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In this study, Argentinean oregano essential oil (OEO) nanoemulsions (NEs) were developed. Four NEs were prepared: a control (CNE), EONE1 (10.6 mg EO/g NE), EONE2 (106 mg EO/ g NE), and EONE3 (160 mg EO/g NE) and tested for antimicrobial activity against Staphylococcus aureus ATCC 13565, Listeria monocytogenes Scott A, Pseudomonas aeruginosa ATCC 14213, and Escherichia coli O157:H7 using a broth microdilution assay and quorum sensing inhibition in a model using Chromobacterium violaceum ATCC 12472, where the production of violacein was quantified. The chemical composition of the EO was determined by gas chromatography–mass spectrometry. The average particle size (nm) and polydispersity index were monitored over 14 days at two different storage temperatures (4 and 23°C). A rheological behavior study was carried out using a dynamic shear rheometer, and flow curves, as well as viscoelastic properties, were determined. E. coli and L. monocytogenes were the most sensitive microorganisms to EONE (MIC of 2 and 5 mg/ml for EOEN3). Sub-MICs for NE were found at lower concentrations than those for pure EO. A significant reduction in violet pigment intensity and colorless coloration (p < 0.05) were observed at different NE concentrations concerning the control sample. The flow behavior index (n) decreased, and the consistency index (k) increased when the EO concentration was increased. CNE, EONE1, and EONE2 showed liquid-like behavior (G′ < G″) in the low-frequency region, whereas a solid-like behavior (G′ > G″) was observed in the high-frequency region, presenting a viscoelastic behavior, appearing as a wormlike micellar solution. For EONE3, a strong increase in both moduli was observed with increasing OEO concentration. The G′ was about one order of magnitude higher than the G″ over the whole frequency range, indicating the presence of a gel-like structure. The incorporation of EOs into an NE increased their stability, lowering the particle size, leading to a wormlike micelle with higher viscosity. Moreover, this NE had good antimicrobial activity and novel quorum-sensing inhibition activity. The results of this study indicated that Argentinean OEO NE could be used in a food system as a natural and stable antimicrobial agent.
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INTRODUCTION

Foodborne illnesses are a major concern for consumers, the food industry, and food safety authorities. In years past, an increase in the occurrence of disease outbreaks caused by pathogenic and spoilage microorganisms in foods has occurred (1). The misuse and mishandling of chemical antimicrobials have resulted not only in more tolerant and resistant viruses, bacteria, and parasites to chemical agents but also in hazards to human being's health, including respiratory allergies, and a rise in carcinogens and toxic substances. Moreover, consumers are concerned about the adverse effects of using synthetic antimicrobials and would prefer foods treated with safe and natural antibacterial agents (2).

Essential oils (EOs) are well-recognized as natural antimicrobial preservatives, are widely used as flavoring compounds, antimicrobial agents, and functional ingredients in food, and are classified by the US Food and Drug Administration as generally recognized as safe (3–5). Argentinian oregano essential oils (OEOs) were found to preserve the chemical, sensory, and microbiological qualities of ricotta cheese, cottage cheese, olive oil, roasted peanuts, fried peanuts, sunflower kernels, and hake burgers, among others (3, 6–10). However, their direct incorporation into foods is limited because of the hydrophobicity of these compounds and their difficulty interacting with microorganisms in aqueous media (11, 12). Moreover, due to their volatile nature, they can easily suffer degradation upon exposure to heat, pressure, light, and oxygen (13, 14).

In this context, nanoemulsions (NEs) are being used increasingly often to encapsulate, protect, and deliver lipophilic ingredients into liquid foods or minimally processed fruits and vegetables (12, 15). NE, owing to their subcellular size (20 and 200 nm), offers high thermodynamic stability, flocculation, and coalescence and increased distribution of the antimicrobial agent in food matrices, protecting it from deleterious interactions with food components and the environment (16). Furthermore, pH-, temperature-, and ionic-strength-sensitive compounds can be incorporated conveniently into food systems after nanoencapsulation (17).

The formation of NEs using medium-chain triacylglyceride (MCT) oils is often challenging due to their relatively low polarity, high interfacial tension, and high viscosity. It is difficult to prepare NEs from these oils using high-pressure homogenization methods because their high viscosity limits droplet disruption within the homogenizer. On the other hand, EOs have a relatively higher polarity, lower interfacial tension, and lower viscosity than MCT, which facilitates the formation of very small droplets by high-pressure homogenization (18, 19). This system is an effective method to achieve a constant release of bioactive compounds (10, 20) and allows to obtain NEs with smaller droplet sizes. Alexandre et al. (21) observed that increasing ginger EO concentration decreases the droplet size. The same behavior was found by Walker et al. (22) in NEs made with thyme EO, and these NEs were stable during storage. Preservation of food products with EO NE was reported. The addition of NEs with oregano EO protected hake (Merluccius hubbsi) burgers from deterioration, extending their shelf life (23). NE prepared with thyme EO and thymol effectively extended the shelf life of fresh pork (24). The antimicrobial activity of NEs based on different EOs was also investigated. Yazgan (25) demonstrated that sage EO and its nanoemulsified form could be used as a natural antimicrobial agent against food-related pathogens. NEs can be designed to form highly viscous or gel-like systems at much lower droplet concentrations than conventional emulsions.

Concentrated micellar solutions find applications in various industries (paint, chemical, pharmaceutical, drug delivery, and nanobiotechnology) and consumer products (home and personal care: detergents, hard surface cleaning, drain opening, perfumes, hair bleaching, skin cosmetics, shower gels, and sunscreens). The formation of entangled wormlike micelles (WLM) increases the viscosity of a solution and may even confer a certain viscoelastic property on it (26–29). The phenomenon of viscoelasticity can be induced by the addition of specific additives to some surfactants. Shear-thinning flow behavior often occurs at an increased surfactant concentration and in the presence of cosurfactants, additives, salts, or appropriate counterions (27, 28). Additives can compress the diffused electric double layer of the micellar interface, screen electrostatic repulsion between charged headgroups, and finally allow closer packing of the surfactant monomers into aggregates, resulting in the formation of a weak gel (27, 30).

Quorum sensing (QS) is a communication system that allows bacteria to monitor their population density through the production and sensing of small signaling molecules (31–33). Chromobacterium violaceum is a gram-negative bacterium that synthesizes a violet pigment (violacein) as a result of QS (34). Food deterioration, at least in part, is regulated by a mechanism of cell-to-cell communication (such as QS). Until now, only a few studies have developed food preservation techniques based on the anti-QS property of EOs (32). The search for an efficient QS inhibitor that can inhibit the spoilage of food products is a promising alternative (33). A stable NE with OEO that has antimicrobial and QS-inhibitory properties could be useful in food systems to avoid spoilage.

This study was performed with the following objectives: (i) to study the stability and to characterize the rheological properties of a stable NE with OEO; (ii) to determine the antimicrobial activity against food pathogens; and (iii) to evaluate the QS-inhibitory effects of OEO NE.



MATERIALS AND METHODS


Materials

Leaves and flowers of Origanum vulgare ssp. hirtum (clone Criollo) were purchased (crop 2015) on a farm located in Villa Dolores (Córdoba, Argentina).

Neobee 1053 MCT was a gift from Stepan Co. (Northfield, USA). Alcolec PC75 (phosphatidylcholine enriched) soy lecithin was obtained from American Lecithin Co. (Oxford, USA). All other chemicals were purchased from Sigma-Aldrich (St. Louis, USA). Deionized water was obtained from a Milli-Q water purification system (Millipore Co., Bedford, USA) and used in all experiments. Culture media were purchased from BD Bacto™ (New Yersey, USA).



Essential Oil Extraction and Analysis

Dried leaves and flowers were hydro-distilled for 2 h in a Clevenger-type apparatus with a separated extraction chamber. The EOs were kept in dark flasks at −18°C in a freezer. The EO was analyzed with a Perkin Elmer Clarus 600 gas chromatography–mass spectrometry (Shelton, Connecticut, USA) coupled with an ion trap mass detector (MS) and non-polar capillary column Elite-5 MS (methylpolysiloxane, 5% phenyl, 30 m, 0.25 mm id, and 0.25 mm coating thickness). The compounds were identified by comparing their mass spectra with those from the literature (35) and the National Institute of Standards and Technology (2.0) library (NIST 2.0). The main components were further identified by the co-injection of authentic standards (Sigma® St. Louis, MO, USA). The quantitative composition was obtained by peak area normalization, and the response factor for each component was considered equal (5).



Nanoemulsion Preparation and Physical Stability Characterization

An aqueous solution of soy lecithin was prepared to disperse the dried lecithin powder in deionized water at room temperature and stirring for 30 min. The oil phase consisted of MCT and Origanum EO mixed at different ratios (15:1, 1.5:1, and 1:1 w/w). The final NE composition was 81% water, 3% soy lecithin, and 16% oil phase. Both phases were premixed with a high-speed homogenizer (Ultra-Turrax T25 IKA Works Inc., Wilmington, NC, USA), equipped with an S25 N18 G rotor operated at 12,000 rpm per 3 min at room temperature. These coarse emulsions were finely homogenized with a high-pressure homogenizer (EmulsiFlex-C3, Avestin Inc., Ottawa, Canada) for six cycles at a pressure of 150 MPa. Four NEs were prepared: CNE, EONE1, EONE2, and EONE3. After homogenization, samples were stored in 20-ml glass vials (Supelco Analytical) with a screw cap (PTFE/silicone septum, Supelco Analytical) covered with aluminum foil in two different storage conditions: room temperature (RT) (23°C) and fridge (F) (4°C), and stored for 14 days.


Particle Size and Polydispersity Index

The average particle size (mean diameters, nm) and polydispersity index (PDI) of NEs were monitored over 14 days using a dynamic light scattering instrument (Brookhaven BIC 90 plus) equipped with a Brookhaven BI-9000AT digital correlator (Brookhaven Instrument Corp, New York, NY) to evaluate the stability. Samples were diluted 1:100 using deionized water to prevent multiple scattering effects. All measurements were performed in triplicate at a fixed scattering angle at 25°C. The light source of the particle size analyzer was a solid-state laser operating at 658 nm with 30 mW power. The mean diameters of emulsions were determined by cumulant analysis of the intensity–intensity autocorrelation function, G (q, t).




Rheological Behavior Study

The rheological characteristic study provides information about the behavior of the fluid, shear-thinning or shear-thickening nature. Viscosities of formulated NEs from MCT surfactants were measured with a dynamic shear rheometer (Discovery Hybrid Rheometer, TA Instruments, DE, USA) equipped with a cone-plate geometry with a cone diameter of 60 mm. Flow curves were determined at 25°C with two consecutive continuous shear rate ramps from 0.50 to 150 s−1. The apparent shear viscosity at a fixed shear rate (100 s−1) was reported. The viscosity curves were analyzed using the power-law mathematical model. The value of n defines the nature of the fluids. If n < 1 → shear-thinning nature, n = 1 → Newtonian fluid nature, and n > 1 → shear-thickening nature (36).


Pseudo Plastic Nature

The following equation describes the pseudoplastic behavior:

[image: image]

where τ is the shear stress, k is the consistency index, n is the flow behavior index, and [image: image] is the shear rate. Values of n and k were calculated, taking the log on both sides of Equation (1) and plotting log τ vs. log [image: image]. The apparent or effective viscosity (μ) along with n and k values was determined by fitting the experimental data to the following equation:

[image: image]

although the power-law model is a good descriptor of fluid behavior across a shear rate range up to which coefficients are fitted, due to its simplicity with more versatility than the Bingham plastic model, it is widely practiced (37).



Viscoelastic Properties Analysis

Viscoelastic property study provides information about the elastic and viscous nature of fluids and involves the determination of real, storage, or elastic modulus (G′), and imaginary, loss or viscous modulus (G″) as a function of angular frequency (ω) (37). Strain sweep experiments (data not shown) were performed to determine the linear viscoelastic regions of the samples at 25°C and a constant frequency of 1 Hz, with a strain % in the range of 0.1–100%. Frequency sweep tests were performed using a strain amplitude of 0.4 (within the linear viscoelastic regions) over an angular frequency range of 0.1–100 rad s−1. Finally, G′ and G″ moduli curves were plotted against angular frequency. If G′ > G″, fluid behaves as solid or gel, and for G′ < G,” fluid acts as liquid or viscous (36, 37).




Antimicrobial Activity
 
Microbial Strains

The antimicrobial activity of the EO and its NEs was tested against: S. ureus ATCC 13565, Listeria monocytogenes Scott A (L. monocytogenes), Pseudomonas aeruginosa ATCC 14213, and Escherichia coli O157:H7. The cultures were obtained from the Department of Food Science, Rutgers University, culture collection (New Brunswick, NJ, USA). From a frozen stock (−80°C), bacteria were inoculated into trypticase soy agar plates (TSA, Becton Dickson and Co., Cockeysville, MD, USA) and propagated under aerobic conditions at 37°C for 24 h. After the incubation, one colony of each bacterial strain was transferred separately to test tubes with trypticase soy broth (TSB) and incubated at 37°C with agitation for 18–24 h. For broth microdilution assay, the bacterial growth suspensions were further diluted in fresh TSB medium to achieve 106 colony forming units (CFU)/ml (38).

C. violaceum ATCC 12472 was grown in Luria–Bertani (LB) broth (ACROS, Miller, NJ) at 26°C for 48 h aerobically. P. aeruginosa ATCC 14213 was aerobically grown in LB broth at 37°C for 24 h and used as a positive control for QS inhibition in gram-negative bacteria (39).



Determination of Antimicrobial Activity

Antimicrobial activity was performed using a broth microdilution assay (40). Briefly, EO (first diluted in dimethyl sulfoxide) and NEs were 2-fold diluted with fresh TSB in a 96-well tissue culture plate (Falcon, Corning Incorporated, Corning, NY, USA). The final volume of the antimicrobial diluted into the broth was 100 μl in each well. The overnight cell culture was diluted in TSB to the final 5 × 106 CFU ml−1 (the number of bacterial cells was confirmed by the spot-plate method). From the diluted bacterial cells, 100 μl was transferred in the wells containing predetermined concentrations of antimicrobials. Plates were incubated under aerobic conditions at 37°C for 24 h. Mineral oil (Sigma-Aldrich chemical, St. Louis, MO, USA) was added (75 μl) to each well to avoid evaporation. The optical density readings of the microorganism at 595 nm were tracked using a microplate reader (Model 550, Bio-Rad Laboratories, Hercules, CA). The minimum inhibitory concentration (MIC) was defined as the lowest concentration of antimicrobial agent that produced no visible growth after overnight incubation (38, 39). Each experiment was performed three times in duplicates.




Quorum Sensing Inhibition Assay

This assay was performed according to Algburi et al. (39). Briefly, the overnight-grown cells of C. violaceum were diluted in fresh LB broth to achieve 106 CFU/ml. NE-containing EOs were serially 2-fold diluted with LB into a 48-well microplate (BD, Franklin Lakes, NJ). A bacterial suspension (500 μl) (106 CFU/ml) was mixed with 500 μl of LB broth and 500 μl of the NE dilution. Once the samples were prepared, the plate was aerobically incubated at 26°C without shaking for 48 h. The cell-free supernatant (CFS) of P. aeruginosa grown in LB was used as a control, preventing violacein production by C. violaceum.


Quantification of Violacein Production

After incubation, 750 μl from each well (test and control wells) was transferred to a 1-ml centrifuge tube and centrifuged at 8,000 g for 5 to collect violacein and the producer cells. The supernatants were discarded, and the pellets were vigorously vortexed with 750 μl of 100% dimethyl sulfoxide to dissolve the insoluble violacein. The samples were centrifuged again at 8,000 g for 5 min to precipitate C. violaceum cells. To evaluate violacein production, 200 μl of violacein-containing supernatant was added into a 96-well microplate (Falcon, Corning Inc., Corning, NY) in triplicate, and the optical density at 585 nm (OD585) was measured using a plate reader (Model 550, Bio-Rad Laboratories, Hercules, CA). To ensure that the QS inhibition occurred without NE killing the targeted microorganisms by sub-NE MICs, the precipitated bacterial cells were resuspended in 750 μl of DW (pH 7.0), and the absorbance was measured at OD600. The ODs of cells treated with sub-MICs of NE were compared against the non-treated cells (positive control). The control value was set to 100% violacein production (39).

Violacein inhibition (%) = 100-((OD585 Sample - OD585 PFSC Control) * 100/OD585 Control).

The 95 (%) violacein inhibition concentration was calculated considering the regression equations (R2 ≥ 0.8) of each treatment obtained by plotting violacein inhibition (%) against samples' concentrations.




Statistical Analysis

The experiments were carried out three times, and results were expressed as mean ± standard deviations. Normal distribution was tested with a Shapiro–Wilk test. Analysis of variance (ANOVA, α = 0.05) and Fisher's least significant difference multiple range test were performed to determine significant differences between means. Data were analyzed using the InfoStat software, version 2019 (41).




RESULTS AND DISCUSSION


Essential Oil Composition

The chemical composition of EO from O. vulgare ssp. hirtum clone Criollo is shown in Table 1. The major compounds were terpinolene (18.62 g/100 g), thymol (16.87 g/100 g), γ-terpinene (15.08 g/100 g), and ortho-cymene (11.08 g/100 g). A similar composition was reported previously (5, 23, 42). This clone was shown to have higher levels of the bioactive phenol thymol than any other OEO from Argentina (5, 43). Moreover, previous studies reported that EOs of both O. vulgare ssp. hirtum clones (Criollo and Cordobes) were more active in in vitro antimicrobial tests than other tested OEOs (3, 5).


Table 1. Oregano clone Criollo essential oil chemical composition analyzed by gas chromatography–mass spectrometry.

[image: Table 1]



Nanoemulsion Characterization
 
Physical Stability of Nanoemulsions

The mean particle sizes after homogenization were 150.77, 131.7, 89.17, and 74.7 for CNE, EONE1 (15:1 10.6 mg EO/g NE), EONE2 (1.5:1 106 mg EO/g NE), and EONE3 (1:1 160 mg EO/g NE), respectively. From these data, it was concluded that EONE3 had the smallest droplets and the lowest PDI values. Therefore, EONE3 was the most stable. These results were confirmed after 14 days in storage; droplet sizes and PDI values remained the lowest for EONE3 (Table 2).


Table 2. Means and standard deviations (n = 3) of effective diameter (ED) and polydispersity index (PDI) of control (CNE) and essential oil-containing nanoemulsions (EONE1, EONE2, and EONE3).

[image: Table 2]

The droplet size decreased, as the proportion of OEO in the NE increased. Similar behavior was found for NEs prepared with ginger EO (21) and lemon EO (22). The size of the droplets produced during high-pressure homogenization typically decreases, as the oil phase viscosity and interfacial tension decrease; this facilitates droplet disruption (44).

It is difficult to prepare NEs from MCT oils (18, 19). With the addition of EOs as cosurfactants, it is expected the formation of very small droplets during homogenization when the EO concentration increases, as in this case. The droplet size of the EONE stored at 4 and 23°C tended to decrease during the storage, except for EONE3. Similar behavior was found by Pongsumpun et al. (45). They observed that the droplet size of the cinnamon EO NE stored at 4 and 30°C decreased during the first 60 and 30 days of storage, respectively. Afterward, the size of the droplets tended to increase, probably due to the coalescence of the emulsion droplets. It could be possible that droplet sizes of EONEs would increase if storage time increases.

The EONEs had no visible creaming or phase separation (data not shown) during the storage at both tested temperatures. Therefore, the NEs had good stability in terms of droplet size under the tested temperatures and storage time.




Rheological Behavior Study
 
Viscosity

Table 3 presents the values of flow behavior (n) and consistency (k) indexes for the prepared NE samples. The power-law model describes with high accuracy the flow curves of prepared NEs. As seen from Table 3, the values of n for samples EONE2 (0.8375) and EONE3 (0.7542) were <1; these NEs showed non-Newtonian or shear thinning behavior. EONE1 (1.0545) showed Newtonian behavior, and CNE (1.1553) demonstrated shear thickening behavior. The values of n decreased, and those of k increased, as the EO concentration increased.


Table 3. Consistency coefficient (k) and flow behavior index (n) of tested nanoemulsions.

[image: Table 3]

The viscosity of a micellar solution with a hydrophilic surfactant increases gradually when a lipophilic surfactant is added and increases steeply above a certain level due to the formation of WLM (28). Mitrinova et al. (26) found that some terpenes increased the solution viscosity and led to shear thinning behavior. Such non-Newtonian solution behavior was associated with the formation of entangled WLM in the solutions (26). Polar terpenes could solubilize in the palisade layer, changing the curvature of the micellar surface and thus increasing the solution viscosity (26, 28, 46). Terpenes from the oregano clone Criollo EO could act as cosurfactants, solubilizing in the palisade layer. Depending on their molecular structure and polarity, they could increase NE viscosity, leading to shear thinning behavior and probably forming WLM.



Viscoelastic Property Analysis

The variation in dynamic moduli (G′ and G″) and complex viscosity (μ*) as a function of the angular frequency (ω) and the variation in apparent viscosity (μa) as a function of the shear rate [image: image] for NE samples are shown in Figure 1.


[image: Figure 1]
FIGURE 1. Storage (G′) and loss (G″) modulus, complex viscosity (μ*), and apparent viscosity (μa) of nanoemulsion: (A) CNE, (B) EONE1, (C) EONE2, and (D) EONE3 as a function of the angular frequency (ω) or shear rate [image: image].


From dynamic rheological tests in the linear viscoelastic range, the storage modulus G′ and the loss modulus G″ were obtained. G′ value is a measure of the deformation energy stored in the sample during the shear process, representing the elastic behavior of a sample. In contrast, the G″ value is a measure of the deformation energy used up in the sample during the shear and lost to the sample afterward, representing the viscous behavior of a sample (36). CNE, EONE1, and EONE2 showed liquid-like behavior (G′ < G″) (Figures 1A–C) in low-frequency regions, whereas solid-like behavior (G′ > G″) was observed in high-frequency regions. This is a typical viscoelastic behavior shown by WLM solutions (28).

In EONE3, the storage modulus (G′) was above the loss modulus (G′′) over the whole frequency range analyzed (Figure 1D). When the G′ and G″ curves do not cross over the whole frequency range, this indicates that a gel-like structure is present (36, 47), as in this case. The decrease in μ* (complex viscosity) in EONE3 (Figure 1D) confirmed the shear-thinning nature of this NE. Moreover, values of μ* were greater than μa for all magnitudes of shear rates and oscillatory frequencies; this NE sample did not behave as a true gel. In Figure 1D, complex viscosity as a function of angular frequency lay above the curve of apparent viscosity as a function of the shear rate. This behavior is typical for a weak gel. Such systems do not obey the Cox–Merz rule, which states that the frequency dependence of complex viscosity (μ*) and the shear rate dependence of apparent viscosity (μa) are similar at the same corresponding values of frequency (measured in radians s−1) and shear rate (s−1) (30).

In the plot of frequency dependence as a function of the phase angle of EONE3 (Figure 2), it was observed that the phase angle decreased, as the frequency increased over the whole range of frequencies, which indicates that in EONE3, there was no damage to the gel network. Moreover, this suggested that EONE3 did not behave as a true gel, as described by Mezger (36). Terpenes, when solubilized in the palisade layer, could decrease the repulsive forces on the micellar surface and finally allow closer packing of the surfactant monomers in the aggregates, resulting in the formation of a weak gel, as in this NE (26, 28, 36).


[image: Figure 2]
FIGURE 2. Gel network behavior of EONE3: changes of phase angle as a function of the angular frequency.





Antimicrobial Activity

The broth microdilution method was used to determine the MICs and sub-MICs of OEO and its NE against P. aeruginosa, S. aureus, L. monocytogenes, and E. coli (Figures 3A–D). The sub-MICs of OEO NEs were identified for use in the quorum-sensing inhibition assay. EO concentrations as high as 5 mg/ml could not inhibit the growth of P. aeruginosa and S. aureus (Figures 3A,B). However, EONE3 had a greater inhibitory effect against these microorganisms than the EO, and sub-MICs were also identified.


[image: Figure 3]
FIGURE 3. Antimicrobial activity of oregano essential oil (EO) (5 and 2.5 mg/ml) and oregano nanoemulsion (concentrations: 0.0625 to 2 mg/ml) against: (A) P. aeruginosa, (B) S. aureus, (C) E. coli, and (D) L. monocytogenes.


The antimicrobial or other biological activities of OEOs has been deeply studied; there is a direct correlation between chemical composition and biological properties (3, 5, 23). The antimicrobial effects are related to phenolic compounds, monoterpenes hydrocarbon, total monoterpenes, and sesquiterpenes. Argentinean OEOs are rich in acyclic compounds and sesquiterpenoids. In previous studies, terpenes as p-cymene and thymol were mainly responsible for the antimicrobial activity. Those results revealed that not only gram-positive bacteria but also gram-negative bacteria showed sensitivity to these oils (3, 6). Thymol acts as a transmembrane carrier of monovalent cations by exchanging their hydroxyl proton for another ion. Cyemene does not have this property but acts synergistically, expanding the membrane. Terpineol has a hydroxyl group, but it does not possess high antimicrobial activity, probably because of the absence of delocalized electron system of double bonds (48, 49). Moreover, the synergistic action taking place among the components of an EOs has greater antimicrobial activity than the major components alone (5, 49, 50).

NEs interact with the lipids of microorganisms to cause cell death (51). The electrostatic attraction can improve their chances of combining with charges on the pathogen surface. When NEs combine with the microorganism, they discharge some portion of their interior contents resulting in cell lysis (52). Emulsification enhanced the dispersibility of EO in aqueous solution, and its physicochemical stability, therefore, increased its antimicrobial activity (53).

The obtained results show that E. coli (MIC of 5 and 2 mg/ml EO and EONE3) and L. monocytogenes (MIC 5 mg EO/ml) (Figures 3C,D) were the most sensitive to both OEO and NE. The concentration of EO in the NE was 160 mg/G, 6.25 times lower than that of pure EO. Moreover, sub-MICs of the NE were found for both microorganisms at lower concentrations than for pure EO. It was observed for E.coli that 5 mg/ml of OEO and 2 mg/ml EONE3 inhibited the growth; in the same way, 2.5-mg/ml EO inhibited the growth of bacteria for 8 h, and 1 mg/ml of EONE3 allowed the growth of bacteria but at one half the concentration than the control sample. Regarding the gram-negative P. aeruginosa, no MIC was found. However, 2-mg/ml EONE3 inhibited the growth of cells for 9 h, and an OD much lower than the OD registered for the control sample was observed at the end of the study. P. aeruginosa has various virulence mechanisms and a diverse metabolic capacity, which makes it resistant to antibiotics because of its impermeable outer membrane, efflux capabilities, tendency to colonize surfaces in a biofilm form, and ability to acquire and maintain antibiotic plasmids (54). Gram-negative bacteria have a complex structure of membrane phospholipids, proteins, and lipid-based peptidoglycan. The presence of an outer hydrophilic membrane embedded with lipopolysaccharide molecules on gram-negative bacteria serves as an effective protective barrier toward macromolecules and hydrophobic compounds (55, 56). However, it was demonstrated that highly lipophilic compounds penetrate easily through the outer membrane of several bacteria (49). The peptidoglycan layer of the gram-positive L. monocytogenes is not as effective as a barrier against antimicrobial agents. In this research, the antimicrobial influence of pure EO (MIC 5 mg/ml) was observed. However, a complete inhibitory effect was also observed for EONE3 (2 mg/ml) for 12 h of incubation, and substantially lower growth of cells was observed in the treatment with 1-mg/ml EONE3. In a different study, the MIC and MBC of an OEO for L. monocytogenes and E. coli were 50 μl/ml, whereas those of the OEO NE were 10 and 15 μl/ml for L. monocytogenes and E. coli, respectively. EO NEs were observed to be more effective against E. coli and L. monocytogenes than the non-encapsulated EOs applied directly (57), as it was found in this study. Nanoencapsulation was observed to reduce the MIC and MBC of oregano, rosemary, and cinnamon EOs by an average of 50% (57). In a different study, a blended clove/cinnamon EO NE showed higher antimicrobial activity against E. coli, Bacillus subtilis, S. typhimurium, and S. aureus than their individual non-NE counterparts, even at far lower concentrations (58). The antimicrobial effects of thyme NEs against foodborne pathogens were significantly higher (P < 0.05) than the pure EO (59). On the contrary, in a different study where sage EO and its NEs were tested as antimicrobials against fish spoilage bacteria, it was found that pure sage EO had more effectiveness than the NE form (25). This confirms that the bioactivity of NEs based on EO varies with droplet size, emulsion formulation, EO chemical composition, viscosity, and microbial strain (60).



Quorum-Sensing Inhibitory Effects of Essential Oil Nanoemulsions

Inhibition of violacein production of C. violaceum is commonly used as an indicator of QS inhibition in gram-negative bacteria (31, 32). The QS mechanism in C. violaceum ATCC 12472 is controlled by the CviI/CviR system (Luxl/LuxR homologs), correlated with the production of the purple pigment violacein in response to threshold concentrations of the autoinducer N-hexanoyl homoserine lactone (61). EONEs at sub-MICs were tested. A significant reduction in the violet pigment and colorless colorations (p < 0.05) were observed at different NE concentrations. The concentrations of EO in the NE that inhibited 97.4–88.9% of violacein production ranged from 0.125 to 0.039 mg EO/ml. Similar concentrations of pure EO (0.078 mg/ml and 0.039 mg EO/ml) inhibited 94.3 and 66.67% violacein coloration. These results demonstrated that when the concentration of EO decreases, violacein inhibition also decreases but differently depending on if the EO is pure or in the NE. No significant differences in violacein inhibition were registered between the tested NE concentrations (p > 0.05); all the tested concentrations produced a similar effect on violacein coloration. Similar results were observed when thyme EO, carvacrol, and thymol caused 90, 80, and 78% inhibition of violacein synthesis, respectively, after 72 h of culturing (62). The inhibition of violacein production by C. violaceum ATCC 12472 by carvacrol was 40% at 0.7 mM (equal to 0.105 mg/ml) (63). In a different study, cumin oil NE exhibited 42.2% inhibition of violacein production at 40 μl/ml, whereas pepper oil showed 15.8% inhibition at 50 μl/ml. In that case, cumin EO NE showed higher bioactivity than pepper EO NE (64).

In a different study, where cumin and fennel oil emulsions were tested as QS inhibitors by disc diffusion method, 50 μl exhibited anti-QS activity through violacein inhibition around the discz. Those emulsions showed the immediate zone of clearance, causing bactericidal effect followed by the opaque, halo zone of clearance, which indicated the inhibition of violacein production (65). Comparable results were observed in this research, where a slight decrease in the cell viability was observed when the NE was applied as a QS inhibitor (p < 0.05). However, a concentration as low as 0.039 mg/ml reduced cell growth but inhibited nearly 90% cell communication (Figure 4). These data suggested that AHL synthesis was probably altered and violacein inhibited by the presence of EONE3 in a dose-dependent manner. Contrary, the cell viability of C. violaceum showed no significant difference among control and cultures treated with carvacrol (P ≥ 0.05). Carvacrol inhibited the production of violacein product of QS, indicating its interference with QS systems (63). The QS inhibition with original systems like this NE can be an innovative, fresh technique to control food spoilage and to reduce the number of antimicrobials in food.


[image: Figure 4]
FIGURE 4. Quorum sensing inhibition assay of oregano essential oil (EO) and oregano nanoemulsion (NE) against Chromobacterium violaceum. Percentage of violacein inhibition (%) by at different concentrations and evaluation of microbial viability (OD600) after 36-h incubation in the presence of the OE and NE. Bars and points labeled with different letters indicate significant differences (p < 0.05).





CONCLUSION

Physically stable oil-in-water NEs can be produced using OEO and MCT at different MCT/OEO concentrations. As the OEO concentration increases, the NE droplet size and PDI decreases. EONE3 (160 mg/G NE) is the most stable NE, which shows the smallest droplet size and PDI value after storage. The viscosity of the NE increases, as the concentration of OEO increases, leading to the shear-thinning behavior of the NEs. This effect can be attributed to the presence of OEO terpenes that may solubilize in the palisade layer and change the curvature of the micellar surface, leading to the formation of a WLM structure. Increasing the OEO concentration induces a predominantly solid-like viscoelastic behavior. For EONE3, a weak gel structure can be prepared. EONE presented higher antimicrobial activity than pure EO. Furthermore, a reduction in the intensity of violet pigment produced by C. violaceum and no effect on cell growth at concentrations lower than 0.125 mg EO/ml was produced, suggesting that QS in this gram-negative model might be inhibited.

This study provides information about the stability and viscosity and helps to understand the viscoelastic behavior of a NE when the EO concentration varies. These OEO NEs can be used as a novel food preservation technique, reducing cell-to-cell communication (QS) of gram-negative bacteria to lessen food deterioration.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



AUTHOR CONTRIBUTIONS

CA designed the experiments, did the experimental part, data analyzing, and manuscript writing. PQ did data analyzing and manuscript writing of the rheological behavior study section. AA-G taught and collaborated with CA in the antimicrobial activity and quorum sensing inhibition experiments. QH advised and taught CA during the interneship where experiments where carried out. NG supported the study and revised and corrected the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

We thank CONICET (PIP 11220170101065CO) that supported this study and the internship at the University of Rutgers. This work was also supported by SECYT-UNC (411/2018), MinCyT (PIODO Resol. 58/18), and FONCYT (PICT 2017-2134, Res. 310-18).



ACKNOWLEDGMENTS

Thank you to Dr. Maria Corrandini (Department of Food Science, University of Guelph) and Dr. Hiujuan Zheng, who kindly advised me.



REFERENCES

 1. Hu K, Renly S, Edlund S, Davis M, Kaufman J. A modeling framework to accelerate food-borne outbreak investigations. Food Control. (2016) 59:53–8. doi: 10.1016/j.foodcont.2015.05.017

 2. Moghimi R, Ghaderi L, Rafati H, Aliahmadi A, Mcclements DJ. Superior antibacterial activity of nanoemulsion of thymus daenensis essential oil against E. coli. Food Chem. (2016) 194:410–5. doi: 10.1016/j.foodchem.2015.07.139

 3. Asensio CM, Gallucci N, De Las Oliva M, Demo MS, Grosso NR. Sensory and bio-chemical preservation of ricotta cheese using natural products. Int J Food Sci Technol. (2014) 49:2692–702. doi: 10.1111/ijfs.12604

 4. Bakkali F, Averbeck S, Averbeck D, Idaomar M. Biological effects of essential oils – a review. Food Chem Toxicol. (2008) 46:446–75. doi: 10.1016/j.fct.2007.09.106

 5. Asensio CM, Grosso NR, Juliani HR. Quality characters, chemical composition and biological activities of oregano (Origanum Spp.) essential oils from central and southern Argentina. Indus Crops Products. (2015) 63:203–13. doi: 10.1016/j.indcrop.2014.09.056

 6. Asensio CM, Grosso NR, Juliani HR. Quality preservation of organic cottage cheese using oregano essential oils. LWT Food Sci Technol. (2015) 60:664–71. doi: 10.1016/j.lwt.2014.10.054

 7. Grosso AL, Asensio CM, Nepote V, Grosso NR. Antioxidant activity displayed by phenolic compounds obtained from walnut oil-cake used for walnut oil preservation. J Am Oil Chem Soc. (2018) 95:1409-19. doi: 10.1002/aocs.12145

 8. Olmedo R, Nepote V, Grosso NR. Antioxidant activity of fractions from oregano essential oils obtained by molecular distillation. Food Chem. (2014) 156:212–9. doi: 10.1016/j.foodchem.2014.01.087

 9. Riveros CG, Nepote V, Grosso NR. Thyme and basil essential oils included in edible coatings as a natural preserving method of oilseed kernels. J Sci Food Agric. (2016) 96:183–91. doi: 10.1002/jsfa.7080

 10. Asensio CM, Paredes AJ, Martin MP, Allemandi DA, Nepote V, Grosso NR. Antioxidant stability study of oregano essential oil microcapsules prepared by spray-drying. J Food Sci. (2017) 82:2864–72. doi: 10.1111/1750-3841.13951

 11. Silva LM, Hill LE, Figueiredo E, Gomes CL. Delivery of phytochemicals of tropical fruit by-products using poly (Dl-lactide-co-glycolide) (PLGA) nanoparticles: synthesis, characterization, and antimicrobial activity. Food Chem. (2014) 165:362–70. doi: 10.1016/j.foodchem.2014.05.118

 12. Almadiy A, Gomah A, Nenaah E, Basma A, Al Assiuty E, Moussa A, et al. Chemical composition and antibacterial activity of essential oils and major fractions of four achillea species and their nanoemulsions against foodborne bacteria. LWT Food Sci Technol. (2016) 69:529–37. doi: 10.1016/j.lwt.2016.02.009

 13. Mohammadi A, Hashemi M, Hosseini SM. Nanoencapsulation of zataria multiflora essential oil preparation and characterization with enhanced antifungal activity for controlling botrytis cinerea, the causal agent of gray mould disease. Innovative Food Sci Emerg Technol. (2015) 28:73–80. doi: 10.1016/j.ifset.2014.12.011

 14. Alonso D, Miquel G, Sepúlveda-Sánchez JD, Keiko S. Chitosan-based microcapsules containing grapefruit seed extract grafted onto cellulose fibers by a non-toxic procedure. Carbohydrate Res. (2010) 345:854–9. doi: 10.1016/j.carres.2010.01.018

 15. Acevedo-fani A, Salvia-trujillo L, Rojas-graü MA, Martín-belloso O. Edible films from essential-oil-loaded nanoemulsions: physicochemical characterization and antimicrobial properties. Food Hydrocolloids. (2015) 47:168–77. doi: 10.1016/j.foodhyd.2015.01.032

 16. Ezhilarasi PN, Karthik P, Chhanwal N, Anandharamakrishnan C. Nanoencapsulation techniques for food bioactive components: a review. Food Bioprocess Technol. (2013) 6:628–47. doi: 10.1007/s11947-012-0944-0

 17. Herculano ED, de Paula HCB, de Figueiredo ET, Dias FGB, de Pereira VA. Physicochemical and antimicrobial properties of nanoencapsulated eucalyptus staigeriana essential oil. LWT Food Sci Technol. (2015) 61:484–91. doi: 10.1016/j.lwt.2014.12.001

 18. McClements DJ, Rao J. Food-grade nanoemulsions: formulation, fabrication, properties, performance, biological fate, and potential toxicity. Crit Rev Food Sci Nutr. (2011) 51:285–330. doi: 10.1080/10408398.2011.559558

 19. Rao J, McClements DJ. Food-grade microemulsions, nanoemulsions and emulsions: fabrication from sucrose monopalmitate & lemon oil. Food Hydrocolloids. (2011) 25:1413–23. doi: 10.1016/j.foodhyd.2011.02.004

 20. Syed I, Banerjee P, Sarkar P. Oil-in-water emulsions of geraniol and carvacrol improve the antibacterial activity of these compounds on raw goat meat surface during extended storage at 4 °C. Food Control. (2020) 107:106757. doi: 10.1016/j.foodcont.2019.106757

 21. Alexandre EMC, Lourenço RV, Quinta Barbosa Bittante AM, Freitas Moraes IC, do Amaral Sobral PJ. Gelatin-based films reinforced with montmorillonite and activated with nanoemulsion of ginger essential oil for food packaging applications. Food Packaging Shelf Life. (2016) 10:87–96. doi: 10.1016/j.fpsl.2016.10.004

 22. Walker RM, Gumus CE, Decker EA, McClements DJ. Improvements in the formation and stability of fish oil-in-water nanoemulsions using carrier oils: MCT, thyme oil, & lemon oil. J Food Eng. (2017) 211:60–8. doi: 10.1016/j.jfoodeng.2017.05.004

 23. Asensio CM, Quiroga PR, Huang Q, Nepote V, Grosso NR. Fatty Acids, Volatile Compounds and Microbial Quality Preservation With an Oregano Nanoemulsion to Extend the Shelf Life of Hake (Merluccius hubbsi) Burgers. Instit. Food Sci. Technol. (2019) 54:149–60. doi: 10.1111/ijfs.13919

 24. Liu T, Liu L. Fabrication and characterization of chitosan nanoemulsions loading thymol or thyme essential oil for the preservation of refrigerated pork. Int J Biol Macromol. (2020) 162:1509-15. doi: 10.1016/j.ijbiomac.2020.07.207

 25. Yazgan H. Investigation of antimicrobial properties of sage essential oil and its nanoemulsion as antimicrobial agent. Lwt. (2020) 130:109669. doi: 10.1016/j.lwt.2020.109669

 26. Mitrinova Z, Tcholakova S, Denkov N. Control of surfactant solution rheology using medium-chain cosurfactants. Coll Surf A Physicochem Eng Aspects. (2018) 537:173–84. doi: 10.1016/j.colsurfa.2017.10.018

 27. Geng XF, Hu XQ, Jia XC, Luo LJ. Effects of sodium salicylate on the microstructure of a novel zwitterionic gemini surfactant and its rheological responses. Coll Polymer Sci. (2014) 292:915–21. doi: 10.1007/s00396-013-3137-0

 28. Kamada M, Shimizu S, Aramaki K. Manipulation of the viscosity behavior of wormlike micellar gels by changing the molecular structure of added perfumes. Coll Surf A Physicochem Eng Aspects. (2014) 458:110–6. doi: 10.1016/j.colsurfa.2014.01.003

 29. Zana R, Kaler WE. Giant Micelles. Boca Raton, FL: CRC Press (2007). doi: 10.1201/9781420007121

 30. Mleko S, Foegeding EA. PH induced aggregation and weak gel formation of whey protein polymers. J Food Sci. (2000) 65:139–43. doi: 10.1111/j.1365-2621.2000.tb15969.x

 31. Truchado P, Castro-Ibañez I, Allende A. Plant food extracts and phytochemicals: their role as quorum sensing inhibitors. Trends Food Sci Technol. (2015) 43:189–204. doi: 10.1016/j.tifs.2015.02.009

 32. Zhang Y, Kong J, Xie Y, Guo Y, Cheng Y, Qian H. Essential oil components inhibit bio film formation in erwinia carotovora and pseudomonas fluorescens via anti-quorum sensing activity. LWT Food Sci Technol. (2018) 92:133–9. doi: 10.1016/j.lwt.2018.02.027

 33. Hou H, Wang Y, Zhang G, Zhu Y, Xu L, Hao H, et al. Effects of sulfide flavors on AHL-mediated quorum sensing and biofilm formation of hafnia alvei. J Food Sci. (2018) 83:2550–9. doi: 10.1111/1750-3841.14345

 34. Lamberte LE, Cabrera EC, Rivera WL. Activity of the ethanolic extract of propolis (EEP) as a potential inhibitor of quorum sensing-mediated pigment production in Chromobacterium violaceum and virulence factor production in Pseudomonas aeruginosa. Philippine Agric Sci. (2011) 94:14–22.

 35. Adams RP. Identification of Essential Oil Components by Gas Chromatography/Quadrupole Mass Spectroscopy. Carol Stream, IL: Allured Pub. Corporation (1995).

 36. Mezger TG. The Rheology Handbook 2nd Revised Edition. European Coatings and Tech Files. Hanover (2006).

 37. Kumar N, Mandal A. Oil-in-water nanoemulsion stabilized by polymeric surfactant: characterization and properties evaluation for enhanced oil recovery. Eur Polymer J. (2018) 109:265–76. doi: 10.1016/j.eurpolymj.2018.09.058

 38. Zhang Y, Algburi A, Wang N, Kholodovych V, Oh DO, Chikindas M, et al. Self-assembled cationic amphiphiles as antimicrobial peptides mimics: role of hydrophobicity, linkage type, and assembly state. Nanomed Nanotechnol Biol Med. (2017) 13:343–52. doi: 10.1016/j.nano.2016.07.018

 39. Algburi A, Zehm S, Netrebov V, Bren AB, Chistyakov V, Chikindas ML. Subtilosin prevents biofilm formation by inhibiting bacterial quorum sensing. Probiotics Antimicrobial Proteins. (2017) 9:81–90. doi: 10.1007/s12602-016-9242-x

 40. Algburi A, Volski A, Chikindas ML. Natural antimicrobials subtilosin and lauramide arginine ethyl ester synergize with conventional antibiotics clindamycin and metronidazole against biofilms of Gardnerella vaginalis but not against biofilms of healthy vaginal lactobacilli. Pathog Dis. (2015) 73:1–12. doi: 10.1093/femspd/ftv018

 41. Di Rienzo JA, Casanoves F, Balzarini MG, Gonzales L, Tablada M, Robledo CW. InfoStat. Cordoba: Centro de Transferencia InfoStat; FCA; Universidad Nacional de Córdoba (2019). Available online at: www.infostat.com.ar

 42. Prieto MC, Lapaz MI, Lucini EI, Pianzzola MJ, Grosso NR, Asensio CM. Thyme and suico essential oils: promising natural tools for potato common scab control. Plant Biol. (2019) 22:81–9. doi: 10.1111/plb.13048

 43. Dambolena JS, Zunino MP, Lucini EI, Olmedo R, Banchio E, Bima PJ, et al. Total phenolic content, radical scavenging properties, and essential oil composition of origanum species from different populations. J Agric Food Chem. (2010) 58:1115–20. doi: 10.1021/jf903203n

 44. Qian C, McClements DJ. Formation of nanoemulsions stabilized by model food-grade emulsifiers using high-pressure homogenization: factors affecting particle size. Food Hydrocolloids. (2011) 25:1000–8. doi: 10.1016/j.foodhyd.2010.09.017

 45. Pongsumpun P, Iwamoto S, Siripatrawan U. Response surface methodology for optimization of cinnamon essential oil nanoemulsion with improved stability and antifungal activity. Ultrasonics Sonochem. (2020) 60:104604. doi: 10.1016/j.ultsonch.2019.05.021

 46. Rodriguez-Abreu C, Aramaki K, Tanaka Y, Lopez-Quintela MA, Ishitobi M, Kunieda H. Wormlike micelles and microemulsions in aqueous mixtures of sucrose esters and nonionic cosurfactants. J Coll Interface Sci. (2005) 291:560–9. doi: 10.1016/j.jcis.2005.05.018

 47. Talukdar MM, Vinckier I, Moldenaers P, Kinget R. Rheological characterization of xanthan gum and hydroxypropylmethyl cellulose with respect to controlled-release drug delivery. J Pharm Sci. (1996) 85:537–40. doi: 10.1021/js950476u

 48. Ultee A, Bennik MHJ, Moezelaar R. The phenolic hydroxyl group of carvacrol is essential for action against the food-borne pathogen bacillus cereus. Appl Environ Microbiol. (2002) 68:1561–8. doi: 10.1128/AEM.68.4.1561-1568.2002

 49. Gallucci MN, Oliva M, Casero C, Dambolena J, Luna A, Zygadlo J, et al. Antimicrobial combined action of terpenes against the food-borne microorganisms Escherichia coli, Staphylococcus aureus and bacillus cereus. Flavour Fragrance J. (2009) 24:348–54. doi: 10.1002/ffj.1948

 50. Camiletti BX, Asensio CM, Gadban LC, Giménez Pecci MP, Conles MY, Lucini E. I. Essential oils and their combinations with iprodione fungicide as potential antifungal agents against withe rot (Sclerotium cepivorum Berk) in garlic (Allium sativum L) crops. Indus Crops Products. (2016) 85:117–24. doi: 10.1016/j.indcrop.2016.02.053

 51. Pathania R, Khan H, Kaushik R, Khan MA. Essential oil nanoemulsions and their antimicrobial and food applications. Curr Res Nutr Food Sci. (2018) 6:626–43. doi: 10.12944/CRNFSJ.6.3.05

 52. Severino R, Ferrari G, Vu KD, Donsì F, Salmieri S, Lacroix M. Antimicrobial effects of modified chitosan based coating containing nanoemulsion of essential oils, modified atmosphere packaging and gamma irradiation against Escherichia coli O157:H7 and Salmonella typhimurium on green beans. Food Control. (2015) 50:215–22. doi: 10.1016/j.foodcont.2014.08.029

 53. Li Z, Cai M, Liu Ys, Sun Pl. Development of finger citron (Citrus medica L. Var. Sarcodactylis) essential oil loaded nanoemulsion and its antimicrobial activity. Food Control. (2018) 94:317–23. doi: 10.1016/j.foodcont.2018.07.009

 54. Letsididi KS, Lou Z, Letsididi R, Mohammed K, Maguy BL. Antimicrobial and antibiofilm effects of trans-cinnamic acid nanoemulsion and its potential application on lettuce. Lwt. (2018) 94:25–32. doi: 10.1016/j.lwt.2018.04.018

 55. Liew SN, Utra U, Alias AK, Tan TB, Tan CP, Yussof NS. Physical, morphological and antibacterial properties of lime essential oil nanoemulsions prepared via spontaneous emulsification method. Lwt. (2020) 128:109388. doi: 10.1016/j.lwt.2020.109388

 56. Burt S. Essential oils: their antibacterial properties and potential applications in foods–a review. Int J Food Microbiol. (2004) 94:223–53. doi: 10.1016/j.ijfoodmicro.2004.03.022

 57. Dávila-Rodríguez M, López-Malo A, Palou E, Ramírez-Corona N, Jiménez-Munguía MT. Antimicrobial activity of nanoemulsions of cinnamon, rosemary, and oregano essential oils on fresh celery. Lwt. (2019) 112:108247. doi: 10.1016/j.lwt.2019.06.014

 58. Zhang S, Zhang M, Fang Z, Liu Y. Preparation and characterization of blended cloves/cinnamon essential oil nanoemulsions. LWT Food Sci Technol. (2017) 75:316–22. doi: 10.1016/j.lwt.2016.08.046

 59. Ozogul Y, Boga EK, Akyol I, Durmus M, Ucar Y, Regenstein JM, et al. Antimicrobial activity of thyme essential oil nanoemulsions on spoilage bacteria of fish and food-borne pathogens. Food Biosci. (2020) 36:100635. doi: 10.1016/j.fbio.2020.100635

 60. Donsì F, Ferrari G. Essential oil nanoemulsions as antimicrobial agents in food. J Biotechnol. (2016) 233:106–20. doi: 10.1016/j.jbiotec.2016.07.005

 61. Almeida RED, Molina RDI, Viola CM, Luciardi MC, Nieto Peñalver C, Bardón A, et al. Comparison of seven structurally related coumarins on the inhibition of quorum sensing of Pseudomonas aeruginosa and Chromobacterium violaceum. Bioorganic Chem. (2017) 73:37–42. doi: 10.1016/j.bioorg.2017.05.011

 62. Myszka K, Schmidt MT, Juzwa W, Olkowicz M, Czaczyk K. International biodeterioration & biodegradation inhibition of quorum sensing -related bio film of pseudomonas fluorescens KM121 by thymus vulgare essential oil and its major bioactive compounds. Int Biodeterioration Biodegrad. (2016) 114:252–9. doi: 10.1016/j.ibiod.2016.07.006

 63. Tapia-Rodriguez MR, Hernandez-Mendoza A, Gonzalez-Aguilar GA, Martinez-Tellez MA, Martins CM, Ayala-Zavala JF. Carvacrol as potential quorum sensing inhibitor of Pseudomonas aeruginosa and biofilm production on stainless steel surfaces. Food Control. (2017) 75:255–61. doi: 10.1016/j.foodcont.2016.12.014

 64. Amrutha B, Sundar K, Shetty PH. Spice oil nanoemulsions: potential natural inhibitors against pathogenic E. coli and Salmonella spp. from fresh fruits and vegetables. LWT Food Sci Technol. (2017) 79:152–9. doi: 10.1016/j.lwt.2017.01.031

 65. Venkadesaperumal G, Rucha S, Sundar K, Shetty PH. Anti-quorum sensing activity of spice oil nanoemulsions against food borne pathogens. LWT Food Sci Technol. (2016) 66:225–31. doi: 10.1016/j.lwt.2015.10.044

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Asensio, Quiroga, Al-Gburi, Huang and Grosso. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/math_2.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Rheological Behavior, Antimicrobial and Quorum Sensig Inhibition Study of an Argentinean Oregano Essential Oil Nanoemulsion



		Introduction



		Materials and Methods



		Materials



		Essential Oil Extraction and Analysis



		Nanoemulsion Preparation and Physical Stability Characterization



		Particle Size and Polydispersity Index









		Rheological Behavior Study



		Pseudo Plastic Nature



		Viscoelastic Properties Analysis









		Antimicrobial Activity



		Microbial Strains



		Determination of Antimicrobial Activity









		Quorum Sensing Inhibition Assay



		Quantification of Violacein Production









		Statistical Analysis







		Results and Discussion



		Essential Oil Composition



		Nanoemulsion Characterization



		Physical Stability of Nanoemulsions









		Rheological Behavior Study



		Viscosity



		Viscoelastic Property Analysis









		Antimicrobial Activity



		Quorum-Sensing Inhibitory Effects of Essential Oil Nanoemulsions







		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		References

















OPS/images/math_1.gif





OPS/images/inline_4.gif





OPS/images/inline_3.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Nutrition





OPS/images/fnut-07-569913-t001.jpg
RT
1 8.41
2 853
3 8.72
4 8.90
5 8.97
6 9.08
7 9.34
8 9.41
9 9.51
10 9.74
11 9.88
12 10.02
13 10.20
14 11.00
15 11.12
16 11.47
17 11.51
18 11.98
19 12.08
20 13.06
21 14.03
22 14.33
23 15.01
24 15.09
25 16.12
26 15.19

Compound
(g/1009)

a-Phellandrene
a-Pinene

Camphene

p-Pinene

3-Octanone
B-Myrcene
a-Terpinene
Orto-cymene
B-trans-Ocimene
y-Terpinen

cis Sabinene hidrate
B-cis-Ocimene
Terpinolene

Borneol

4-Terpineol
a-Terpineol

Thymol methyl ether
Carvacrol methyl ether
Thymol

Carvacrol
Caryophyllene
Germacrene D
y-Gurjunene
#-Cadinene
Aromadendrene, dehydro-
Lanceol, cis

X

1.02
0.76
0.34
38
1.65
0.28
4.00
11.08
1.02
15.08
252
0.88
18.62
0.51
9.28
228
1.02
0.31
16.87
0.83
1.77
0.85
1.14
1.01
229
114

EO*

0.1
0.03
0.05
0.78
0.09
0.03
0.01
0.03
0.01
0.02
0.02

+Only those compounds with amount higher than 0.3 ¢/100g are presented. Letters and
numbers in bold indicate main compounds.





OPS/images/fnut-07-569913-t002.jpg
Day0 Day 14
Sample Temp T * * t
[
CNE F 15077 + 006 D 1 148.00 + 2.90 F 1
RT 150.77 + 006 D 2 1175 + 2,65 D 1
EONET F 181.70 + 020 c 1 127.57 + 302 E 1
RT 131.70 + 020 c 2 98.10 + 587 c 1
EONE2 F 89.17 & 571 B 2 73.83 & 5.84 B 1
RT 89.17 + 571 8 2 64.17 + 2.5 A 1
EONES F 42.80 + 3.00 A 1 62.60 + 0.20 A 2
RT 42.80 + 3.00 A 1 62.90 + 0.20 A 2
DI
CNE F 0307 + 0,002 A 1 0314 + 001 A 1
RT 0.307 + 0002 A 1 0356 + 001 B 2
EONE1 F 0292 + 0,003 A 1 0332 + 0.02 A 2
RT 0202 + 0003 A 1 0334 + 001 A 2
EONE2 F 0283 + 0,049 A 1 0322 + 0.03 A 1
RT 0288 + 0049 A 1 0320 + 003 A 1
EONE3 F 0278 + 0.007 A 1 0316 + 001 A 2
RT 0.278 + 0.007 A 1 0.310 + 0.02 A 1

*Different letters in each column indicate significant differences between samples (ANOVA, DCG test, alpha 0.05).
#Different numbers in each row indicate significant differences between storage temperatures for each sample (ANOVA, DCG test, a

S
<]





OPS/images/fnut-07-569913-g003.gif





OPS/images/fnut-07-569913-g004.gif
0078125 0039026
EO sample concentration (mg/ml)

@ Violacein inhibition (%) @cells

05
045
04
035
03
025
02
o1s
o
005

OD 600





OPS/images/inline_2.gif





OPS/images/fnut-07-569913-t003.jpg
CNE! EONE1" EONE2"

EONES3!
k (Pa. s) 0.0013 0.0037 0.0186 0.0637
N 1.1563 1.0545 0.8375 0.7542
R? 0.9992 0.9998 0.9998 0.9994

FTreatments: control (CNE) and essential oil-containing nanoemulsions at different
concentrations (EONE1, EONE2, and EONES3).
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