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Abstract:



Extensive documentation on the antimicrobial properties of essential oils and their constituents has been carried out by several workers. Although the mechanism of action of a few essential oil components has been elucidated in many pioneering works in the past, detailed knowledge of most of the compounds and their mechanism of action is still lacking. This knowledge is particularly important for the determination of the effect of essential oils on different microorganisms, how they work in combination with other antimicrobial compounds, and their interaction with food matrix components. Also, recent studies have demonstrated that nanoparticles (NPs) functionalized with essential oils have significant antimicrobial potential against multidrug- resistant pathogens due to an increase in chemical stability and solubility, decreased rapid evaporation and minimized degradation of active essential oil components. The application of encapsulated essential oils also supports their controlled and sustained release, which enhances their bioavailability and efficacy against multidrug-resistant pathogens. In the recent years, due to increasingly negative consumer perceptions of synthetic preservatives, interest in essential oils and their application in food preservation has been amplified. Moreover, the development of resistance to different antimicrobial agents by bacteria, fungi, viruses, parasites, etc. is a great challenge to the medical field for treating the infections caused by them, and hence, there is a pressing need to look for new and novel antimicrobials. To overcome these problems, nano-encapsulation of essential oils and exploiting the synergies between essential oils, constituents of essential oils, and antibiotics along with essential oils have been recommended as an answer to this problem. However, less is known about the interactions that lead to additive, synergistic, or antagonistic effects. A contributing role of this knowledge could be the design of new and more potent antimicrobial blends, and understanding of the interplay between the components of crude essential oils. This review is written with the purpose of giving an overview of current knowledge about the antimicrobial properties of essential oils and their mechanisms of action, components of essential oils, nano-encapsulated essential oils, and synergistic combinations of essential oils so as to find research areas that can facilitate applications of essential oils to overcome the problem of multidrug-resistant micro-organisms.
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1. Introduction


In the light of developments made in the scientific field, the medicinal properties of plants have received a great interest because of their low toxicity, pharmacological activities and economic viability [1]. Such studies have focused on the benefits of plant-extracted phytochemicals and their effect on human health. Additives obtained naturally from plants can be compounds, groups of compounds, or essential oils. In the recent times, there has been an increase in the food industry’s interest in natural compounds either for direct addition or for use in synergy with other compounds. It has been reported that direct addition of aromatic plant essential oils and extracts to foodstuffs exert an antioxidant or antimicrobial effect [2]. Among compounds of natural origin, biological activities have been shown by essential oils from aromatic and medicinal plants and have received particular attention because of their radical-scavenging properties [3]. Several pathologies such as cancer, deterioration of the organoleptic and hygienic quality of food, and neurodegenerative diseases have been attributed to free radicals [4]. Massive use of antibiotics has resulted in the emergence of resistance against them, which is another problem affecting public health [5]. Pseudomonas aeruginosa, Staphylococcus aureus, Salmonella spp, coagulase-negative Staphylococcus, Shigella, Enterococcus sp. and Escherichia coli are amongst some of the main bacteria with multidrug resistance and are included in the category of community and hospital acquired pathogens. This has resulted in the strong demand of new antibiotics by consumers against pathogens [6] and an interest has been developed by the scientific community for using herbal medicines with antimicrobial properties. Plants and other natural sources can provide a huge range of complex and structurally diverse compounds. Plant extracts and essential oils possess antifungal, antibacterial, and antiviral properties and have been screened on a global scale as potential sources of novel antimicrobial compounds, agents promoting food preservation, and alternatives to treat infectious diseases [7,8]. Essential oils have been reported to possess significant antiseptic, antibacterial, antiviral, antioxidant, anti-parasitic, antifungal, and insecticidal activities [9,10,11]. Therefore, essential oils can serve as a powerful tool to reduce the bacterial resistance [12]. Aromatic oily liquids called essential oils (also called volatile oils) are obtained from plant materials (leaves, buds, fruits, flowers, herbs, twigs, bark, wood, roots and seeds). A steam or hydro-distillation method was first developed in the middle ages by Arabs, and is the most common method for commercially obtaining essential oils. Having a density generally lower than that of water, essential oils are volatile, liquid, limpid, lipid soluble, rarely colored, and soluble in organic solvents. Being natural mixtures of very complex nature, essential oils may consist of about 20–60 components at quite different concentrations. Essential oils are characterized by two or three major components being present at fairly high concentrations (20–70%) in comparison to other components that are present in trace amounts. The amount of the different components of essentials oils varies amongst different plant parts and different plant species as they are chemically derived from terpenes and their oxygenated derivatives i.e., terpenoids that are aromatic and aliphatic acid esters and phenolic compounds. An important characteristic of essential oils and their components is hydrophobicity, which enables them to partition with the lipids present in the cell membrane of bacteria and mitochondria, rendering them more permeable by disturbing the cell structures. This eventually results in the death of bacterial cell due to leakage of critical molecules and ions from the bacterial cell to a great extent. Some compounds modulate drug resistance by targeting efflux mechanisms in several species of Gram-negative bacteria [13].



An important role of essential oils in nature is protection of plants by acting as antifungal, antibacterial, antiviral, and insecticidal agents and also protection against herbivores by reducing appetite of herbivores for plants with such properties. Health and Human Services Public Health Services have recognized essential oils as safe substances and some essential oils contain compounds that can be used as antibacterial additives [12]. Efficacy of essential oils (EOs) has been reported in several studies against pathogens and food contaminants [14], suggesting their applications in the food industry [10,11].




2. Antimicrobial Activity of Essential Oils


In recent years there has been a growing interest in researching and developing new antimicrobial agents from various sources to combat microbial resistance. Therefore, greater attention has been paid to the screening of antimicrobial activity and its evaluation methods.



Several bioassays such as well diffusion, disk-diffusion, and broth or agar dilution are well known and commonly used methods [15]. The lowest concentration of antimicrobial agent that completely inhibits growth of the organism in micro-dilution wells or tubes as detected by the unaided eye is called minimum inhibitory concentration (MIC) [16]. The most appropriate bioassays for the determination of MIC value are these dilution methods, as these bioassays offer the possibility of estimating the concentration of the tested antimicrobial agent in the agar (agar dilution) or broth medium (macro dilution or micro-dilution) (Table 1). The most common estimation of bactericidal activity is the determination of minimum bactericidal concentration (MBC) which is defined as the concentration killing 99.9% or more of the initial inoculums [17].



Table 1. Minimum inhibitory concentration (MIC) values of some essential oils against different bacteria.







	
Plant from Which Essential Oil is Derived

	
Micro-Organisms

	
MIC Values

	
References






	
Cymbopogan citratus

	
Escherichia coli

	
0.6 µL/mL

	
[11]




	
Salmonella typhimurium

	
2.5 µL/mL




	
Staphylococcus aureus

	
0.6 µL/mL




	
Satureja Montana

	
Pseudomonas aeruginosa, Streptococcus pyogenes, Streptococcus mutans, Streptococcus sanguis, Streptococcus salivarius, Enterecoccus feacalis Lactobacillus acidophilus

	
23.33 ± 5.77 µg/mL

116.67 ± 15.28 µg/mL

60.00 ± 0.00 µg/mL

23.33 ± 7.64 µg/mL

23.33 ± 5.77 µg/mL

53.33 ± 5.77 µg/mL

125.00 ± 8.66 µg/mL

	
[18]




	
Origanum vulgarae

	
Escherichia coli

	
1600–1800 ppm

	
[19]




	
Staphylococcus aureus

	
800–900 ppm




	
Lavandula officinalis

	
Escherichia coli

	
2000 ppm

	
[19]




	
Staphylococcus aureus

	
1000–1200 ppm




	
Cinnamomum zeylanicum

	
Acinetobacter

	
8 mg/mL

	
[20]




	
Klebsiella pneumoniae

	
2 mg/mL




	
Protreus vulgaris

	
8 mg/mL




	
Enterococcus fecalis

	
4 mg/mL




	
Staphylococcus aureus

	
0.5 mg/mL




	
Staphylococcus epidermidis

	
1 mg/mL




	
Psiadia arguta

	
Acinetobacter

	
16 mg/mL

	
[20]




	
Enterococcus fecalis

	
8 mg/mL




	
Staphylococcus aureus

	
0.5 mg/mL




	
Staphylococcus epidermidis

	
0.25 mg/mL




	
Piper betle

	
Acinetobacter

	
8 mg/mL

	
[20]




	
Klebsiella pneumonia

	
4 mg/mL




	
Proteus vulgaris

	
4 mg/mL




	
Enterecoccus fecalis

	
4 mg/mL




	
Staphylococcus aureus

	
0.5 mg/mL




	
Staphylococcus epidermidis

	
0.5 mg/mL




	
Pimenta dioica

	
Acinetobacter

	
8 mg/mL

	
[20]




	
Klebsiella pneumoniae

	
4 mg/mL




	
Enterecoccus fecalis

	
2.5 mg/mL




	
Staphylococcus aureus

	
1 mg/mL




	
Staphylococcus epidermidis

	
1 mg/mL




	
Psiadia terebinthina

	
Acinetobacter

	
16 mg/mL

	
[20]




	
Klebsiella pneumoniae

	
4 mg/mL




	
Proteus vulgaris

	
8 mg/mL




	
Enterecoccus fecalis

	
8 mg/mL




	
Staphylococcus aureus

	
0.5 mg/mL




	
Staphylococcus epidermidis

	
0.25 mg/mL




	
Ocimum basilicum

	
Clostridium perfringens

	
5.0 mg/mL

	
[21]




	
Rosmarinus officinalis

	
10 mg/mL




	
Origanum majorana

	
5.0 mg/mL




	
Mentha piperita

	
10 mg/mL




	
Thymus vulgaris

	
1.25 mg/mL




	
Pimpinella anisum

	
10 mg/mL




	
Epilobium parviflorum

	
Enterecoccus fecalis, Staphylococcus aureus, Escherichia coli and Pseudomonas aeruginosa

	
10–40 µg/mL

	
[22]




	
Salvia desoleana

	
Staphylococcus aureus

	
2 or >2 mg/mL

	
[23]




	
Salvia sclarea

	
Staphylococcus epidermidis

	
1.5–2 mg/mL

	
[23]




	
Allium sativum

	
Escherichia coli

	
15–1500 µg/mL

	
[24]




	
Cuminum cyminum

	
Bacillus cereus

	
0.05 µL/mL

	
[24]




	
Bacillus subtilis

	
1000 µg/mL




	
Ocimum gratissimum

	
Escherichia coli

	
6 µg/mL

	
[24]




	
Pseudomonas aeruginosa

	
≥24 µg/mL




	
Staphylococcus aureus

	
0.75 µg/mL










Biological activity of essential oils from five Lamiaceae species, namely, Mentha piperita, Lavandula angustifolia, Mentha pulegium, Salvia lavandulifolia and Satureja montana was determined by Nikolíc et al. for their antimicrobial, cytotoxic properties and chemical composition. Pseudomonas aeruginosa, Streptococcus pyogenes, Streptococcus mutans, Streptococcus sanguis, Streptococcus salivarius, Enterecoccus feacalis and Lactobacillus acidophilus were the seven bacterial species, representing clinical specimens, along with fifty-eight clinical oral Candida spp. isolates with three reference strains used in the study. Satureja montana essential oil proved to be the most potent, and also significant antimicrobial activity was exhibited by all essential oils against all tested microorganisms [18]. In another study, the antibacterial activity of the essential oil from dried leaves of oregano (Origanum vulgare) that were fully formed and leaves and flowers of lavender (Lavandula officinalis) was reported. The lowest values of minimum inhibitory concentration were yielded by oregano essential oil against E. coli with an MIC value of 1600–1800 ppm, whereas the MIC value of lavender essential oil was 2000 ppm. On the other hand, MIC value of oregano essential oil was 800–900 ppm and the MIC value of lavender essential oil was 1000–1200 ppm against S. aureus. The higher content of phenolic compounds was reported to be the cause for this inhibition [19]. Aumeeruddy-Elalfi et al. evaluated the antimicrobial properties of essential oils against eighteen microorganisms (bacterial and fungal isolates) that were isolated from seven exotic and two endemic medicinal plants of Mauritius. Using the micro broth dilution assay, significant antibacterial activities were recorded with low minimal inhibitory concentration for eight essential oils except for Salvia officinalis, where the recorded activity was comparable with the activity of antibiotics [20]. It has been reported that the antibacterial activity of fruit of Eucalyptus globulus showed an inhibition effect against the pathogenic strains Pseudomonas aerugenosa, Staphylococcus aureus, Bacillus subtilis, Escherichia coli and Listeria innocua, with an MIC value of 3–4 mg mL−1. The MBC value of bactericidal effect varied between 3.6 and 9.0 mg mL−1, which demonstrated that all the tested bacteria were sensitive to the essential oil of Eucalyptus globulus fruits [25].



Likewise, it was reported that the secondary essential oil (SEO) of Mentha citrata showed antibacterial activity against all eight tested bacterial strains of Gram-positive bacteria, namely, Staphylococcus aureus (MTCC 96), Staphylococcus epidermidis (MTCC 435) and Streptococcus mutans (MTCC 890), as well as Gram-negative bacteria, namely, Pseudomonas aerugenosa (MTCC 741), Klebsiella pneumoniae (MTCC 109), Escherichia coli (DH5α), Escherichia coli (MTCC 723) and Salmonella typhimurium (MTCC 98), with an MIC value of 50–1000 µg/mL, while primary essential oils (PEOs) were active against seven strains with an MIC value of 250–1000 µg/mL [26]. Furthermore, a recent study assessed antimicrobial activity of six commonly used Brazilian condiments, viz., Ocimum basilicum L. (basil), Rosmarinus officinalis L. (rosemary), Origanum majorana L. (marjoram), Mentha piperita L. var. Piperita (peppermint), Thymus vulgaris L. (thyme) and Pimpinella anisum L. (anise) against a Clostridium perfringens strain. The MIC value for thyme essential oil was 1.25 mg mL−1 and 5.0 mg mL−1 for both marjoram and basil essential oil. Similarly, the three condiments, namely peppermint, rosemary and anise, showed MIC values of 10 mg mL−1. With the exception of anise oil which was only bacteriostatic, bactericidal activity was shown by all the oils at their respective MICs [21]. Tomáš et al. evaluated the antibacterial activity of the essential oil of Epilobium parviflorum Schreb against five microorganisms (Pseudomonas aeruginosa, Staphylococcus aureus, Enterococcus faecalis, Escherichia coli, and Candida albicans) using a microdilution method. Inhibition in the growth of all tested bacteria was observed.



An increase in bacterial resistance to antibiotics and the lack of new antibiotics introduced into the market resulted in a need to find alternative strategies so as to cope with infections resulting from drug-resistant bacteria [22]. Development of alternatives for antibiotics and the discovery or development of adjuvants are amongst the potential strategies proposed [27]. In order to increase or restore antimicrobial efficacy against multi-drug-resistant bacteria, some efforts have been made. Addition of essential oils to antibiotics can induce a reduction in the antimicrobial MIC and the maximum effect has been observed with aminoglycosides, such as amikacin [28]. It has been shown in assays that geraniol demonstrates good activity in modulating drug resistance of various Gram-negative bacterial species (Enterobacter aerogenes, E. coli, P. aeruginosa) by targeting efflux pumps and could restore susceptibility to drugs in strains that over-express efflux pumps. This modification of drug resistance by EOs is more evident for drugs such as chloramphenicol, β-lactams and fluoroquinolones [29]. S. aureus is a common Gram-positive bacterium that can cause pathogenic conditions including food-borne diseases and infections ranging from minor localized skin disturbances to life-threatening deep tissue and systemic illness. Different components of EOs obtained from Alpinia pahangensis, Origanum vulgare, Origanum dictamnus, Mentha piperita, Lavandula hybrida, Zataria multiflora and Hofmeisteria schaffneri have been tested against S. aureus, and all were found to possess potential inhibitory activity [30,31]. Furthermore, combination of essential oil with an antimicrobial agent produces a synergistic effect against multidrug-resistant S. aureus, and in many cases, a substantial decrease in the MIC has been observed [32].




3. Mechanism of Action


The most appropriate method for determining the bactericidal effect as well as a strong tool for obtaining information about the dynamic interaction between the anti-microbial agent and the microbial strain is the time-kill test. Also a time-dependent or a concentration-dependent antimicrobial effect is revealed by the time-kill test.



Li et al. reported that the kinetic curves (antibacterial) of Litsea cubeba oil at 0.0625% (v/v) was able to prolong the lag phase growth of E. coli cells to approximate 12 h while the cells were completely killed at 0.125% (v/v) within 2 h, as shown by transmission electron microscopy [33]. Destruction of the E. coli outer and inner membrane might be due to the penetration of the Litsea cubeba oil with the observation of many holes and gaps on the damaged cells, which led to killing them eventually. Therefore, a broad application of the Litsea cubeba oil in the antimicrobial industry would be possible due to its antimicrobial properties. The time-kill assay of Foeniculum vulgare (Fennel) oil against Shigella dysenteriae revealed destruction of the membrane integrity [34]. Similarly, it was reported that the leaf essential oil of Forsythia koreana acted on the cytoplasmic membrane against food-borne and other pathogenic bacteria, resulting in loss of membrane integrity and increased permeability [35] (Table 2).



Table 2. Mechanism of action of certain essential oils against different micro-organisms.







	
Plant from Which Essential Oil is Derived

	
Micro-Organism Targeted

	
Mechanism of Action

	
Reference






	
Allium sativum

	
Escherichia coli

	
Induced leakage

	
[24]




	
Litsea cubeba

	
Escherichia coli

	
Destruction of outer and inner membrane

	
[33]




	
Foeniculum vulgare

	
Shigella dysenteriae

	
Loss of membrane integrity

	
[34]




	
Forsythia koreana

	
Foodborne and other pathogenic bacteria

	
Loss of membrane integrity and increased permeability

	
[35]




	
Piper nigrum

	
Escherichia coli

	
Cell becomes pitted, shriveled and leakage of intercellular material.

	
[36]




	
Cuminum cyminum

	
Bacillus cereus

Bacillus subtilis

	
Changes in cytoplasm

	
[24]




	
Cinnamon

	
Escherichia coli

Staphylococcus aureus

	
Disruption of cell membrane

	
[37]




	
Dipterocarpus gracilis

	
Bacillus cereus

Proteus mirabilis

	
Disruption of cell membrane.

	
[37]




	
Ocimum gratissimum

	
Escherichia coli

Pseudomonas aeruginosa

Staphylococcus aureus

	
Permeabilized membrane

	
[24]




	
Coriaria nepalensis

	
Candida isolates

	
Inhibition of ergosterol biosynthesis and disruption of membrane integrity

	
[38]




	
Curcuma longa

	
Aspergillus flavus

	
Inhibition of ergosterol biosynthesis

	
[39]




	
Origanum vulgare

	
Escherichia coli

Staphylococcus aureus

Pseudomonas aeruginosa

	
Permeabilized membrane

	
[40]




	
Mentha longifolia

	
Escherichia coli

Micrococcus luteus

Salmonella typhimurium

	
Cell wall damage

	
[24]










Factors determining the activity of essential oils are composition, functional groups present in active components, and their synergistic interactions [41]. The antimicrobial mechanism of action varies with the type of EO or the strain of the microorganism used. It is well known that in comparison to Gram-negative bacteria, Gram-positive bacteria are more susceptible to EOs [42,43]. This can be attributed to the fact that Gram-negative bacteria have an outer membrane which is rigid, rich in lipopolysaccharide (LPS) and more complex, thereby limiting the diffusion of hydrophobic compounds through it, while this extra complex membrane is absent in Gram-positive bacteria which instead are surrounded by a thick peptidoglycan wall not dense enough to resist small antimicrobial molecules, facilitating the access to the cell membrane [24,44]. Moreover, Gram-positive bacteria may ease the infiltration of hydrophobic compounds of EOs due to the lipophilic ends of lipoteichoic acid present in cell membrane [45].



It has been shown in several reports that the bioactive components present in EOs might attach to the surface of the cell, and thereafter penetrate to the phospholipid bilayer of the cell membrane. The structural integrity of cell membrane is disturbed by their accumulation, which can detrimentally influence the cell metabolism causing cell death [46,47]. E. coli treated with black pepper essential oil (BPEO) became deformed, pitted, shriveled, because BPEO led to the leakage, disorder and death by breaking cell membrane [36]. Zhang et al. determined the mechanism behind the antibacterial activity of cinnamon EO against E. coli and S. aureus and reported that the bacterial cell membrane was destroyed after addition of cinnamon EO at the MIC level, whereas addition of cinnamon EO at the MBC levels resulted in the killing of the bacterial cell [37]. In addition to this, cinnamon EO led to increase in the electric conductivity of samples at the first few hours due to leakage of small electrolytes rapidly, concentration of proteins and nucleic acids in cell suspension and 3–5 fold decreased bacterial metabolic activity as reflected by the results of membrane potential. EO from Dipterocarpus gracilis inhibited the growth of Bacillus cereus and Proteus mirabilis by acting on the cytoplasmic membrane as one of its targets. These activities could be exploited for food preservation in the food industry [48]. Further, it has been reported that action of EOs on the integrity of cell membrane changes the membrane permeability which leads to loss of vital intracellular contents like proteins, reducing sugars, ATP and DNA, while inhibiting the energy (ATP) generation and related enzymes leading to the destruction of cell and leakage of electrolytes [49,50]. Antimicrobial activity of EOs is therefore attributed to a cascade of reactions involving the entire bacterial cell [51]. As reported in a study, essential oil from mustard presented 10 times more bactericidal/bacteriostatic effect than cinnamon essential oil [52].



Ahmad et al. [38] showed that antifungal activity of Coriaria nepalensis essential oil (CNEO) against Candida isolates is due to the inhibition in the biosynthesis of ergosterol and disruption in the integrity of membrane. Similarly, another study described the utility in designing new formulations for candidosis treatment because of the antifungal activity of coriander essential oil on Candida spp., in which it was reported that the fungicidal effect of coriander essential oil is a result of damage in the membrane of cytoplasm and subsequent leakage of intracellular components such as DNA [53]. Likewise, disruption of the fungal cell endomembrane system including the plasma membrane and mitochondria, i.e., the inhibition of ergosterol synthesis, malate dehydrogenase, mitochondrial ATPase, and succinate dehydrogenase activities was related to the antifungal activity of natural essential oil (EO) derived from turmeric (Curcuma longa L.) against Aspergillus flavus [39].




4. Components of Essential Oils with Antimicrobial Activity


The major constituents of EOs can constitute up to 85%, whereas other components are present in trace amounts [54]. α-phellandrene (36%) and limonene (31%) in Anethum graveolens leaf oil, d-limonene (over 80%) in citrus peel oils, α-phellandrene (36%) and limonene (31%) in Anethum graveolens leaf oil, carvacrol (30%) and thymol (27%) in Origanum compactum oil, α/β-thujone (57%) and camphor (24%) in Artemisia herba-alba oil, carvone (58%) and d-limonene (37%) in Anethum graveolens seed oil, and menthol (59%) and menthone (19%) in Mentha piperita oil are among the constituents present at relatively higher concentrations in essential oils [55]. Generally, the biological properties of the essential oils are determined by their major components including two groups of distinct bio-synthetical origin [56,57]. Terpenes and terpenoids comprise the main groups whereas aromatic and aliphatic constituents comprise the other group, all characterized by low molecular weight.



4.1. Terpenes and Terpenoids


Several isoprene units (C5H8) upon combination result in the production of hydrocarbons called terpenes. Occurring in the cytoplasm of plant cells, biosynthesis of terpenes proceeds via the mevalonic acid pathway starting from acetyl-CoA. Having a backbone of hydrocarbons, cyclases can rearrange terpenes into cyclic structures, thus forming monocyclic or bicyclic structures [58]. Terpene biosynthesis consists of synthesis of the isopentenyl diphosphate (IPP) precursor, IPPs being added repetitively to form the prenyldiphosphate precursor of the various classes of terpenes, terpene-specific synthetase modification of the allylic prenyldiphosphate to form the terpene skeleton, and finally, secondary enzymatic modification (redox reaction) of the skeleton to attribute functional properties to the different terpenes [23]. Monoterpenes (C10H16) and sesquiterpene (C15H24) are the main terpenes, but longer chains such as diterpenes (C20H32), triterpenes (C30H40), etc., also exist. p-cymene, limonene, menthol, eugenol, anethole, estragole, geraniol, thymol, γ-terpinene, and cinnamyl alcohol are among the examples of some constituents of essential oils with antimicrobial activity (Figure 1). Angelica, bergamot, lemongrass, mandarin, mint, caraway, celery, citronella, coriander, eucalyptus, geranium, petitgrain, pine, juniper, lavandin, lavander, lemon, orange, peppermint, rosemary, sage, and thyme are among the representatives of plants with some of these compounds [23]. Oxygenated monoterpene (β-fenchol) and oxygenated sesquiterpene (α-eudesmol) were identified as the two main bioactive constituents in the essential oil obtained from fresh leaves of Eucalyptus teretecornis with a minimum inhibitory amount (MIA) of 28 μg and 10 μg against Alternaria alternata [59]. Similarly, another study reported β-fenchol and linalool as the two antimicrobial components in essential oil obtained from the fresh leaves of Zanthoxylum alatum [60].


Figure 1. Some representative bioactive compounds present in essential oils.
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Biochemical modifications of terpenes via enzymes that add oxygen molecules and move or remove methyl groups result in the formation of terpenoids [58]. Terpenoids can be sub-divided into alcohols, phenols, esters, aldehydes, ethers, ketones, and epoxides. Thymol, carvacrol, linalool, linalyl acetate, citronellal, piperitone, menthol, and geraniol are the examples of terpenoids. In one study, α-cedrol was reported as the bioactive constituent of the essential oil from fresh leaves of Thuja orientalis with a minimum inhibitory amount (MIA) of 30.5 μg against A. alternate [61].



Monoterpenoid phenols present in the essential oil of Origanum vulgare, thyme, pepperwort and wild bergamot are carvacrol or cymophenol. Diarrheal toxin production by Bacillus cereus and growth of vegetative bacteria were inhibited by carvacrol. The precursor of carvacrol is p-cymene which is a monoterpene with a benzene ring without any functional groups on its side chains. When used alone, p-cymene is not an efficient antimicrobial compound [62,63], but the activity of compounds like carvacrol is potentiated by p-cymene [64] and polymyxin B nona peptide [65]. It has been shown that p-cymene is hydrophobic in nature and causes swelling of the cytoplasmic membrane to a greater extent [66]. Also, p-Cymene had an effect on the synthesis of protein in E. coli cells.



It is expected that the antimicrobial action of phenolic compounds such as thymol and carvacrol is attributed to structural and functional damages in the cytoplasmic membrane [67]. The primary mode of antibacterial action of thymol is not completely understood, but is believed to involve disruption of outer and inner membrane and interaction with membrane proteins and intracellular targets. Thymol (or 2-isopropyl-5-methylphenol), a natural monoterpene phenol derivative of cymene, is isomeric with carvacrol present in thyme essential oil and is extracted from Thymus vulgaris (common thyme) and various other plants [68]. In a study by Di Pasqua et al. interaction of thymol with membrane proteins was further supported by exposing Salmonella enterica to sub-lethal concentrations of thymol, and accumulation of outer membrane proteins in misfolded pattern and upregulation of genes involved in synthesis of outer membrane proteins was also observed [69]. The citrate metabolic pathway was also impaired by thymol and many enzymes involved directly or indirectly in ATP synthesis. Intracellular action of thymol indicates that it affects important energy-generating processes, which lower the ability of a cell to recover after exposure to thymol. Studies pertaining to investigation of the mode of action of thymol against yeast and fungi point towards the interaction of thymol with the cell envelope and intracellular targets. It has been shown that thymol disrupted vesicles and cell membranes, and impaired biosynthesis of ergosterol in Candida strains, which consequently affected the integrity of cell membrane because membrane fluidity and asymmetry is regulated by ergosterol similarly to cholesterol in animal cells [70]. Rao et al. proposed that specific signaling pathways are activated by thymol in yeast, rather than causing non-specific lesion of membranes. This was based on the observation that cytosolic Ca2+ bursts caused by thymol and transcription responses similar to those in Ca2+ stress and nutrient starvation are activated [71]. Moreover, an increase in the permeability of P. aeruginosa and S. aureus cells was observed in ethidium bromide (fluorescence nuclear stain), dissipated pH gradients irrespective of glucose availability, and leakage of inorganic ions. These results were in accordance with a study that utilized a mixture of thymol and carvacrol [40].



A major constituent of oregano is carvacrol (a phenolic monoterpenoid). Carvacrol is one of the most extensively studied essential oil constituents together with its closely related isomer thymol. EOs rich in carvacrol have been reported to possess remarkable antimicrobial activity [72,73]. Although the outer membrane is affected by carvacrol, the cytoplasmic membrane is thought to be its site of action, causing passive transport of ions across the membrane. As an adaptation mechanism to maintain optimal membrane function and structure, it has been proposed that cells exposed to carvacrol change the fatty acid composition of the membrane because of the effect of carvacrol on fluidity [74,75]. It has been demonstrated that carvacrol affects the outer membrane of Gram-negative bacteria [76].



According to Friedman et al. based on the time they take to produce significant action, essential oils can be divided into the following two types: compounds that act slowly and compounds with fast action. Examples of some antimicrobials considered as fast acting compounds are carvacrol, cinnamaldehyde, and geraniol, since they inactivate organisms like E. coli and Salmonella in a short time of five minutes. It was reported that a time duration of 30–60 min was required to show efficient antimicrobial activity for the compounds acting slowly [77]. Carvacrols’ mechanism of antifungal activity is similar to thymol, showing H+ homeostasis and disruption of Ca2+, up- and down-regulation of gene transcription similar to that found in Ca2+ stress and nutrient starvation [71], disruption of membrane integrity, and impairment of biosynthesis of ergosterol in Candida strains [70]. Silva-Angulo et al. showed that citral exhibited antilisterial activity against L. innocua and L. monocytogenes and can be applied in active packaging to control possible recontamination of foods or in combination with other preservation technologies [78]. Similarly, Klein et al., determined the antimicrobial activity of six essential oil components against the potential food spoilage bacteria Aeromonas hydrophila, Escherichia coli, Brochothrix thermosphacta, and Pseudomonas fragi for single use and in combination with each other [79]. They further showed that, for single use, the most effective oil components were thymol (bacteriostatic effect starting from 40 ppm, bactericidal effect with 100 ppm) and carvacrol (50 ppm/100 ppm), followed by linalool (180 ppm/720 ppm), α-pinene (400 ppm/no bactericidal effect), 1,8-cineol (1400 ppm/2800 ppm), and α-terpineol (600 ppm/no bactericidal effect).




4.2. Phenylpropenes


In plants, synthesis of phenylpropenes occurs from the amino acid precursor phenylalanine, constituting a subfamily among the various groups of organic compounds called phenylpropanoids. A relatively small proportion of essential oils is composed of phenylpropenes, and the phenylpropenes that have been most thoroughly studied are safrole, eugenol, isoeugenol, vanillin, and cinnamaldehyde. Eugenol, which is a clear to pale yellow oily liquid is extracted from clove oil, nutmeg, cinnamon, basil, and bay leaves. A study reported eugenol as the antifungal bioactive molecule from Cinnamomum tamala, with a minimum inhibitory amount of 9.5 and 8.2 µg against Alternaria alternata and Curvularia lunata, respectively [80]. Eugenol has also been shown to cause deterioration of the cell wall, lysis of cells, and prevention of enzyme action in Enterobacter aerogenes [81].



The antimicrobial activity of phenylpropenes is dependent on the selected microbial strains, the kind and number of substituents on the aromatic ring, and experimental parameters such as temperature and medium chosen for growth, etc. [82]. Cinnamaldehyde is a flavor- and odor-giving organic compound. Being a pale yellow viscous liquid, it occurs naturally in the bark of cinnamon trees and other species of the genus Cinnamomum. It is found as growth inhibitor of Escherichia coli and Salmonella typhimurium but does not disintegrate the outer membrane or deplete the intracellular ATP pool [81].





5. Nano-Encapsulation of Essential Oils for Enhancing Their Antibacterial Effect


A process resulting in the formation of small capsules with many useful properties by surrounding droplets of the bioactive in nature with a coating, or embedding them in a homogeneous or heterogeneous matrix is called encapsulation [83]. Oil encapsulation may retard or even prevent thermo-oxidation reactions, leading to a widening of the intended range of enrichment purposes for food commodities [84]. Bioactive oils are commonly used for their pharmaceutical, cosmetic and nutritional properties. Generally, EOs are volatile substances sensitive to oxygen, light, moisture, and heat. These reported special characteristics could diminish their applicability in cosmetics, food and pharmaceutical industries. Thus, encapsulation is one of the most efficient methods for the formulation of bioactive oils and various studies have been developed in this aspect. The encapsulation system is selected in line with the intended usage of the final formulation, which can vary depending on the size, shape, or nature of selling components. The growing interest in the use of essential oils as natural antimicrobials and preservatives in the food industry has been driven in the last years by the growing consumer demand for natural products with improved microbial safety, and fresh-like organoleptic properties. Nano-emulsions efficiently contribute to support the use of EOs in foods by increasing their dispersibility in the food areas where microorganisms grow and proliferate, by reducing the impact on the quality attributes of the product, as well as by enhancing their antimicrobial activity [85].



Beyki et al. [86] showed that MIC values of free as well as chitosan–cinnamic (CS–Ci) acid nanogel-encapsulated Mentha piperita essential oils against A. flavus under sealed condition were 2100 and 500 ppm, respectively. Contrary to this, when tested under non-sealed conditions, the encapsulated oils performed better (800 ppm), while within the concentration range tested (up to 3000 ppm) the free oils failed to cause complete inhibition. As a carrier for essential oils in order to enhance their antimicrobial properties, these findings revealed the promising role of CS–Ci nanogel. A higher in vitro bactericidal action of nano-emulsions loaded with essential oils of lemongrass, clove, thyme or palmarosa against Escherichia coli has been reported as these nano-emulsions achieved log-reductions of 4.1, 3.6, 2.8 or 3.9, respectively, after a contact time of 30 min. In the case of nano-emulsions containing lemongrass or clove essential oils, faster and enhanced inactivation kinetics were also observed compared to their respective coarse emulsions [87]. Herculano et al. nano-encapsulated Eucalyptus staigeriana essential oil (ESO) using cashew gum (CG) as wall material with sizes of nano-emulsions ranging from 27.70 nm to 432.67 nm with negatively charged surfaces. The antimicrobial activity of nanoparticles against Listeria monocytogenes (Gram-positive) and Salmonella Enteritidis (Gram-negative) was evaluated by determining their minimum bactericidal concentration, The data from MBC showed greater antibacterial activity against Gram-positive bacteria, due to a likely synergistic effect between the ESO and CG. Thus, the data mentioned above suggest that the nanoparticles of ESO have potential to be used as natural food preservatives [88]. Another study revealed superior performance of encapsulated Zataria multifloria essential oil (ZEO) by chitosan nanoparticles (CSNPs) under both in vivo and in vitro conditions as compared to unmodified ZEO against Botrytis cinerea. The in vivo experiment also showed that at a 1500 ppm concentration, the encapsulated oils significantly decreased both disease severity and incidence of Botrytis-inoculated strawberries during 7 days of storage at 4 °C followed by 2–3 days at 20 °C. In another study, the role of CSNPs as a controlled release system for EOs has been suggested [89].



Fatih and Tornuk produced novel water-soluble and thermally stable chitosan nanoparticles loaded with different levels (1%, 1.2%, 1.4% and 1.5%) of summer savory (Satureja hortensis L.) essential oil using an ionic gelation method. NPs loaded with essential oils exhibited strong antibacterial activity against Staphylococcus aureus, Listeria monocytogenes and Escherichia coli depending on the concentration of EO encapsulated. It was concluded that the summer savory EO-loaded chitosan NPs were highly adapted to excessive environmental factors such as high temperature and acidic pH, possessing high bioactive properties convenient for future food processing and packaging applications [90]. Also, Shengjiang et al. prepared blended cloves/cinnamon essential oil nano-emulsions using Tween 80 and ethanol as surfactant and co-surfactant, respectively. Even at far lower concentrations, the nano-emulsion showed higher antimicrobial activity against the four tested microorganisms Escherichia coli, Bacillus subtilis, Salmonella typhimurium, and Staphylococcus aureus. This shows that blended cloves/cinnamon essential oil nano-emulsions have the potential to be a natural antimicrobial agent in the food industry [91].



Mohammadi et al. [92] studied the performance of Cinnamomum zeylanicum essential oil (CEO) when encapsulated by CSNPs under both in vitro and in vivo conditions in comparison with unmodified CEO against Phytophthora drechsleri. The in vivo study showed that at a concentration of 1.5 g/L the encapsulated oils of Cinnamomum zeylanicum significantly decreased both disease severity as well as incidence of Phytophthora in inoculated cucumbers over 7 days of storage at 4 °C followed by 2–3 more days at 20 °C. Furthermore, the shelf life of cucumbers with CEO-CSN coating was extended up to 21 days at 10 ± 1 °C while uncoated fruit were unmarketable in less than 15 days. In addition to this, CEO-CSN coated fruits were firmer, maintained color, water content, had improved microbiological and physicochemical quality and showed lower microbial counts throughout storage. Thus, CEO-CSN coatings can be an effective method to extend cucumber shelf life. Similarly, Guerra-Rosas et al. assessed the antimicrobial activity of nano-emulsions containing oregano, thyme, lemongrass or mandarin essential oils and high methoxyl pectin during a long-term storage period (56 days) against E. coli and Listeria innocua. Regardless of the EO type, a higher antimicrobial activity was detected against E. coli as compared to L. innocua. Significant damage in the E. coli cells for both the cytoplasm and cytoplasmic membrane led to cell death which was revealed by the images of transmission electron microscopy (TEM). The antimicrobial activity of the nano-emulsions was found to be strongly related to the EO type rather than to their droplet size. The smallest droplet size (11 ± 1 nm) of the lemongrass-pectin nano-emulsion had a higher antimicrobial activity, reaching 5.9 log reductions of the E. coli population. Nevertheless, nano-emulsion of the freshly-made oregano, thyme and mandarin EO–pectin led to 2.2, 2.1 or 1.9 E. coli log-reductions, respectively. However, a significant decrease in the antimicrobial activity was observed during storage regardless of the EO type, which was related to the loss of volatile compounds over time [93]. Besides EOs, there are numerous reports available on the antimicrobial efficacy of nanoparticles. Prabhu and Poulose reviewed various mechanisms of antimicrobial action of NPs, especially silver NPs [94], which are potential antimicrobial agents [95]. Silver NPs create pits and thus anchor and penetrate the cell wall, causing release of free radicals followed by structural change in the cell membrane leading to a greater influx of the antibacterial agent through cytoplasmic membrane because of increased cell permeability, resulting in cell death. Another mechanism of the silver nanoparticles is the formation of free radicals, by which the cells die. It has been suggested by electron spin resonance spectroscopy studies that silver nanoparticles form free radicals, when in contact with bacteria, and these free radicals have the ability to make the cell membrane porous by damaging it which can ultimately lead to cell death [96]. Moreover, silver nanoparticles attacking DNA bases can also inhibit signal transduction and cell wall formation, and interact with respiratory enzymes, liberating reactive oxygen species which is followed by cell death.



Over the last decade, several research studies have focused on the synergy between EOs and various types of NPs for their superior antimicrobial efficacy. Cinnamaldehyde, a representative of EO, showed a strong synergistic activity with silver NPs against spore-forming Bacillus cereus and Clostridium perfringens. Bacterial kill curve analysis revealed rapid bactericidal action exerted by this combination of antimicrobial agents, while extensive damage to the cell envelope was evidenced by electron and atomic force microscopy [97].



Release of silver ions by nanoparticles can inactivate many enzymes by interacting with the thiol groups [98,99]. An enhancement in the antimicrobial potential of EOs can be attained by encapsulating with various nanomaterials e.g., solid lipid NPs, liposomes, polymeric NPs and nano-emulsions, where the inside core consists of EO while nanomaterial forms the outer nano-capsule. Essential oils upon nano-encapsulation exhibit physical stability, decreased volatility and protection from environmental interactions (e.g., light, oxygen, moisture, pH), enhanced bioactivity and reduced toxicity [100]. Small nano-emulsion droplets are able to bring the EOs close to the cell membrane surface, improving the accessibility to microbial cells and enabling the membranes of the cells to be disrupted, possibly by altering the integrity of phospholipid bilayer or by interfering with the embedded phospholipid bilayer active transport proteins [101]. In order to modulate drug release i.e., burst release and/or controlled release, this represents a promising approach [102]. The in vitro release study of encapsulated oregano EO with chitosan NPs revealed an initial burst effect followed by slow release of drug (EO) [103,104]. Similarly, efficient biocidal activity against Stegomyia aegypti larvae was observed due to a slow and sustained release of EO by chitosan/ cashew gum nano-encapsulation. The effect of EO nano-emulsions on yeast cells has also been addressed in several studies among which Zygosaccharomyces bailii and Saccharomyces cerevisiae are the most investigated. Yeast cells required longer incubation times with respect to bacterial inactivation, when exposed to carvacrol, cinnamaldehyde, and d-limonene nano-emulsions [105], and exhibited lower minimum inhibitory concentration for encapsulated d-limonene [106]. In another study, an enhancement in the antimicrobial activity of carvacrol loaded in polylactic glycolic acid nano-capsules was reported due to significant transformation in the rheological characteristics of bacterial biofilm that potentially facilitated the activity of carvacrol [107]. EOs are protected from enzymatic degradation by the nano-carriers which transform them into powder and help to achieve the desired therapeutic levels for the required time duration to the target tissues with reduction in number of doses and may also ensure an optimal pharmacokinetic profile [102]. Thus, the combination of various EOs with their inherent antimicrobial activity with other potent antimicrobial agents like NPs may greatly enhance their antimicrobial activity by complementing each other with the involvement of various mechanisms against different types of pathogens. Therefore, combinations of different antimicrobials appear to be the best strategy for controlling multidrug resistant microbes.




6. Study of Synergistic Antimicrobial Activity of Essential Oils


There is a need to find alternative strategies to deal with infections resulting from drug-resistant bacteria, due to an increase in antibiotic-resistant bacteria and the lack of new antibiotics being brought onto the market. Development of alternatives to antibiotics and the discovery or development of adjuvants are amongst the potential strategies proposed [27]. Combination of antibiotics with other drugs that are non-antibiotic is one such possibility [108]. Another such possibility is the combination of antibiotics with adjuvants or antimicrobials selected from nature’s reservoir of bioactive compounds [27]. An overview pertaining to synergism between plant metabolites and antibiotics has been provided by Hemaiswarya et al. and according to them promising adjuvants of antibiotics may be represented by phytochemicals [109]. Essential oils (EOs) and their components form part of the group of phytochemicals that is said to have such effects, according to in vitro studies [110].



In a combination, the interaction between antimicrobials can result in three different outcomes i.e., synergistic, additive, or antagonistic. Synergy is obtained by combining two antimicrobial compounds producing antibacterial activity greater than the sum of the antibacterial activity of individual components. An additive effect is produced by combining antimicrobials producing an antimicrobial effect that is equal to the sum of the individual compounds. An antagonistic effect results in a decreased antimicrobial activity of two compounds in combination as compared with their individual antimicrobial activity [27]. For calculating the index of the fractional inhibition concentration, measurements of the MIC are used for the analysis of the combined effect of a blend (FIC index) according to the formulas defined by Davidson and Parish: FICA = MICA + B/MICA, FICB = MICB + A/MICB, FIC index = FICA + FICB. The MIC of compound A in the presence of compound B is represented by the MICA + B value and vice versa for MICB + A. Determination of the MIC for the individual components is required for calculating the FIC value for either substance A or B. Theoretically, an FIC index near one indicates additive interactions, while below one implicates synergistic interactions, and above one indicates antagonistic interactions [111]. However, a more general definition has replaced this aforementioned definition of FIC, according to which the results of the FIC index are interpreted as synergistic if the FIC index < 0.5, additive if 0.5 < FIC index < 4, or antagonistic if the FIC index > 4 [112]. Synergy can be discussed in the following four mechanisms based on results of the latest investigations in classic pharmacological, molecular–biological and clinical works.



Synergistic effects can be produced if the constituents of an extract affect different targets or interact with one another in order to improve the solubility and thereby enhance the bioavailability of one and several substances of an extract. Further, when antibiotics are combined with an agent that antagonizes bacterial resistance mechanisms can lead to synergy [113].



6.1. Synergism between Components of Essential Oils


Antimicrobial activity of a given essential oil may depend on one or two of the major constituents only that make up the entire oil. In accordance with the increasing level of evidence, the ratio in which the main active constituents are present may not be the only factor responsible for the inherent activity of essential oils, but the interactions between these and minor constituents in the oils are also important. According to Bassolé et al. the combination of eugenol with linalool or menthol exhibited the highest synergy, suggesting that combination of a monoterpenoid phenol with a monoterpenoid alcohol is effective [114]. When tested in binary or ternary combinations, various synergistic antimicrobial activities have been reported for constituents or fractions of essential oils [115,116]. For example, García-García et al. found carvacrol and thymol to be the most synergistic binary combination against L. innocua, and the carvacrol, thymol, and eugenol to be the ternary combination that was most active [115].




6.2. Synergism between Different Essential Oils


Bag and Chattopadhya showed that the coriander/cumin seed oil combination showed synergistic antibacterial interactions with an FICI ranging from 0.25 to 0.5 [117]. In a study by Hossain et al. eight essential oils (EOs) of plants, namely, eucalyptus, tea tree, basil, oregano, cinnamon, mandarin, peppermint, and thyme were evaluated for their ability to inhibit growth of Aspergillus niger, Penicillium chrysogenum, Aspergillus flavus, and Aspergillus parasiticus and it was reported that a combined formulation of oregano with thyme essential oil resulted in a synergistic effect, thus showing an enhancement in the efficiency against A. flavus, A. parasiticus and P. chrysogenum. A synergistic effect was also exhibited by mixtures of peppermint and tea tree essential oil against A. niger, and thyme and cinnamon against A. flavus. Also, a synergistic effect was observed against P. chrysogenum by combining oregano essential oil with essential oils of cinnamon, tea tree, thyme and mint, and an individual mixture of mint with thyme [118]. Similarly, a synergistic effect against A. flavus was produced by combination of oregano and thyme, cinnamon and thyme and oregano and mint essential oils. Also, combination of mint with tea tree oil showed a synergistic effect against A. niger. It was revealed that the combination of some particular oils produced synergism as a result of the combined activities of two or more constituents of essential oils. Because pathogens cannot easily acquire resistance to multiple components of two or more essential oils, such an increase in the fungistatic activity would be advantageous in pre- and post-harvest protection [119].




6.3. Synergism between Components/Constituents of Essential Oils and Antibiotics


Components of essential oils namely thymol and carvacrol were found to show synergism with penicillin against E. coli and S. typhimurium [120]. Similarly, cinnamaldehyde, that possesses a prop-2-enal side group to the benzene ring, had synergistic activity with fewer of the antibiotics as compared to the phenols carvacrol and thymol [120,121], which could provide some initial indications on the mechanism of these components of volatile oils. An examination of the synergistic action between eugenol and antibiotics against a number of reference strains of cariogenic and period onto pathogenic bacteria has also been carried out. It was reported that eugenol exhibited synergism with ampicillin against S. criceti and Streptococcus gordonii and with gentamicin against Streptococcus sanguinis and Porphyromonas gingivalis [122]. However, carvacrol was found to be synergistic in combination with both ampicillin and nitrofurantoin against Klebsiella oxytoca that was isolated from animal feed whilst thymol was indifferent [121].




6.4. Synergism between Essential Oils and Antibiotics


In a study conducted by Rosato et al. it was reported that oregano oil in combination with gentamicin exhibited synergism against B. cereus, B. subtilis and one strain of S. aureus [123]. Zataria multiflora (Shiraz oregano) essential oil exhibited synergistic activity with vancomycin against methicillin-sensitive Staphylococcus aureus (MSSA) and 12 clinical isolates of MRSA, although the FIC data for individual strains were not stated [124]. In another study, Australian tea tree (Melaleuca alternifolia) volatile oil combinations with aminoglycoside antibiotics were investigated. E. coli, Yersinia enterocolitica, Serratia. marcescens and one strain of S. aureus were among the bacterial species for which synergism was found with gentamicin [125]. The FIC index was found to be at borderline between additivity and synergism against Acinetobacter baumannii, B. subtilis and another strain of S. aureus [123]. Also, tea tree oil along with tobramycin had synergism against E. coli and S. aureus [32]. It was found that aminoglycosides inhibit protein synthesis and tea tree oil damages the bacterial cytoplasmic membrane; this was possibly an example of multi-target synergy. Ampicillin and gentamicin along with clove oil has been tested for synergism against a number of periodontic pathogens. FIC indices of less than 0.5 were found for ampicillin against Streptococcus mutans, S. sobrinus and Streptococcus gordonii and for gentamicin against Streptococcus sanguinis, S. criteci and Porphyromonas gingivalis [120]).



In an in vitro study conducted by Duarte et al. the combination of coriander essential oil with gentamicin, chloramphenicol, ciprofloxacin, and tetracycline against Acinetobacter baumannii showed effectiveness, which was therefore an indicator of a possible synergistic interaction against two reference strains of Acinetobacter baumannii (LMG 1025 and LMG 1041) with an FIC index of 0.047 and 0.37, respectively. This study indicated that this in vitro interaction could improve the antimicrobial effectiveness of tetracycline, ciprofloxacin and gentamicin and may contribute to re-sensitize Acinetobacter baumannii for the action of chloramphenicol [125].



In most of the cases, examination of combination of Eucalyptus camaldulensis essential oils with conventional antibiotics (gentamycin, ciprofloxacin, and polymyxin B) showed synergistic antibacterial effect even in some re-sensitized multidrug-resistant (MDR) A. baumannii strains. Time-kill curves confirmed the synergistic interaction of E. camaldulensis essential oil and polymyxin B combination resulting in a reduced bacterial count under very fast detection limit, i.e., after 6 h of incubation [126].



Boonyanugomol et al. determined the antibacterial and synergistic activities of the Zingiber cassumunar essential oil against the extensively drug-resistant (XDR) Acinetobacter baumannii strains. A synergistic effect was produced by combining the essential oil with antibiotics, e.g., aminoglycosides, tetracyclines, fluoroquinolones, and folate pathway inhibitors which may provide the basis for the development of a new therapy against drug-resistant bacteria [127].





7. Conclusions


Evidence of increasing of multidrug resistance in pathogens at an alarming pace is seen in the high rates of morbidity and mortality. It is one of the great challenges faced by clinicians and researchers. The inefficacy of existing medical treatments has necessitated the search for novel and efficient drugs to tackle this problem. Essential oils possess important volatile compounds with diverse bioactivities including antimicrobial potential. EOs have been used in drugs, food, and cosmetics due to these properties. However, there are certain limitations, such as strong organoleptic flavor, low water solubility and low stability. The antimicrobial properties of EOs are mostly related to the individual susceptibility of bacteria. The promising antimicrobial activity of EOs has encouraged researchers to use them along with nanomaterials, essential oils of other plants, essential oil components, and antibiotics as potential antimicrobial agents. Encapsulation simultaneously increases the antimicrobial potency of essential oils by controlled/sustained release and facilitating close interaction with the microorganisms. There is a lack of detailed knowledge about the mechanism of the individual essential oil components which thus attributes to our superficial understanding of governing synergy and antagonism. Therefore, research in the future should thus explore the mechanism of individual essential oil components, along with an initiation in systematically investigating the synergy mechanisms among different components. Therefore, new strategies for nano-encapsulation and synergistic studies can provide an interesting platform in the near future for this area of research.







Acknowledgments


Sanjay Guleria thanks Indian Council of Agricultural Research (ICAR), New Delhi, India for generous financial support under strengthening and development grant.




Author Contributions


S.G. conceived and organized the review; S.C. and K.S. contributed to the writing and editing of the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Auddy, B.; Ferreira, M.; Blasina, F.; Lafon, L.; Arredondo, F.; Dajas, F.; Tripathi, P.C.; Seal, T.; Mukherjee, B. Screening of antioxidant activity of three Indian medicinal plants, traditionally used for the management of neuro-degenerative diseases. J. Ethnopharmacol. 2003, 84, 131–138. [Google Scholar] [CrossRef]

	2. 
Costa, D.C.; Costa, H.S.; Albuquerque, T.G.; Ramos, F.; Castilho, M.C.; Sanches-Silva, A. Advances in phenolic compounds analysis of aromatic plants and their potential applications. Trends Food Sci. Technol. 2015, 45, 336–354. [Google Scholar] [CrossRef]

	3. 
De Sousa Barros, A.; de Morais, S.M.; Ferreira, P.A.T.; Vieira, Í.G.P.; Craveiro, A.A.; de Santos Fontenelle, R.O.; de Menezes, J.E.S.A.; da Silva, F.W.F.; de Sousa, H.A. Chemical composition and functional properties of essential oils from Mentha species. Ind. Crops Prod. 2015, 76, 557–564. [Google Scholar] [CrossRef]

	4. 
Hale, A.L.; Reddivari, L.; Nzaramba, M.N.; Bamberg, J.B.; Miller, J.C., Jr. Interspecific variability for antioxidant activity and phenolic content among Solanum species. Am. J. Potato Res. 2008, 85, 332–341. [Google Scholar] [CrossRef]

	5. 
De Billerbeck, V.G. Huiles essentielles et bactéries résistantes aux antibiotiques. Phytothérapie 2007, 5, 249–253. [Google Scholar] [CrossRef]

	6. 
Fisher, K.; Phillips, C. Potential antimicrobial uses of essential oils in food: Is citrus the answer? Trends Food Sci. Technol. 2008, 19, 156–164. [Google Scholar] [CrossRef]

	7. 
Safaei-Ghomi, J.; Ahd, A.A. Antimicrobial and antifungal properties of the essential oil and methanol extracts of Eucalyptus largiflorens and Eucalyptus intertexta. Pharmacogn. Mag. 2010, 6, 172–175. [Google Scholar] [CrossRef] [PubMed]

	8. 
Astani, A.; Reichling, J.; Schnitzler, P. Comparative study on the antiviral activity of selected monoterpenes derived from essential oils. Phytother. Res. 2010, 24, 673–679. [Google Scholar] [CrossRef] [PubMed]

	9. 
Kaloustian, J.; Chevalier, J.; Mikail, C.; Martino, M.; Abou, L.; Vergnes, M.F. Étude de six huiles essentielles: Composition chimique et activité antibactérienne. Phytothérapie 2008, 6, 160–164. [Google Scholar] [CrossRef]

	10. 
Benjilali, B.; Ayadi, A. Methode d’études des propriétes antiseptiques des huiles essentielles par contact direct en milieu gelose [Thymus capitatus, Rosmarinus officinalis, Eucalyptus globulus, Artemisia herba alba]. Plantes Méd. Phytothér. 1986, 2, 155–167. [Google Scholar]

	11. 
Burt, S. Essential oils: Their antibacterial properties and potential applications in foods—A review. Int. J. Food Microbiol. 2004, 94, 223–253. [Google Scholar] [CrossRef] [PubMed]

	12. 
Stefanakis, M.K.; Touloupakis, E.; Anastasopoulos, E.; Ghanotakis, D.; Katerinopoulos, H.E.; Makridis, P. Antibacterial activity of essential oils from plants of the genus Origanum. Food Control 2013, 34, 539–546. [Google Scholar] [CrossRef]

	13. 
Devi, K.P.; Nisha, S.A.; Sakthivel, R.; Pandian, S.K. Eugenol (an essential oil of clove) acts as an antibacterial agent against Salmonella typhi by disrupting the cellular membrane. J. Ethnopharmacol. 2010, 130, 107–115. [Google Scholar] [CrossRef] [PubMed]

	14. 
Djenane, D.; Yangueela, J.; Gomez, D.; Roncales, P. Perspectives on the use of essential oils as antimicrobials against Campylobacter jejuni CECT 7572 in retail chicken meats packaged in micro aerobic atmosphere. J. Food Saf. 2012, 32, 37–47. [Google Scholar] [CrossRef]

	15. 
Balouiri, M.; Sadiki, M.; Ibnsouda, S.A. Methods for in vitro evaluating antimicrobial activity: A review. J. Pharm. Biomed. Anal. 2016, 6, 71–79. [Google Scholar] [CrossRef]

	16. 
Clinical and Laboratory Standards Institute. Methods for Dilution Antimicrobial Susceptibility Test for Bacteria that Grow Aerobically: Approved Standard—8th Edition; CLSI Document M07-A8; Clinical and Laboratory Standards Institute: Wayne, PA, USA, 2009. [Google Scholar]

	17. 
Canillac, N.; Mourey, A. Antibacterial activity of the essential oil of Piceaexcelsa on Listeria, Staphylococcus aureus and coliform bacteria. Food Microbiol. 2001, 18, 261–268. [Google Scholar] [CrossRef]

	18. 
Nikolić, M.; Jovanović, K.K.; Marković, T.; Marković, D.; Gligorijević, N.; Radulović, S.; Soković, M. Chemical composition, antimicrobial, and cytotoxic properties of five Lamiaceae essential oils. Ind. Crops Prod. 2014, 61, 225–232. [Google Scholar] [CrossRef]

	19. 
Martuccia, J.F.; Gendeb, L.B.; Neiraa, L.M.; Ruseckaite, R.A. Oregano and lavender essential oils as antioxidant and antimicrobial additives of biogenic gelatin films. Ind. Crops Prod. 2015, 71, 205–213. [Google Scholar] [CrossRef]

	20. 
Aumeeruddy-Elalfi, Z.; Gurib-Fakim, A.; Mahomoodally, F. Antimicrobial, antibiotic potentiating activity and phytochemical profile of essential oils from exotic and endemic medicinal plants of Mauritius. Ind. Crops Prod. 2015, 71, 197–204. [Google Scholar] [CrossRef]

	21. 
Radaelli, M.; da Silvaa, B.P.; Weidlich, L.; Hoehne, L.; Flach, A.; Mendonc, L.A.; da Costa, A.; Ethur, E.M. Antimicrobial activities of six essential oils commonly used as condiments in Brazil against Clostridium perfringens. Braz. J. Microbiol. 2016, 47, 424–430. [Google Scholar]

	22. 
Bajera, T.; Silha, D.; Ventura, K.; Bajerov, P. Composition and antimicrobial activity of the essential oil, distilled aromatic water and herbal infusion from Epilobium parviflorum Schreb. Ind. Crops Prod. 2017, 100, 95–105. [Google Scholar] [CrossRef]

	23. 
Bakkali, F.; Averbeck, S.; Averbeck, D.; Idaomar, M. Biological effects of essential oils—A review. Food Chem. Toxicol. 2008, 46, 446–475. [Google Scholar] [CrossRef] [PubMed]

	24. 
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. [Google Scholar] [CrossRef] [PubMed]

	25. 
Si Saida, Z.B.; Hayate Haddadi-Guemghara, H.; Boulekbache-Makhloufa, L.; Rigoub, P.; Reminia, H.; Adjaouda, A.; Khoudjaa, N.K.; Madani, K. Essential oils composition, antibacterial and antioxidant activities of hydro distillated extract of Eucalyptus globulus fruits. Ind. Crops Prod. 2016, 89, 167–175. [Google Scholar] [CrossRef]

	26. 
Verma, S.K.; Goswami, P.; Verma, R.S.; Padali, R.C.; Chauhan, A.; Singh, V.R.; Darokar, M.P. Chemical composition and antimicrobial activity of bergamot-mint (Menthacitrate Ehrh.) essential oils isolated from the herbage and aqueous distillate using different methods. Ind. Crops Prod. 2016, 91, 152–160. [Google Scholar] [CrossRef]

	27. 
Bush, K.; Courvalin, P.; Dantas, G.; Davies, J.; Eisenstein, B.; Huovinen, P.; Jacoby, G.A.; Kishony, R.; Kreiswirth, B.N.; Kutter, E.; et al. Tackling antibiotic resistance. Nat. Rev. Microbiol. 2011, 9, 894–896. [Google Scholar] [CrossRef] [PubMed]

	28. 
Sousa, E.O.; Silva, N.F.; Rodrigues, F.F.; Campos, A.R.; Lima, S.G.; Costa, J.G. Chemical composition and resistance-modifying effect of the essential oil of Lantana camara Linn. Pharmacogn. Mag. 2010, 6, 79–82. [Google Scholar] [PubMed]

	29. 
Lorenzi, V.; Muselli, A.; Bernardini, A.F.; Berti, L.; Pagès, J.M.; Amaral, L.; Bolla, J.M. Geraniol restores antibiotic activities against multidrug-resistant isolates from gram-negative species. Antimicrob. Agents Chemother. 2009, 53, 2209–2211. [Google Scholar] [CrossRef] [PubMed]

	30. 
Pérez-Vásquez, A.; Capella, S.; Linares, E.; Bye, R.; Angeles-López, G.; Mata, R. Antimicrobial activity and chemical composition of the essential oil of Hofmeisteria schaffneri. J. Pharm. Pharmacol. 2011, 63, 579–586. [Google Scholar] [CrossRef] [PubMed]

	31. 
Awang, K.; Ibrahim, H.; Rosmy, S.D.; Mohtar, M.; Mat, A.R.; Azah Mohamad Ali, N. Chemical constituents and antimicrobial activity of the leaf and rhizome oils of Alpinia pahangensis Ridl., an endemic wild ginger from peninsular Malaysia. Chem. Biodivers. 2011, 8, 668–673. [Google Scholar] [CrossRef] [PubMed]

	32. 
D’Arrigo, M.; Ginestra, G.; Mandalari, G.; Furneri, P.M.; Bisignano, G. Synergism and post antibiotic effect of tobramycin and Melaleuca alternifolia (tea tree) oil against Staphylococcus aureus and Escherichia coli. Phytomedicine 2010, 17, 317–322. [Google Scholar] [CrossRef] [PubMed]

	33. 
Li, W.-R.; Shi, Q.-S.; Liang, Q.; Xie, X.-B.; Huang, X.-M.; Chen, Y.B. Antibacterial Activity and Kinetics of Litseacubeba Oil on Escherichia coli. PLoS ONE 2014, 9, e110983. [Google Scholar] [CrossRef]

	34. 
Diao, W.R.; Hua, Q.P.; Zhang, H.; Xu, J.G. Chemical composition, antibacterial activity and mechanism of action of essential oil from seeds of fennel (Foeniculum vulgare Mill). Food Control 2014, 35, 109–116. [Google Scholar] [CrossRef]

	35. 
Yang, X.N.; Imran Khan, I.; Kang, S.C. Chemical composition, mechanism of antibacterial action and antioxidant activity of leaf essential oil of Forsythia koreana deciduous shrub. Asian Pac. J. Trop. Biomed. 2015, 8, 694–700. [Google Scholar] [CrossRef] [PubMed]

	36. 
Zhang, J.; Ye, K.P.; Zhang, X.; Pan, D.D.; Sun, Y.Y.; Cao, J.X. Antibacterial Activity and Mechanism of Action of Black Pepper Essential Oil on Meat-Borne Escherichia coli. Front. Microbiol. 2017, 7, 2094. [Google Scholar] [CrossRef] [PubMed]

	37. 
Zhang, Y.; Liu, X.; Wang, Y.; Jiang, P.; Quek, S.Y. Antibacterial activity and mechanism of cinnamon essential oil against Escherichia coli and Staphylococcus aureus. Food Control 2016, 59, 282–289. [Google Scholar] [CrossRef]

	38. 
Aijaz Ahmad, A.; Khan, A.; Kumar, P.; Bhatt, R.P.; Manzoor, N. Antifungal activity of Coriarianepalensis essential oil by disrupting ergosterol biosynthesis and membrane integrity against Candida. Yeast 2011, 28, 611–617. [Google Scholar] [CrossRef] [PubMed]

	39. 
Hua, Y.; Zhang, J.; Kong, W.; Zhao, G.; Yang, M. Mechanisms of antifungal and anti-aflatoxigenic properties of essential oil derived from turmeric (Curcuma longa L.) on Aspergillus flavus. Food Chem. 2017, 220, 1–8. [Google Scholar] [CrossRef] [PubMed]

	40. 
Lambert, R.J.W.; Skandamis, P.N.; Coote, P.J.; Nychas, G.J.E. A study of the minimum inhibitory concentration and mode of action of oregano essential oil, thymol and carvacrol. J. Appl. Microbiol. 2001, 91, 453–462. [Google Scholar] [CrossRef] [PubMed]

	41. 
Dorman, H.J.D.; Deans, S.G. Antimicrobial agents from plants: Antibacterial activity of plant volatile oils. J. Appl. Microbiol. 2000, 88, 308–316. [Google Scholar] [CrossRef] [PubMed]

	42. 
Huang, D.F.; Xu, J.G.; Liu, J.X.; Zhang, H.; Hu, Q.P. Chemical constituents, antibacterial activity and mechanism of action of the essential oil from Cinnamomum cassia bark against four food related bacteria. Microbiology 2014, 83, 357–365. [Google Scholar] [CrossRef]

	43. 
Azhdarzadeh, F.; Hojjati, M. Chemical composition and antimicrobial activity of leaf, ripe and unripe peel of bitter orange (Citrus aurantium) essential oils. Nutr. Food Sci. Res. 2016, 3, 43–50. [Google Scholar] [CrossRef]

	44. 
Zinoviadou, K.G.; Koutsoumanis, K.P.; Biliaderis, C.G. Physico-Chemical properties of whey protein isolate films containing oregano oil and their antimicrobial action against spoilage flora of fresh beef. Meat Sci. 2009, 82, 338–345. [Google Scholar] [CrossRef] [PubMed]

	45. 
Cox, S.D.; Mann, C.M.; Markham, J.L.; Bell, H.C.; Gustafson, J.E.; Warmington, J.R.; Wyllie, S.G. The mode of antimicrobial action of the essential oil of Melaleuca alternifolia (tea tree oil). J. Appl. Microbiol. 2000, 88, 170–175. [Google Scholar] [CrossRef] [PubMed]

	46. 
Bajpai, V.K.; Sharma, A.; Baek, K.H. Antibacterial mode of action of Cudrania tricuspidata fruit essential oil, affecting membrane permeability and surface characteristics of food borne pathogens. Food Control 2013, 32, 582–590. [Google Scholar] [CrossRef]

	47. 
Lv, F.; Liang, H.; Yuan, Q.; Li, C. In Vitro antimicrobial effects and mechanism of action of selected plant essential oil combinations against four food related microorganisms. Food Res. Int. 2011, 44, 3057–3064. [Google Scholar] [CrossRef]

	48. 
Kolli, M.E.; Laouer, H.; Kolli, H.E.; Akkal, S.; Sahli, F. Chemical analysis, antimicrobial and anti-oxidative properties of Daucusgracilis essential oil and its mechanism of action. Asian Pac. J. Trop. Biomed. 2016, 6, 8–15. [Google Scholar] [CrossRef]

	49. 
Cui, H.; Zhang, X.; Zhou, H.; Zhao, C.; Lin, L. Antimicrobial activity and mechanisms of Salvia sclarea essential oil. Bot. Stud. 2015, 56, 16. [Google Scholar] [CrossRef] [PubMed]

	50. 
Lakehal, S.; Meliani, A.; Benmimoune, S.; Bensouna, S.N.; Benrebiha, F.Z.; Chaouia, C. Essential oil composition and antimicrobial activity of Artemisia herba–alba Asso grown in Algeria. Med. Chem. 2016, 6, 435–439. [Google Scholar] [CrossRef]

	51. 
Macwan, S.R.; Dabhi, B.K.; Aparnathi, K.D.; Prajapati, J.B. Essential oils of herbs and spices: Their antimicrobial activity and application in preservation of food. Int. J. Curr. Microbiol. Appl. Sci. 2016, 5, 885–901. [Google Scholar] [CrossRef]

	52. 
Isabel Clemente, I.; Aznar, M.; Silva, F.; Nerín, C. Antimicrobial properties and mode of action of mustard and cinnamon essential oils and their combination against foodborne bacteria. Innov. Food Sci. Emerg. Technol. 2016, 36, 26–33. [Google Scholar] [CrossRef]

	53. 
Silva, F.; Ferreira, S.; Duartea, A.; Mendonc, D.I.; Domingues, F.C. Antifungal activity of Coriandrumsativum essential oil, its mode of action against Candida species and potential synergism with amphotericin B. Phytomedicine 2011, 19, 42–47. [Google Scholar] [CrossRef] [PubMed]

	54. 
Bauer, K.; Garbe, D.; Surburg, H. Common Fragrance and Flavor Materials: Preparation, Properties and Uses; Wiley-VCH: Weinheim, Germany, 2001; p. 293. [Google Scholar]

	55. 
Shaaban, H.A.H.; El-Ghorab, A.H.; Takayuki, S. Bioactivity of essential oils and their volatile aroma components: Review. J. Essent. Oil Res. 2012, 24, 203–212. [Google Scholar]

	56. 
Bowles, E.J. Chemistry of Aromatherapeutic Oils; Allen & Unwin: Sydney, Australia, 2003; ISBN 174114051X. [Google Scholar]

	57. 
Pichersky, E.; Noel, J.P.; Dudareva, N. Biosynthesis of plant volatiles: Nature’s diversity and ingenuity. Science 2006, 311, 808–811. [Google Scholar] [CrossRef] [PubMed]

	58. 
Caballero, B.; Trugo, L.C.; Finglas, P.M. Encyclopedia of Food Sciences and Nutrition; Academic Press: Amsterdam, The Netherlands, 2003. [Google Scholar]

	59. 
Guleria, S.; Tiku, A.K.; Gupta, S.; Singh, G.; Koul, A.; Razdan, V.K. Chemical composition, antioxidant activity and inhibitory effects of essential oil of Eucalyptus teretecornis grown in north-western Himalaya against Alternaria alternate. J. Plant Biochem. Biotechnol. 2012, 21, 44–50. [Google Scholar] [CrossRef]

	60. 
Guleria, S.; Tiku, A.K.; Koul, A.; Gupta, S.; Singh, G.; Razdan, V.K. Antioxidant and Antimicrobial Properties of the Essential Oil and Extracts of Zanthoxylum alatumm Grown in North-Western Himalaya. Sci. World J. 2013. [Google Scholar] [CrossRef]

	61. 
Guleria, S.; Kumar, A.; Tiku, A.K. Chemical Composition and Fungitoxic Activity of Essential Oil of Thuja orientalis L. Grown in the North-Western Himalaya. Z. Naturforschung C 2008, 63, 211–214. [Google Scholar] [CrossRef]

	62. 
Aligiannis, N.; Kalpoutzakis, E.; Mitaku, S.; Chinou, I.B. Composition and antimicrobial activity of the essential oils of two Origanum species. J. Agric. Food Chem. 2001, 49, 4168–4170. [Google Scholar] [CrossRef] [PubMed]

	63. 
Bagamboula, C.F.; Uyttendaele, M.; Debevere, J. Inhibitory effect of thyme and basil essential oils, carvacrol, thymol, estragol, linalool and p-cymene towards Shigella sonnei and S. flexneri. Food Microbiol. 2004, 21, 33–42. [Google Scholar] [CrossRef]

	64. 
Rattanachaikunsopon, P.; Phumkhachorn, P. Assessment of factors influencing antimicrobial activity of carvacrol and cymene against Vibrio cholera in food. J. Biosci. Bioeng. 2010, 110, 614–619. [Google Scholar] [CrossRef] [PubMed]

	65. 
Mann, C.M.; Cox, S.D.; Markham, J.L. The outer membrane of Pseudomonas aeruginosa NCTC 6749 contributes to its tolerance to the essential oil of Melaleuca alternifolia (tea tree oil). Lett. Appl. Microbiol. 2000, 30, 294–297. [Google Scholar] [CrossRef] [PubMed]

	66. 
Burt, S.A.; Van Der Zee, R.; Koets, A.P.; De Graaff, A.M.; Van Knapen, F.; Gaastra, W.; Haagsman, H.P.; Veldhuizen, E.J.A. Carvacrol induces heat shock protein 60 and inhibits synthesis of flagellin in Escherichia coli O157:H7. Appl. Environ. Microbiol. 2007, 73, 4484–4490. [Google Scholar] [CrossRef] [PubMed]

	67. 
Sikkema, J.; De Bont, J.A.M.; Poolman, B. Mechanisms of membrane toxicity of hydrocarbons. Microbiol. Rev. 1995, 59, 201–222. [Google Scholar] [PubMed]

	68. 
Juven, B.J.; Kanner, J.; Schved, F.; Weisslowicz, H. Factors that interact with the antibacterial action of thyme essential oil and its active constituents. J. Appl. Bacteriol. 1994, 76, 626–631. [Google Scholar] [CrossRef] [PubMed]

	69. 
Di Pasqua, R.; Mamone, G.; Ferranti, P.; Ercolini, D.; Mauriello, G. Changes in the proteome of Salmonella enterica serovar Thompson as stress adaptation to sub-lethal concentrations of thymol. Proteomics 2010, 10, 1040–1049. [Google Scholar] [PubMed]

	70. 
Ahmad, A.; Khan, A.; Akhtar, F.; Yousuf, S.; Xess, I.; Khan, L.; Manzoor, N. Fungicidal activity of thymol and carvacrol by disrupting ergosterol biosynthesis and membrane integrity against Candida. Eur. J. Clin. Microbiol. Infect. Dis. 2011, 30, 41–50. [Google Scholar] [CrossRef] [PubMed]

	71. 
Rao, A.; Zhang, Y.; Muend, S.; Rao, R. Mechanism of antifungal activity of terpenoid phenols resembles calcium stress and inhibition of the TOR pathway. Antimicrob. Agents Chemother. 2010, 54, 5062–5069. [Google Scholar] [CrossRef] [PubMed]

	72. 
MCetin, B.; Cakmakci, S.; Cakmakci, R. The investigation of antimicrobial activity of thyme and oregano essential oils. Turk. J. Agric. For. 2011, 35, 145–154. [Google Scholar]

	73. 
Magi, G.; Marini, E.; Facinelli, B. Antimicrobial activity of essential oils and carvacrol and synergy of carvacrol and erythromycin, against clinical, erythromycin-resistant Group A Streptococci. Front. Microbiol. 2015, 6, 165. [Google Scholar] [CrossRef] [PubMed]

	74. 
Di Pasqua, R.; Hoskins, N.; Betts, G.; Mauriello, G. Changes in membrane fatty acids composition of microbial cells induced by addiction of thymol, carvacrol, limonene, cinnamaldehyde, and eugenol in the growing media. J. Agric. Food Chem. 2006, 54, 2745–2749. [Google Scholar] [CrossRef] [PubMed]

	75. 
Di Pasqua, R.; Betts, G.; Hoskins, N.; Edwards, M.; Ercolini, D.; Mauriello, G. Membrane toxicity of antimicrobial compounds from essential oils. J. Agric. Food Chem. 2007, 55, 4863–4870. [Google Scholar] [CrossRef] [PubMed]

	76. 
La Storia, A.; Ercolini, D.; Marinello, F.; Di Pasqua, R.; Villani, F.; Mauriello, G. Atomic force microscopy analysis shows surface structure changes in carvacrol- treated bacterial cells. Res. Microbiol. 2011, 162, 164–172. [Google Scholar] [CrossRef] [PubMed]

	77. 
Friedman, M.; Henika, P.R.; Levin, C.E.; Mandrell, R.E. Antibacterial activities of plant essential oils and their components against Escherichia coli O157:H7 and Salmonella enterica in apple juice. J. Agric. Food Chem. 2004, 52, 6042–6048. [Google Scholar] [CrossRef] [PubMed]

	78. 
Klein, G.; Rüben, C.; Upmann, M. Antimicrobial activity of essential oil components against potential food spoilage microorganisms. Curr. Microbiol. 2013, 67, 200–208. [Google Scholar] [CrossRef] [PubMed]

	79. 
Silva-Angulo, A.B.; Zanini, S.F.; Rosenthal, A.; Rodrigo, D.; Klein, G.; Martínez, A. Comparative study of the effects of citral on the growth and injury of Listeria innocua and Listeria monocytogenes Cells. PLoS ONE 2015, 10, e0114026. [Google Scholar] [CrossRef] [PubMed]

	80. 
Heer, A.; Guleria, S.; Razdan, V.K. Chemical composition, antioxidant and antimicrobial activities and characterization of bioactive compounds from essential oil of Cinnamomum tamala grown in north-western Himalaya. J. Plant Biochem. Biotechnol. 2017, 26, 191–198. [Google Scholar] [CrossRef]

	81. 
Jess Vergis, J.; Gokulakrishnan, P.; Agarwal, R.K.; Kumar, A. Essential Oils as Natural Food Antimicrobial Agents: A Review. Crit. Rev. Food Sci. Nutr. 2015, 55, 1320–1323. [Google Scholar] [CrossRef] [PubMed]

	82. 
Pauli, A.; Kubeczka, K.H. Antimicrobial properties of volatile phenyl propanes. Nat. Prod. Commun. 2010, 5, 1387–1394. [Google Scholar] [PubMed]

	83. 
Sagalowicz, L.; Leser, M.E. Delivery systems for liquid food products. Curr. Opin. Colloid Interface Sci. 2010, 15, 61–72. [Google Scholar] [CrossRef]

	84. 
Soltani, S.; Madadlou, A. Gelation characteristics of the sugar beet pectin solution charged with fish oil-loaded zein nanoparticles. Food Hydrocoll. 2015, 43, 664–669. [Google Scholar] [CrossRef]

	85. 
Donsìa, F.; Ferrari, G. Essential oil nanoemulsions as antimicrobial agents in food. J. Biotechnol. 2016, 233, 106–120. [Google Scholar] [CrossRef] [PubMed]

	86. 
Beykia, M.; Zhaveha, S.; Khalilib, S.T.; Rahmani-Cheratic, T.; Abollahic, A.; Bayatd, M.; Tabatabaeie, M.; Mohsenifar, A. Encapsulation of Mentha piperita essential oils in chitosan–cinnamic acid nanogel with enhanced antimicrobial activity against Aspergillus flavus. Ind. Crops Prod. 2014, 54, 310–319. [Google Scholar] [CrossRef]

	87. 
Salvia-Trujillo, L.; Rojas-Graü, A.; Soliva-Fortuny, R.; Martín-Belloso, O. Physicochemical characterization and antimicrobial activity of foodgrade emulsions and nanoemulsions incorporating essential oils. Food Hydrocoll. 2015, 43, 547–556. [Google Scholar] [CrossRef]

	88. 
Herculano, E.D.; de Paula, H.C.B.; de Figueiredo, E.A.T.; Dias, F.G.B.; de A. Pereira, V. Physicochemical and antimicrobial properties of nanoencapsulated Eucalyptus staigeriana essential oil. LWT Food Sci. Technol. 2015, 6, 484–491. [Google Scholar] [CrossRef]

	89. 
Ali Mohammadi, A.; Hashemi, M.; Hosseini, S.M. Nanoencapsulation of Zataria multiflora essential oil preparation and characterization with enhanced antifungal activity for controlling Botrytis cinerea, the causal agent of gray mould disease. Innov. Food Sci. Emerg. Technol. 2015, 28, 73–80. [Google Scholar] [CrossRef]

	90. 
Feyzioglu, G.C.; Tornuk, F. Development of chitosan nanoparticles loaded with summer savory (Satureja hortensis L.) essential oil for antimicrobial and antioxidant delivery applications. LWT Food Sci. Technol. 2016, 70, 104–110. [Google Scholar] [CrossRef]

	91. 
Zhang, S.; Zhang, M.; Fang, Z.; Liu, Y. Preparation and characterization of blended cloves/cinnamon essential oil nanoemulsions. LWT Food Sci. Technol. 2017, 75, 316–322. [Google Scholar] [CrossRef]

	92. 
Mohammadia, A.; Hashemib, M.; Masoud, S.H. Chitosan nanoparticles loaded with Cinnamomum zeylanicum essential oil enhance the shelf life of cucumber during cold storage. Postharvest Biol. Technol. 2015, 110, 203–213. [Google Scholar] [CrossRef]

	93. 
Guerra-Rosas, M.I.; Morales-Castro, J.; Cubero-M_arquez, M.A.; Salvia-Trujillo, L. Antimicrobial activity of nanoemulsions containing essential oils and high methoxyl pectin during long-term storage. Food Control 2017, 77, 131–138. [Google Scholar] [CrossRef]

	94. 
Prabhu, S.; Poulose, E.K. Silver nanoparticles: Mechanism of antimicrobial action, synthesis, medical applications, and toxicity effects. Int. Nano Lett. 2012, 2, 32. [Google Scholar] [CrossRef]

	95. 
Rai, M.; Ingle, A.P.; Gade, A.K.; Duarte, M.C.T.; Duran, N. Three Phomaspp: Synthesized novel silver nanoparticles that possess excellent antimicrobial efficacy. IET Nanobiotechnol. 2015, 9, 280–287. [Google Scholar] [CrossRef] [PubMed]

	96. 
Danilcauk, M.; Lund, A.; Saido, J.; Yamada, H.; Michalik, J. Conduction electron spin resonance of small silver particles. Spectrochim. Acta Part A 2006, 63, 189–191. [Google Scholar] [CrossRef] [PubMed]

	97. 
Ghosh, I.N.; Patil, S.D.; Sharma, T.K.; Srivastava, S.K.; Pathania, R.; Navani, N.K. Synergistic action of cinnamaldehyde with silver nanoparticles against spore-forming bacteria: A case for judicious use of silver nanoparticles for antibacterial applications. Int. J. Nanomed. 2013, 8, 4721–4731. [Google Scholar]

	98. 
Feng, Q.L.; Wu, J.; Chen, G.Q.; Cui, F.Z.; Kim, J.O. A mechanistic study of the antibacterial effect of silver ions on Escherichia coli and Staphylococcus aureus. J. Biomed. Mater. Res. 2008, 52, 662–668. [Google Scholar] [CrossRef]

	99. 
Matsumura, Y.; Yoshikat, K.; Kunisaki, S.; Tsuchido, T. Mode of action of silver zeolite and its comparison with that of silver nitrate. Appl. Environ. Microbiol. 2003, 16, 4278–4281. [Google Scholar] [CrossRef]

	100. 
Ravi Kumar, M.N. Nano and microparticles as controlled drug delivery devices. J. Pharm. Sci. 2000, 3, 234–258. [Google Scholar]

	101. 
Moghimi, R.; Ghaderi, L.; Rafati, H.; Aliahmadi, A.; Mcclements, D.J. Superior antibacterial activity of nanoemulsion of Thymus daenensis essential oil against E. coli. Food Chem. 2016, 194, 410–415. [Google Scholar] [CrossRef] [PubMed]

	102. 
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 Complement. Altern. Med. 2014, 651593, 1–14. [Google Scholar] [CrossRef] [PubMed]

	103. 
Hosseini, S.F.; Zandi, M.; Rezaei, M.; Farahmandghavi, F. Two-Step method for encapsulation of oregano essential oil in chitosan nanoparticles: Preparation, characterization and in vitro release study. Carbohydr. Polym. 2013, 95, 50–56. [Google Scholar] [CrossRef] [PubMed]

	104. 
Abreu, F.O.M.S.; Oliveira, E.F.; Paula, H.C.B.; De Paula, R.C.M. Chitosan/cashew gum nanogels for essential oil encapsulation. Carbohydr. Polym. 2012, 89, 1277–1282. [Google Scholar] [CrossRef] [PubMed]

	105. 
Donsì, F.; Annunziata, M.; Vincensi, M.; Ferrari, G. Design of nanoemulsion-based delivery systems of natural antimicrobials: Effect of the emulsifier. J. Biotechnol. 2012, 159, 342–350. [Google Scholar] [CrossRef] [PubMed]

	106. 
Zhang, Z.; Vriesekoop, F.; Yuan, Q.; Liang, H. Effects of nisin on the antimicrobial activity of d-limonene and its nano-emulsion. Food Chem. 2014, 150, 307–312. [Google Scholar] [CrossRef] [PubMed]

	107. 
Iannitelli, A.; Grande, R.; Stefano, A.D.; Giulio, M.D.; Sozio, P.; Bessa, L.J.; Laserra, S.; Paolini, C.; Protasi, F.; Cellini, L. Potential antibacterial activity of carvacrol- loaded poly(DL-lactide-co-glycolide) (PLGA) nanoparticles against microbial biofilm. Int. J. Mol. Sci. 2011, 12, 5039–5051. [Google Scholar] [CrossRef] [PubMed]

	108. 
Ejim, L.; Farha, M.A.; Falconer, S.B.; Wildenhain, J.; Coombes, B.K.; Tyers, M.; Brown, E.D.; Wright, G.D. Combinations of antibiotics and non-antibiotic drugs enhance antimicrobial efficacy. Nat. Chem. Biol. 2011, 7, 348–350. [Google Scholar] [CrossRef] [PubMed]

	109. 
Hemaiswarya, S.; Kruthiventi, A.K.; Doble, M. Synergism between natural products and antibiotics against infectious diseases. Phytomedicine 2008, 15, 639–652. [Google Scholar] [CrossRef] [PubMed]

	110. 
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. [Google Scholar] [CrossRef] [PubMed]

	111. 
Davidson, P.M.; Parish, M.E. Methods for testing the efficacy of food antimicrobials. Food Technol. 1989, 43, 148–155. [Google Scholar]

	112. 
Odds, F.C. Synergy, antagonism, and what the chequer board puts between them. J. Antimicrob. Chemother. 2003, 52, 1. [Google Scholar] [CrossRef] [PubMed]

	113. 
Wagnera, H.; Ulrich-Merzenich, G. Synergy research: Approaching a new generation of phytopharmaceuticals. Phytomedicine 2009, 16, 97–110. [Google Scholar] [CrossRef] [PubMed]

	114. 
Bassolé, I.H.N.; Lamien-Meda, A.; Bayala, B.; Tirogo, S.; Franz, C.; Novak, J.; Nebié, R.C.; Dicko, M.H. Composition and antimicrobial activities of Lippia multi- flora Moldenke, Mentha piperita L. and Ocimum basilicum L. essential oils and their major monoterpene alcohols alone and in combination. Molecules 2010, 15, 7825–7839. [Google Scholar] [CrossRef] [PubMed]

	115. 
García-García, R.; López-Malo, A.; Palou, E. Bactericidal action of binary and ternary mixtures of carvacrol, thymol, and eugenol against Listeria innocua. J. Food Sci. 2011, 76, M95–M100. [Google Scholar] [CrossRef] [PubMed]

	116. 
Nguefack, J.; Tamgue, O.; Dongmo, J.B.L.; Dakole, C.D.; Leth, V.; Vis-mer, H.F.; Zollo, P.H.; Nkengfack, A.E. Synergistic action between fractions of essential oils from Cymbopogon citratus, Ocimum gratissimum and Thymus vulgaris against Penicillium expansum. Food Control 2012, 23, 377–383. [Google Scholar] [CrossRef]

	117. 
Bag, A.; Chattopadhyay, R.R. Evaluation of Synergistic Antibacterial and Antioxidant Efficacy of Essential Oils of Spices and Herbs in Combination. PLoS ONE 2015, 10, e0131321. [Google Scholar] [CrossRef] [PubMed]

	118. 
Hossain, F.; Follett, P.; Dang Vu, K.; Harich, M.; Salmieri, S.; Lacroix, M. Evidence for synergistic activity of plant-derived essential oils against fungal pathogens of food. Food Microbiol. 2016, 53, 24–30. [Google Scholar] [CrossRef] [PubMed]

	119. 
Stevic, T.; Beric, T.; Savikin, K.; Sokovic, M.; GoCevac, D.; Dimkic, I.; Stankovic, S. Antifungal activity of selected essential oils against fungi isolated from medicinal plant. Ind. Crops Prod. 2014, 55, 116–122. [Google Scholar] [CrossRef]

	120. 
Palaniappan, K.; Holley, R.A. Use of natural antimicrobials to increase antibiotic susceptibility of drug resistant bacteria. Int. J. Food Microbiol. 2010, 140, 164–168. [Google Scholar] [CrossRef] [PubMed]

	121. 
Zhang, D.; Hu, H.; Rao, Q.; Zhao, Z. Synergistic effects and physiological responses of selected bacterial isolates from animal feed to four natural antibacterials and two antibiotics. Food Borne Pathog. Dis. 2011, 8, 1055–1062. [Google Scholar] [CrossRef] [PubMed]

	122. 
Moon, S.E.; Kim, H.Y.; Cha, J.D. Synergistic effect between clove oil and its major compounds and antibiotics against oral bacteria. Arch. Oral Biol. 2011, 56, 907–916. [Google Scholar] [CrossRef] [PubMed]

	123. 
Rosato, A.; Piarulli, M.; Corbo, F.; Muraglia, M.; Carone, A.; Vitali, M.E.; Vitali, C. In Vitro synergistic action of certain combinations of gentamicin and essential oils. Curr. Med. Chem. 2010, 17, 3289–3295. [Google Scholar] [CrossRef] [PubMed]

	124. 
Mahboubi, M.; Ghazian, B.F. Anti staphylococcal activity of Zataria multiflora essential oil and its synergy with vancomycin. Phytomedicine 2010, 17, 548–550. [Google Scholar] [CrossRef] [PubMed]

	125. 
Duarte, A.; Ferreira, S.; Silva, F.; Domingues, F.C. Synergistic activity of coriander oil and conventional antibiotics against Acinetobacter baumannii. Phytomedicine 2012, 19, 236–238. [Google Scholar] [CrossRef] [PubMed]

	126. 
Knezevic, P.; Verica Aleksic, V.; Simin, N.; Svircev, E.; Petrovic, A.; Mimica-Dukic, N. Antimicrobial activity of Eucalyptus camaldulensis essential oils and their interactions with conventional antimicrobial agents against multi-drug resistant Acinetobacter baumannii. J. Ethnopharmacol. 2016, 178, 125–136. [Google Scholar] [CrossRef] [PubMed]

	127. 
Boonyanugomola, W.; Kraisriwattanaa, K.; Ruksereea, K.; Boonsamb, K.; Narachai, P. In Vitro synergistic antibacterial activity of the essential oil from Zingiber cassumunar Roxb against extensively drug-resistant Acinetobacter baumannii strains. J. Infect. Public Health 2017. [Google Scholar] [CrossRef] [PubMed]













© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  medicines-04-00058


  
    		
      medicines-04-00058
    


  




  





media/file3.png





media/file0.png





media/file2.png
Gamma-terpinene Carvacrol Thymol

O
| H,CO— —
H _ OH
HO
Cinnamaldehyde Eugenol Chavicol

o &

Geraniol Cinnamyl alcohol Limonene
/O
HO
“ N\
Menthol Carvone p- cymene

Anethole Estragole





media/file1.jpg
S

Gumtepinens — Thymol
o
Ho
"
Ho-
Cinnamaidehyce Eugenol Chavieot
é:/\m ;
Gorsol Cinnaryl acohol Linanene
o’ ; ; );
S
Menthol Canvone b cymene

Anethole Esvagole





