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Abstract

:

The interest in using natural antimicrobials instead of chemical preservatives in food products has been increasing in recent years. In regard to this, essential oils—natural and liquid secondary plant metabolites—are gaining importance for their use in the protection of foods, since they are accepted as safe and healthy. Although research studies indicate that the antibacterial and antioxidant activities of essential oils (EOs) are more common compared to other biological activities, specific concerns have led scientists to investigate the areas that are still in need of research. To the best of our knowledge, there is no review paper in which antifungal and especially antimycotoxigenic effects are compiled. Further, the low stability of essential oils under environmental conditions such as temperature and light has forced scientists to develop and use recent approaches such as encapsulation, coating, use in edible films, etc. This review provides an overview of the current literature on essential oils mainly on antifungal and antimycotoxigenic but also their antibacterial and antioxidant activities. Additionally, the recent applications of EOs including encapsulation, edible coatings, and active packaging are outlined.
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1. Introduction


The consumer’s tendency to buy more natural and less processed food products encouraged the food industry to use natural alternatives [1]. This situation has powered scientists to investigate the novel natural substances of medicinal and aromatic plants [2]. Essential oils (EOs) are secondary metabolites of plants that have volatile, natural, and complex characteristics [3]. The positive health effects of EOs extracted from aromatic and medicinal plants have been known since ancient times. Several EOs and metabolites in plant extracts are accepted as “Generally Recognised as Safe” (GRAS) [4]. Antimicrobial and antioxidant activities of EOs have been investigated in several studies, and these studies have shown antimicrobial and antioxidant activities as the most common biological activities in EOs, but some other activities of EOs, including antiviral, insecticidal, angiotensin-converting enzyme, amylase and glucosidase enzyme, and xanthine oxidase inhibitory activities, etc., still need more investigation. In addition to their individual use, EO combinations can be used in binary or ternary mixtures to improve the mixtures’ biological activities [5].



Food products are often contaminated not only with pathogen microorganisms but also with molds and the toxins produced by these molds. This contamination can be encountered at different stages of the food chain such as post-harvest processing, transportation, and storage stages. Similar to bacterial contamination, fungal growth and mycotoxins lead to quality and quantity defects and loss of market value in addition to their health risks. Additionally, mold invasion leads to noticeable quality and organoleptic changes (e.g., off-flavors, defects in texture and color) [6]. In addition to their health risks, food losses due to microbiological contamination should also be considered, especially when the increasing world population and food requirements are taken into account. According to the Food and Agricultural Organization of the United Nations (FAO), foodborne molds and their toxic metabolites cause about 25% loss in agricultural foodstuffs worldwide [7]. On the other hand, some fungal genera (e.g., Fusarium, Penicillium, Aspergillus, and Alternaria) may produce secondary metabolites, called mycotoxins. Some of these mycotoxins may be lethal and they may have carcinogenic, mutagenic, teratogenic, and immunosuppressive effects on humans and animals. Nonetheless, inhibition of the growth of mycotoxigenic fungi is not sufficient to obtain the safety of food, but toxin reduction should also be considered and investigated [8]. As a result, researchers have focused on how to create cost-effective and economic natural preservatives to control both microbial contamination and mycotoxin production [9].



In vitro studies have been followed by in vivo antimicrobial tests to measure the efficacy of EOs in the food systems. There are studies focusing on the application of EOs especially using recent technologies such as edible coating on beef [10] and on cheese [11] and nanoencapsulation for bread [12]. In addition to their usage as antimicrobial agents, their antioxidant activities have also received great interest. Since EOs are recognized as natural antioxidants, and they mostly have a non-toxic nature, studies on EOs have attracted more attention for their potential use in place of synthetic antioxidants. Recently, many research studies have been carried out on the antioxidant activity of different EOs, and most of these studies put antioxidant activity of EOs at the forefront [13].



The function of secondary metabolites from medicinal and aromatic plants, which can be in the structure of terpenes, phenols, aldehydes, esters, alcohols, and ketones, are strongly correlated with their biochemical and physiological features [3]. The above-mentioned biological activities of EOs are generally associated not only with major components but also minor components of EOs [14]. The chemical compositions of plant EOs vary depending on the type of the plant species and their geographical location, environment, and maturation stage, as well as the obtaining method of EOs [15]. Additionally, the part of the plant where the EO is obtained from including flowers, stems, leaves, or buds is another critical factor [16]. To the best of our knowledge, while their antibacterial and antioxidant activities are well known, antifungal and antimycotoxigenic activities of EOs have yet to be investigated deeply. In addition to all these facts, some strategies are required to protect the biological activities of EOs during food processing. EOs are volatile at room temperature [17] and can be easily degraded by oxygen and temperature fluctuations [18]. Therefore, methods to increase the stability and activity of EOs are required, and novel techniques such as encapsulation, the use of edible coatings, and active packaging may provide the opportunity to solve these problems [19].



This review provides a comprehensive literature review about EOs that are significantly active against fungi and mycotoxins as well as providing a perspective on the antibacterial and antioxidant activities of several EOs. Recent applications of EOs including the encapsulation or edible coatings are also explained in detail. Finally, the future possibilities in the use of essential oils derived from aromatic and medicinal plants are discussed.




2. Antimicrobial Activities of Essential Oils


Essential oils have antimicrobial and other biological activities due to their bioactive volatile components [20]. Within the compounds present in EOs—such as terpenes, alcohols, acids, esters, epoxides, aldehydes, ketones, amines, and sulfides—terpineol, thujanol, myrcenol, neral, thujone, camphor, and carvone are the most critical ones for their activities [14,21]. Although major components are generally responsible for their biological activities, the contribution of minor components to these activities should not be omitted. The use of different microbial cultures, different EOs, different concentration ranges, and the use of different antimicrobial test methods on different media have led to the formation of an extensive database. Although the antibacterial effect of EOs has been the subject of several studies for many years, the number of studies concerning the antifungal and antimycotoxigenic effects has not yet reached sufficient levels. Increased cases of fungal infections in recent years and the contamination of food and animal feed products with mycotoxins are considerable issues for both consumers and producers. Nowadays, there has been a significant increase in the number of studies performed on other biological activities of EOs because of the increasing data on the cidal or static effects of EOs on microorganisms.



Regarding the mechanism of action, it has been suggested that EOs can affect the cell membrane of bacterial and fungal cultures. The antimicrobial activity of EOs occurs in the way that they can easily disrupt the cell membrane and make it more permeable [14,20]. Moreover, they interrupt ion transport processes and they have interaction with membrane proteins and other compounds within the cell [22,23,24]. EOs also have adverse effects on enzymes by acting on their active sites [25]. A loss of electrolytes was detected after EO treatment as measured by the concentrations of K+, Ca2+, and Na+ ions [26]. In short, antimicrobial effects were found to be associated with the interaction of EO and the cell system, especially against the plasma membrane and the disruption of the functions of mitochondria [27]. An imbalance between intracellular and extracellular ATP concentrations eventually leads to cell death [28]. It was also claimed that the antimicrobial effects of EOs may be related to the diffusion ability of EOs (diffusion coefficient, zeta potential, and droplet size of EOs) through the cell membrane of microorganisms [29]. Although the antimicrobial action mechanisms of EOs were well established in the literature, there is not sufficient information for the action of the antimycotoxigenic mechanism. However, several approaches have been reported in recent works. In one of these studies, the antimycotoxigenic action mechanism of EOs was directly correlated with their influence on the aflatoxin biosynthesis pathway [30].



The use of essential oils at high concentrations in foods may lead to organoleptic problems because of their odorous characteristics. From this point of view, using essential oils in combination is considered as an important approach in terms of reducing the required concentrations to contribute to food safety. The increase in the antibacterial activity of EOs, when used in combination, has been proposed by several researchers. Not only synergistic but also additive, non-interactive, and antagonistic interactions have been reported [5]. Within these interactions, EO combinations that have synergistic and additive effects have been suggested for food applications [31]. The synergism was reported when the EO combination had higher inhibitory effect than the inhibitory activities of individual EOs [32]. In a research investigating the antibacterial activity of thyme and oregano EOs and their major compounds (thymol and carvacrol), the combination of thymol and carvacrol, aromatic oxygenated monoterpenes, were found to have additive antibacterial effects against Staphylococcus aureus and Bacillus cereus, Salmonella infantis, and Escherichia coli. Moreover, additive antibacterial action was observed with the combination of thyme and oregano EOs [33]. While no antagonism was reported for the combinations of cardamom, cumin, and dill weed, the highest antimicrobial activity was observed in a cardamom and dill weed EO combination. This high antimicrobial activity was attributed to the synergistic effect of 1,8-cineole content (29.2%) of cardamom EO and limonene content (27.4%) of dill weed EO [5]. A synergistic effect was also reported for the combination of cinnamon (cinnamaldehyde as the main constituent) and clove (eugenol as the main constituent) against Staphylococcus aureus, Listeria monocytogenes, Salmonella typhimurium, and Pseudomonas aeruginosa and synergistic antifungal activity against Aspergillus niger [34]. As mentioned previously, the efficacy of EOs used in combination was not only tested against bacteria but also against fungi. In this respect, within carvacrol, thymol, p-cymene, and 1,8-cineole interactions, the most synergetic combinations were reported to be thymol/1,8-cineole and thymol/p-cymene against Candida spp. [35]. In another research, antimicrobial activities of oregano, clove, and cinnamon EOs that have aromatic compounds (eugenol in clove and cinnamon EOs and carvacrol in oregano EO) were attributed to the presence of an aromatic nucleus and a phenolic OH group [36].



In this part of the review, we mainly focus on the studies related with the antimicrobial activities of the most common plant EOs. While the antibacterial activities of EOs have been reviewed, especially using recent researches, antifungal and antimycotoxigenic activities have been emphasized more.



2.1. Antibacterial Activities of Essential Oils


The antibacterial effects of essential oils occur in two ways: either by the restriction of the bacterial growth (bacteriostatic) or by killing the bacterial cells (bactericidal) [37]. These antibacterial activities can be determined by using agar/disc diffusion, broth micro/macro dilution, and agar dilution methods. The antimicrobial activity of EOs mainly depends on the chemical composition as well as the parts of the plants. On the other hand, Gram-positive and Gram-negative bacteria differ in terms of their sensitivity against EOs [5,37]. These differences have been explained by several mechanisms including the more resistant nature of Gram-negative bacteria due to their double layer of phospholipids [21]. In the meantime, the antibacterial activity of different plant EOs is well-documented against both Gram-positive (Bacillus subtilis, Staphylococcus aureus, Listeria monocytogenes) and Gram-negative (Escherichia coli, Salmonella typhimurium, Pseudomonas aeruginosa, Camplyobacter spp.) bacteria [11,38,39,40,41,42]. In addition to these, clinical and standard strains can also differ in terms of their sensitivities against EOs [42]. The most common EOs are listed for their antibacterial activities on a wide range of bacteria, and the studies carried out on this subject in the last five years are summarized in Table 1.



Bouyahya et al. [49] examined the antibacterial activity of steam-distilled Mentha pulegium and Rosmarinus officinalis EOs that were predominated by oxygenated monoterpenes as 63.7% and 83.9%, respectively, against Staphylococcus aureus, Pseudomanas aeruginosa, Listeria monocytogenes, Bacillus subtilis, Escherichia coli, and Proteus mirabilis. The authors indicated that M. pulegium EO was more effective than the EO from Rosmarinus officinalis on the tested bacteria. Additionally, when compared with commercial antibiotics, Mentha plugieum EO was found to have significant antibacterial activity. In addition to the above-mentioned microorganisms, Rosmarinus officinalis was also effective against Enterococcus faecalis, Klebsiella pneumoniae [48], and Pseudomanas aeruginosa [43]. The antibacterial activity of the most widely used EOs from Thymus species, which belong to the Lamiaceae family, was also demonstrated against several microorganisms such as Salmonella typhi, Salmonella typhimurium, Escherichia coli, Staphylococcus aureus, Streptococcus pneumonia, Bacillus cereus, Pseudomanas aeruginosa, Proteus mirabilis, Klebsiella pneumoniae, and Listeria monocytogenes [16,52,53,54]. On the other hand, the EO from Origanum vulgare (oregano) was one of the most effective EOs against microorganisms. Its antibacterial activity against Salmonella typhimurium, Escherichia coli, Bacillus cereus, Pseudomanas aeruginosa, and Enterococcus faecalis has been reported in several studies [50,55]. There are also studies comparing the antibacterial effect of different EOs. In a study performed by Pesavento et al. [46], the antibacterial activities of EOs from Rosmarinus officinalis, Cinnamomum zeylanicum, Thymus vulgaris, Origanum vulgare, and Salvia officinalis were compared, and Thymus vulgaris was found to have the highest antibacterial activity against Listeria monocytogenes, Staphylococcus aureus, Salmonella enteritidis, and Campylobacter jejuni, among other EOs. In contrast, Salvia officinalis EO was observed to be ineffective for controlling the tested microorganisms.



While cinnamon and mustard EOs were effective to inhibit Staphylococcus aureus, Bacillus cereus, Escherichia coli O157:H7, Pseudomanas aeruginosa, Pseudomonas fluorescens, Pseudomonas putida, Pectobacterium carotovorum, and Salmonella enterica subsp. enterica individually, their synergistic action was only found on Escherichia coli O157:H7 and Pseudomanas putida. The highest antimicrobial activity was observed on mustard EO [31]. In a study performed by our research group, while cardamom, cumin, and dill weed EOs were effective inhibitors individually against Campylobacter spp. [44], their mixtures showed the highest antibacterial activity against Escherichia coli, Campylobacter spp. and Staphylococcus aureus [5]. Similarly, the antibacterial activities of cinnamon and clove EO were tested not only individually but also in combination. Clove EO was more effective than cinnamon EO to inhibit microorganisms, which might be a result of its higher eugenol concentration (53.9%). Their combination showed better antibacterial activity against Staphylococcus aureus, Listeria monocytogenes, Pseudomanas aeruginosa, and Salmonella typhimurium compared to their individual applications [34]. However, in another study, cinnamon EO had higher antibacterial activity than clove EO against Escherichia coli, Bacillus subtilis, Pseudomanas aeruginosa, and Staphylococcus aureus [45]. The different results obtained might be due to the differences in the composition of EOs. Lavandula species are well-known for their wide variety of biological activities. Although it is commonly used in the cosmetic industry, depending on the linalool, 1,8-cineole, and camphor content, the antibacterial activity of Lavandula angustifolia EO is also noteworthy. This significant antibacterial activity was proved against Escherichia coli, Staphylococcus aureus, and Pseudomanas aeruginosa [43]. Moreover, the EO from Lavandula mairei Humbert that was predominated by carvacrol had different levels of antibacterial activity against Listeria innocua, Listeria monocytogenes, Staphylococcus aureus, Bacillus subtilis, Proteus vulgaris, and Pseudomanas aeruginosa [40]. Peppermint (Mentha piperita L.) EO, which was mainly characterized by menthol and menthone, showed significant levels of antibacterial activity against Staphylococcus aureus, Micrococcus flavus, Bacillus subtilis, Salmonella enteritidis, and Staphylococcus epidermidis [56]. Furthermore, peppermint EO was active against Escherichia coli [47].




2.2. Antifungal and Antimycotoxigenic Activities of Essential Oils


In addition to increasing fungal infections, mycotoxin contamination has become an important issue in recent years. Both fungal growth and mycotoxin contamination may result in quality and quantity losses as well as health risks. Despite these facts, studies on antifungal and antimycotoxigenic activities of EOs are limited compared to the studies on their antibacterial activities (Table 2 and Table 3).



Our extensive literature search showed that one of the most extensively studied essential oils on antifungal activity was rosemary (Rosmarinus officinalis) EO. In these studies, the antifungal activities of rosemary EO against Fusarium verticillioides [57], Fusarium oxysporum [58,59], and Fusarium proliferatum [58] have been reported. Additionally, antifungal activities against Mucor pusillus and Aspergillus oryzae [59], Botrytis cinerea [60], and Alternaria alternata [61] were also noteworthy. However, their sensitivities to corresponding EOs were at different levels. For example, although Aspergillus niger inhibition was 93% at 20 µg/mL [59], 67% inhibition of Fusarium verticillioides was achieved at a higher concentration (600 µg/mL) [57]. On the other hand, the growth of Botrytis cinerea was completely inhibited by rosemary EO at 25.6 µg/mL [60]. Moreover, rosemary EO was effective against Aspergillus niger [59,62]. In contrast to Aspergillus niger, rosemary EO was not effective for controlling Aspergillus flavus, Penicillium miniolateum, and Penicillium oxalicum [63]. While significant levels of antifungal activity of rosemary EO have been shown by the above-mentioned studies, antimycotoxigenic activity is the other biological activity of rosemary EO that should be considered. The antimycotoxigenic activity of rosemary EO was proved against fumonisin B1, fumonisin B2 [57], and aflatoxin B1 [64,65]. While Aflatoxin B2 production was inhibited by rosemary EO [65], it was ineffective on the degradation of zearalenone (ZEA) toxin [66].



One of the most commonly investigated EOs for its antifungal and antimycotoxigenic activity was obtained from Thymus species. Although different sensitivities against different fungal cultures were exhibited, EOs from different Thymus species have a wide spectrum of antifungal activity (Table 2). Many studies about EOs from Thymus species indicated that these activities were superior to its thymol and carvacrol contents. The corresponding EO pronounced antifungal activity against Aspergillus carbonarius [67], Aspergillus niger [68,69,70], Aspergillus flavus [67,69], and Aspergillus parasiticus [71]. In addition to Aspergillus spp., the other most studied molds were Penicillium spp. [67,72,73]. Lastly, Fusarium solani [68] and Botrytis cinerea [73] have also been subjected to studies on Thymus species. In these studies, differences in the results were observed for the obtained minimum inhibition concentration (MIC) values. These differences in the antifungal and antimycotoxigenic activities of EOs may originate from differences in geographical location, harvesting season, or part of the plant that was used during EO preparation. The composition of the EO is also assumed as a key factor, which can vary even within the same species. Variations in the profile and content of components resulted in an extensive difference in databases. This situation was demonstrated with a study that was carried out by Mohammadi et al. [74], who have reported different antifungal activities of EOs from different species of the same plant. The remarkable finding according to this group was that while thymol was the major component in the EO from Thymus kotschyanus, it was carvacrol in Thymus daenensis EO [74]. Studies on the antimycotoxigenic effects of Thymus EO were generally focused on aflatoxins. The inhibition of aflatoxin B1 [75,76], aflatoxin B2 [76], and aflatoxin G1 [75] by using EOs has been demonstrated in different studies. It is interesting to notice that in the presence of Thymus EO, the production of fumonisin increased, while aflatoxin production decreased by 4% [71].



In a study comparing the thymus (Thymus capitatus L.) EO to eucalyptus (Eucalyptus globulus L.) and pirul (Schinus molle L.) EOs, it was concluded that thymus was the most effective EO against both Aspergillus parasiticus and Fusarium moniliforme [71]. Eucalyptus camaldulensis is one of the most common plant species, and the effectiveness of its EO commonly characterized by its 1,8-cineole content is well established against many molds [120]. EO from species of Eucalyptus possessed antifungal activity against Fusarium spp. [101,102], Botrytis cinerea [101], and Aspergillus flavus [101,103]. The antiaflatoxigenic activity of Eucalyptus globulus was proven by [103]. In a study conducted with thymus, clove, and eucalyptus EOs, all EOs showed antifungal activity, but considering their activity levels, it was suggested to use especially thymus and clove EOs as an alternative to synthetic fungicides [70]. With respect to the studies in the literature, one of the most widely studied essential oils is clove EO, and its antifungal activity has been attributed to its main component eugenol [121]. Although the inhibition of Aspergillus niger was completely achieved at 200 µL/L [70], at 100 µL/L, the conidial germination of Aspergillus flavus was inhibited by 87% [122]. The effectivity of clove EO against Aspergillus oryzae, Aspergillus ochraceus [86], Fusarium oxysporum [100], Penicillium citrinum, and Rhizopus nigricans [117] was also proved. In addition to in vivo applications, in vitro studies also confirmed the antifungal effects of clove EO to prevent gray mold in strawberries [123] and pomegranate fruits [70]. In addition to the antifungal activities of clove EO, its antimycotoxigenic abilities were also investigated by several researchers. The inhibitory effects of clove EO against ochratoxin A [124] and inhibition of fumonisin B1 [36] have been reported. Not only clove EO but also Salvia officinalis, Lavandula dentata, and Laurus nobili EOs were observed to have ochratoxin A (OTA) inhibition ability. Within these EOs, Laurus nobili EO was the most effective to inhibit Aspergillus carbonarius, and it completely inhibited the OTA production [125].



Another EO that has a wide range of antifungal activity was cumin EO. In addition to being one of the most popular spices in the world due to its strong characteristic flavor [126], the EO obtained from cumin has broad use because of its high antimicrobial activity and broad spectrum of antifungal activity. The antifungal activity of cumin EO has been reported against Aspergillus spp. [83,92,93,94,95], Penicillium spp. [94,95], and Botrytis cinerea [96]. In addition to the molds listed above, another mold that was investigated for its sensitivity against Cuminum cyminum EO was Fusarium oxysporum [95,96]. However, it should also be noted that there are variations between different EOs with respect to the EO concentration required for the complete fungal inhibition. On the other hand, different data obtained from the studies carried out using broth microdilution and macrodilution methods could be attributed to the screening method [93]. Additionally, as already well known, chemical compositions of EOs can vary depending on the part of the plant used to obtain the EO [110], which leads to differences in the biological activities of EOs. On the other hand, the origin of the plant used to obtain the EO also makes a difference. For example, cumin seed EO from Iran was observed to contain α-pinene (29.2%), limonene (21.7%), 1,8-cineole (18.1%), and linalool (10.5%) as the most significant components [92]. However, the most abundant components in cumin seed EO from the same variety, Cuminum cyminum L., and extracted with the same hydrodistillation method but obtained from India were cymene (47.08%), gamma-terpinene (19.36%), and cuminaldehyde (14.92%). In addition to the above-mentioned antifungal activities, another important biological activity of cumin EO is the antimycotoxigenic activity (Table 3). In this sense, at a concentration of 0.5 µL/mL Cuminum cyminum (L.) seed EO, aflatoxin B1 was completely inhibited [95]. Similar to cumin EO, aflatoxin B1 was also inhibited by Piper bettle L. EO with a remarkable antifungal activity [127]. On the contrary, the application of EO at low concentration may stimulate mycotoxin production. For instance, OTA and aflatoxin B1 production were stimulated by Salvia officinalis EO [125] and Piper bettle L. EO [127] at low concentrations, respectively.



In addition to the widespread use of oregano for aromatic purposes, the medicinal properties of its EO are also important [138]. The antimicrobial activities of Origanum vulgare were extensively studied and well documented. Compared to the antibacterial activities, data on their antifungal activities are limited. Different types and varieties of oregano have been the subject of scientific studies. For example, Origanum vulgare EO was observed to have an inhibitory effect on Fusarium verticillioides [113]. In addition to the commonly known oregano (Origanum vulgare), Poliomintha longiflora (Mexican oregano) was also reported to be a good antifungal agent, which was attributed to its thymol, carvacrol, and p-cymene contents [114]. Velluti et al. [36] outlined that oregano EO is one of the most effective EO against fumonisin B1. Similarly, the mechanism of antiaflatoxigenic action was also directly correlated with the aflatoxin biosynthesis pathway [30]. Another effective EO against fumonisin B1 and fumonisin B2 was Curcuma longa (turmeric) EO, and that inhibitory effect was correlated with the inhibition of fungal growth [97]. However, there are also studies in which fungal inhibition and toxin production were independent of each other. For instance, there was no correlation between the antiaflatoxigenic and antifungal activity of Rosmarinus officinalis L. EO [65]. Fumonisin B1 inactivation was not achieved at a sufficient level by peppermint EO [131]. However, ZEA reduction by mint EO was reported to be in the range of 19.87% to 30.79% [66]. Unlike the toxin inhibition activity of mint EO at moderate levels, it exhibits a wide spectrum of antifungal activity. The antifungal activity of Mentha piperita L. EO, which was mainly dominated by menthol [109,139], was generally attributed to their major components. However, the contribution of minor components to these biological activities should also be considered. When the susceptibility of Aspergillus species to Mentha piperita EO was compared, the lowest MIC values were observed in Aspergillus fumigatus and Aspergillus clavatus within Aspergillus flavus, Aspergillus fumigatus, Aspergillus oryzae, and Aspergillus clavatus [108]. Different susceptibilities of molds to EOs may be linked to the production of enzymes by the fungus that catalyzes oxidation and thus causes inactivation of the oil [140]. Peppermint (Mentha piperita L.) EO also had significant levels of antifungal activities against A. alternaria and Penicillium spp. with an MIC value of 1.50 μg/mL [56].



In a study investigating and comparing the effectiveness of a group of EOs, including spearmint, peppermint, and cinnamon EOs, the most effective one was found to be cinnamon EO against Penicillium spp. Moreover, tested Penicillium sp. showed considerable antifungal sensitivity to EOs obtained both from the bark and the leaf of cinnamon [85]. Similarly, within several EOs, including Mentha haplocalyx (peppermint) and Cinnamon zeylanicum (cinnamon), the most effective one was indicated to be cinnamon EO with the lowest MIC values against Aspergillus flavus, Aspergillus ochraceus, and Aspergillus niger [86]. The most effective components of cinnamon (Cinnamon zeylanicum) EO due to their biological activities were indicated to be eugenol and cinnamaldehyde [141]. The antifungal activities of cinnamon EO have been determined against several fungi including Aspergillus flavus [89], Aspergillus ochraceus [83,86], Aspergillus niger [86], Aspergillus oryzae [86], A. parasiticus [89], and Fusarium proliferatum [36]. The inhibitory effect of cinnamon EO from Cinnamomum casia (cinnamon, 78% e-cinnamaldehyde) was also proved against Aspergillus carbonarius [88]. In addition to Aspergillus spp., Fusarium verticilloides was also investigated in terms of its sensitivity to cinnamon EOs, including different levels of cinnamaldehyde, the main component of cinnamon EO, as 85% and 99%. It was concluded that higher inhibitory effects were observed when the cinnamaldehyde concentration was higher [84]. In addition to the antifungal activities listed above, the antimycotoxigenic activities of cinnamon EO have also been the subject of many studies. Especially, the inhibition of aflatoxin B1 [133], fumonisin B1 [36,131], ochratoxin A (OTA) [88], ZEA [66,132], and deoxynivalenol (DON) [132] by cinnamon EO were studied.



Similar to cinnamon EO, antimycotoxigenic properties, specifically, the antiaflatoxigenic activities of Carum carvi EO (commercially available as caraway EO) are also at promising levels. Its ability of inhibiting aflatoxin B1 has been reported by Lasram et al. [129] and Razzaghi-Abyaneh et al. [75]. Indeed, Carum carvi EO was also able to inhibit aflatoxin G1, and 94.6% inhibition was achieved at a concentration of 1000 μg/mL [75]. Similarly, in another work, aflatoxin B1 and aflatoxin G1 production were inhibited with the treatment of Carum carvi [89]. Although the most abundant component of Carum carvi L. EO was carvone with the reported percentages of 50–65% [89], 67.6% [142], and 78.85% [129], in certain cases, the relative ratio of limonene (69.93%) was observed to be much higher than that of carvone (14.65%) [143]. On the other hand, in another study, the main components of Carum carvi L. EO were reported as cuminaldehyde (22.08%), γ-terpinene (17.86%), and γ-terpinene-7-al (15.41%) [75]. These obvious differences in the composition of EOs may be due to the type and origin of the plant material [143]. Carum carvi seed EO was also active as an antifungal agent against Penicillium spp. [80,82], Aspergillus spp. [82,83,89], and Fusarium spp. [81]. When compared to other EOs, Carum carvi EO was more effective than Ocimum basilicum L. EO [80] and EOs from Pelargonium roseum L. and Cymbopogon nardus (L.) Rendle [81].



As another EO, the toxin inhibition potential of Ocimum species EO has been reported for aflatoxin B1 [111] and fumonisin [110]. Moreover, promising levels of antifungal activity were reported against Aspergillus flavus, Aspergillus fumigatus, Aspergillus terreus, Alternaria alternata, Penicillium italicum, Fusarium nivale, and Cladosporium spp. [111,112].



A wide range of EOs has been investigated in different studies (Table 2 and Table 3). In this review, we tried to summarize the results of research studies from the last few years; however, it should also be noted that there are many studies related with the activities of different EOs such as Foeniculum vulgare (fennel) [104,105,106], Cymbopogon citratus (lemongrass) [98,99], Brassica nigra (mustard) [78,79], and Melaleuca alternifolia (tea tree) [107,144,145]. Moreover, differences in the fungal cultures, geographical origin, plant parts from which EO was derived, extraction method, and harvesting time results in the formation of a database containing numerous studies.





3. Antioxidant Activities of Essential Oils


Antioxidants are substances that neutralize the adverse effects of oxidative stress [146], and they may be either natural or synthetic. Natural antioxidants are generally preferred by consumers by virtue of the potential health risks of synthetic antioxidant consumption [147]. Plants and different plant parts such as flowers, stems, and roots may be the source of natural antioxidants, including polyphenols, carotenoids, and vitamins. The EOs of these plants exhibit antioxidant activity apart from several biological activities such as antimicrobial, anticancer, anti-inflammatory, and anti-aging [148,149].



Recently, many research studies have been carried out about the antioxidant activity of different EOs. The total phenol (TPC), total flavonoid (TFC), total flavonol, phenolic acid, catechin, lignan, and tannin contents of EOs have been the main parameters measured while evaluating the antioxidant properties. There are several methods used to evaluate the antioxidant activity of EOs obtained from different plants; however, differences in these methods may lead to different results that make comparisons difficult, and thus, investigations on the modification and improvement of these methods still continue to provide the most reliable technique [150]. Moreover, as mentioned in the previous sections of this review, there are several parameters affecting EO composition that may also result in different antioxidant activity values.



In a study by Kulisic et al. [151], the antioxidant properties of the oregano EO were determined by using the β-carotene bleaching (BCB), 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging and thiobarbituric acid reactive species (TBARS) assays. The tested oregano EO exhibited a different antioxidant power. While oregano EO showed low radical scavenging activity by DPPH assay, in another study conducted by Asensio et al. [152], the antioxidant capacities of EOs of four different oregano species from different regions of Argentina (Origanum x majoricum, Origanum vulgare subsp. Vulgare, and Origanum vulgare subsp. hirtum clones) were investigated by using 2,2-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), ferric reducing antioxidant power (FRAP), β-carotene bleaching, and oxygen radical absorbance capacity (ORAC) assays, and it was concluded that the geographical difference is a significant factor on the antioxidant activity of studied species. This phenomenon was also reported by several other researchers [153,154,155]. In addition to the geographical origin of the plant, harvesting time is another factor that may affect the antioxidant activity [156]. From this point of view, Ozkan et al. [157] revealed the free radical scavenging activities (IC50 = 116.74–132.93 µg/mL) and reducing antioxidant capacities (23.54–31.02 mg ascorbic acid equivalent (AAE)/g EO) of EOs from Turkish oregano (Origanum onites L.) seeds differed based on the harvesting time. In the same study, some selected Turkish oregano samples were also found to be rich in potential natural antioxidant components such as rosmarinic acid. Moreover, carvacrol and thymol have also been reported as the main components that are correlated with the antioxidant activity of origanum EO [156,158]. These components are the dominant phenolic compounds present not only in origanum EO but also in EO from Thymus species. Several Thymus species were found rich in both carvacrol and thymol and observed to have a high antioxidant activity including Thymus vulgaris L. [33,52,159], Thymus capitatus L. [53], and Thymus daenensis [52,160]. On the other hand, although Ali et al. [16] and Zouari et al. [68] reported that these components were either absent or at a low amount in the composition of Thymus algeriensis L. Boiss. et Reut, its EO was indicated as an alternative source of natural antioxidants. The part of the plant where EOs are obtained is another important factor determining their chemical composition and antioxidant activity. For example, different parts of cinnamon such as the bark, leaf, flower, and root may be used in order to obtain its EO, which may result with different concentrations of bioactive components and thus antioxidant activities [161]. It should also be considered that there could be different methods applied while obtaining EOs from their sources. Deng et al. [162] worked on the impact of the molecular distillation method on the antioxidant characteristics of cold-pressed Citrus paradisi Macf. (grapefruit) EO as measured by DPPH (IC50 = 22.06 mg/mL) and ABTS (IC50 = 15.72 mg/mL) methods. The results indicated that this technology could be a good alternative to obtain EOs, depending on the usage area, with proper compositions and without an adverse effect on the antioxidant activity.



The antioxidant activities of Cinnamomum zeylanicum Blume (cinnamon) EO [45] and Eugenia caryophyllus (clove) EO [45,163] were reported to be related with the composition of EOs. Kallel et al. [164] showed that Cinnamomum zeylanicum Blume (cinnamon) EO was composed of different monoterpenes (such as α-pinene) and sesquiterpenes, which were responsible for the remarkable antioxidative activity of cinnamon as also observed in the study of Tepe and Ozaslan [165]. In this study, it was shown that the antioxidant activity is the result of not only major components but also of the minors.



The antioxidant activity of oregano EO was correlated with its composition as reported by Kulisic et al. [151]. This correlation was detected not only for oregano EO but also for several other EOs. In a study conducted with the extracts and EOs of costmary (Tanacetum balsamita L.) and tansy (Tanacetum vulgare L.), it was shown that the antioxidant potentials were associated with the content of phenolic acids such as caffeic, rosmarinic, and ferulic acids [166]. In another study, the antioxidant activities of Eucalyptus globulus and Eucalyptus radiata EOs were referred to their major components, namely 1,8-cineole and limonene, respectively [167]. Even though the antioxidant activity is generally correlated with the phenolic compounds of the EOs, recent research studies indicated that the relevant antioxidant activity may also be related with the non-phenolic compounds. It has been proven for limonene, linalool, and citral by Baschieri et al. [168], and these non-phenolic compounds have been found significant in terms of their contribution to antioxidant activity.



There are also several studies in which different EOs have been investigated and compared for their antioxidant activity (Table 4). In Figure 1, the chemical structures of some of the main constituents of EOs mentioned in Table 4 are shown. In the study of Purkait et al. [169], the antioxidant activities of EOs from Piper nigrum (black pepper), Cinnamomum zeylanicum (cinnamon), and Syzygium aromaticum (clove) were compared, which also show high antimicrobial activity. DPPH, β-carotene-linoleic acid bleaching, and Fe2+ ion chelating methods were carried out to evaluate their antioxidant activities, and the highest activity was observed in Syzgium aromaticum EO. Moreover, eugenol (72.46%), cinnamaldehyde (63.82%), and β-caryophyllene (43.47%), which are the main constituents with remarkable amounts in clove, cinnamon, and black pepper EO, respectively were associated with their antioxidant activities. Teixeira et al. [170] examined the antioxidant activity of seventeen different EOs by DPPH and FRAP methods. According to the results of DPPH analysis, only seven of them (Apium graveolens (celery seed), Cymbopogon nardus (citronella), Eugenia spp. (clove), Thymus capitatus (origanum), Petroselinum sativum (parsley), Petroselinum sativum (tarragon), and Thymus vulgaris (thyme) EOs) showed observable activity in the range of EC50 = 0.04–10.04 mg/mL. Among these, Eugenia spp. (clove) and Thymus capitatus (origanum) EOs showed 50% inhibition at a lower concentration, which indicated their high antioxidant effect. On the other hand, Stanojevic et al. [171] reported the antioxidant activity of Aetheroleum basilici (basil) to be higher than Aetheroleum menthae piperitae (peppermint) according to the DPPH assay. In another study, Mentha viridis EO was subjected to DPPH, ABTS, and FRAP assays in order to evaluate its antioxidant activity, and the researchers demonstrated the significant biological activities of Mentha viridis EO, including antioxidant activity [172].



According to Singh et al. [188], the two major constituents of Nigella sativa L. (black cumin) are thmoquinone (37.6%) and p-cymene (31.4%). There are studies performed in the past, up until recent years, investigating the antioxidant characteristics of Nigella sativa L. (black cumin) [181,188,189,190,191], and in all these reports, the antioxidant activity of Nigella sativa L. (black cumin) EO has been mentioned. Ocimum basilicum L. (basil) is another plant EO that has been used in recent antioxidant studies [182,192,193]. Ahmed et al. [182] observed that although the EOs of Ocimum basilicum L. (basil) collected from several regions have the same three major components—linalool, estragole, and methyl cinnamate—the difference in their percentages were interpreted as a reason for the significant differences in their antioxidant activities.



Citrus is one of the most consumed and harvested fruits all over the World [194,195], and its genus is composed of several types of fruits such as sweet orange, mandarin, grapefruit, lime, and lemon [196]. The antioxidant activity of citrus EOs containing many bioactive compounds is one of the commonly known biological activities [162,197]. Guo et al. [177] examined the antioxidant activities of several citrus EOs and compared their activities based on the results of DPPH and ABTS methods. Citrus maxima (honey pomelo) showed the lowest antioxidant activity according to both methods. On the other hand, while Citrus medica var. sarcodactylis Swing (bergamot) was the EO showing strong antioxidant activity by DPPH assay, Citrus aurantium L. (lime) had the highest antioxidant activity results based on the ABTS method. As also mentioned above, it is clear that the antioxidant activity may also vary among EOs depending on the performed analysis method.



Additionally, it has been reported that the combination of EOs showed a synergistic effect on the antioxidant activities of EOs [34,198]. Misharina and Samusenko [199] determined the antioxidant properties of several EOs either as single or in combination (Citrus limon L. (lemon), Citrus paradisi L. (pink grapefruit), Coriandrum sativum L. (coriander), and Caryophyllus aromaticus L. (clove buds)). In this study, it has been reported that Caryophyllus aromaticus L. (clove buds) had the highest antioxidant activity within the single EOs, and indeed, combinations of EOs generally showed synergistic effects. Different antioxidant activity values of different EO combinations may be correlated with the various major and minor components present in these EOs. There are also several studies in which an isobologram analysis based on the median effect principle (IC50) has been used to evaluate the synergistic antioxidant effect of the EOs including the mixture of Coriandrum sativum (coriander) and Cuminum cyminum (cumin) seed EOs [200] and a combination of Cinnamomum zeylancium (cinnamon) and Syzygium aromaticum (clove) [34]. In both studies, a synergistic effect on antioxidant activity was observed, and the results were associated with the constituents of EOs.



In addition to the above-mentioned EOs in this review, there are many recent studies performed on the antioxidant activities of different EOs, including Curcuma longa L. [97], Mentha pulegium L. [180], Echinophora platyloba DC. [178], Artemisia dracunculus (tarragon) [174], Pistacia vera L. [184], Lavandula angustifolia Mill. (lavender) and Lavandula x intermedia Emeric (lavandin) cultivars [201], Eucalyptus globulus and Eucalyptus radiata [167], Tanacetum vulgare L. [187], Pelargonium asperum and Ormenis mixta [183], Agastache foeniculum [173], Catha edulis Forsk cultivars (khat) [176], Artemisia herba-alba [175], Litsea cubeba [202], Prangos gaubae [185], Psidium cattleianum Sabine [186], Pimpinella saxifrage [11], Rumex hastatus D. Don [203], Laurus nobilis (laurel), Zingiber officinale (ginger) and Anethum graveolens (dill) [148], and Melaleuca alternifolia [179].




4. Recent Trends in Essential Oils


Nowadays, the food industry presents a demand for EOs due to their notable applications as food preservatives [204]. However, their applications in foods are limited because of some distinctive properties such as strong smell, high unpredictability, poor water dissolvability, and instability [19]. Furthermore, while EOs are unstable in the presence of light, heat, oxygen, and humidity, their volatile nature and hydrophobicity restrict their direct use in foods [205,206]. These problems could be solved by enhancing the water solubility and bioavailability, protecting bioactive compounds from extrinsic and intrinsic factors, and removing unpleasant odor and taste in order to use EOs in the food system [207]. For this purpose, novel techniques can be utilized such as encapsulation, edible coating, and active packaging [19]. Encapsulation is a technique that first entraps one component (active agent) into another substance (wall material) and then produces particles in the nanometer (nanoencapsulation) or micrometer (microencapsulation) scale by different techniques [208]. A wide range of strategies could be carried out for the formulation such as polymeric particles, liposomes, solid lipid nanoparticles, liquid crystalline systems, and nanostructured lipid carriers [204,207]. Additionally, nanoemulsion, micro emulsion, nanogel, solid-nano nanoparticles, and liposome methods have been currently used to encapsulate plant bioactive compounds for food preservatives [207]. Different physical, physicochemical, and mechanical methods have been used to encapsulate bioactive compounds. Among them, spray drying, coacervation, emulsification, and ionic gelation are the most commonly used techniques to encapsulate EOs [209]. In line with this, in the last few years, EOs have been incorporated with polymeric matrices to enhance their antifungal activities such as Eucalyptus staigeriana [210], Ocimum sanctum [211], Origanum vulgare [212], cinnamon and lemon grass [213], Mentha piperita and Melaleuca alternifolia [214].



Nanoscale materials for drug preservation and controlled release such as nanogels have gained attention. Nanogels are preferred because of the features including the effectiveness of bioactive substances at lower concentrations and stability from environmental factors such as ionic strength, pH, light, and temperature [215]. Beyki et al. [18] encapsulated the Mentha piperita EO with an encapsulating agent of chitosan and cinnamic acid by nanogel methods. The encapsulated oil showed better antifungal activity under sealed condition, while the free oils were ineffective to completely inhibit Aspergillus flavus. Similar to this study, encapsulated Thymus vulgaris EO with nanogels consisting of chitosan and benzoic acid was found to be more effective against Aspergillus flavus. Based on the volatility and non-stability characteristics of EOs, encapsulation technology was found to be appropriate for increasing the shelf life and improving the antifungal properties according to the study [216].



Chitosan biopolymer is generally recognized as safe due to its non-toxicity, biocompatibility, and biodegradability. It has gained a great deal of attention in last few years as an encapsulation wall material because of some of its properties such as being insecticidal, antimicrobial, antioxidant, and having film-forming properties [217,218,219,220]. Therefore, chitosan has been used to encapsulate EOs such as clove [221], Cuminum cyminum [215], Bunium persicum [222], and Foeniculum vulgare [217]. Singh et al. [211] found that while chitosan-encapsulated Ocimum sanctum EO inhibited the growth of Aspergillus flavus and aflatoxin B1 secretion at 60 and 20 μL/L, respectively, unencapsulated EO had the similar activity at 300 and 200 μL/L. The encapsulated Ocimum sanctum EO had two times higher radical scavenging activity than unencapsulated EO. In addition to its antioxidant activity, the phenolic content increased with encapsulation, and the increase in phenolic content resulted in the prolonged shelf life of stored herbal raw material. Moreover, the nanoencapsulation of EOs such as Thymus zygis [223] and Thymus vulgaris [216] enhanced the antifungal activity against Alternaria alternata and Aspergillus flavus, respectively, when compared with free EOs. The activity of nanoencapsulation has been studied not only under in vitro conditions but also under in vivo conditions such as on food products. Gonçalves et al. [224] studied the encapsulated Thymus vulgaris EO as a natural preservative in food products and showed that encapsulated thyme EO increased the induction time of oxidation, the cake shelf life up to 30 days, as well as the antimicrobial activity. Zein-encapsulated Thymus vulgaris and Origanum vulgare EOs showed higher antimicrobial and antioxidant activities. Moreover, tested EOs protected from thermal degradation at baking processes [12].



In addition to nanoencapsulation, there are also several microencapsulation studies of EOs [225,226]. For instance, the morphological and sensorial properties of Jujube (Ziziphus jujuba Mill) fruit with microencapsulated Zingiber officinale (ginger) EO in chitosan and sodium carboxymethyl cellulose were enhanced while maintaining the nutritional value [227]. On the surface of untreated jujube fruits, severe blackspots were observed after 7 days of storage; however, no rotten jujube fruits were observed in samples with microencapsulated EOs. Red and decay index were measured for the evaluation of freshness and the sensory properties of jujube fruits. An increment of red index, which is the degree of maturity, was restricted with EO microencapsulation. Sensory evaluations of EO microencapsulated fruit samples were carried out by 10 panelists. For appearance, crunchiness, firmness, and juiciness, they reported that EO microencapsulated fruits had better sensory quality characteristics [227]. In another study, ripening in Syringe EO microencapsulated (SEOM) Prunus persia fruit has been delayed. Additionally, ethylene production was lower than the control during the storage period. SEOM application resulted in an increase in the peach-like aroma and decrease in the grass-like aroma, mainly in the last period of storage, protecting the peach aroma during cold storage [228]. The use of cyclodextrin as an encapsulating agent in microencapsulation is also recommended due to its unique advantages including heat and oxidative stability [226]. Generally, during storage the color of vegetables may change. With EO microencapsulation, there was no significant difference in the color of lettuce compared to the untreated sample during the entire storage period. However, L* and (-a*/b*) scores of samples treated with free EO were observed to decrease compared to the untreated sample during storage. It was also found that microencapsulated beta cyclodextrin complexes with thyme EO showed higher antimicrobial activity and protected the EO from degradation. Additionally, antimicrobial activity of this complex was observed during the storage of pork meat system [229].



Currently, the reasons such as increasing interest in the quality of food products by consumers and preferring those that are packed with environmentally friendly material have increased the interest in new packaging materials. As a result, new types of edible films produced by using food-grade compounds can be used as primary packaging material, which is developed to extend the shelf life of food products [230,231,232]. However, these days, the commercial use of edible films is significantly restricted because of cost disadvantages. In addition to the cost problems, difficulty in the production process and the strictness of the regulation both restrict the use of edible films and coatings [232]. Edible films that are generally made from single or combinations of polysaccharides, lipids, and proteins obtain advantages such as water, oxygen, and aroma barrier properties with improving the food appearance and quality at all stages of the food processing [1,230]. The features of the film are actually directly related to the edible compound. In this manner, compared to protein films, while chitosan films showed better oil barrier properties, their water vapor properties were lower [231]. As is commonly known, EOs could be used as natural antioxidant and antimicrobial agents instead of synthetic ones in food products. However, their dominant flavor causes limitations on their use. In respect to this, the addition of EOs to edible coating on food packages provides several advantages such as increasing the film performance by eliminating some limitations [10,231]. From the antimicrobial perspective, the incorporation of EOs as antimicrobial agents directly into food packaging systems is a form of active packaging [233].



Cheese samples were coated with sodium alginate solutions containing 1%, 2%, and 3% Pimpinella saxifraga EO by dipping into sodium alginate and EO solutions for 2 min at room temperature. In the study, an acute toxicity test was conducted to evalute the use of EOs for food safety purposes with a mice model. According to the results, there was no harmful effect at 250 and 500 mg/kg; however, 750 and 1000 mg/kg concentrations resulted in some abnormal behaviour. On the other hand, the consumer acceptance of this new active edible coating was evaluated by 21 panelists using a five-point hedonic scale. The coated samples were more appreciated in terms of odor, flavor, and color without any change in the texture of the product [11]. In another study, beef samples were coated by immersing to the cinnamon EO-loaded Shahri Balangu seed mucilage (SBM) solution for 1 min. Coated beef possessed several benefits in terms of better texture, reduced lipid oxidation, and total viable count. Moreover, the sensory evaluation of beef samples was also conducted with well-trained panelists by using a nine-point hedonic scale. The colors of uncoated and SBM-coated beef samples were unacceptable at the end of 9 days of storage; however, beef coated with EO-loaded SBM was found to be acceptable. In addition, while the shelf-lives of uncoated and SBM coated beef were 6 days, EO-loaded SBM coated beef had a shelf-life of 9 days [10].



Mahcene et al. [234] evaluated the incorporation of EOs in sodium alginate-based edible film on an active food packaging system. Edible films were prepared by the blending of 2.5% sodium alginate film-forming solution and dispersing the EOs in the presence of Tween 80. While Artemisia herba alba EO incorporation improved the thermal properties, it showed the lowest peroxide value (2.58 meq O2/kg) on the packaged sunflower oil in contrast to normal packaged sunflower oil (4.719 meq O2/kg). Furthermore, while EO-incorporated film had antimicrobial activity against both Gram-positive and Gram-negative bacteria, the highest antioxidant capacity was observed for Ocimum basilicum EO film with 23% in comparison with Mentha pulegium EO film’s 4%. It can be understood from that study that sodium alginate edible film incorporated with EOs is an alternative for protecting food quality with increasing shelf life. In another study carried out with carbohydrate-based films, enriched EOs revealed that films with cinnamon EO had lower antioxidant activity than pure cinnamon EO due to the loss of cinnamon EO during film preparation, drying, and storage [235].



Acosta et al. [236] studied the antifungal activity and film properties of cinnamon bark, clove, and oregano EO incorporated on starch gelatin films. EOs had no significant impact on water vapor and oxygen permeability; however, they increased the transparency of the films. The three films containing EO inhibited the growth of Fusarium oxysporum and Colletotrichum gloeosporioides due to their phenolic compounds: eugenol, carvacrol, and thymol. However, cinnamon bark EO films were recommended to protect the spoilage from Fusarium oxysporum.



Chitosan is widely used as a coating agent on edible films. It has remarkable antimicrobial activity against a variety of fungi, Gram-positive, and Gram-negative bacteria [237]. Polyvinyl alcohol/gum arabic/chitosan (PVA/GA/CS) composite films due to their hydrophilic nature showed high degree of swelling. This can be overcome by the incorporation with EOs such as ginger and black pepper oil; with this application, swelling properties can decrease because of their high hydrophobic nature [238]. Similarly, chitosan films incorporated with turmeric EO also reduced film solubility and swelling. In addition to these advantages, it also showed antiaflatoxigenic activity [237].



Composite films containing ginger and black pepper EOs decreased the water solubility and were more resistant to breakage with improved heat stability than PVA/GA/CS composite films [238]. Moreover, carboxymethyl cellulose–polyvinyl alcohol films enriched with cinnamon EO showed a lower transmittance value than pure films. This was a significant property because high UV absorbance on food packaging restricts the lipid oxidation on food [235]. Moreover, chitosan coating with nanoencapsulated Satureja khuzestanica EO retarded the microbial growth and chemical spoilage during the meat product storage period [239]. Alginate-based edible coating enriched with EO constituents (eugenol and cinnamaldehyde) also retarded microbial spoilage by preserving the nutritional and sensory attributes of Arbutus unedo L. fresh fruit during storage [240].



To summarize, EOs could be directly used in food products with some novel applications such as encapsulation, edible films, and edible coatings. Encapsulation technology provides improvements on oxidation stability, heat stability, and the antimicrobial and antioxidant activity of EOs. Moreover, the addition of EOs to edible films and coatings can increase heat stability and resistance to breakage, reduce swelling and solubility, and also add to and/or improve the antimicrobial and antioxidant activities of the products.




5. Conclusions and Future Aspects


Essential oils and their components are important because of their low cost, availability, and wide range of biological activities. Another advantage is that when they are used in appropriate proportions, they do not disturb the taste and aroma and thus improve the shelf-life of the food material. While antibacterial and antioxidant abilities of EOs are well documented, studies on antifungal and antimycotoxigenic activities are still limited. From the health and economical aspects, it is essential to find effective, safe, and economical antifungal agents to control both the growth and mycotoxin production of fungi. However, different results have been observed in different studies as a result of the differences in fungal cultures used during the analysis of antimicrobiological activity, geographical origin, harvesting time, part of the plant from which EO was derived, and extraction and analysis methods, and it is of critical importance to consider these parameters while working with EOs, since they affect their composition, profile, and biological activities.



The use of essential oil mixtures that are designed in accordance with the characteristics of the food can be considered as a new perspective in terms of the organoleptic properties of the food. Due to the instability of EOs under environmental stresses such as temperature and light, novel technologies might be helpful to protect and improve their characteristics and biological activities. On the other hand, further studies should focus on the synergistic effects between different essential oils and/or different components, along with their action of mechanisms. Another recommendation is that besides these investigations against monocultures, it is also necessary to investigate the antifungal actions against polycultures. Lastly, new strategies for improving the stability of essential oils and decreasing the required concentration for ensuring food safety with minimal sensorial changes can be an interesting research area for researchers.







Author Contributions


Conceptualization: all authors; literature review and writing—original draft preparation: A.M.-I., D.D. and D.N.D.; writing—review and editing, supervision, F.K.-G. and E.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Da Cruz Cabral, L.; Pinto, V.F.; Patriarca, A. Application of plant derived compounds to control fungal spoilage and mycotoxin production in foods. Int. J. Food Microbiol. 2013, 166, 1–14. [Google Scholar] [CrossRef] [PubMed]

	



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 alternata. J. Plant Biochem. Biotechnol. 2012, 21, 44–50. [Google Scholar] [CrossRef]

	



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]

	



Pandey, A.K.; Kumar, P.; Singh, P.; Tripathi, N.N.; Bajpai, V.K. Essential oils: Sources of antimicrobials and food preservatives. Front. Microbiol. 2017, 7, 2161. [Google Scholar] [CrossRef] [PubMed]

	



Mutlu-Ingok, A.; Tasir, S.; Seven, A.; Akgun, N.; Karbancioglu-Guler, F. Evaluation of the single and combined antibacterial efficiency of essential oils for controlling Campylobacter coli, Campylobacter jejuni, Escherichia coli, Staphylococcus aureus, and mixed cultures. Flavour Fragr. J. 2019, 34, 280–287. [Google Scholar] [CrossRef]

	



Leyva Salas, M.; Mounier, J.; Valence, F.; Coton, M.; Thierry, A.; Coton, E. Antifungal microbial agents for food biopreservation—A review. Microorganisms 2017, 5, 37. [Google Scholar] [CrossRef]

	



Bhunia, A.K. Molds and mycotoxins. In Foodborne Microbial Pathogens: Mechanisms and Pathogenesis, 2nd ed.; Springer: New York, NY, USA, 2018; pp. 167–174. [Google Scholar]

	



Krisch, J.; Tserennadmid, R.; Vágvölgyi, C. Essential oils against yeasts and moulds causing food spoilage. In Science against Microbial Pathogens: Communicating Current Research and Technological Advances; Méndez-Vilas, A., Ed.; Formatex Research Center: Badajoz, Spain, 2011; pp. 1135–1142. [Google Scholar]

	



Schuenzel, K.M.; Harrison, M.A. Microbial antagonists of foodborne pathogens on fresh, minimally processed vegetables. J. Food Prot. 2002, 65, 1909–1915. [Google Scholar] [CrossRef]

	



Behbahani, B.A.; Noshad, M.; Jooyandeh, H. Improving oxidative and microbial stability of beef using Shahri Balangu seed mucilage loaded with Cumin essential oil as a bioactive edible coating. Biocatal. Agric. Biotechnol. 2020, 24, 101563. [Google Scholar] [CrossRef]

	



Ksouda, G.; Sellimi, S.; Merlier, F.; Falcimaigne-Cordin, A.; Thomasset, B.; Nasri, M.; Hajji, M. Composition, antibacterial and antioxidant activities of Pimpinella saxifraga essential oil and application to cheese preservation as coating additive. Food Chem. 2019, 288, 47–56. [Google Scholar] [CrossRef]

	



da Rosa, C.G.; de Melo, A.P.Z.; Sganzerla, W.G.; Machado, M.H.; Nunes, M.R.; Maciel, M.V.D.O.B.; Bertoldi, F.C.; Barreto, P.L.M. Application in situ of zein nanocapsules loaded with Origanum vulgare Linneus and Thymus vulgaris as a preservative in bread. Food Hydrocoll. 2020, 99, 105339. [Google Scholar] [CrossRef]

	



Mimica-Dukić, N.; Orčić, D.; Lesjak, M.; Šibul, F. Essential oils as powerful antioxidants: Misconception or scientific fact. In Medicinal and Aromatic Crops: Production, Phytochemistry, and Utilization; Jeliazkov, V.D., Cantrell, C.L., Eds.; American Chemical Society: Washington, DC, USA, 2016; pp. 187–208. ISBN 978-0841231276. [Google Scholar]

	



Calo, J.R.; Crandall, P.G.; O’Bryan, C.A.; Ricke, S.C. Essential oils as antimicrobials in food systems–A review. Food Control 2015, 54, 111–119. [Google Scholar] [CrossRef]

	



Nazzaro, F.; Fratianni, F.; Coppola, R.; Feo, V.D. Essential oils and antifungal activity. Pharmaceuticals 2017, 10, 86. [Google Scholar] [CrossRef] [PubMed]

	



Ali, I.B.E.H.; Chaouachi, M.; Bahri, R.; Chaieb, I.; Boussaïd, M.; Harzallah-Skhiri, F. Chemical composition and antioxidant, antibacterial, allelopathic and insecticidal activities of essential oil of Thymus algeriensis Boiss. et Reut. Ind. Crops Prod. 2015, 77, 631–639. [Google Scholar]

	



Sebeşan, M.; Cărăban, A. Analysis of the Essential Oils from Thyme (Thymus vulgaris L) and from Peppermint (Mentha piperita L). Chem. Bull. Politeh. Univ. Timis. 2008, 53, 1–2. [Google Scholar]

	



Beyki, M.; Zhaveh, S.; Khalili, S.T.; Rahmani-Cherati, T.; Abollahi, A.; Bayat, M.; Tabatabaei, 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]

	



Prakash, B.; Kiran, S. Essential oils: A traditionally realized natural resource for food preservation. Curr. Sci. 2016, 110, 1890–1892. [Google Scholar]

	



Khorshidian, N.; Yousefi, M.; Khanniri, E.; Mortazavian, A.M. Potential application of essential oils as antimicrobial preservatives in cheese. Innov. Food Sci. Emerg. Technol. 2018, 45, 62–72. [Google Scholar] [CrossRef]

	



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

	



Bajpai, V.K.; Baek, K.-H.; Kang, S.C. Control of Salmonella in foods by using essential oils: A review. Food Res. Int. 2012, 45, 722–734. [Google Scholar] [CrossRef]

	



Fisher, K.; Phillips, C. The mechanism of action of a citrus oil blend against Enterococcus faecium and Enterococcus faecalis. J. Appl. Microbiol. 2009, 106, 1343–1349. [Google Scholar] [CrossRef]

	



Guinoiseau, E.; Luciani, A.; Rossi, P.G.; Quilichini, Y.; Ternengo, S.; Bradesi, P.; Berti, L. Cellular effects induced by Inula graveolens and Santolina corsica essential oils on Staphylococcus aureus. Eur. J. Clin. Microbiol. Infect. Dis. 2010, 29, 873–879. [Google Scholar] [CrossRef] [PubMed]

	



Chang, S.T.; Chen, P.F.; Chang, S.C. Antibacterial activity of leaf essential oils and their constituents from Cinnamomum osmophloeum. J. Ethnopharmacol. 2001, 77, 123–127. [Google Scholar] [CrossRef]

	



Kedia, A.; Prakash, B.; Mishra, P.K.; Dwivedy, A.K.; Dubey, N.K. Trachyspermum ammi L. essential oil as plant based preservative in food system. Ind. Crops Prod. 2015, 69, 104–109. [Google Scholar] [CrossRef]

	



Hu, 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]

	



Gill, A.O.; Holley, R.A. Mechanisms of bactericidal action of cinnamaldehyde against Listeria monocytogenes and of eugenol against L. monocytogenes and Lactobacillus sakei. Appl. Environ. Microbiol. 2004, 70, 5750–5755. [Google Scholar] [CrossRef]

	



Mutlu-Ingok, A.; Firtin, B.; Karbancioglu-Guler, F.; Altay, F. A study on correlations between antimicrobial effects and diffusion coefficient, zeta potential and droplet size of essential oils. Int. J. Food Eng. 2020. [Google Scholar] [CrossRef]

	



Bluma, R.; Amaiden, M.R.; Daghero, J.; Etcheverry, M. Control of Aspergillus section Flavi growth and aflatoxin accumulation by plant essential oils. J. Appl. Microbiol. 2008, 105, 203–214. [Google Scholar] [CrossRef]

	



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]

	



Van Vuuren, S.; Viljoen, A. Plant-based antimicrobial studies–methods and approaches to study the interaction between natural products. Planta Medica 2011, 77, 1168–1182. [Google Scholar] [CrossRef]

	



Gavaric, N.; Mozina, S.S.; Kladar, N.; Bozin, B. Chemical profile, antioxidant and antibacterial activity of thyme and oregano essential oils, thymol and carvacrol and their possible synergism. J. Essent. Oil-Bear. Plants 2015, 18, 1013–1021. [Google Scholar] [CrossRef]

	



Purkait, S.; Bhattacharya, A.; Bag, A.; Chattopadhyay, R.R. Synergistic antibacterial, antifungal and antioxidant efficacy of cinnamon and clove essential oils in combination. Arch. Microbiol. 2020, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Pina-Vaz, C.; Gonçalves Rodrigues, A.; Pinto, E.; Costa-de-Oliveira, S.; Tavares, C.; Salgueiro, L.; Cavaleiro, C.; Martinez-de-Oliveira, J. Antifungal activity of Thymus oils and their major compounds. J. Eur. Acad. Dermatol. Venereol. 2004, 18, 73–78. [Google Scholar] [CrossRef] [PubMed]

	



Velluti, A.; Sanchis, V.; Ramos, A.J.; Egido, J.; Marın, S. Inhibitory effect of cinnamon, clove, lemongrass, oregano and palmarose essential oils on growth and fumonisin B1 production by Fusarium proliferatum in maize grain. Int. J. Food Microbiol. 2003, 89, 145–154. [Google Scholar] [CrossRef]

	



Tariq, S.; Wani, S.; Rasool, W.; Shafi, K.; Bhat, M.A.; Prabhakar, A.; Shalla, A.H.; Rather, M.A. A comprehensive review of the antibacterial, antifungal and antiviral potential of essential oils and their chemical constituents against drug-resistant microbial pathogens. Microb. Pathog. 2019, 134, 103580. [Google Scholar] [CrossRef] [PubMed]

	



Tu, X.F.; Hu, F.; Thakur, K.; Li, X.L.; Zhang, Y.S.; Wei, Z.J. Comparison of antibacterial effects and fumigant toxicity of essential oils extracted from different plants. Ind. Crops Prod. 2018, 124, 192–200. [Google Scholar] [CrossRef]

	



Abou Baker, D.H.; Al-Moghazy, M.; ElSayed, A.A.A. The in vitro cytotoxicity, antioxidant and antibacterial potential of Satureja hortensis L. essential oil cultivated in Egypt. Bioorg. Chem. Appl. 2020, 95, 103559. [Google Scholar] [CrossRef]

	



El Hamdaoui, A.; Msanda, F.; Boubaker, H.; Leach, D.; Bombarda, I.; Vanloot, P.; El Aouad, N.; Abbad, A.; Boudyach, E.H.; Achemchem, F.; et al. Essential oil composition, antioxidant and antibacterial activities of wild and cultivated Lavandula mairei Humbert. Biochem. Syst. Ecol. 2018, 76, 1–7. [Google Scholar] [CrossRef]

	



Nirmal, N.P.; Mereddy, R.; Li, L.; Sultanbawa, Y. Formulation, characterisation and antibacterial activity of lemon myrtle and anise myrtle essential oil in water nanoemulsion. Food Chem. 2018, 254, 1–7. [Google Scholar] [CrossRef]

	



Mutlu-Ingok, A.; Firtin, B.; Karbancioglu-Guler, F. Chemical Composition and Comparative Antibacterial Properties of Basil Essential Oil against Clinical and Standard Strains of Campylobacter spp. Acta Pharm. Sci. 2019, 57, 183. [Google Scholar] [CrossRef]

	



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

	



Mutlu-Ingok, A.; Karbancioglu-Guler, F. Cardamom, Cumin, and Dill Weed Essential Oils: Chemical Compositions, Antimicrobial Activities, and Mechanisms of Action against Campylobacter spp. Molecules 2017, 22, 1191. [Google Scholar] [CrossRef]

	



Lalami, A.E.O.; Moukhafi, K.; Bouslamti, R.; Lairini, S. Evaluation of antibacterial and antioxidant effects of cinnamon and clove essential oils from Madagascar. Mater. Today Proc. 2019, 13, 762–770. [Google Scholar]

	



Pesavento, G.; Calonico, C.; Bilia, A.R.; Barnabei, M.; Calesini, F.; Addona, R.; Mencarelli, L.; Carmagnini, L.; Di Martino, M.C.; Nostro, A.L. Antibacterial activity of Oregano, Rosmarinus and Thymus essential oils against Staphylococcus aureus and Listeria monocytogenes in beef meatballs. Food Control 2015, 54, 188–199. [Google Scholar] [CrossRef]

	



Gishen, N.Z.; Taddese, S.; Zenebe, T.; Dires, K.; Mengiste, B.; Shenkute, D.; Tesema, A.; Shiferaw, Y.; Luelekal, E. In vitro antimicrobial activity of six Ethiopian medicinal plants against Staphylococcus aureus, Escherichia coli and Candida albicans. Eur. J. Integr. Med. 2020, 36, 101121. [Google Scholar] [CrossRef]

	



Imane, N.I.; Fouzia, H.; Ahmed, E.; Ismail, G.; Idrissa, D.; Mohamed, K.H.; Sirine, F.; L’Houcine, O.; Noureddine, B. Chemical composition, antibacterial and antioxidant activities of some essential oils against multidrug resistant bacteria. Eur. J. Integr. Med. 2020, 35, 101074. [Google Scholar] [CrossRef]

	



Bouyahya, A.; Et-Touys, A.; Bakri, Y.; Talbaui, A.; Fellah, H.; Abrini, J.; Dakka, N. Chemical composition of Mentha pulegium and Rosmarinus officinalis essential oils and their antileishmanial, antibacterial and antioxidant activities. Microb. Pathog. 2017, 111, 41–49. [Google Scholar] [CrossRef] [PubMed]

	



Boskovic, M.; Zdravkovic, N.; Ivanovic, J.; Janjic, J.; Djordjevic, J.; Starcevic, M.; Baltic, M.Z. Antimicrobial activity of thyme (Tymus vulgaris) and oregano (Origanum vulgare) essential oils against some food-borne microorganisms. Procedia Food Sci. 2015, 5, 18–21. [Google Scholar] [CrossRef]

	



Radünz, M.; da Trindade, M.L.M.; Camargo, T.M.; Radünz, A.L.; Borges, C.D.; Gandra, E.A.; Helbig, E. Antimicrobial and antioxidant activity of unencapsulated and encapsulated clove (Syzygium aromaticum, L.) essential oil. Food Chem. 2019, 276, 180–186. [Google Scholar] [CrossRef]

	



Golkar, P.; Mosavat, N.; Jalali, S.A.H. Essential oils, chemical constituents, antioxidant, antibacterial and in vitro cytotoxic activity of different Thymus species and Zataria multiflora collected from Iran. S. Afr. J. Bot. 2020, 130, 250–258. [Google Scholar] [CrossRef]

	



Goudjil, M.B.; Zighmi, S.; Hamada, D.; Mahcene, Z.; Bencheikh, S.E.; Ladjel, S. Biological activities of essential oils extracted from Thymus capitatus (Lamiaceae). S. Afr. J. Bot. 2020, 128, 274–282. [Google Scholar] [CrossRef]

	



El-Jalel, L.F.; Elkady, W.M.; Gonaid, M.H.; El-Gareeb, K.A. Difference in chemical composition and antimicrobial activity of Thymus capitatus L. essential oil at different altitudes. Future J. Pharm. Sci. 2018, 4, 156–160. [Google Scholar] [CrossRef]

	



El Gendy, A.N.; Leonardi, M.; Mugnaini, L.; Bertelloni, F.; Ebani, V.V.; Nardoni, S.; Mancianti, F.; Hendawy, S.; Omer, E.; Pistelli, L. Chemical composition and antimicrobial activity of essential oil of wild and cultivated Origanum syriacum plants grown in Sinai, Egypt. Ind. Crops Prod. 2015, 67, 201–207. [Google Scholar] [CrossRef]

	



Desam, N.R.; Al-Rajab, A.J.; Sharma, M.; Mylabathula, M.M.; Gowkanapalli, R.R.; Albratty, M. Chemical constituents, in vitro antibacterial and antifungal activity of Mentha × Piperita L. (peppermint) essential oils. J. King Saud Univ. Sci. 2019, 31, 528–533. [Google Scholar] [CrossRef]

	



Da Silva Bomfim, N.; Nakassugi, L.P.; Oliveira, J.F.P.; Kohiyama, C.Y.; Mossini, S.A.G.; Grespan, R.; Nerilo, S.B.; Mallman, C.A.; Machinski, M., Jr. Antifungal activity and inhibition of fumonisin production by Rosmarinus officinalis L. essential oil in Fusarium verticillioides (Sacc.) Nirenberg. Food Chem. 2015, 166, 330–336. [Google Scholar] [CrossRef]

	



Pitarokili, D.; Tzakou, O.; Loukis, A. Composition of the essential oil of spontaneous Rosmarinus officinalis from Greece and antifungal activity against phytopathogenic fungi. J. Essent. Oil Res. 2008, 20, 457–459. [Google Scholar] [CrossRef]

	



Ferdes, M.; Al Juhaimi, F.; Özcan, M.M.; Ghafoor, K. Inhibitory effect of some plant essential oils on growth of Aspergillus niger, Aspergillus oryzae, Mucor pusillus and Fusarium oxysporum. S. Afr. J. Bot. 2017, 113, 457–460. [Google Scholar] [CrossRef]

	



Soylu, E.M.; Kurt, Ş.; Soylu, S. In vitro and in vivo antifungal activities of the essential oils of various plants against tomato grey mould disease agent Botrytis cinerea. Int. J. Food Microbiol. 2010, 143, 183–189. [Google Scholar] [CrossRef]

	



Castro, J.C.; Endo, E.H.; de Souza, M.R.; Zanqueta, E.B.; Polonio, J.C.; Pamphile, J.A.; Ueda-Nakamura, T.; Nakamura, C.V.; Filho, B.P.D.; de Abreu Filho, B.A. Bioactivity of essential oils in the control of Alternaria alternata in dragon fruit (Hylocereus undatus Haw.). Ind. Crops Prod. 2017, 97, 101–109. [Google Scholar] [CrossRef]

	



de Sousa, L.L.; de Andrade, S.C.A.; Athayde, A.J.A.A.; de Oliveira, C.E.V.; de Sales, C.V.; Madruga, M.S.; de Souza, E.L. Efficacy of Origanum vulgare L. and Rosmarinus officinalis L. essential oils in combination to control postharvest pathogenic Aspergilli and autochthonous mycoflora in Vitis labrusca L. (table grapes). Int. J. Food Microbiol. 2013, 165, 312–318. [Google Scholar] [CrossRef]

	



Camiletti, B.X.; Asensio, C.M.; Pecci, M.D.L.P.G.; Lucini, E.I. Natural control of corn postharvest fungi Aspergillus flavus and Penicillium sp. using essential oils from plants grown in Argentina. J. Food Sci. 2014, 79, M2499–M2506. [Google Scholar] [CrossRef]

	



Rasooli, I.; Fakoor, M.H.; Yadegarinia, D.; Gachkar, L.; Allameh, A.; Rezaei, M.B. Antimycotoxigenic characteristics of Rosmarinus officinalis and Trachyspermum copticum L. essential oils. Int. J. Food Microbiol. 2008, 122, 135–139. [Google Scholar] [CrossRef] [PubMed]

	



da Silva Bomfim, N.; Kohiyama, C.Y.; Nakasugi, L.P.; Nerilo, S.B.; Mossini, S.A.G.; Romoli, J.C.Z.; Mikcha, J.M.G.; de Abreu Filho, B.A.; Machinski Jr, M. Antifungal and antiaflatoxigenic activity of rosemary essential oil (Rosmarinus officinalis L.) against Aspergillus flavus. Food Addit. Contam. Part A 2020, 37, 153–161. [Google Scholar] [CrossRef] [PubMed]

	



Perczak, A.; Juś, K.; Marchwińska, K.; Gwiazdowska, D.; Waśkiewicz, A.; Goliński, P. Degradation of zearalenone by essential oils under in vitro conditions. Front. Microbiol. 2016, 7, 1224. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Yang, Z.; Ying, G.; Yang, M.; Nian, Y.; Wei, F.; Kong, W. Antifungal evaluation of plant essential oils and their major components against toxigenic fungi. Ind. Crops Prod. 2018, 120, 180–186. [Google Scholar] [CrossRef]

	



Zouari, N.; Fakhfakh, N.; Zouari, S.; Bougatef, A.; Karray, A.; Neffati, M.; Ayadi, M.A. Chemical composition, angiotensin I-converting enzyme inhibitory, antioxidant and antimicrobial activities of essential oil of Tunisian Thymus algeriensis Boiss. et Reut. (Lamiaceae). Food Bioprod. Process. 2011, 89, 257–265. [Google Scholar] [CrossRef]

	



Pinto, E.; Gonçalves, M.J.; Hrimpeng, K.; Pinto, J.; Vaz, S.; Vale-Silva, L.A.; Cavaleiro, C.; Salgueiro, L. Antifungal activity of the essential oil of Thymus villosus subsp. lusitanicus against Candida, Cryptococcus, Aspergillus and dermatophyte species. Ind. Crops Prod. 2013, 51, 93–99. [Google Scholar]

	



Jahani, M.; Pira, M.; Aminifard, M.H. Antifungal effects of essential oils against Aspergillus niger in vitro and in vivo on pomegranate (Punica granatum) fruits. Sci. Hortic. 2020, 264, 109188. [Google Scholar] [CrossRef]

	



López-Meneses, A.K.; Plascencia-Jatomea, M.; Lizardi-Mendoza, J.; Rosas-Burgos, E.C.; Luque-Alcaraz, A.G.; Cortez-Rocha, M.O. Antifungal and antimycotoxigenic activity of essential oils from Eucalyptus globulus, Thymus capitatus and Schinus molle. Food Sci. Technol. 2015, 35, 664–671. [Google Scholar] [CrossRef]

	



Boubaker, H.; Karim, H.; El Hamdaoui, A.; Msanda, F.; Leach, D.; Bombarda, I.; Vanloot, P.; Abbad, A.; Boudyach, E.H.; Aoumar, A.A.B. Chemical characterization and antifungal activities of four Thymus species essential oils against postharvest fungal pathogens of citrus. Ind. Crops Prod. 2016, 86, 95–101. [Google Scholar] [CrossRef]

	



Nikkhah, M.; Hashemi, M.; Najafi, M.B.H.; Farhoosh, R. Synergistic effects of some essential oils against fungal spoilage on pear fruit. Int. J. Food Microbiol. 2017, 257, 285–294. [Google Scholar] [CrossRef]

	



Mohammadi, A.; Nazari, H.; Imani, S.; Amrollahi, H. Antifungal activities and chemical composition of some medicinal plants. J. Mycol. Med. 2014, 24, e1–e8. [Google Scholar] [CrossRef] [PubMed]

	



Razzaghi-Abyaneh, M.; Shams-Ghahfarokhi, M.; Rezaee, M.B.; Jaimand, K.; Alinezhad, S.; Saberi, R.; Yoshinari, T. Chemical composition and antiaflatoxigenic activity of Carum carvi L., Thymus vulgaris and Citrus aurantifolia essential oils. Food Control 2009, 20, 1018–1024. [Google Scholar] [CrossRef]

	



Kohiyama, C.Y.; Ribeiro, M.M.Y.; Mossini, S.A.G.; Bando, E.; da Silva Bomfim, N.; Nerilo, S.B.; Nerilo, S.B.; Rocha, G.H.O.; Grespan, R.; Mikcha, J.M.G.; et al. Antifungal properties and inhibitory effects upon aflatoxin production of Thymus vulgaris L. by Aspergillus flavus Link. Food Chem. 2015, 173, 1006–1010. [Google Scholar] [CrossRef] [PubMed]

	



Houicher, A.; Hamdi, M.; Hechachna, H.; Özogul, F. Chemical composition and antifungal activity of Anacyclus valentinus essential oil from Algeria. Food Biosci. 2018, 25, 28–31. [Google Scholar] [CrossRef]

	



Reyes-Jurado, F.; Cervantes-Rincón, T.; Bach, H.; López-Malo, A.; Palou, E. Antimicrobial activity of Mexican oregano (Lippia berlandieri), thyme (Thymus vulgaris), and mustard (Brassica nigra) essential oils in gaseous phase. Ind. Crops Prod. 2019, 131, 90–95. [Google Scholar] [CrossRef]

	



Clemente, I.; Aznar, M.; Nerín, C. Synergistic properties of mustard and cinnamon essential oils for the inactivation of foodborne moulds in vitro and on Spanish bread. Int. J. Food Microbiol. 2019, 298, 44–50. [Google Scholar] [CrossRef]

	



Kocić-Tanackov, S.; Dimić, G.; Đerić, N.; Mojović, L.; Tomović, V.; Šojić, B.; Đukić-Vuković, A.; Pejin, J. Growth control of molds isolated from smoked fermented sausages using basil and caraway essential oils, in vitro and in vivo. LWT-Food Sci. Technol. 2020, 123, 109095. [Google Scholar] [CrossRef]

	



Zabka, M.; Pavela, R.; Slezakova, L. Antifungal effect of Pimenta dioica essential oil against dangerous pathogenic and toxinogenic fungi. Ind. Crops Prod. 2009, 30, 250–253. [Google Scholar] [CrossRef]

	



Mohammadifar, M.; Norabadi, M.T.; Hasanzadeh, M.; Dashtipoor, S.; Etebarian, H.R.; Sahebani, N. Study of antifungal activities of seven essential oils from some Iranian medicinal plants against various postharvest phytopathogenic fungi. Arch. Phytopathol. Plant Prot. 2012, 45, 2046–2056. [Google Scholar] [CrossRef]

	



Moghadam, Z.A.; Hosseini, H.; Hadian, Z.; Asgari, B.; Mirmoghtadaie, L.; Mohammadi, A.; Shamloo, E.; Javadi, N.H.S. Evaluation of the antifungal activity of cinnamon, clove, thymes, zataria multiflora, cumin and caraway essential oils against Ochratoxigenic Aspergillus ochraceus. J. Pharm. Res. Int. 2019, 1–16. [Google Scholar] [CrossRef]

	



Xing, F.; Hua, H.; Selvaraj, J.N.; Zhao, Y.; Zhou, L.; Liu, X.; Liu, Y. Growth inhibition and morphological alterations of Fusarium verticillioides by cinnamon oil and cinnamaldehyde. Food Control 2014, 46, 343–350. [Google Scholar] [CrossRef]

	



Jeong, E.J.; Lee, N.K.; Oh, J.; Jang, S.E.; Lee, J.S.; Bae, I.H.; Oh, H.H.; Jung, H.K.; Jeong, Y.S. Inhibitory effect of cinnamon essential oils on selected cheese-contaminating fungi (Penicillium spp.) during the cheese-ripening process. Food Sci. Biotechnol. 2014, 23, 1193–1198. [Google Scholar] [CrossRef]

	



Hu, F.; Tu, X.F.; Thakur, K.; Hu, F.; Li, X.L.; Zhang, Y.S.; Zhang, J.G.; Wei, Z.J. Comparison of antifungal activity of essential oils from different plants against three fungi. Food Chem. Toxicol. 2019, 134, 110821. [Google Scholar] [CrossRef]

	



Pekmezovic, M.; Rajkovic, K.; Barac, A.; Senerović, L.; Arsenijevic, V.A. Development of kinetic model for testing antifungal effect of Thymus vulgaris L. and Cinnamomum cassia L. essential oils on Aspergillus flavus spores and application for optimization of synergistic effect. Biochem. Eng. J. 2015, 99, 131–137. [Google Scholar] [CrossRef]

	



Lappa, I.K.; Simini, E.; Nychas, G.J.E.; Panagou, E.Z. In vitro evaluation of essential oils against Aspergillus carbonarius isolates and their effects on Ochratoxin A related gene expression in synthetic grape medium. Food Control 2017, 73, 71–80. [Google Scholar] [CrossRef]

	



Císarová, M.; Tančinová, D.; Medo, J.; Kačániová, M. The in vitro effect of selected essential oils on the growth and mycotoxin production of Aspergillus species. J. Environ. Sci. Health Part B 2016, 51, 668–674. [Google Scholar] [CrossRef] [PubMed]

	



Simas, D.L.; de Amorim, S.H.; Goulart, F.R.; Alviano, C.S.; Alviano, D.S.; da Silva, A.J.R. Citrus species essential oils and their components can inhibit or stimulate fungal growth in fruit. Ind. Crops Prod. 2017, 98, 108–115. [Google Scholar] [CrossRef]

	



Yooussef, M.M.; Pham, Q.; Achar, P.N.; Sreenivasa, M.Y. Antifungal activity of essential oils on Aspergillus parasiticus isolated from peanuts. J. Plant Prot. Res. 2016, 56, 139–142. [Google Scholar] [CrossRef]

	



Mohammadpour, H.; Moghimipour, E.; Rasooli, I.; Fakoor, M.H.; Astaneh, S.A.; Moosaie, S.S.; Jalili, Z. Chemical composition and antifungal activity of Cuminum cyminum L. essential oil from Alborz mountain against Aspergillus species. Jundishapur J. Nat. Pharm. Prod. 2012, 7, 50. [Google Scholar] [CrossRef]

	



Khosravi, A.R.; Minooeianhaghighi, M.H.; Shokri, H.; Emami, S.A.; Alavi, S.M.; Asili, J. The potential inhibitory effect of Cuminum cyminum, Ziziphora clinopodioides and Nigella sativa essential oils on the growth of Aspergillus fumigatus and Aspergillus flavus. Braz. J. Microbiol. 2011, 42, 216–224. [Google Scholar] [CrossRef]

	



Sharifzadeh, A.; Javan, A.J.; Shokri, H.; Abbaszadeh, S.; Keykhosravy, K. Evaluation of antioxidant and antifungal properties of the traditional plants against foodborne fungal pathogens. J. Mycol. Med. 2016, 26, e11–e17. [Google Scholar] [CrossRef] [PubMed]

	



Kedia, A.; Prakash, B.; Mishra, P.K.; Dubey, N.K. Antifungal and antiaflatoxigenic properties of Cuminum cyminum (L.) seed essential oil and its efficacy as a preservative in stored commodities. Int. J. Food Microbiol. 2014, 168, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Romagnoli, C.; Andreotti, E.; Maietti, S.; Mahendra, R.; Mares, D. Antifungal activity of essential oil from fruits of Indian Cuminum cyminum. Pharm. Biol. 2010, 48, 834–838. [Google Scholar] [CrossRef] [PubMed]

	



Avanço, G.B.; Ferreira, F.D.; Bomfim, N.S.; dos Santos, P.A.D.S.R.; Peralta, R.M.; Brugnari, T.; Mallmann, C.A.; Filho, B.A.D.A.; Mikcha, J.M.G.; Machinski, M., Jr. Curcuma longa L. essential oil composition, antioxidant effect, and effect on Fusarium verticillioides and fumonisin production. Food Control 2017, 73, 806–813. [Google Scholar]

	



Císarová, M.; Hleba, L.; Medo, J.; Tančinová, D.; Mašková, Z.; Čuboň, J.; Kováčik, A.; Foltinová, D.; Božik, M.; Klouček, P. The in vitro and in situ effect of selected essential oils in vapour phase against bread spoilage toxicogenic aspergilli. Food Control 2020, 110, 107007. [Google Scholar]

	



Božik, M.; Císarová, M.; Tančinová, D.; Kouřimská, L.; Hleba, L.; Klouček, P. Selected essential oil vapours inhibit growth of Aspergillus spp. in oats with improved consumer acceptability. Ind. Crops Prod. 2017, 98, 146–152. [Google Scholar] [CrossRef]

	



Sharma, A.; Rajendran, S.; Srivastava, A.; Sharma, S.; Kundu, B. Antifungal activities of selected essential oils against Fusarium oxysporum f. sp. lycopersici 1322, with emphasis on Syzygium aromaticum essential oil. J. Biosci. Bioeng. 2017, 123, 308–313. [Google Scholar]

	



Davari, M.; Ezazi, R. Chemical composition and antifungal activity of the essential oil of Zhumeria majdae, Heracleum persicum and Eucalyptus sp. against some important phytopathogenic fungi. J. Mycol. Med. 2017, 27, 463–468. [Google Scholar] [CrossRef]

	



Gakuubi, M.M.; Maina, A.W.; Wagacha, J.M. Antifungal activity of essential oil of Eucalyptus camaldulensis dehnh. against selected Fusarium spp. Int. J. Microbiol. 2017, 2017. [Google Scholar] [CrossRef]

	



Vilela, G.R.; de Almeida, G.S.; D’Arce, M.A.B.R.; Moraes, M.H.D.; Brito, J.O.; da Silva, M.F.D.G.F.; Silva, S.C.; de Stefano Piadede, S.M.; Calori-Domingues, M.A.; da Gloria, E.M. Activity of essential oil and its major compound, 1, 8-cineole, from Eucalyptus globulus Labill., against the storage fungi Aspergillus flavus Link and Aspergillus parasiticus Speare. J. Stored Prod. Res. 2009, 45, 108–111. [Google Scholar] [CrossRef]

	



Starovic, M.; Ristic, D.; Pavlovic, S.; Ristic, M.; Stevanovic, M.; Al-Juhaimi, F.; Svetlana, N.; Özcan, M.M. Antifungal activities of different essential oils against anise seeds mycopopulations. J. Food Saf. Food Qual. 2016, 67, 72–78. [Google Scholar]

	



Roby, M.H.H.; Sarhan, M.A.; Selim, K.A.H.; Khalel, K.I. Antioxidant and antimicrobial activities of essential oil and extracts of fennel (Foeniculum vulgare L.) and chamomile (Matricaria chamomilla L.). Ind. Crops Prod. 2013, 44, 437–445. [Google Scholar] [CrossRef]

	



Chen, F.; Guo, Y.; Kang, J.; Yang, X.; Zhao, Z.; Liu, S.; Ma, Y.; Gao, W.; Luo, D. Insight into the essential oil isolation from Foeniculum vulgare Mill. fruits using double-condensed microwave-assisted hydrodistillation and evaluation of its antioxidant, antifungal and cytotoxic activity. Ind. Crops Prod. 2020, 144, 112052. [Google Scholar] [CrossRef]

	



Li, Y.; Shao, X.; Xu, J.; Wei, Y.; Xu, F.; Wang, H. Effects and possible mechanism of tea tree oil against Botrytis cinerea and Penicillium expansum in vitro and in vivo test. Can. J. Microbiol. 2017, 63, 219–227. [Google Scholar] [CrossRef]

	



Saharkhiz, M.J.; Motamedi, M.; Zomorodian, K.; Pakshir, K.; Miri, R.; Hemyari, K. Chemical composition, antifungal and antibiofilm activities of the essential oil of Mentha piperita L. ISRN Pharm. 2012, 2012, 1–6. [Google Scholar] [CrossRef]

	



Freire, M.M.; Jham, G.N.; Dhingra, O.D.; Jardim, C.M.; Barcelos, R.C.; Valente, V.M.M. Composition, antifungal activity and main fungitoxic components of the essential oil of Mentha piperita L. J. Food Saf. 2012, 32, 29–36. [Google Scholar] [CrossRef]

	



Dambolena, J.S.; Zunino, M.P.; López, A.G.; Rubinstein, H.R.; Zygadlo, J.A.; Mwangi, J.W.; Thoithi, G.N.; Kibwage, I.O.; Kariuki, S.T. Essential oils composition of Ocimum basilicum L. and Ocimum gratissimum L. from Kenya and their inhibitory effects on growth and fumonisin production by Fusarium verticillioides. Innov. Food Sci. Emerg. Technol. 2010, 11, 410–414. [Google Scholar] [CrossRef]

	



Prakash, B.; Shukla, R.; Singh, P.; Mishra, P.K.; Dubey, N.K.; Kharwar, R.N. Efficacy of chemically characterized Ocimum gratissimum L. essential oil as an antioxidant and a safe plant based antimicrobial against fungal and aflatoxin B1 contamination of spices. Food Res. Int. 2011, 44, 385–390. [Google Scholar] [CrossRef]

	



Kumar, A.; Dubey, N.K.; Srivastava, S. Antifungal evaluation of Ocimum sanctum essential oil against fungal deterioration of raw materials of Rauvolfia serpentina during storage. Ind. Crops Prod. 2013, 45, 30–35. [Google Scholar] [CrossRef]

	



Pizzolitto, R.P.; Jacquat, A.G.; Usseglio, V.L.; Achimón, F.; Cuello, A.E.; Zygadlo, J.A.; Dambolena, J.S. Quantitative-structure-activity relationship study to predict the antifungal activity of essential oils against Fusarium verticillioides. Food Control 2020, 108, 106836. [Google Scholar] [CrossRef]

	



Cid-Pérez, T.S.; Torres-Muñoz, J.V.; Nevárez-Moorillón, G.V.; Palou, E.; López-Malo, A. Chemical characterization and antifungal activity of Poliomintha longiflora Mexican oregano. J. Essent. Oil Res. 2016, 28, 157–165. [Google Scholar] [CrossRef]

	



Jiang, Y.; Wu, N.; Fu, Y.J.; Wang, W.; Luo, M.; Zhao, C.J.; Zu, Y.G.; Liu, X.L. Chemical composition and antimicrobial activity of the essential oil of Rosemary. Environ. Toxicol. Pharmacol. 2011, 32, 63–68. [Google Scholar] [CrossRef] [PubMed]

	



Farzaneh, M.; Kiani, H.; Sharifi, R.; Reisi, M.; Hadian, J. Chemical composition and antifungal effects of three species of Satureja (S. hortensis, S. spicigera, and S. khuzistanica) essential oils on the main pathogens of strawberry fruit. Postharvest Biol. Technol. 2015, 109, 145–151. [Google Scholar] [CrossRef]

	



Xing, Y.; Li, X.; Xu, Q.; Yun, J.; Lu, Y. Antifungal activities of cinnamon oil against Rhizopus nigricans, Aspergillus flavus and Penicillium expansum in vitro and in vivo fruit test. Int. J. Food Sci.Technol. 2010, 45, 1837–1842. [Google Scholar] [CrossRef]

	



Gonçalves, M.J.; Cruz, M.T.; Cavaleiro, C.; Lopes, M.C.; Salgueiro, L. Chemical, antifungal and cytotoxic evaluation of the essential oil of Thymus zygis subsp. sylvestris. Ind. Crops Prod. 2010, 32, 70–75. [Google Scholar] [CrossRef]

	



Tegang, A.S.; Beumo, T.M.N.; Dongmo, P.M.J.; Ngoune, L.T. Essential oil of Xylopia aethiopica from Cameroon: Chemical composition, antiradical and in vitro antifungal activity against some mycotoxigenic fungi. J. King Saud Univ. Sci. 2018, 30, 466–471. [Google Scholar] [CrossRef]

	



Sabo, V.A.; Knezevic, P. Antimicrobial activity of Eucalyptus camaldulensis Dehn. plant extracts and essential oils: A review. Ind. Crops Prod. 2019, 132, 413–429. [Google Scholar] [CrossRef]

	



Xie, Y.; Wang, Z.; Huang, Q.; Zhang, D. Antifungal activity of several essential oils and major components against wood-rot fungi. Ind. Crops Prod. 2017, 108, 278–285. [Google Scholar] [CrossRef]

	



Boukaew, S.; Prasertsan, P.; Sattayasamitsathit, S. Evaluation of antifungal activity of essential oils against aflatoxigenic Aspergillus flavus and their allelopathic activity from fumigation to protect maize seeds during storage. Ind. Crops Prod. 2017, 97, 558–566. [Google Scholar] [CrossRef]

	



Aguilar-González, A.E.; Palou, E.; López-Malo, A. Antifungal activity of essential oils of clove (Syzygium aromaticum) and/or mustard (Brassica nigra) in vapor phase against gray mold (Botrytis cinerea) in strawberries. Innov. Food Sci. Emerg. Technol. 2015, 32, 181–185. [Google Scholar] [CrossRef]

	



Passone, M.A.; Girardi, N.S.; Etcheverry, M. Evaluation of the control ability of five essential oils against Aspergillus section Nigri growth and ochratoxin A accumulation in peanut meal extract agar conditioned at different water activities levels. Int. J. Food Sci. 2012, 159, 198–206. [Google Scholar] [CrossRef]

	



Dammak, I.; Hamdi, Z.; El Euch, S.K.; Zemni, H.; Mliki, A.; Hassouna, M.; Lasram, S. Evaluation of antifungal and anti-ochratoxigenic activities of Salvia officinalis, Lavandula dentata and Laurus nobilis essential oils and a major monoterpene constituent 1, 8-cineole against Aspergillus carbonarius. Ind. Crops Prod. 2019, 128, 85–93. [Google Scholar] [CrossRef]

	



Mandal, M.; Mandal, S. Cumin (Cuminum cyminum L.) oils. In Essential Oils in Food Preservation, Flavor and Safety; Preedy, V.R., Ed.; Academic Press: Cambridge, MA, USA, 2016; pp. 377–383. ISBN 978-0-12-416641-7. [Google Scholar]

	



Prakash, B.; Shukla, R.; Singh, P.; Kumar, A.; Mishra, P.K.; Dubey, N.K. Efficacy of chemically characterized Piper betle L. essential oil against fungal and aflatoxin contamination of some edible commodities and its antioxidant activity. Int. J. Food Microbiol. 2010, 142, 114–119. [Google Scholar] [CrossRef]

	



Patil, R.P.; Nimbalkar, M.S.; Jadhav, U.U.; Dawkar, V.V.; Govindwar, S.P. Antiaflatoxigenic and antioxidant activity of an essential oil from Ageratum conyzoides L. J. Sci. Food Agric. 2010, 90, 608–614. [Google Scholar] [CrossRef] [PubMed]

	



Lasram, S.; Zemni, H.; Hamdi, Z.; Chenenaoui, S.; Houissa, H.; Tounsi, M.S.; Ghorbel, A. Antifungal and antiaflatoxinogenic activities of Carum carvi L., Coriandrum sativum L. seed essential oils and their major terpene component against Aspergillus flavus. Ind. Crops Prod. 2019, 134, 11–18. [Google Scholar] [CrossRef]

	



Kahkha, M.R.R.; Amanloo, S.; Kaykhaii, M. Antiaflatoxigenic activity of Carum copticum essential oil. Environ. Chem. Lett. 2014, 12, 231–234. [Google Scholar] [CrossRef]

	



Xing, F.; Hua, H.; Selvaraj, J.N.; Yuan, Y.; Zhao, Y.; Zhou, L.; Liu, Y. Degradation of fumonisin B1 by cinnamon essential oil. Food Control 2014, 38, 37–40. [Google Scholar] [CrossRef]

	



Marín, S.; Velluti, A.; Ramos, A.J.; Sanchis, V. Effect of essential oils on zearalenone and deoxynivalenol production by Fusarium graminearum in non-sterilized maize grain. Food Microbiol. 2004, 21, 313–318. [Google Scholar] [CrossRef]

	



Tian, J.; Huang, B.; Luo, X.; Zeng, H.; Ban, X.; He, J.; Wang, Y. The control of Aspergillus flavus with Cinnamomum jensenianum Hand.-Mazz essential oil and its potential use as a food preservative. Food Chem. 2012, 130, 520–527. [Google Scholar] [CrossRef]

	



Perczak, A.; Juś, K.; Gwiazdowska, D.; Marchwińska, K.; Waśkiewicz, A. The efficiency of deoxynivalenol degradation by essential oils under in vitro conditions. Foods 2019, 8, 403. [Google Scholar] [CrossRef]

	



Kedia, A.; Prakash, B.; Mishra, P.K.; Chanotiya, C.S.; Dubey, N.K. Antifungal, antiaflatoxigenic, and insecticidal efficacy of spearmint (Mentha spicata L.) essential oil. Int. Biodeterior. Biodegradation 2014, 89, 29–36. [Google Scholar] [CrossRef]

	



Murthy, P.S.; Ramalakshmi, K.; Srinivas, P. Fungitoxic activity of Indian borage (Plectranthus amboinicus) volatiles. Food Chem. 2009, 114, 1014–1018. [Google Scholar] [CrossRef]

	



Noori, N.; Yahyaraeyat, R.; Khosravi, A.; Atefi, P.; Akhondzadeh Basti, A.; Akrami, F.; Bahonar, A.; Misaghi, A. Effect of Zataria multiflora Boiss. Essential Oil on Growth and Citrinin Production by Penicillium citrinum in Culture Media and Mozzarella Cheese. J. Food Saf. 2012, 32, 445–451. [Google Scholar] [CrossRef]

	



Quiroga, P.R.; Riveros, C.G.; Zygadlo, J.A.; Grosso, N.R.; Nepote, V. Antioxidant activity of essential oil of oregano species from Argentina in relation to their chemical composition. Int. J. Food Sci. Technol. 2011, 46, 2648–2655. [Google Scholar] [CrossRef]

	



da Silva, F.C.; Chalfoun, S.M.; Siqueira, V.M.D.; Botelho, D.M.D.S.; Lima, N.; Batista, L.R. Evaluation of antifungal activity of essential oils against potentially mycotoxigenic Aspergillus flavus and Aspergillus parasiticus. Rev. Bras. Farmocogn. 2012, 22, 1002–1010. [Google Scholar] [CrossRef]

	



Moghaddam, M.; Pourbaige, M.; Tabar, H.K.; Farhadi, N.; Hosseini, S.M.A. Composition and antifungal activity of peppermint (Mentha piperita) essential oil from Iran. J. Essent. Oil-Bear. Plants 2013, 16, 506–512. [Google Scholar] [CrossRef]

	



Siddiqua, S.; Anusha, B.A.; Ashwini, L.S.; Negi, P.S. Antibacterial activity of cinnamaldehyde and clove oil: Effect on selected foodborne pathogens in model food systems and watermelon juice. J. Food Sci. Technol. 2015, 52, 5834–5841. [Google Scholar] [CrossRef]

	



Combrinck, S.; Regnier, T.; Kamatou, G.P.P. In vitro activity of eighteen essential oils and some major components against common postharvest fungal pathogens of fruit. Ind. Crops Prod. 2011, 33, 344–349. [Google Scholar] [CrossRef]

	



Solberg, S.O.; Göransson, M.; Petersen, M.A.; Yndgaard, F.; Jeppson, S. Caraway essential oil composition and morphology: The role of location and genotype. Biochem. Syst. Ecol. 2016, 66, 351–357. [Google Scholar] [CrossRef]

	



Chidi, F.; Bouhoudan, A.; Khaddor, M. Antifungal effect of the tea tree essential oil (Melaleuca alternifolia) against Penicillium griseofulvum and Penicillium verrucosum. J. King Saud Univ. Sci. 2020, 32, 2041–2045. [Google Scholar] [CrossRef]

	



da Rocha Neto, A.C.; Navarro, B.B.; Canton, L.; Maraschin, M.; Di Piero, R.M. Antifungal activity of palmarosa (Cymbopogon martinii), tea tree (Melaleuca alternifolia) and star anise (Illicium verum) essential oils against Penicillium expansum and their mechanisms of action. LWT-Food Sci. Technol. 2019, 105, 385–392. [Google Scholar] [CrossRef]

	



Bajalan, I.; Rouzbahani, R.; Pirbalouti, A.G.; Maggi, F. Antioxidant and antibacterial activities of the essential oils obtained from seven Iranian populations of Rosmarinus officinalis. Ind. Crops Prod. 2017, 107, 305–311. [Google Scholar] [CrossRef]

	



Atta, E.M.; Mohamed, N.H.; Abdelgawad, A.A. Antioxidants: An overview on the natural and synthetic types. Eur. Chem. Bull. 2017, 6, 365–375. [Google Scholar] [CrossRef]

	



Snuossi, M.; Trabelsi, N.; Ben Taleb, S.; Dehmeni, A.; Flamini, G.; De Feo, V. Laurus nobilis, Zingiber officinale and Anethum graveolens essential oils: Composition, antioxidant and antibacterial activities against bacteria isolated from fish and shellfish. Molecules 2016, 21, 1414. [Google Scholar] [CrossRef]

	



Xu, D.P.; Li, Y.; Meng, X.; Zhou, T.; Zhou, Y.; Zheng, J.; Zhang, J.J.; Li, H.B. Natural antioxidants in foods and medicinal plants: Extraction, assessment and resources. Int. J. Mol. Sci. 2017, 18, 96. [Google Scholar] [CrossRef]

	



Krishnaiah, D.; Sarbatly, R.; Nithyanandam, R. A review of the antioxidant potential of medicinal plant species. Food Bioprod. Process 2011, 89, 217–233. [Google Scholar] [CrossRef]

	



Kulisic, T.; Radonic, A.; Katalinic, V.; Milos, M. Use of different methods for testing antioxidative activity of oregano essential oil. Food Chem. 2004, 85, 633–640. [Google Scholar] [CrossRef]

	



Asensio, C.M.; Grosso, N.R.; Juliani, H.R. Quality characters, chemical composition and biological activities of oregano (Origanum spp.) Essential oils from Central and Southern Argentina. Ind. Crops Prod. 2015, 63, 203–213. [Google Scholar] [CrossRef]

	



Adhikari, L.; Kotiyal, R.; Pandey, M.; Bharkatiya, M.; Sematy, A.; Semalty, M. Effect of geographical location and type of extract on Total phenol/flavon contents and antioxidant activity of different fruits extracts of Withania somnifera. Curr. Drug Discov. Technol. 2020, 17, 92–99. [Google Scholar] [CrossRef] [PubMed]

	



Farhat, M.B.; Sotomayor, J.A.; Jordán, M.J. Antioxidants of Salvia aegyptiaca L. residues depending on geographical origin. Biocatal. Agric. Biotechnol. 2019, 17, 486–491. [Google Scholar] [CrossRef]

	



Li, J.M.; Liang, H.Q.; Qiao, P.; Su, K.M.; Liu, P.G.; Guo, S.X.; Chen, J. Chemical Composition and Antioxidant Activity of Tuber indicum from Different Geographical Regions of China. Chem. Biodivers. 2019, 16, e1800609. [Google Scholar] [CrossRef]

	



Lagouri, V.; Blekas, G.; Tsimidou, M.; Kokkini, S.; Boskou, D. Composition and antioxidant activity of essential oils from oregano plants grown wild in Greece. Z. Lebensm. Unters. Forsch. 1993, 197, 20–23. [Google Scholar] [CrossRef]

	



Ozkan, G.; Baydar, H.; Erbas, S. The influence of harvest time on essential oil composition, phenolic constituents and antioxidant properties of Turkish oregano (Origanum onites L.). J. Sci. Food Agric. 2010, 90, 205–209. [Google Scholar] [CrossRef] [PubMed]

	



Rodriguez-Garcia, I.; Silva-Espinoza, B.A.; Ortega-Ramirez, L.A.; Leyva, J.M.; Siddiqui, M.W.; Cruz-Valenzuela, M.R.; Gonzalez-Aguilar, G.A.; Ayala-Zavala, J.F. Oregano Essential Oil as an Antimicrobial and Antioxidant Additive in Food Products. Crit. Rev. Food Sci. Nutr. 2016, 56, 1717–1727. [Google Scholar] [CrossRef]

	



Alsaraf, S.; Hadi, Z.; Al-Lawati, W.M.; Al Lawati, A.A.; Khan, S.A. Chemical composition, in vitro antibacterial and antioxidant potential of Omani Thyme essential oil along with in silico studies of its major constituent. J. King Saud Univ. Sci. 2020, 32, 1021–1028. [Google Scholar] [CrossRef]

	



Tohidi, B.; Rahimmalek, M.; Arzani, A. Essential oil composition, total phenolic, flavonoid contents, and antioxidant activity of Thymus species collected from different regions of Iran. Food Chem. 2017, 220, 153–161. [Google Scholar] [CrossRef]

	



Yang, C.H.; Li, R.X.; Chuang, L.Y. Antioxidant activity of various parts of Cinnamomum cassia extracted with different extraction methods. Molecules. 2012, 17, 7294–7304. [Google Scholar] [CrossRef] [PubMed]

	



Deng, W.; Liu, K.; Cao, S.; Sun, J.; Zhong, B.; Chun, J. Chemical Composition, Antimicrobial, Antioxidant, and Antiproliferative Properties of Grapefruit Essential Oil Prepared by Molecular Distillation. Molecules 2020, 25, 217. [Google Scholar] [CrossRef]

	



Chaieb, K.; Zmantar, T.; Ksouri, R.; Hajlaoui, H.; Mahdouani, K.; Abdelly, C.; Bakhrouf, A. Antioxidant properties of the essential oil of Eugenia caryophyllata and its antifungal activity against a large number of clinical Candida species. Mycoses 2007, 50, 403–406. [Google Scholar] [CrossRef]

	



Kallel, I.; Hadrich, B.; Gargouri, B.; Chaabane, A.; Lassoued, S.; Gdoura, R.; Bayoudh, A.; Ben Messaoud, E. Optimization of Cinnamon (Cinnamomum zeylanicum Blume) Essential Oil Extraction: Evaluation of Antioxidant and Antiproliferative Effects. Evid. Based Complement. Altern. Med. 2019, 2019. [Google Scholar] [CrossRef]

	



Tepe, A.S.; Ozaslan, M. Anti-Alzheimer, anti-diabetic, skin-whitening, and antioxidant activities of the essential oil of Cinnamomum zeylanicum. Ind. Crops Prod. 2020, 145, 112069. [Google Scholar] [CrossRef]

	



Bączek, K.B.; Kosakowska, O.; Przybył, J.L.; Pióro-Jabrucka, E.; Costa, R.; Mondello, L.; Gniewosz, M.; Synowiec, B.; Węglarz, Z. Antibacterial and antioxidant activity of essential oils and extracts from costmary (Tanacetum balsamita L.) and tansy (Tanacetum vulgare L.). Ind. Crops Prod. 2017, 102, 154–163. [Google Scholar] [CrossRef]

	



Luís, Â.; Duarte, A.; Gominho, J.; Domingues, F.; Duarte, A.P. Chemical composition, antioxidant, antibacterial and anti-quorum sensing activities of Eucalyptus globulus and Eucalyptus radiata essential oils. Ind. Crops Prod. 2016, 79, 274–282. [Google Scholar] [CrossRef]

	



Baschieri, A.; Ajvazi, M.D.; Tonfack, J.L.F.; Valgimigli, L.; Amorati, R. Explaining the antioxidant activity of some common non-phenolic components of essential oils. Food Chem. 2017, 232, 656–663. [Google Scholar] [CrossRef] [PubMed]

	



Purkait, S.; Bhattacharya, A.; Bag, A.; Chattopadhyay, R.R. Antibacterial and Antioxidant Potential of Essential Oils of Five Spices. J. Food Qual. Hazards Control 2018, 5, 61–71. [Google Scholar] [CrossRef]

	



Teixeira, B.; Marques, A.; Ramos, C.; Neng, N.R.; Nogueira, J.M.; Saraiva, J.A.; Nunes, M.L. Chemical composition and antibacterial and antioxidant properties of commercial essential oils. Ind. Crops Prod. 2013, 43, 587–595. [Google Scholar] [CrossRef]

	



Stanojevic, L.P.; Stanojevic, J.S.; Savic, V.L.; Cvetkovic, D.J.; Kolarevic, A.; Marjanovic-Balaban, Z.; Nikolic, L.B. Peppermint and Basil Essential Oils: Chemical Composition, in vitro Antioxidant Activity and in vivo Estimation of Skin Irritation. J. Essent. Oil-Bear. Plants 2019, 22, 979–993. [Google Scholar] [CrossRef]

	



Bouyahya, A.; Lagrouh, F.; El Omari, N.; Bourais, I.; El Jemli, M.; Marmouzi, I.; Salhi, N.; Faouzi, M.E.A.; Belmehdi, O.; Dakka, N.; et al. Essential oils of Mentha viridis rich phenolic compounds show important antioxidant, antidiabetic, dermatoprotective, antidermatophyte and antibacterial properties. Biocatal. Agric. Biotechnol. 2020, 23, 101471. [Google Scholar] [CrossRef]

	



Hashemi, M.; Ehsani, A.; Hassani, A.; Afshari, A.; Aminzare, M.; Sahranavard, T.; Azimzadeh, Z. Phytochemical, antibacterial, antifungal and antioxidant properties of Agastache foeniculum essential oil. J. Chem. Health Risks 2017, 7, 95–104. [Google Scholar]

	



Behbahani, B.A.; Shahidi, F.; Yazdi, F.T.; Mortazavi, S.A.; Mohebbi, M. Antioxidant activity and antimicrobial effect of tarragon (Artemisia dracunculus) extract and chemical composition of its essential oil. J. Food Meas. Charact. 2017, 11, 847–863. [Google Scholar] [CrossRef]

	



Younsi, F.; Trimech, R.; Boulila, A.; Ezzine, O.; Dhahri, S.; Boussaid, M.; Messaoud, C. Essential oil and phenolic compounds of Artemisia herba-alba (Asso.): Composition, antioxidant, antiacetylcholinesterase, and antibacterial activities. Int. J. Food Prop. 2016, 19, 1425–1438. [Google Scholar] [CrossRef]

	



Hailu, Y.M.; Atlabachew, M.; Chandravanshi, B.S.; Redi-Abshiro, M. Composition of essential oil and antioxidant activity of Khat (Catha edulis Forsk), Ethiopia. Chem. Int. 2017, 3, 25–31. [Google Scholar]

	



Guo, J.J.; Gao, Z.P.; Xia, J.L.; Ritenour, M.A.; Li, G.Y.; Shan, Y. Comparative analysis of chemical composition, antimicrobial and antioxidant activity of citrus essential oils from the main cultivated varieties in China. LWT-Food Sci. Technol. 2018, 97, 825–839. [Google Scholar] [CrossRef]

	



Sodeifian, G.; Sajadian, S.A. Investigation of essential oil extraction and antioxidant activity of Echinophora platyloba DC. using supercritical carbon dioxide. J. Supercrit. Fluids 2017, 121, 52–62. [Google Scholar] [CrossRef]

	



Zhang, X.; Guo, Y.; Guo, L.; Jiang, H.; Ji, Q. In vitro evaluation of antioxidant and antimicrobial activities of Melaleuca alternifolia essential oil. BioMed Res. Int. 2018, 2018. [Google Scholar] [CrossRef]

	



Abdelli, M.; Moghrani, H.; Aboun, A.; Maachi, R. Algerian Mentha pulegium L. leaves essential oil: Chemical composition, antimicrobial, insecticidal and antioxidant activities. Ind. Crops Prod. 2016, 94, 197–205. [Google Scholar] [CrossRef]

	



Singh, G.; Marimuthu, P.; de Heluani, C.S.; Catalan, C. Chemical constituents and antimicrobial and antioxidant potentials of essential oil and acetone extract of Nigella sativa seeds. J. Sci. Food Agric. 2005, 85, 2297–2306. [Google Scholar] [CrossRef]

	



Ahmed, A.F.; Attia, F.A.; Liu, Z.; Li, C.; Wei, J.; Kang, W. Antioxidant activity and total phenolic content of essential oils and extracts of Sweet basil (Ocimum basilicum L.) plants. Food Sci. Hum. Wellness 2019, 8, 299–305. [Google Scholar] [CrossRef]

	



Ouedrhiri, W.; Balouiri, M.; Bouhdid, S.; Harki, E.H.; Moja, S.; Greche, H. Antioxidant and antibacterial activities of Pelargonium asperum and Ormenis mixta essential oils and their synergistic antibacterial effect. Environ. Sci. Pollut. Res. 2018, 25, 29860–29867. [Google Scholar] [CrossRef]

	



Smeriglio, A.; Denaro, M.; Barreca, D.; Calderaro, A.; Bisignano, C.; Ginestra, G.; Bellocco, E.; Trombetta, D. In vitro evaluation of the antioxidant, cytoprotective, and antimicrobial properties of essential oil from Pistacia vera L. Variety Bronte Hull. Int. J. Mol. Sci. 2017, 18, 1212. [Google Scholar] [CrossRef]

	



Bahadori, M.B.; Zengin, G.; Bahadori, S.; Maggi, F.; Dinparast, L. Chemical composition of essential oil, antioxidant, antidiabetic, anti-obesity, and neuroprotective properties of Prangos gaubae. Nat. Prod. Commun. 2017, 12, 1945–1948. [Google Scholar] [CrossRef]

	



Scur, M.C.; Pinto, F.G.S.; Pandini, J.A.; Costa, W.F.; Leite, C.W.; Temponi, L.G. Antimicrobial and antioxidant activity of essential oil and different plant extracts of Psidium cattleianum Sabine. Braz. J. Biol. 2016, 76, 101–108. [Google Scholar] [CrossRef] [PubMed]

	



Coté, H.; Boucher, M.A.; Pichette, A.; Legault, J. Anti-inflammatory, antioxidant, antibiotic, and cytotoxic activities of Tanacetum vulgare L. essential oil and its constituents. Medicines 2017, 4, 34. [Google Scholar] [CrossRef] [PubMed]

	



sSingh, S.; Das, S.S.; Singh, G.; Schuff, C.; de Lampasona, M.P.; Catalan, C.A. Composition, in vitro antioxidant and antimicrobial activities of essential oil and oleoresins obtained from black cumin seeds (Nigella sativa L.). BioMed Res. Int. 2014, 2014. [Google Scholar] [CrossRef]

	



Burits, M.; Bucar, F. Antioxidant activity of Nigella sativa essential oil. Phytother. Res. 2000, 14, 323–328. [Google Scholar] [CrossRef]

	



Erkan, N.; Ayranci, G.; Ayranci, E. Antioxidant activities of rosemary (Rosmarinus Officinalis L.) extract, blackseed (Nigella sativa L.) essential oil, carnosic acid, rosmarinic acid and sesamol. Food Chem. 2008, 110, 76–82. [Google Scholar] [CrossRef]

	



Abedi, A.S.; Rismanchi, M.; Shahdoostkhany, M.; Mohammadi, A.; Mortazavian, A.M. Microwave-assisted extraction of Nigella sativa L. essential oil and evaluation of its antioxidant activity. J. Food Sci. Technol. 2017, 54, 3779–3790. [Google Scholar] [CrossRef]

	



Bahcesular, B.; Yildirim, E.D.; Karaçocuk, M.; Kulak, M.; Karaman, S. Seed priming with melatonin effects on growth, essential oil compounds and antioxidant activity of basil (Ocimum basilicum L.) under salinity stress. Ind. Crops Prod. 2020, 146, 112165. [Google Scholar] [CrossRef]

	



Falowo, A.B.; Mukumbo, F.E.; Idamokoro, E.M.; Afolayan, A.J.; Muchenje, V. Phytochemical constituents and antioxidant activity of sweet basil (Ocimum basilicum L.) essential oil on ground beef from boran and nguni cattle. Int. J. Food Sci. 2019, 2019. [Google Scholar] [CrossRef]

	



Hou, H.S.; Bonku, E.M.; Zhai, R.; Zeng, R.; Hou, Y.L.; Yang, Z.H.; Quan, C. Extraction of essential oil from Citrus reticulate Blanco peel and its antibacterial activity against Cutibacterium acnes (formerly Propionibacterium acnes). Heliyon 2019, 5, e02947. [Google Scholar] [CrossRef] [PubMed]

	



Singh, B.; Singh, J.P.; Kaur, A.; Singh, N. Phenolic composition, antioxidant potential and health benefits of citrus peel. Food Res. Int. 2020, 132, 109114. [Google Scholar] [CrossRef] [PubMed]

	



Satari, B.; Karimi, K. Citrus processing wastes: Environmental impacts, recent advances, and future perspectives in total valorization. Resour. Conserv. Recycl. 2018, 129, 153–167. [Google Scholar] [CrossRef]

	



Sharma, K.; Mahato, N.; Cho, M.H.; Lee, Y.R. Converting citrus wastes into value-added products: Economic and environmently friendly approaches. Nutrition 2017, 34, 29–46. [Google Scholar] [CrossRef] [PubMed]

	



Alvarez, M.V.; Ortega-Ramirez, L.A.; Silva-Espinoza, B.A.; Gonzalez-Aguilar, G.A.; Ayala-Zavala, J.F. Antimicrobial, antioxidant, and sensorial impacts of oregano and rosemary essential oils over broccoli florets. J. Food Process. Preserv. 2019, 43, e13889. [Google Scholar] [CrossRef]

	



Misharina, T.A.; Samusenko, A.L. Antioxidant properties of essential oils from lemon, grapefruit, coriander, clove, and their mixtures. Appl. Biochem. Microbiol. 2008, 44, 438–442. [Google Scholar] [CrossRef]

	



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]

	



Kıvrak, Ş. Essential oil composition and antioxidant activities of eight cultivars of Lavender and Lavandin from western Anatolia. Ind. Crops. Prod. 2018, 117, 88–96. [Google Scholar] [CrossRef]

	



She, Q.H.; Li, W.S.; Jiang, Y.Y.; Wu, Y.C.; Zhou, Y.H.; Zhang, L. Chemical composition, antimicrobial activity and antioxidant activity of Litsea cubeba essential oils in different months. Nat. Prod. Res. 2019, 1–4. [Google Scholar] [CrossRef]

	



Ahmad, S.; Ullah, F.; Sadiq, A.; Ayaz, M.; Imran, M.; Ali, I.; Zeb, A.; Ullah, F.; Shah, M.R. Chemical composition, antioxidant and anticholinesterase potentials of essential oil of Rumex hastatus D. Don collected from the North West of Pakistan. BMC Complement. Altern. Med. 2016, 16, 29. [Google Scholar] [CrossRef]

	



El Asbahani, A.; Miladi, K.; Badri, W.; Sala, M.; Addi, E.A.; Casabianca, H.; El Mousadik, A.; Hartman, D.; Jilale, A.; Renaud, F.N.R.; et al. Essential oils: From extraction to encapsulation. Int. J. Pharm. 2015, 483, 220–243. [Google Scholar] [CrossRef]

	



da Silva Gündel, S.; de Godoi, S.N.; Santos, R.C.V.; da Silva, J.T.; de Menezes Leite, L.B.; Amaral, A.C.; Ourique, A.F. In vivo antifungal activity of nanoemulsions containing eucalyptus or lemongrass essential oils in murine model of vulvovaginal candidiasis. J. Drug Deliv. Sci. Technol. 2020, 57, 101762. [Google Scholar] [CrossRef]

	



Herrera, A.; Rodríguez, F.J.; Bruna, J.E.; Abarca, R.L.; Galotto, M.J.; Guarda, A.; Mascayano, C.; Sandoval-Yáñez, C.; Padula, M.; Felipe, F.R.S. Antifungal and physicochemical properties of inclusion complexes based on β-cyclodextrin and essential oil derivatives. Food Res. Int. 2019, 121, 127–135. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Zanetti, M.; Carniel, T.K.; Dalcanton, F.; dos Anjos, R.S.; Riella, H.G.; de Araujo, P.H.; de Oliveira, D.; Fiori, M.A. Use of encapsulated natural compounds as antimicrobial additives in food packaging: A brief review. Trends Food Sci. Technol. 2018, 81, 51–60. [Google Scholar] [CrossRef]

	



Chaudhari, A.K.; Dwivedy, A.K.; Singh, V.K.; Das, S.; Singh, A.; Dubey, N.K. Essential oils and their bioactive compounds as green preservatives against fungal and mycotoxin contamination of food commodities with special reference to their nanoencapsulation. Environ. Sci. Pollut. Res. 2019, 26, 25414–25431. [Google Scholar] [CrossRef]

	



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

	



Singh, V.K.; Das, S.; Dwivedy, A.K.; Rathore, R.; Dubey, N.K. Assessment of chemically characterized nanoencapuslated Ocimum sanctum essential oil against aflatoxigenic fungi contaminating herbal raw materials and its novel mode of action as methyglyoxal inhibitor. Postharvest Biol. Technol. 2019, 153, 87–95. [Google Scholar] [CrossRef]

	



Yilmaz, M.T.; Yilmaz, A.; Akman, P.K.; Bozkurt, F.; Dertli, E.; Basahel, A.; Al-Sasi, B.; Taylan, O.; Sagdic, O. Electrospraying method for fabrication of essential oil loaded-chitosan nanoparticle delivery systems characterized by molecular, thermal, morphological and antifungal properties. Innov. Food Sci. Emerg. Technol. 2019, 52, 166–178. [Google Scholar] [CrossRef]

	



Wan, J.; Zhong, S.; Schwarz, P.; Chen, B.; Rao, J. Physical properties, antifungal and mycotoxin inhibitory activities of five essential oil nanoemulsions: Impact of oil compositions and processing parameters. Food Chem. 2019, 291, 199–206. [Google Scholar] [CrossRef]

	



Hossain, F.; Follett, P.; Salmieri, S.; Vu, K.D.; Fraschini, C.; Lacroix, M. Antifungal activities of combined treatments of irradiation and essential oils (EOs) encapsulated chitosan nanocomposite films in in vitro and in situ conditions. Int. J. Food Microbiol. 2019, 295, 33–40. [Google Scholar] [CrossRef]

	



Zhaveh, S.; Mohsenifar, A.; Beiki, M.; Khalili, S.T.; Abdollahi, A.; Rahmani-Cherati, T.; Tabatabaei, M. Encapsulation of Cuminum cyminum essential oils in chitosan-caffeic acid nanogel with enhanced antimicrobial activity against Aspergillus flavus. Ind. Crops Prod. 2015, 69, 251–256. [Google Scholar] [CrossRef]

	



Khalili, S.T.; Mohsenifar, A.; Beyki, M.; Zhaveh, S.; Rahmani-Cherati, T.; Abdollahi, A.; Bayat, M.; Tabatabaei, M. Encapsulation of Thyme essential oils in chitosan-benzoic acid nanogel with enhanced antimicrobial activity against Aspergillus flavus. LWT-Food Sci. Technol. 2015, 60, 502–508. [Google Scholar] [CrossRef]

	



Kumar, A.; Singh, P.P.; Prakash, B. Unravelling the antifungal and anti-aflatoxin B1 mechanism of chitosan nanocomposite incorporated with Foeniculum vulgare essential oil. Carbohydr. Polym. 2020, 236, 116050. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, H.; Li, X.; Kang, H. Chitosan coatings incorporated with free or nano-encapsulated Paulownia Tomentosa essential oil to improve shelf-life of ready-to-cook pork chops. LWT Food Sci. Technol. 2019, 116, 108580. [Google Scholar] [CrossRef]

	



Rajkumar, V.; Gunasekaran, C.; Dharmaraj, J.; Chinnaraj, P.; Paul, C.A.; Kanithachristy, I. Structural characterization of chitosan nanoparticle loaded with Piper nigrum essential oil for biological efficacy against the stored grain pest control. Pestic. Biochem. Physiol. 2020, 166, 104566. [Google Scholar] [CrossRef]

	



Hadidi, M.; Pouramin, S.; Adinepour, F.; Haghani, S.; Jafari, S.M. Chitosan nanoparticles loaded with clove essential oil: Characterization, antioxidant and antibacterial activities. Carbohydr. Polym. 2020, 142, 172–180. [Google Scholar] [CrossRef]

	



Hasheminejad, N.; Khodaiyan, F.; Safari, M. Improving the antifungal activity of clove essential oil encapsulated by chitosan nanoparticles. Food Chem. 2019, 275, 113–122. [Google Scholar] [CrossRef]

	



Yadav, A.; Kujur, A.; Kumar, A.; Singh, P.P.; Gupta, V.; Prakash, B. Encapsulation of Bunium persicum essential oil using chitosan nanopolymer: Preparation, characterization, antifungal assessment, and thermal stability. Int. J. Biol. Macromol. 2020, 142, 172–180. [Google Scholar] [CrossRef]

	



Sapper, M.; Wilcaso, P.; Santamarina, M.P.; Roselló, J.; Chiralt, A. Antifungal and functional properties of starch-gellan films containing thyme (Thymus zygis) essential oil. Food Control 2018, 92, 505–515. [Google Scholar] [CrossRef]

	



Gonçalves, N.D.; de Lima Pena, F.; Sartoratto, A.; Derlamelina, C.; Duarte, M.C.T.; Antunes, A.E.C.; Prata, A.S. Encapsulated thyme (Thymus vulgaris) essential oil used as a natural preservative in bakery product. Food Res. Int. 2017, 96, 154–160. [Google Scholar] [CrossRef]

	



Granata, G.; Stracquadanio, S.; Leonardi, M.; Napoli, E.; Consoli, G.M.L.; Cafiso, V.; Stefani, S.; Geraci, C. Essential oils encapsulated in polymer-based nanocapsules as potential candidates for application in food preservation. Food Chem. 2018, 269, 286–292. [Google Scholar] [CrossRef] [PubMed]

	



Viacava, G.E.; Ayala-Zavala, J.F.; González-Aguilar, G.A.; Ansorena, M.R. Effect of free and microencapsulated thyme essential oil on quality attributes of minimally processed lettuce. Postharvest Biol. Technol. 2018, 145, 125–133. [Google Scholar] [CrossRef]

	



Ban, Z.; Zhang, J.; Li, L.; Luo, Z.; Wang, Y.; Yuan, Q.; Zhou, B.; Liu, H. Ginger essential oil-based microencapsulation as an efficient delivery system for the improvement of Jujube (Ziziphus jujuba Mill.) fruit quality. Food Chem. 2020, 306, 125628. [Google Scholar] [CrossRef] [PubMed]

	



Yang, W.; Wang, L.; Ban, Z.; Yan, J.; Lu, H.; Zhang, X.; Wu, Q.; Aghadam, M.S.; Luo, Z.; Li, L. Efficient microencapsulation of Syringa essential oil; the valuable potential on quality maintenance and storage behavior of peach. Food Hydrocoll. 2019, 95, 177–185. [Google Scholar] [CrossRef]

	



Tao, F.; Hill, L.E.; Peng, Y.; Gomes, C.L. Synthesis and characterization of β-cyclodextrin inclusion complexes of thymol and thyme oil for antimicrobial delivery applications. LWT Food Sci. Technol. 2014, 59, 247–255. [Google Scholar] [CrossRef]

	



Hashemi, S.M.B.; Khaneghah, A.M. Characterization of novel basil-seed gum active edible films and coatings containing oregano essential oil. Prog. Org. Coatings 2017, 110, 35–41. [Google Scholar] [CrossRef]

	



Xue, F.; Gu, Y.; Wang, Y.; Li, C.; Adhikari, B. Encapsulation of essential oil in emulsion based edible films prepared by soy protein isolate-gum acacia conjugates. Food Hydrocoll. 2019, 96, 178–189. [Google Scholar] [CrossRef]

	



Umaraw, P.; Munekata, P.E.; Verma, A.K.; Barba, F.J.; Singh, V.P.; Kumar, P.; Lorenzo, J.M. Edible films/coating with tailored properties for active packaging of meat, fish and derived products. Trends Food Sci. Technol. 2020, 98, 10–24. [Google Scholar] [CrossRef]

	



Elsabee, M.Z.; Abdou, E.S. Chitosan based edible films and coatings: A review. Mater. Sci. Eng. C 2013, 33, 1819–1841. [Google Scholar] [CrossRef] [PubMed]

	



Mahcene, Z.; Khelil, A.; Hasni, S.; Akman, P.K.; Bozkurt, F.; Birech, K.; Goudjil, M.B.; Tornuk, F. Development and characterization of sodium alginate based active edible films incorporated with essential oils of some medicinal plants. Int. J. Biol. Macromol. 2020, 145, 124–132. [Google Scholar] [CrossRef] [PubMed]

	



Fasihi, H.; Noshirvani, N.; Hashemi, M.; Fazilati, M.; Salavati, H.; Coma, V. Antioxidant and antimicrobial properties of carbohydrate-based films enriched with cinnamon essential oil by Pickering emulsion method. Food Packag. Shelf Life 2019, 19, 147–154. [Google Scholar] [CrossRef]

	



Acosta, S.; Chiralt, A.; Santamarina, P.; Rosello, J.; González-Martínez, C.; Cháfer, M. Antifungal films based on starch-gelatin blend, containing essential oils. Food Hydrocoll. 2016, 61, 233–240. [Google Scholar] [CrossRef]

	



Li, Z.; Lin, S.; An, S.; Liu, L.; Hu, Y.; Wan, L. Preparation, characterization and anti-aflatoxigenic activity of chitosan packaging films incorporated with turmeric essential oil. Int. J. Biol. Macromol. 2019, 131, 420–434. [Google Scholar] [CrossRef] [PubMed]

	



Amalraj, A.; Haponiuk, J.T.; Thomas, S.; Gopi, S. Preparation, characterization and antimicrobial activity of polyvinyl alcohol/gum arabic/chitosan composite films incorporated with black pepper essential oil and ginger essential oil. Int. J. Biol. Macromol. 2020, 151, 366–375. [Google Scholar] [CrossRef]

	



Pabast, M.; Shariatifar, N.; Beikzadeh, S.; Jahed, G. Effects of chitosan coatings incorporating with free or nano-encapsulated Satureja plant essential oil on quality characteristics of lamb meat. Food Control 2018, 91, 185–192. [Google Scholar] [CrossRef]

	



Guerreiro, A.C.; Gago, C.M.; Faleiro, M.L.; Miguel, M.G.; Antunes, M.D. The effect of alginate-based edible coatings enriched with essential oils constituents on Arbutus unedo L. fresh fruit storage. Postharvest Biol. Technol. 2015, 100, 226–233. [Google Scholar] [CrossRef]












	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.












[image: Molecules 25 04711 g001 550] 





Figure 1. The chemical structures of major active compounds of essential oils (EOs) with antioxidant activity (in alphabetical order). 
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Table 1. Overview of studies about antibacterial properties of essential oils.
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	Essential Oil From
	Bacterial Culture
	Method
	MIC 1
	Reference





	Artemisia herba alba
	Escherichia coli, Pseudomanas aeruginosa, Staphylococcus aureus
	Broth dilution
	4–42.67 µL/mL
	[43]



	Anethum graveolens (dill weed)
	Escherichia coli, Staphylococcus aureus
	Broth microdilution
	3.75 µL/mL
	[5]



	Anethum graveolens (dill weed)
	Camplylobacter coli, Campylobacter jejuni
	Broth microdilution
	0.012–0.025 µL/mL
	[44]



	Backhousia citriodora (lemon myrtle)
	Escherichia coli, Listeria monocytogenes, Staphylococcus aureus
	Broth microdilution
	0.16–0.62 (%)
	[41]



	Brassica spp.

(mustard)
	Bacillus cereus, Escherichia coli, Escherichia coli O157:H7, Pseudomanas aeruginosa, Pseudomonas fluorescens, Pseudomonas putida, Pectobacterium carotovorum, Salmonella enterica subsp. enterica, Staphylococcus aureus
	Broth dilution
	12.5–200 µg/mL
	[31]



	Cinnamomum camphora (camphor)
	Bacillus subtilis, Escherichia coli, Staphylococcus aureus, Salmonella typhimurium
	Microdilution broth
	2–4 mg/mL
	[38]



	Cinnamomum zeylanicum (cinnamon)
	Bacillus subtilis, Escherichia coli, Staphylococcus aureus, Salmonella typhimurium
	Microdilution broth
	0.12–0.25 mg/mL
	[38]



	Cinnamomum zeylanicum (cinnamon)
	Bacillus cereus, Escherichia coli, Escherichia coli O157:H7, Pseudomanas aeruginosa, Pseudomonas fluorescens, Pseudomonas putida, Pectobacterium carotovorum, Salmonella enterica subsp. enterica, Staphylococcus aureus
	Broth dilution
	100–400 µg/mL
	[31]



	Cinnamomum zeylanicum (cinnamon)
	Bacillus cereus, Escherichia coli, Listeria monocytogenes, Staphylococcus aureus, Pseudomanas aeruginosa, Salmonella typhimurium
	Microdilution
	72.27–114.63 µL/mL
	[34]



	Cinnamomum zeylanicum
	Bacillus subtilis, Escherichia coli, Pseudomanas aeruginosa, Pseudomonas putida, Staphylococcus aureus,
	Broth macrodilution
	1.25 µL/mL
	[45]



	Cinnamomum zeylanicum
	Listeria monocytogenes, Staphylococcus aureus, Salmonella enteritidis, Campylobacter jejuni
	Broth dilution
	0.06–7.25 µL/mL
	[46]



	Cuminum cyminum (cumin)
	Escherichia coli, Staphylococcus aureus
	Broth microdilution
	3.75–15 µL/mL
	[5]



	Cuminum cyminum (cumin)
	Camplylobacter coli, Campylobacter jejuni
	Broth microdilution
	0.05 µL/mL
	[44]



	Cymbopogon citrus
	Escherichia coli, Staphylococcus aureus
	Dilution
	6.25 µL/mL
	[47]



	Cymbopogon nardus (citronella)
	Bacillus subtilis, Escherichia coli, Staphylococcus aureus, Salmonella typhimurium
	Microdilution broth
	2–4 mg/mL
	[38]



	Cymbopogon winterianus (lemon)
	Escherichia coli, Enterococcus faecalis, Klebsiella pneumoniae, Staphylococcus aureus
	Microdilution
	4.03–8.37 mg/mL
	[48]



	Elettaria cardamomum (cardamom)
	Escherichia coli, Staphylococcus aureus
	Broth microdilution
	3.75–7.50 µL/mL
	[5]



	Elettaria cardamomum (cardamom)
	Camplylobacter coli, Campylobacter jejuni
	Broth microdilution
	0.025 µL/mL
	[44]



	Eugenia caryophyllus
	Bacillus subtilis, Escherichia coli, Pseudomanas aeruginosa, Pseudomanas putida, Staphylococcus aureus
	Broth macrodilution
	1.25–10 µL/mL
	[45]



	Lavandula angustifolia
	Escherichia coli, Pseudomanas aeruginosa, Staphylococcus aureus
	Broth dilution
	1.33–42.67 µL/mL
	[43]



	Lavandula angustifolia
	Escherichia coli, Staphylococcus aureus
	Dilution
	125–250 µL/mL
	[47]



	Lavandula mairei Humbert
	Bacillus subtilis, Listeria innocua, Listeria monocytogenes, Proteus vulgaris, Pseudomanas aeruginosa, Staphylococcus aureus
	Broth macrodilution
	0.6–1.2 mg/mL
	[40]



	Melaleuca alternifolia Cheel (tea tree)
	Escherichia coli, Enterococcus faecalis, Klebsiella pneumoniae, Staphylococcus aureus
	Microdilution
	0.55–17.6 mg/mL
	[48]



	Mentha haplocalyx (peppermint)
	Bacillus subtilis, Escherichia coli, Staphylococcus aureus, Salmonella typhimurium
	Microdilution broth
	2–4 mg/mL
	[38]



	Mentha piperita
	Escherichia coli, Staphylococcus aureus
	Dilution
	62.5 µL/mL
	[47]



	Mentha pulegium
	Bacillus subtilis, Escherichia coli, Listeria

monocytogenes, Pseudomanas aeruginosa, Proteus mirabilis, Staphylococcus aureus
	Broth microdilution
	0.25 to >2 mg/mL
	[49]



	Origanum vulgare (oregano)
	Listeria monocytogenes, Staphylococcus aureus, Salmonella enteritidis, Campylobacter jejuni
	Broth dilution
	0.016–1 µL/mL
	[46]



	Origanum vulgare (oregano)
	Bacillus cereus, Staphylococcus aureus, Salmonella enteritidis, Salmonella typhimurium
	Broth dilution
	160–640 µg/mL
	[50]



	Pimpinella anisum (anise)
	Bacillus subtilis, Escherichia coli, Staphylococcus aureus, Salmonella typhimurium
	Microdilution broth
	0.5–2 mg/mL
	[38]



	Pimpinella saxifraga
	Bacillus cereus, Escherichia coli, Listeria monocytogenes, Micrococcus luteus, Pseudomanas aeruginosa, Salmonella typhimurium
	Microdilution
	0.78–3.12 mg/mL
	[11]



	Piger nigerium (black pepper)
	Bacillus cereus, Escherichia coli, Listeria monocytogenes, Staphylococcus aureus, Pseudomanas aeruginosa, Salmonella typhimurium
	Microdilution
	81.64–124.47 µL/mL
	[34]



	Rosmarinus officinalis
	Bacillus subtilis, Escherichia coli Listeria monocytogenes, Pseudomanas aeruginosa, Proteus mirabilis, Staphylococcus aureus
	Broth microdilution
	0.5 to >2 mg/mL
	[49]



	Rosmarinus officinalis L. (rosemary)
	Escherichia coli, Enterococcus faecalis, Klebsiella pneumoniae, Staphylococcus aureus
	Microdilution
	0.67–10.8 mg/mL
	[48]



	Rosmarinus officinalis
	Listeria monocytogenes, Staphylococcus aureus, Salmonella enteritidis, Campylobacter jejuni
	Broth dilution
	0.5–85 µL/mL
	[46]



	Salvia officinalis
	Listeria monocytogenes, Staphylococcus aureus, Salmonella enteritidis, Campylobacter jejuni
	Broth dilution
	1.56–60 µL/mL
	[46]



	Salvia sclarea L. (clary sage)
	Escherichia coli, Enterococcus faecalis, Klebsiella pneumoniae, Staphylococcus aureus
	Microdilution
	1.38–44.23 mg/mL
	[48]



	Satureja hortensis L.
	Escherichia coli, Listeria monocytogenes, Staphylococcus aureus, Salmonella typhimurium, Pseudomanas aeruginosa
	Agar dilution
	2–4 mg/mL
	[39]



	Syzygium aromaticum (clove)
	Bacillus subtilis, Escherichia coli, Staphylococcus aureus, Salmonella typhimurium
	Microdilution broth
	0.5–1 mg/mL
	[38]



	Syzygium aromaticum (clove)
	Escherichia coli, Enterococcus faecalis, Klebsiella pneumoniae, Staphylococcus aureus
	Microdilution
	0.21 mg/mL
	[48]



	Syzygium aromaticum (clove)
	Escherichia coli, Listeria monocytogenes, Staphylococcus aureus, Salmonella typhimurium
	Dilution
	0.304 mg/mL
	[51]



	Syzygium aromaticum (clove)
	Bacillus cereus, Escherichia coli, Listeria monocytogenes, Staphylococcus aureus, Pseudomanas aeruginosa, Salmonella typhimurium
	Microdilution
	58.54–85.67 µL/mL
	[34]



	Thymus algeriensis
	Bacillus cereus, Escherichia coli, Listeria monocytogenes, Staphylococcus aureus, Pseudomanas aeruginosa
	Macrobroth dilution
	1–4.5 µL/mL
	[16]



	Thymus daenensis
	Bacillus cereus, Escherichia coli, Staphylococcus aureus, Salmonella typhimurium
	Dilution
	20 µg/mL
	[52]



	Thymus vulgaris
	Bacillus cereus, Escherichia coli, Staphylococcus aureus, Salmonella typhimurium
	Dilution
	20 µg/mL
	[52]



	Thymus vulgaris
	Bacillus cereus, Staphylococcus aureus, Salmonella enteritidis, Salmonella typhimurium
	Broth dilution
	320–640 µg/mL
	[50]



	Thymus vulgaris
	Listeria monocytogenes, Staphylococcus aureus, Salmonella enteritidis, Campylobacter jejuni
	Broth dilution
	0.12–0.25 µL/mL
	[46]



	Zanthoxylum bungeanum (pepper)
	Bacillus subtilis, Escherichia coli, Staphylococcus aureus, Salmonella typhimurium
	Microdilution broth
	1–4 mg/mL
	[38]



	Zataria multiflora
	Bacillus cereus, Escherichia coli, Staphylococcus aureus, Salmonella typhimurium
	Dilution
	5–10 µg/mL
	[52]



	Zingiber officinale Roscoe (ginger)
	Escherichia coli, Enterococcus faecalis, Klebsiella pneumoniae, Staphylococcus aureus
	Microdilution
	0.15–9.85 mg/mL
	[48]







1 MIC: minimum inhibition concentration.
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Table 2. Overview of studies about antifungal properties of essential oils.
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	Essential Oil From
	Fungal Culture
	Method
	MIC/Inhibition 1
	Reference





	Anacyclus valentinus
	Aspergillus flavus, Aspergillus parasiticus, Aspergillus ochraceus, Penicillium expansum, Penicillium citrinum, Fusarium graminearum, Fusarium moniliforme
	Macrodilution
	1.25–2.5 µL/mL
	[77]



	Brassica nigra (mustard)
	Aspergillus fumigatus, Aspergillus nomius, Aspergillus niger, Penicillium cinnamopurpureum, Penicillium expansum, Penicillium viridicatum
	Vapor diffusion
	0.012–0.06 µg/mLair
	[78]



	Brassica sp. (mustard)
	Penicillium roqueforti, Penicillium verrucosum, Fusarium oxysporum, Penicillium expansum, Aspergillus niger, Botryotinia fuckeliana, Aspergillus flavus, Geotrichum spp., Aspergillus ochraceus, Rhizopus stolonifer
	Broth macrodilution
	0.8–50 µg/mL
	[79]



	Bupleurum falcatum
	Aspergillus flavus, Alternaria alternata, Fusarium oxysporum
	Broth microdilution
	0.5–2 µg/mL
	[74]



	Carum Carvi (caraway)
	Penicillium carneum, Penicillium cavernicola, Penicillium aurantiogriseum, Penicillium nalgiovense, Penicillium polonicum, Mucor racemosus
	Agar dilution
	0.7–1.5 µL/mL
	[80]



	Carum carvi L.
	Fusarium oxysporum, Fusarium verticillioides, Penicillium brevicompactum, Penicillium expansum, Aspergillus flavus, Aspergillus fumigatus
	Agar dilution
	1–3.6 µL/mL
	[81]



	Carum carvi
	Aspergillus flavus, Botrytis cinerea, Penicillium italicum, Penicillium expansum, Penicillium commune, Rhizopus stolonifer, Rhizopus lyococcus
	Agar overlay technique
	100% inhibiton at 500 ppm
	[82]



	Carum spp. (caraway)
	Aspergillus ochraceus
	Macrodilution
	0.625 μL /mL
	[83]



	Cinnamon spp. (cinnamon)
	Aspergillus ochraceus
	Macrodilution
	0.078 μL /mL
	[83]



	Cinnamon sp. (cinnamon)
	Fusarium verticilloides
	Semisolid agar antifungal susceptibility technique
	60 μL /L
	[84]



	Cinnamon sp. (cinnamon)
	Penicillium spp., Clodosporium spp.
	Disc diffusion
	100% inhibiton at 20 µL
	[85]



	Cinnamomum camphora (camphor)
	Aspergillus niger, Aspergillus ochraceus, Aspergillus oryzae
	Gradient plate
	2 mg/mL
	[86]



	Cinnamomum casia
	Aspergillus flavus
	Broth microdilution
	62.5 µg/mL
	[87]



	Cinnamomum casia (cinnamon)
	Aspergillus carbonarius
	Poisoned food technique
	100% inhibition at 50–100 µL/L
	[88]



	Cinnamomum cassia
	Aspergillus flavus, Aspergillus carbonarius, Penicillium viridacatum
	Inhibition zone method
	1.67, >5 µL/mL
	[67]



	Cinnamomum zeylanicum (cinnamon)
	Aspergillus niger, Aspergillus ochraceus, Aspergillus oryzae
	Gradient plate
	0.062–0.125 mg/mL
	[86]



	Cinnamomum zeylanicum
	Botrytis cinerea, Penicillium expansum
	Broth microdilution
	625–1250 µg/mL
	[73]



	Cinnamomum zeylanicum (cinnamon)
	Aspergillus flavus, Aspergillus parasiticus
	Microatmosphere
	100% inhibition at 500 µL/L
	[89]



	Citrus aurantifolia (mirim lime)
	Botrytis cinerea, Penicillium digitatum, Trichoderma viride
	Microdilution
	625 to >2500 µg/mL
	[90]



	Citrus latifolia (tahiti lime)
	Botrytis cinerea, Penicillium digitatum, Trichoderma viride
	Microdilution
	625 to >2500 µg/mL
	[90]



	Citrus limon L. (lemon)
	Aspergillus parasiticus
	Agar dilution
	≥1500 ppm
	[91]



	Citrus limon (siciliano lemon)
	Botrytis cinerea, Penicillium digitatum, Trichoderma viride
	Microdilution
	312 to >2500 µg/mL
	[90]



	Citrus limonia (cravo lime)
	Botrytis cinerea, Penicillium digitatum, Trichoderma viride
	Microdilution
	312 to >2500 µg/mL
	[90]



	Cuminum sp.
	Aspergillus ochraceus
	Macrodilution
	2.5 μL/mL
	[83]



	Cuminum cyminum L. (cumin)
	Aspergillus flavus, Aspergillus parasiticus, Aspergillus niger
	Broth dilution
	750–1000 ppm
	[92]



	Cuminum cyminum L.
	Aspergillus flavus, Aspergillus fumigatus
	Broth microdilution

Broth macrodilution
	1.5 mg/mL

0.25 mg/mL
	[93]



	Cuminum cyminum
	Aspergillus flavus, Aspergillus fumigates, Aspergillus niger, Aspergillus ochraceus, Penicillium citrinum, Penicillium chrysogenum, Fusarium verticillioides
	Broth microdilution
	1000–2000 μg/mL
	[94]



	Cuminum cyminum
	Aspergillus flavus
	Poisoned food technique
	0.6 μL /mL
	[95]



	Cuminum cyminum
	Fusarium oxysporum, Rhodotorula glutinis, Botyrtis cinerea
	Disc diffusion
	80.9–91.4% inhibition at 10 µL
	[96]



	Curcuma longa (turmeric)
	Fusarium verticillioides
	Broth dilution
	73.7 μg/mL
	[97]



	Cymbopogon citrati (lemon grass)
	Aspergillus flavus, Aspergillus ochraceus, Aspergillus parasiticus, Aspergillus westerdijkiae
	Gas diffusion
	15.625 µL/Lair
	[98]



	Cymbopogon citratus (lemon grass)
	Aspergillus parasiticus, Aspergillus flavus, Aspergillus clavatus
	Vapor phase
	96% inhibition at 500 µL/Lair
	[99]



	Cymbopogon citratus (lemon grass)
	Fusarium oxysporum
	Broth microdilution
	31.25 ppm
	[100]



	Cymbopogon martini
	Aspergillus flavus, Aspergillus carbonarius, Penicillium viridacatum
	Inhibition zone method
	1.67, >5 µL/mL
	[67]



	Cymbopogon nardus
	Fusarium oxysporum, Fusarium verticillioides, Penicillium brevicompactum, Penicillium expansum, Aspergillus flavus, Aspergillus fumigatus.
	Agar dilution
	0.6–6.7 µL/mL
	[81]



	Cymbopogon nardus (citronella)
	Aspergillus niger, Aspergillus ochraceus, Aspergillus oryzae
	Gradient plate
	1–2 mg/mL
	[86]



	Eucalyptus sp.
	Fusarium gramineraum, Fusarium asiaticum, Fusarium verticillioides, Fusarium oxysporum, Aspergillus flavus, Botyrtis cinerea
	Poisoned food technique
	33–75% inhibition at 1000 µL/L
	[101]



	Eucalyptus camaldulensis
	Fusarium oxysporum, Fusarium proliferatum, Fusarium soloni, Fusarium subglutinans, Fusarium verticillioides
	Poisoned food technique
	7–8 µL/mL
	[102]



	Eucalyptus globulus
	Aspergillus parasiticus, Fusarium moniliforme
	Disc diffusion
	9–27% inhibition at 500 µL/L
	[71]



	Eucalyptus globulus
	Aspergillus flavus, Aspergillus parasiticus
	Contact and volatile assay
	100% inhibition at 500 µL
	[103]



	Foeniculum vulgare (bitter fennel)
	Fusarium oxysporum, Fusarium profileratum, Fusarium verticillioides
	Modified microdilution
	3.25–10 mg/mL
	[104]



	Foeniculum vulgare (fennel)
	Aspergillus flavus 
	Microdilution broth
	10 µg/mL
	[105]



	Foeniculum vulgare
	Colletotrichum gloeosporioides , Phytophthora capsici, Sclerotinia sclerotiorum, Fusarium fujikuroi
	Agar disc diffusion
	1.5 to >2 µL/mL
	[106]



	Melaleuca alternifolia (tea tree)
	Botrytis cinerea, Penicillium expansum
	Agar dilution
	2–6 mL/L
	[107]



	Mentha haplocalyx (peppermint)
	Aspergillus niger, Aspergillus ochraceus, Aspergillus oryzae
	Gradient plate method
	1–2 mg/mL
	[86]



	Mentha piperita (mint)
	Fusarium oxysporum
	Broth microdilution
	125 ppm
	[100]



	Mentha piperita L. (peppermint)
	Aspergillus clavatus, Aspergillus flavus, Aspergillus fumigatus, Aspergillus fumigates, Aspergillus oryzae
	Broth microdilution
	0.5–4 µL/mL
	[108]



	Mentha piperita L. (peppermint)
	Alternaria alternaria, Aspergillus flavus, Aspergillus fumigates, Aspergillus variecolor, Fusarium acuminatum, Fusarium solani, Fusarium oxysporum, Fusarium tabacinum, Moliniana fructicola, Rhizoctomia saloni, Sclorotinia minör, Sclorotinia selerotiorum, Trichophyton mentagrophytes
	Microdilution
	0.5–10 µg/mL
	[56]



	Mentha piperita L.
	Aspergillus flavus, Aspergillus glaucus, Aspergillus niger, Aspergillus ochraceous, Colletotrichum gloesporioides, Colletotrichum musae, Fusarium oxysporum, Fusarium semitectum
	Poisoned food technique
	90–100% inhibition at 0.2% EO
	[109]



	Ocimum basilicum
	Fusarium verticillioides
	Modified semisolid agar antifungal susceptibility
	1–2 μL/mL
	[110]



	Ocimum basilicum L. (basil)
	Mucor racemosus, Penicillium aurantiogriseum, Penicillium carneum, Penicillium cavernicola, Penicillium nalgiovense, Penicillium polonicum
	Agar dilution
	4.5–9 µL/mL
	[80]



	Ocimum gratissium
	Aspergillus flavus
	Broth dilution
	0.6–0.7 µL/mL
	[111]



	Ocimum gratissium
	Fusarium verticillioides
	Modified semisolid agar antifungal susceptibility
	0.3–5 μL/mL
	[110]



	Ocimum sanctum
	Aspergillus flavus
	Poisoned food technique
	0.3 µL/mL
	[112]



	Origanum majorana (marjoram)
	Botrytis cinerea, Penicillium expansum
	Broth microdilution
	5000–10,000 µg/mL
	[73]



	Origanum x majoricum
	Aspergillus flavus , Penicillium oxalicum, Penicillium minioluteum
	Poisoned food technique
	400–550 ppm
	[63]



	Origanum vulgare L. (oregano)
	Fusarium verticillioides
	- 2
	250 µL/L
	[113]



	Origanum vulgare spp. hirtum
	Aspergillus flavus , Penicillium oxalicum, Penicillium minioluteum
	Poisoned food technique
	350–650 ppm
	[63]



	Origanum vulgare L. sspp. vulgare
	Aspergillus flavus , Penicillium oxalicum, Penicillium minioluteum
	Poisoned food technique
	200–550 ppm
	[63]



	Pelargonium roseum L.
	Fusarium oxysporum, Fusarium verticillioides, Penicillium brevicompactum, Penicillium expansum, Aspergillus flavus, Aspergillus fumigatus.
	Agar dilution
	0.8–5.1 µL/mL
	[81]



	Pimpinella anisum (anise)
	Aspergillus niger, Aspergillus ochraceus, Aspergillus oryzae
	Gradient plate
	0.5–1 mg/mL
	[86]



	Poliomintha longiflora (mexican oregano)
	Aspergillus flavus, Botrytis cinerea, Colletotrichum gloeosporioides, Penicillium expansum
	Agar dilution
	0.8–1.4 g/L
	[114]



	Poliomintha longiflora (mexican oregano)
	Aspergillus flavus, Botrytis cinerea, Colletotrichum gloeosporioides, Penicillium expansum
	Agar dilution
	0.8–1.4 g/L
	[114]



	Rosmarinus officinalis L.
	Fusarium oxysporum, Fusarium proliferatum
	Disc diffusion
	50% inhibition at 1122–1641 μL/L
	[58]



	Rosmarinus officinalis L. (rosemary)
	Aspergillus niger, Aspergillus oryzae, Fusarium oxysporum, Mucor pusillus
	Disc diffusion
	93–100% inhibition at 20 μg/mL
	[59]



	Rosmarinus officinalis L. (rosemary)
	Aspergillus flavus, Aspergillus niger
	Broth macrodilution
	1 μL/mL
	[62]



	Rosmarinus officinalis
	Aspergillus flavus
	Macrodilution
	500 µg/mL
	[65]



	Rosmarinus officinalis (rosemary)
	Aspergillus niger
	Microdilution
	1000 µg/mL
	[115]



	Rosmarinus officinalis L.
	Botrytis cinerea
	Volatile phase assay
	100% inhibition at 1.6 μg/mLair
	[60]



	Rosmarinus officinalis (rosemary)
	Fusarium verticillioides
	Microdilution
	150 µg/mL
	[57]



	Rosmarinus officinalis (rosemary)
	Alternaria alternata
	Microdilution
	1000 µg/mL
	[61]



	Rosmarinus officinalis (rosemary)
	Botrytis cinerea, Penicillium expansum
	Broth microdilution
	2500–5000 µg/mL
	[73]



	Satureja khusiztanica
	Aspergillus niger, Botrytis cinerea, Penicillium digitatum, Rhizopus stolonifer
	Broth macrodilution
	600–1200 µL/L
	[116]



	Schinus molle (pirul)
	Aspergillus parasiticus, Fusarium moniliforme
	Disc diffusion
	4.4–15.3% inhibition at 500 µL/L
	[71]



	Stachys pubescens
	Aspergillus flavus , Alternaria alternata, Fusarium oxysporum
	Broth microdilution
	0.5–1 µg/mL
	[74]



	Syzgium sp. (clove)
	Aspergillus niger
	Contact assay
	100% inhibition at 200 µL/L
	[70]



	Syzgium aromaticum (clove)
	Aspergillus niger, Aspergillus ochraceus, Aspergillus oryzae
	Gradient plate
	0.25 mg/mL
	[86]



	Syzygium aromaticum  (clove)
	Fusarium oxysporum
	Broth microdilution
	31.25 ppm
	[100]



	Syzygium aromaticum  (clove)
	Aspergillus flavus, Aspergillus parasiticus
	Microatmosphere method
	100% inhibition at 500 µL/L
	[89]



	Syzygium aromaticum  (clove)
	Aspergillus flavus, Penicillium citrinum, Rhizopus nigricans,
	Agar dilution method
	25–50 µL/mL
	[117]



	Thymus algeriensis
	Aspergillus niger, Fusarium soloni
	-
	1–2 µL/mL
	[68]



	Thymus broussonnetii subs. hannonis
	G. citri-aurantii, Penicillium digitatum, Penicillium italicum
	Agar dilution
	>4000 µL/L
	[72]



	Thymus capitatus
	Aspergillus parasiticus, Fusarium moniliforme
	Disc diffusion
	77.7–91.2% inhibition at 500 µL/L
	[71]



	Thymus daenensis
	Aspergillus flavus , Alternaria alternata, Fusarium oxysporum
	Broth microdilution
	1–4 µg/mL
	[74]



	Thymus kotschyanus
	Aspergillus flavus , Alternaria alternata, Fusarium oxysporum
	Broth microdilution
	0.5–1 µg/mL
	[74]



	Thymus leptobotyrs
	Geotrichum citri-aurantii, Penicillium digitatum, Penicillium italicum
	Agar dilution
	<500 µL/L
	[72]



	Thymus mongolicus Ronn
	Aspergillus flavus, Aspergillus carbonarius, Penicillium viridacatum
	Inhibition zone method
	2.33, >5 µL/mL
	[67]



	Thymus riatarum
	Geotrichum citri-aurantii, Penicillium digitatum, Penicillium italicum
	Agar dilution
	<500–1000 µL/L
	[72]



	Thymus satureidos subsp. pseudomastichina
	Geotrichum citri-aurantii, Penicillium digitatum, Penicillium italicum
	Agar dilution
	<500–1000 µL/L
	[72]



	Thymus spp.
	Aspergillus niger
	Contact assay
	100% inhibition at 200 µL/L
	[70]



	Thymus villosus
	Aspergillus flavus, Aspergillus fumigatus, Aspergillus niger
	Broth macrodilution
	0.32–2.5 µL/mL
	[69]



	Thymus vulgaris
	Aspergillus flavus, Aspergillus fumigatus, Fusarium oxysporum, Fusarium verticillioides, Penicillium expansum, Penicillium brevicompactum
	Agar dilution
	0.8–2.3 µL/mL
	[81]



	Thymus vulgaris L. (thyme)
	Aspergillus parasiticus
	Agar dilution
	2500 ppm
	[91]



	Thymus vulgaris (thyme)
	Botrytis cinerea, Penicillium expansum
	Broth microdilution
	312–625 µg/mL
	[73]



	Thymus zygis subsp.
	Aspergillus niger, Aspergillus flavus, Aspergillus fumigatus
	Macrodilution
	0.16–0.64 µL/mL
	[118]



	Xylopia aethiopica
	Aspergillus flavus, Aspergillus fumigatus, Aspergillus niger, Aspergillus versicolor, Fusarium oxysporum
	Incorporation
	3000–4000 ppm
	[119]



	Zingiber officinale
	Aspergillus flavus, Aspergillus fumigates, Aspergillus niger, Aspergillus ochraceus, Penicillium citrinum, Penicillium chrysogenum, Fusarium verticillioides
	Microdilution
	1250–2500 μg/mL
	[94]







1: The inhibition (%) was stated for studies in which the MIC value is not indicated, 2: It is not specified.
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Table 3. Overview of studies about the antimycotoxigenic properties of essential oils.
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	Essential Oil From
	EO Concentration
	Mycotoxin
	Mycotoxin Inhibition (%)
	Method
	Reference





	Ageratum conyzoides L.
	0.2–0.5 mg/mL
	AF 1 B1

AF B2

AF G1
	6.88–84.1

58.73–85.71

61.11–96.3
	LC-MS-MS, LOD 2: NI 3
	[128]



	Carum carvi L. (caraway)
	0.1–0.3%
	AF B1
	49.4–99.6
	HPLC, LOD: 2 ng/g

LOQ 4: 5 ng/g
	[129]



	Carum carvi L. (caraway)
	10–1000 µg/mL
	AF B1

AF G1
	1.1–80

35.4–94.6
	HPLC, LOD: NI
	[75]



	Carum carvi
	500 µl/Lair
	AF B1

AF B2
	100
	TLC, LOD: NI
	[89]



	Carum copticum
	1000 µg/mL

10–1000 µg/mL
	AF B1

AF G1
	100

23.22–100
	TLC, LOD: NI
	[130]



	Cinnamon
	140 µg/ml
	Fum B1
	66.65
	ELISA
	[131]



	Cinnamon
	500 µg/g
	DON 5

ZEA 6
	100
	HPLC, LOD: NI
	[132]



	Cinnamon
	210–280 µg/mL
	Fum 7 B1
	88–93.35
	ELISA, LOD: NI
	[84]



	Cinnamomum casia
	50–75 µl/L
	OTA 8
	58–90
	HPLC, LOD: 1 ng/g
	[88]



	Cinnamomum jensenianum Hand.-Mazz
	1–8 µL/mL
	AF B1
	31.6–100
	TLC-UV, LOD: NI
	[133]



	Cinnamomum zeylanicum, Sri Lanka (cinnamon leaf)
	100–200 µL/mL
	DON
	8.08–13.74
	HPLC, LOD: NI
	[134]



	Cinnamomum zeylanicum, Sri Lanka (cinnamon leaf)
	100–200 µL/mL
	ZEA
	13.23–16.87
	HPLC, LOD: 0.01 μg/mL
	[66]



	Cinnamomum zeylanicum, Indonesia (cinnamon bark)
	100–200 µL/mL
	DON
	41.55–46.92
	HPLC, LOD: NI
	[134]



	Cinnamomum zeylanicum, Indonesia (cinnamon bark)
	100–200 µL/mL
	ZEA
	79.79–89.29
	HPLC, LOD: 0.01 μg/mL
	[66]



	Cinnamomum jensenianum Hand.-Mazz
	1–8 µL/mL
	AF B1
	31.6–100
	TLC-UV, LOD: NI
	[133]



	Citrus aurantifolia (sour lime)
	10–1000 µg/mL
	AF B1

AF G1
	5.5–89.6

26.9–89.2
	HPLC, LOD: NI
	[75]



	Citrus grandis (white grapefruit)
	100–200 µg/mL
	DON
	29.05–35.05
	HPLC, LOD: NI
	[134]



	Citrus grandis (white grapefruit)
	100–200 µL/mL
	ZEA
	15.15–70.81
	HPLC, LOD: 0.01 μg/mL
	[66]



	Citrus limonum (lemon leaf)
	100–200 µL/mL
	DON
	57.10–62.73
	HPLC, LOD: NI
	[134]



	Citrus limonum (lemon leaf)
	100–200 µL/mL
	ZEA
	26.97–66.56
	HPLC, LOD: 0.01 μg/mL
	[66]



	Citrus paradisi

(pink grapefruit)
	100–200 µL/mL
	DON
	46.01–52.48
	HPLC, LOD: NI
	[134]



	Citrus paradisi

(pink grapefruit)
	100–200 µL/mL
	ZEA
	1.61–5.05
	HPLC, LOD: 0.01 μg/mL
	[66]



	Coriandrum sativum L. (coriander)
	0.1–0.7%
	AF B1
	45.6–100
	HPLC, LOD: 2 ng/g

LOQ: 5 ng/g
	[129]



	Cuminum cyminum seed
	0.1–0.5 µL/mL
	AF B1
	17.9–93.4
	TLC, LOD: NI
	[95]



	Curcuma longa L.
	17.9–294.9 µg/mL
	Fum B1
	33.05–99.11
	HPLC; LOD: 0.125 ng/L

LOQ: 0.312 ng/L
	[97]



	Curcuma longa L.
	17.9–294.9 µg/mL
	Fum B2
	30–99.4
	HPLC; LOD: 0.125 ng/L

LOQ: 0.312 ng/L
	[97]



	Cymbopogon martinii (palmarosa)
	100–200 µL/mL
	DON
	59.95–72.18
	HPLC, LOD: NI
	[134]



	Cymbopogon martinii (palmarosa)
	100–200 µL/mL
	ZEA
	80–87.27
	HPLC, LOD: 0.01 μg/mL
	[66]



	Eucalyptus radiata

(eucalyptus leaf oil)
	100–200 µL/mL
	DON
	37.47–37.70
	HPLC, LOD: NI
	[134]



	Eucalyptus radiata

(eucalyptus leaf oil)
	100–200 µL/mL
	ZEA
	38.48–41.01
	HPLC, LOD: 0.01 μg/mL
	[66]



	Laurus nobilis
	0.1–0.2%
	OTA
	80.92–97.32
	HPLC, LOD: 0.3 ng OTA/mL, LOQ: 0.5 ng OTA/mL
	[125]



	Lavandula dentata
	0.1%
	OTA
	92.06
	HPLC, LOD: 0.3 ng OTA/mL, LOQ: 0.5 ng OTA/mL
	[125]



	Lippia turbinata var. integrifolia (Griseb.) (poleo)
	2000–3000 µL/L
	OTA
	18.1–100
	HPLC, LOD: 1 ng/g
	[124]



	Mentha sp. (mint)
	100 µL/mL
	ZEA
	19.87–30.79
	HPLC, LOD: 0.01 μg/mL
	[66]



	Mentha spicata L. (spearmint)
	0.1–0.9 µL/mL
	AF B1
	9.28–100
	TLC, LOD: NI
	[135]



	Ocimum gratissimum
	0.1–0.5 µL/mL
	AF B1
	36.7–100
	TLC, LOD: NI
	[111]



	Ocimum sanctum
	0.1–0.2 µL/mL
	AF B1
	82.43–100
	Broth culture technique

LOD: NI
	[112]



	Pëumus boldus Mol. (boldo)
	1000–2000 µL/L
	OTA
	1.6–100
	HPLC, LOD: 1 ng/g
	[124]



	Piper bettle
	0.2–0.5 µL/mL
	AF B1
	15–84.6
	TLC
	[127]



	Plectranthus amboinicus (Indian borage)
	100–500 ppm
	OTA
	26.08–100
	HPLC
	[136]



	Rosmarinus officinalis L.
	75–600 μg/mL
	Fum B1

Fum B2
	0–99.6

0–99.4
	HPLC, LOD: 0.125 ng/L

LOQ: 0.312 ng/L
	[57]



	Rosmarinus officinalis L.
	75–600 μg/mL
	Fum B1

Fum B2
	0–99.6

0–99.4
	HPLC, LOD: 0.125 ng/L

LOQ: 0.312 ng/L
	[57]



	Rosmarinus officinalis L.
	250–450 ppm
	AF
	1.87–100
	TLC, LOD: NI
	[64]



	Rosmarinus officinalis L.
	100–250 µg/mL
	AF B1

AF B2
	63.1–100

82.3–100
	HPLC, LOD: 0.5 ng/mL
	[65]



	Rosmarinus officinalis (rosemary)
	100 µL/mL
	ZEA
	19.71–22.32
	HPLC, LOD: 0.01 μg/mL
	[66]



	Salvia officinalis
	0.3–0.5%
	OTA
	97.68–97.89
	HPLC, LOD: 0.3 ng OTA/mL, LOQ: 0.5 ng OTA/mL
	[125]



	Syzygium aromaticum L. (clove)
	1000–5000 µL/L
	OTA
	64.6–100
	HPLC, LOD: 1 ng/g
	[124]



	Thymus capitatus
	0.1 g/mL
	AF B1

Fum B1
	23.3

−53
	HPLC, LOD: NI
	[71]



	Thymus vulgaris (thyme)
	10–1000 µg/mL
	AF B1

AF G1
	22.1–100

49.5–100
	HPLC, LOD: NI
	[75]



	Thymus vulgaris
	150 µg/mL
	AF B1

AF B2
	100

100
	HPLC, LOD: 333 ng/mL

LOQ: 1000 ng/mL
	[76]



	Zataria multiflora Boiss.
	100–200 ppm
	Citrinin
	68.86–92.44
	HPLC (RP-HPLC)

LOD: 0.9 × 10−7 M
	[137]







1: Aflatoxin, 2: Limit of detection, 3: No information provided, 4: Limit of quantificatiom, 5: Deoxynivalenol, 6: Zearalenone, 7: Fumonisin, 8: Ochratoxin A.
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	Essential Oil From
	Most Abundant Compounds 1
	Method
	Results
	Reference





	Aetheroleum basilici (basil)
	Linalool (39.9%), E-anethol (31.5%), longifolene (4.9%), eugenol (4.8%), α-terpinyl acetate (3.1%)
	DPPH
	EC50 = 0.002–0.494 mg/mL
	[171]



	Aetheroleum menthae piperitae (peppermint)
	Menthol (45.4%), menthone (24.4%), iso-menthone (8.3%), menthyl acetate (6%), 1,8-cineole (5.5%)
	DPPH
	EC50 = 58.41–n.d. 2 mg/mL
	[171]



	Agastache foeniculum
	Methyl chavicol (83.1%), limonene (3.4%), spathulenol (3.1%), caryophyllene oxide (3.1%), β-gurjunene (1.7%)
	DPPH

ABTS
	30.8–93.5% (1–10 mg/mL EO)

44.3–92.1% (1–10 mg/mL EO)
	[173]



	Anethum graveolens  (dill)
	Neral (27%), carvone (25.7%), limonene (20.6%), dill apiole (8%), trans-dihydrocarvone (4.9%)
	DPPH

Ferrous reducing power

β-carotene-linoleic acid assay

Superoxide anion scavenging
	IC50 = 3000 μg/mL

EC50 = 2400 μg/mL

4000 μg/mL

400 μg/mL
	[148]



	Artemisia dracunculus (tarragon)
	p-Allylanisole (84.03%), ocimene (E)-β (7.46%), ocimene (Z)-β (6.24%), limonene (1.42%)
	DPPH

TPC

TFC

Flavonol content
	IC50 = 65.4 μg/mL

24.10 mg GAE 3/g dry sample

20 mg QE 4/g dry sample

14.5 mg/g dry sample
	[174]



	Artemisia herba-alba
	β-Thujone (41.9%), α-thujone (18.4%), camphor (13.2%), germacrene D (4.8%), 1,8-cineole (3.4%)
	DPPH

Chelating assay

β-carotene assay

FRAP
	IC50 = 5030 μg/mL

IC50 = 2300 μg/mL

IC50 = 159 μg/mL

IC50 = 79 μg/mL
	[175]



	Catha edulis Forsk cultivars (khat)
	Limonene (30-n.d.%), tritetracontane (12-n.d.%), 1-phenyl-1,2-propanedione (11.6-n.d.%), 1-hydroxy,1-phenyl-2-propanone (8.1–1.9%), o-mentha-1(7),8-dien-3-ol (8.5-n.d.%)
	DPPH
	29.1–29.5% (23.5–23.6 μg AAE/kg of fresh khat sample)
	[176]



	Cinnamomum zeylanicum Blume (cinnamon)
	Cinnamaldehyde (77.34%), trans-cinnamyl acetate (4.98%), 1,4-benzenedicarboxylic acid (3.55%), 1,8-cineole (3.19%), α-pinene (2.6%)
	Phosphomolybdenum assay





DPPH

H2O2 5
	108.75 mg of EO/equivalent to 1 mg of vitamin C in terms of antioxidant power

21.3% inhibition

55.2% inhibition
	[164]



	Cinnamomum zeylanicum Blume (cinnamon)
	(E)-Cinnamaldehyde (81.39%), (E)-cinnamyl acetate (4.2%), (Z)-cinnamaldehyde (3.42%), 1,8-cineole (1.9%), dihydrocinnamaldehyde (1.85%)
	Phosphomolybdenum assay

CUPRAC

FRAP

DPPH

ABTS
	111.46 mg TEs 6/g sample

9.82 mg TEs/g sample

3.98 mg TEs/g sample

3.49% inhibition (0.30 mg TEs/g sample)

19.20% inhibition (1.03 mg TEs/g sample)
	[165]



	Cinnamomum zeylanicum (cinnamon)
	Cinnamaldehyde (68.2%), eugenol (9.57%), β-caryophyllene (7.21%), 1,2-benzenedicarboxylic acid, mono(2-ethylhexyl) ester (3.27%)
	DPPH

β-carotene linoleic acid bleaching assay



Ferrous (Fe2+) ion chelating efficacy
	4.62–57.56% inhibition

Lower inhibitory activity than clove and black pepper

2.13–43.86% activity
	[169]



	Citrus aurantium L. (lime)
	d-Limonene (61.85%), γ-terpinene (9.15%), linalool (8.52%), octanal (5.28%), α-pinene (3.02%)
	ABTS

DPPH
	89.74% inhibition

34.25%
	[177]



	Citrus limon Burm F. (lemon)
	d-Limonene (61.72%), α-pinene (13.97%), 3-carene (13.67%), citral (1.88%), geranial (1.29%)
	ABTS

DPPH
	41.57% inhibition

32.85%
	[177]



	Citrus maxima (honey pomelo)
	d-Limonene (46.36%), myrcene (16.09%), cis-p-mentha-2,8-dien-1-ol (2.68%), β-pinene (2.41%), cis-linaloloxide (2.38%)
	ABTS

DPPH
	11.64% inhibition

6.40%
	[177]



	Citrus. medica var. sarcodactylis Swin (bergamot)
	d-Limonene (48.94%), α-pinene (2.88%), cis-carveol (2.49%), myrcene (2.29%), nootkatone (1.95%)
	ABTS

DPPH
	74.71% inhibition

77.2%
	[177]



	Citrus sinensis (Lour.) Osbe (sweet orange)
	d-Limonene (79.28%), 3-carene (7.76%) α-pinene (2.28%), linalool (1.66%), sabinene (1.32%)
	ABTS

DPPH
	40.71% inhibition

25.34%
	[177]



	Curcuma longa (turmeric)
	α-Turmerone (42.6%), β-turmerone (16.0%), ar-turmerone (12.9%), α-phellandrene (6.5%), 1,8-cineole (3.2%)
	ABTS

DPPH
	0.54 mg/mL

10.03 mg/mL
	[97]



	Echinophora platyloba DC.
	Linalool (16.02%), trans-β-ocimene (11.58%), α-pinene (7.10%), anisole, 2,4,6-trimethyl (6.98%), spathulenol (5.29%)
	DPPH
	IC50 = 122.62 µg/ml
	[178]



	Eucalyptus globulus
	1,8-Cineole (eucalyptol) (63.81%), α-pinene (16.06%), aromadendrene (3.68%), o-cymene (2.35%)
	DPPH

β-carotene bleaching
	IC50 = 2.9 v/v

IC50 = 2.72 v/v
	[167]



	Eucalyptus radiata
	Limonene (68.51%), α-terpineol (8.6%), α-terpinyl acetate (6.07%), α-pinene (3.01%), terpinen-4-ol (1.61%)
	DPPH

β-carotene bleaching
	IC50 = 4.56 v/v

IC50 = 6.54 v/v
	[167]



	Laurus nobilis (laurel)
	1,8-Cineole (56%), α-terpinyl acetate (9%), 4-terpineol (5.2%), α-terpineol (4.7%), α-pinene (3.8%), linalool (3.8%)
	DPPH

Ferrous reducing power

β-carotene-linoleic acid assay

Superoxide anion scavenging
	IC50 = 135 μg/mL

EC50 = 1850 μg/mL

3600 μg/mL

610 μg/mL
	[148]



	Melaleuca alternifolia
	Terpinene-4-ol (31.11%), γ-terpinene (25.30%), α-terpinene (12.7%), 1,8-cineole (6.83%), p-cymene (4.23%)
	DPPH

Hydroxyl radical scavenging activity

TBARS method
	EC50 = 48.35 μg/mL

EC50 = 43.71 μg/mL

IC50 = 135.9 μg/mL
	[179]



	Mentha pulegium L.
	Pulegone (70.66%), neo-menthol (11.21%), menthone (2.63%), cis-isopulegone (2.33%), piperitenone (1.58%)
	DPPH
	IC50 = 69.60 μg/mL
	[180]



	Mentha viridis
	Carvone (37.26%), 1.8-cineole (11.82%), terpinen-4-ol (8.72%), limonene (5.27%), campher (4.31%)
	DPPH

ABTS

FRAP
	IC50 = 80.45 μg/mL

IC50 = 139.59 μg/mL

IC50 = 101.78 μg/mL
	[172]



	Nigella sativa L. (black cumin)
	p-Cymene (36.2%), thymoquinone (11.27%), α-thujone (10.03%), longifolene (6.32%), β-pinene (3.33%)
	DPPH
	82.1–92.1%
	[181]



	Ocimum basilicum L. (sweet basil) from Assiut, Minia and BeniSuef
	Linalool (31.65%), estragole (17.37%), methyl

cinnamate (15.14%), bicyclosesquiphellandrene (6.01%), eucalyptol (4.04%)
	DPPH
	IC50 = 11.23–55.15 mg/mL
	[182]



	Origanum x majoricum from different provinces of Argentina


	trans-Sabinene hydrate (28.1–24.3%), thymol (16.9–12.1%), terpinen 4 ol (11.1–6.6%), γ-terpinene (7.5–7%), orto-cymene (7.8–2.2%)
	ABTS

FRAP

BCB

ORAC
	0.163 mM Trolox/mg of essential oils

0.072 mM ascorbic acid/mg of oil

89.2% (from Neuquén)

1.024–1.281 TE
	[152]



	Origanum vulgare subsp. hirtum clone from different provinces of Argentina
	trans-Sabinene hydrate (22.9–17.9%), thymol (18.6–17.1%), terpinen 4 ol (9.5–6.2%), γ-terpinene (8–7.1%), orto-cymene (6.3–5.1%)
	ABTS

FRAP

BCB

ORAC
	0.210 mM Trolox/mg of essential oils

0.185 mM ascorbic acid/mg of oil

75.3%

1.064–1.393 TE
	[152]



	Origanum vulgare subsp.

vulgare from different provinces of Argentina
	trans-Sabinene hydrate (27.2–23.4%), thymol (17.2–14.4%), terpinen 4 ol (11–7.8%), γ-terpinene (9.8–7.3%), orto-cymene (5.6–2.3%)
	ABTS

FRAP

BCB

ORAC
	0.206 mM Trolox/mg of essential oils

0.173 mM ascorbic acid/mg of oil

79.3% (from Rio Negro)

1.155–1.708 TE
	[152]



	Ormenis mixta
	Germacrene (11.46%), 1,8 cineol (10.29%), cis-methyl isoeugenol (9.04%), butyric acid (8.54%), δ-elemene (5.46%)
	DPPH
	IC50 = 0.59 mg/mL
	[183]



	Pelargonium asperum
	Citronellol (25.07%), citronellyl formate (10.53%), geraniol (10.46%), buthyl anthranilate (5.94%), isomenthone (5.88%)
	DPPH
	IC50 = 14.62 mg/mL
	[183]



	Pimpinella saxifraga
	Anethole (59.47%), pseudoisoeugenol (20.15), p-anisaldehyde (7.53%), thellungianin G (6.17%), 4,11-selinadiene (2.99%)
	DPPH

FRAP
	IC50 = 6.81 µg/mL

EC50 = 35.2 µg/mL
	[11]



	Piper nigrum (black pepper)
	β-Caryophyllene (43.47%), caryophyllene oxide (14.64%), octadecanoic acid (5.26%), n-hexadecanoic acid (4.45%), humulene (3.86%)
	DPPH

β-carotene linoleic acid bleaching assay



Ferrous (Fe2+) ion chelating efficacy
	11.24–64.46% inhibition

Medium inhibitory activity between clove and cinnamon

6.64–62.48% activity
	[169]



	Pistacia vera L. variety Bronte (pistachio hull)
	4-Carene (31.74%), α-pinene (23.58%), D-limonene (8%), δ-3-carene (7.73%), camphene (4.13%)
	FRAP

DPPH
	IC50 = 0.063 mg/mL

IC50 = 0.878 mg/mL
	[184]



	Prangos gaubae
	Germacrene D (26.7%), caryophyllene oxide (14.3%), (E)-caryophyllene (13.8%), spathulenol (11.3%), limonene (2.8%)
	ABTS

FRAP
	2.02 mmol TEs/g sample

0.37 mmol TEs/g sample
	[185]



	Psidium cattleianum  Sabine
	α-Copaene (21.96%), eucalyptol (15.05%), δ-cadinene (9.63%), β-selinene (7.73%), α-selinene (6.42%)
	DPPH
	16.19–4.01% (50–100 mg/mL EO concentration)
	[186]



	Syzygium aromaticum  (clove)
	Eugenol (72.46%), eugenyl acetate (4.18%), β-caryophyllene (3.73%), tau muurolol (2.83%), isoeugenol (2.12%)
	DPPH

β-carotene linoleic acid bleaching assay

Ferrous (Fe2+) ion chelating efficacy
	29.36–77.28% inhibition

Higher inhibitory activity

9.56–72.68% activity
	[169]



	Tanacetum balsamita  L. (costmary)
	β-Thujone (84.43%), α-thujone (4.68%), eucalyptol (4.07%), thymol (0.67%), β-eudesmol (0.64%)
	DPPH

FRAP
	13.59 µmol Trolox/g

339.1 µmol Trolox/g
	[166]



	Tanacetum vulgare

L. (tansy)
	trans-Chrysanthenyl acetate (18.39%), β-thujone (14.28%), (E)-dihydrocarvone (11.02%), artemisia ketone (9.15%), cis-chrysanthenol (3.93%)
	DPPH

FRAP
	13.86 µmol Trolox/g

585.6 µmol Trolox/g
	[166]



	Tanacetum vulgare L.
	Camphor (30.48%), borneol (14.8%), 1,8-cineole (10.8%), camphene (7.29%), bornyl acetate (5.53%)
	DCFH-DA 7
	IC50 = 51 μg/mL
	[187]



	Thymus capitatus L. (thymus)
	Thymol (51.22%), carvacrol (12.59%), γ-Terpinene (10.3%), trans-13-Octadecenoic acid (9.04%), linalool (2.29%)
	DPPH

Ferric reducing power

Phosphomolybdenum assay
	IC50 = 0.619 µg/mL

EC50 = 2.13 µg/mL

EC50 = 0.78 µg/mL
	[53]



	Thymus daenensis Celak
	Thymol (70.12%), p-cymene (5.12%), carvacrol (4.99%), carvone (3.12%), borneol (2.96%)
	DPPH

Phosphomolybdate assay
	IC50 = 0.26 mg/mL

1.59 mg of AAE/g of dry weight
	[52]



	Thymus kotschyanus Celak (thymus)
	Carvacrol (27.8%), thymol (16.8%), carvacrol acetate (6.87%), phytol (6.8%), thymoquinone (5.4%)
	DPPH

Phosphomolybdate assay
	IC50 = 0.16 mg/mL

2.78 mg of AAE/g of dry weight
	[52]



	Thymus vulgaris L.
	Thymol (25.78%), carvacrol (17.47%), thymoquinone (7.11%), eugenol (6.36%), β-pinene (6.31%)
	DPPH

Phosphomolybdate assay
	IC50 = 0.3 mg/mL

2.01 mg of AAE/g of dry weight
	[52]



	Zataria multiflora
	Carvacrol (46.23–39.14%), thymol (18.8–14.82%), thymol acetate (5.72–2.25%), eugenol (5.15-n.d.%), carvacrol acetate (4.92–1.21%)
	Phosphomolybdate assay
	1.96–2.41 mg of AAE/g of dry weight
	[52]



	Zingiber officinale  (ginger)
	Camphene (11.5%), β -phellandrene (10.7%), 1,8-cineole (10.4%), α-zingiberene (6.9%), borneol (6.4%)
	DPPH

Ferrous reducing power

β-carotene-linoleic acid assay
	IC50 = 470 μg/mL

EC50 = 1900 μg/mL

1900 μg/mL
	[148]







1 Five most abundant compounds (>1%), 2: not determined, 3: gallic acid equivalent, 4: quercetin equivalent, 5: hydrogen peroxide radical scavenging assay, 6: Trolox equivalents, 7: dichloro-dihydro-fluorescein diacetate assay.
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