J.; Mukherjee, A.; Chandrasekaran, N. Essential oil micro-and nanoemulsions: Promising roles in antimicrobial
therapy targeting human pathogens. Lett. Appl. Microbiol. 2016, 63, 322-334. [CrossRef]

Bilia, A.R.; Guccione, C.; Isacchi, B.; Righeschi, C.; Firenzuoli, F.; Bergonzi, M.C. Essential oils loaded in nanosystems: A
developing strategy for a successful therapeutic approach. Evid. Based Complementary Altern. Med. 2014, 2014, 1-14. [CrossRef]
Ciobanu, A.; Landy, D.; Fourmentin, S. Complexation efficiency of cyclodextrins for volatile flavor compounds. Food Res. Int.
2013, 53, 110-114. [CrossRef]

Cetin Babaoglu, H.; Bayrak, A.; Ozdemir, N.; Ozgun, N. Encapsulation of clove essential oil in hydroxypropyl beta-cyclodextrin
for characterization, controlled release, and antioxidant activity. J. Food Process. Preserv. 2017, 41, €13202. [CrossRef]

Rakmai, J.; Cheirsilp, B.; Mejuto, ]J.C.; Torrado-Agrasar, A.; Simal-Gandara, J. Physico-chemical characterization and evalu-
ation of bio-efficacies of black pepper essential oil encapsulated in hydroxypropyl-beta-cyclodextrin. Food Hydrocoll. 2017,
65, 157-164. [CrossRef]

Yuan, C.; Wang, Y.; Liu, Y.; Cui, B. Physicochemical characterization and antibacterial activity assessment of lavender essential oil
encapsulated in hydroxypropyl-beta-cyclodextrin. Ind. Crops Prod. 2019, 130, 104-110. [CrossRef]

Das, S.; Gazdag, Z.; Szente, L.; Meggyes, M.; Horvath, G.; Lemli, B.; Kunsagi-Maté, S.; Kuzma, M.; Készegi, T. Antioxidant
and antimicrobial properties of randomly methylated (3 cyclodextrin—captured essential oils. Food Chem. 2019, 278, 305-313.
[CrossRef] [PubMed]

Abrigo, M.; McArthur, S.L.; Kingshott, P. Electrospun nanofibers as dressings for chronic wound care: Advances, challenges, and
future prospects. Macromol. Biosci. 2014, 14, 772-792. [CrossRef]


http://doi.org/10.1054/ijar.2001.0127
http://doi.org/10.1002/cbdv.201800405
http://www.ncbi.nlm.nih.gov/pubmed/30362637
http://doi.org/10.1016/j.phymed.2011.03.012
http://doi.org/10.1016/j.eujim.2014.10.005
http://doi.org/10.1111/j.1365-2672.2011.05190.x
http://doi.org/10.1016/j.indcrop.2017.09.028
http://doi.org/10.1111/jam.12444
http://doi.org/10.1007/s13205-020-02304-3
http://doi.org/10.3390/molecules25010095
http://doi.org/10.1155/2016/2752739
http://doi.org/10.1038/s41598-019-55601-0
http://www.ncbi.nlm.nih.gov/pubmed/31964900
http://doi.org/10.21521/mw.6279
http://doi.org/10.1016/j.phymed.2013.02.013
http://www.ncbi.nlm.nih.gov/pubmed/23537749
http://doi.org/10.1016/j.foodres.2018.05.066
http://doi.org/10.1016/j.lwt.2014.12.001
http://doi.org/10.1016/j.lwt.2011.03.003
http://doi.org/10.1111/lam.12631
http://doi.org/10.1155/2014/651593
http://doi.org/10.1016/j.foodres.2013.03.048
http://doi.org/10.1111/jfpp.13202
http://doi.org/10.1016/j.foodhyd.2016.11.014
http://doi.org/10.1016/j.indcrop.2018.12.067
http://doi.org/10.1016/j.foodchem.2018.11.047
http://www.ncbi.nlm.nih.gov/pubmed/30583377
http://doi.org/10.1002/mabi.201300561

Processes 2021, 9, 609 17 of 17

130.

131.
132.

133.

134.

135.

136.

137.

138.

139.

140.

Rieger, K.A.; Schiffman, ].D. Electrospinning an essential oil: Cinnamaldehyde enhances the antimicrobial efficacy of chi-
tosan/poly (ethylene oxide) nanofibers. Carbohydr. Polym. 2014, 113, 561-568. [CrossRef]

Zhang, W.; Ronca, S.; Mele, E. Electrospun nanofibres containing antimicrobial plant extracts. Nanomaterials 2017, 7, 42. [CrossRef]
Balasubramanian, K.; Kodam, K.M. Encapsulation of therapeutic lavender oil in an electrolyte assisted polyacrylonitrile nanofibres
for antibacterial applications. RSC Adv. 2014, 4, 54892-54901. [CrossRef]

Wolny-Kotadka, K.A.; Malina, D.K. Silver nanoparticles toxicity against airborne strains of Staphylococcus spp. J. Environ. Sci.
Health Part A 2017, 52, 1247-1256. [CrossRef]

Wolny-Kotadka, K.A.; Malina, D.K. Eco-friendly approach to the synthesis of silver nanoparticles and their antibacterial activity
against Staphylococcus spp. and Escherichia coli. J. Environ. Sci. Health Part A 2018, 53, 1041-1047. [CrossRef]

Sofi, H.S.; Akram, T.; Tamboli, A.H.; Majeed, A.; Shabir, N.; Sheikh, E.A. Novel lavender oil and silver nanoparticles simultaneously
loaded onto polyurethane nanofibers for wound-healing applications. Int. ]. Pharm. 2019, 569, 118590. [CrossRef] [PubMed]
Haba, E.; Bouhdid, S.; Torrego-Solana, N.; Marqués, A.; Espuny, M.].; Garcia-Celma, M.J.; Manresa, A. Rhamnolipids as
emulsifying agents for essential oil formulations: Antimicrobial effect against Candida albicans and methicillin-resistant
Staphylococcus aureus. Int. J. Pharm. 2014, 476, 134-141. [CrossRef] [PubMed]

Predoi, D.; Iconaru, S.L.; Buton, N.; Badea, M.L.; Marutescu, L. Antimicrobial activity of new materials based on lavender and
basil essential oils and hydroxyapatite. Nanomaterials 2018, 8, 291. [CrossRef] [PubMed]

Rashed, M.M.; Zhang, C.; Ghaleb, A.D,; Li, J.; Nagi, A.; Majeed, H.; Bakry, A.M.; Haider, J.; Xu, Z.; Tong, Q. Techno-functional
properties and sustainable application of nanoparticles-based Lavandula angustifolia essential oil fabricated using unsaturated
lipid-carrier and biodegradable wall material. Ind. Crops Prod. 2019, 136, 66-76. [CrossRef]

Predoi, D.; Groza, A.; Iconaru, S.L.; Predoi, G.; Barbuceanu, F.; Guegan, R.; Motelica-Heino, M.S.; Cimpeanu, C. Properties of
basil and lavender essential oils adsorbed on the surface of hydroxyapatite. Materials 2018, 11, 652. [CrossRef]

Qiu, C.; Chang, R,; Yang, J.; Ge, S.; Xiong, L.; Zhao, M.; Li, M.; Sun, Q. Preparation and characterization of essential oil-loaded
starch nanoparticles formed by short glucan chains. Food Chem. 2017, 221, 1426-1433. [CrossRef]


http://doi.org/10.1016/j.carbpol.2014.06.075
http://doi.org/10.3390/nano7020042
http://doi.org/10.1039/C4RA09425E
http://doi.org/10.1080/10934529.2017.1356186
http://doi.org/10.1080/10934529.2018.1474568
http://doi.org/10.1016/j.ijpharm.2019.118590
http://www.ncbi.nlm.nih.gov/pubmed/31381988
http://doi.org/10.1016/j.ijpharm.2014.09.039
http://www.ncbi.nlm.nih.gov/pubmed/25269010
http://doi.org/10.3390/nano8050291
http://www.ncbi.nlm.nih.gov/pubmed/29710862
http://doi.org/10.1016/j.indcrop.2019.04.070
http://doi.org/10.3390/ma11050652
http://doi.org/10.1016/j.foodchem.2016.11.009

	Introduction 
	Components of LEO with Their Respective Antimicrobial Properties 
	Combination Therapy Involving LEO 
	LEO and Other Essential Oils 
	LEO and Antimicrobial Agents 

	Significance of Nanotechnology in LEO Use 
	Current Challenges and Future Prospects 
	Conclusions 
	References

