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[bookmark: _Toc416866811]ABSTRACT

[bookmark: _GoBack]	Many essential oils and their components are known to have antimicrobial activity. However, their strong aroma, flavor, and hydrophobic nature make them difficult to incorporate into food products. New methods to improve antimicrobial activity at reduced concentrations and/or reduce the influence of food components on antimicrobial activity are needed. In this study, the objective was to combine the emulsifier soy lecithin with eugenol in an attempt to enhance the activity of the latter against the foodborne pathogen Escherichia coli O157:H7.
Eugenol was added to a pH 7.2 sodium phosphate buffer (PBS), PBS with 0.03% (v/v) tryptic soy broth (TSB), PBS with 0.3% TSB, PBS with 0.6% TSB or PBS with 0.9% TSB and lecithin solution (0.0025, 0.005, 0.010, or 0.015% (w/v)) and homogenized at 10,000 rpm for 3 min. An overnight culture of Escherichia coli O157:H7 was added and survivors enumerated at 0, 1, 3, 6, 12, and 24 h on tryptic soy agar (TSA) incubated for 24 h at 37°C. The effect of varying microbiological media concentrations (0.03-0.09% w/v) on lecithin interaction with eugenol was also evaluated.
In buffer with 550 ppm of eugenol, 0.01% lecithin slightly increased the effectiveness of eugenol (P<0.05) while 0.0025, 0.005, and 0.015% samples did not differ from the control. When 600 ppm of eugenol was used, the samples containing 0.0025% and 0.015% lecithin slightly increased the antibacterial activity of eugenol (P<0.05) while 0.005, 0.005, and 0.010% lecithin had no significant effect (P<0.05). At 650 ppm of eugenol, there was no significant difference (P<0.05) between the control and the lecithin containing samples. In 0.03% TSB, the presence of 0.01% lecithin significantly increased the antibacterial activity of eugenol at both 550 and 650 ppm while 0.1% lecithin significantly decreased the activity. In 0.3% TSB, only minor differences were found while in 0.9% tryptic soy broth (TSB), the antimicrobial activity of eugenol was essentially eliminated except for a 1 log CFU/ml reduction in the presence of 0.01% (but not 0.1%) lecithin. Overall, lower concentrations of lecithin improved the antimicrobial properties of eugenol when media concentrations were low indicating interactions between the lecithin, eugenol and microbiological media.
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[bookmark: _Toc416866812][bookmark: Introduction]Chapter I 
Introduction
	Foodborne illnesses remain a major issue across the United States despite advances in food safety and processing technologies. The Centers for Disease Control and Prevention report that 1 in 6 Americans suffer from a food related illness every year (62). One potential method for improving food safety would be to add antimicrobials to foods to prevent growth of or inactivate foodborne pathogens. While consumers demand safe and wholesome foods, their acceptance of traditional antimicrobials is declining.  As a result, the food industry as a whole is increasingly seeking out label-friendly antimicrobials. A potential solution for the food industry lies in the use of antimicrobials that come from natural sources and do not need to be labeled as synthetic chemical preservatives (75). 
	Essential oils (EOs) and their components are known to have antimicrobial properties and are considered natural which may be appealing to consumers. Their Generally Recognized as Safe (GRAS) classification makes them desirable to food manufacturers. Because of these properties, EOs have the potential to serve as novel antimicrobial preservatives in food industry. However, in many cases a high concentration, usually over 500 ppm, of the EOs or EO components are needed to inhibit foodborne pathogens (18). These relatively high concentrations make them unsuitable for use in many food products due to strong flavor and aroma characteristics. If the antimicrobial activity of EOs and EO components can be increased, use in the industry as natural food preservatives may be possible. 
	
Eugenol, an EO component of cloves is known to have broad spectrum antibacterial properties. It has been shown by some research that EOs in emulsions may have better activity in foods than free EOs. For example, in a previous study, Li (46) found that the antimicrobial activity of eugenol against Escherichia coli O157:H7 was increased in the presence of certain concentrations of lecithin. The inactivation rate as measured by D-value (time to decrease the viable population by 90%) in the presence of eugenol decreased from ca. 4.0 min to 1.2 min in the presence of 0.0025% (w/v) lecithin (46). What made the study unique was that at concentrations above 0.0025% lecithin, the D-value increased indicating the potential for an optimum level of lecithin for inactivation. The purpose of the present study was to further investigate if the addition of the emulsifier, soy lecithin, to eugenol was could serve to stabilize the emulsion and increase the antibacterial activity of free eugenol. 
The objectives of this study were (1) to determine whether the previous results could be replicated, and (2) what effect time of exposure, lecithin concentration, and concentration of microbiological media had on the antibacterial activity of eugenol against E. coli O157:H7. 

[bookmark: _Toc286145903][bookmark: _Toc416866813]Chapter II 
Literature Review
[bookmark: _Toc416866814]Escherichia coli O157:H7 
[bookmark: _Toc416866815]Background	
Escherichia coli are Gram-negative, rod-shaped bacteria that ferment lactose with the production of gas in 48 h at 35°C making them members of the coliform group of bacteria as well as Enterobacteriaceae. There exist strains of E. coli that are pathogenic or non-pathogenic. The pathogenic types are enteropathogenic (EPEC), enterotoxigenic (ETEC), enteroinvasive (EIEC), enteroaggregative (EAEC) and enterohemorrhagic (EHEC). Serotype Escherichia coli O157:H7 was the first EHEC recognized as a foodborne pathogen when it was isolated in 1982 from four patients in Oregon and Michigan who had eaten undercooked meat from a fast food restaurant chain (49, 60). 
The optimum growth temperature for this bacteria is 37°C with an upper limit of 44 to 45°C and a minimum of 8°C (40). It grows well at pH 5.5 to 7.5 but the growth rate declines heavily at lower pH values with a minimum growth pH between pH 4 and 4.5 (16, 17). In food products under the minimum growth pH, E. coli O157:H7 can survive for weeks or months with increased survival in refrigeration temperatures (15).
Cattle are a common reservoir of E. coli O157:H7 (74). Young cows more frequently carry the bacterial than adult animals. A survey of cattle herds in the United States found an incidence rate of 3.2% among dairy calves (74). The E. coli population being shed by the calves was between <102 and 105 CFU/g (15). E. coli O157:H7 is found inside the gastrointestinal tract of cattle, particularly in the fore stomachs, distal ileum, proximal cecum, spinal colon, and descending colon (15). Transmission to humans is most commonly associated with raw beef and milk, but it has been identified in a multitude of different food products including fruit, vegetables, juice, and water (24, 49, 68)
[bookmark: _Toc416866816]Pathogenesis
E. coli’s ability to produce Shiga toxins greatly contributes to its ability to cause disease (47).  Both Shiga toxin 1 and 2 are produced by E. coli O157:H7 but Shiga toxin 2 is more often associated with severe illness (48). This toxin can lead to hemolytic uremic syndrome, hemorrhagic colitis, kidney damage, and death in severe cases (28, 48). The toxin passes through the epithelium of the intestines and disrupts the epithelial cells which line the blood vessels that connect to the kidneys (69). Illness can occur between 1 and 8 days after exposure with an average incubation period of 3 days (49). Symptoms can include diarrhea, vomiting, fever, abdominal pain (49, 67).  
[bookmark: _Toc416866817]Outbreaks
	E. coli O157:H7 is the most commonly isolated enterohemorrhagic serotype of E. coli in several countries including the United States (47). It is estimated that E. coli O157:H7 infections cause 63,000 illnesses and 20 deaths in the United States annually (62). These infections cost an estimated 255 million dollars annually in 2009 dollars (38). While the annual number of Salmonella and Campylobacter cases exceed the number of E. coli O157:H7 cases annually, the fatality rates and hospitality rates of E. coli are much higher (47). 
	Since 2011, there have been 6 multistate outbreaks of E. coli O157:H7 reported by the Centers for Disease Control (11). In 2014, a four state outbreak was traced to a Detroit meat packing plant and caused sickness in at least 12 people in four states (3, 10). Of the 12 confirmed cases, all reported eating a hamburger at a restaurant and 8 stated that they had eaten an undercooked hamburger, rare or medium-rare, days before symptoms began (3). In 2013, an outbreak associated with ready-to eat salads infected at least 33 people in four states (9). Romaine lettuce was determined to be the cause of the outbreak and it was believed the lettuce became contaminated at the farm level through wind transfer or from contaminated farm equipment (2). In 2012, 33 infections were reported in 5 states (8). This outbreak was traced to a single producer but the cause of the contamination is not known (8). In 2011, three multistate outbreaks were reported. The first involved 60 people in 10 states who were affected by an outbreak traced to romaine lettuce (6). The second outbreak affected 14 people in 5 states and was traced to store bought bologna (5). The third multistate outbreak in 2011 involved 8 people in 3 states and was caused by in-shell hazelnuts (7).
[bookmark: _Toc416866818]Control Measures
Apple cider and other fruit juices are have been associated with E. coli O157:H7 infections due to the high acid resistance and low infectious dose of E. coli (44). This pathogen is also able to survive for long periods of time in refrigeration temperatures (73). Juices can become contaminated due to contact with contaminated soil, water, or employees. The Food and Drug Association has a 5-Log Reduction Performance Standard in place for fruit and vegetable juices. According to this standard, juice products must be treated so that the population of the pertinent pathogen, frequently Escherichia coli O157:H7, is reduced by 5 logs in order to comply with the Hazard Analysis and Critical Control Point (HACCP) requirements (4). 
Heat treatment is often used to control E. coli O157:H7 in food products. This includes pasteurization of liquid products and cooking of solid products to a temperature of 68.3˚C for 15 seconds (42). However, heat treatment is not an option for all food products and may actually reduce the nutritional quality and flavor of some products such as apple cider (44). Additionally, pasteurization processing and materials are also very expensive. Therefore, non-thermal methods of control could be very beneficial to the food industry.
[bookmark: _Toc416866819]Essential Oils
[bookmark: _Toc416866820]Background
	Spices are defined as aromatic or fragrant plant products which can be used to impact flavor, aroma, or color to food products (22, 37). Herbs are generally defined as leaves and flowering portions of soft-stemmed plants which are used to season food products (22). Typically, herbs and spices are obtained from the fruit, seeds, rhizomes, roots, leaves, bark, flower, or bulb portion of a plant (22). The principal flavoring components of spices are essential oils (58). 
[bookmark: _Toc416866821]Properties  
Essential oils are defined as oily liquids which are obtained from aromatic plant materials (18). Each oil can contain 20 to 60 components in various concentrations with two or three components typically found in high concentrations, between 20 and 70%, and the rest being found in trace amounts (12). The major components of essential oils are generally divided into four categories based on their chemical structures. These categories are terpenes, terpenoids, phenylpropenes, and other (39). Terpenes are primarily responsible for the aroma of essential oils and consist of 5 carbon isoprene units (1, 39). Terpenoids are partially responsible for the flavor and aroma characteristics of essential oils and they consist of repeating branched five carbon units with an isopentance skeleton (54). Phenylpropenes have a six carbon aromatic phenol group (39). Essential oils are produced by plants to provide protection from microorganisms and insects and are extracted from several different areas of plants including leaves, bark, flowers, and seeds (51, 57).
Many essential oil components have been shown to have antibacterial and antifungal properties. The antimicrobial activity of these components is heavily influenced by their hydrophobicity which improves their ability to solubilize and disrupt the phospholipid bilayers of cytoplasmic membranes (45). The structure of essential oil compounds greatly impacts its ability to disrupt cytoplasmic membranes. The presence of a free -OH group in essential oil compounds, such as carvacrol and thymol, is believed to contribute to the EOs ability to disrupt the cytoplasmic membrane (45). Eugenol’s hydroxyl group is believed to bind to and interact with proteins (39). In eugenol, EO components such as phenolic alcohol, aldehydes, or ketones are also effective antibacterial agents (45). Phenolic compounds have the ability to disrupt the cytoplasmic membrane, proton motive force, electron flow, and active transport (18). Phenolic compounds may also cause a microorganism to alter its fatty acid or phospholipid composition in the cytoplasmic membrane which may result in a disruption in nucleic acid synthesis, nutrient uptake, and electron transport (25). 
In general, Gram-negative bacteria are less susceptible to EOs than Gram-positive bacteria (30). This is due to the presence of lipopolysaccharides in the outer cell membrane which, because of their hydrophilic nature, provide an increased tolerance for hydrophobic compounds such as those found in essential oils (39, 52). 
[bookmark: _Toc416866822]Extraction Methods
Essential oils can be extracted from plants by several different methods including steam distillation, solvent extraction, and supercritical fluid extraction (13). Steam distillation is the most commonly used commercial method. In this method, selected parts of the plant are heated with hot water or steam. The heat causes the cell structures to break down and releases the essential oils which are volatilized and collected via distillation (70). Solvent extraction is more often used for delicate flower materials or fragile plant components which are not resistant to heat or steam treatment (70). For this process, acetone, hexane, petroleum ether, methanol, or ethanol is added to the selected plant material and it is heated to extract the essential oil. The temperature for this process varies by technique with the accelerated solvent extraction technique requiring temperatures ranging from 50 to 180°C (41). The filtrate is then concentrated using solvent evaporation. Alcohol is mixed with the concentrate and the mixture is distilled at a low temperature which allows the alcohol to absorb the fragrance (70). When the alcohol evaporates, the absolute oil remains (70). To perform supercritical carbon dioxide extraction, carbon dioxide is exposed to high-pressure, about 72 bar, which causes it to take a liquid form (41). Supercritical carbon dioxide is useful because it can penetrate cellular matrices to extract the EO components which are very soluble in it (41, 70). When this is complete, the pressure is returned to normal atmospheric conditions, around 1 bar, and the carbon dioxide then reverts to its gas form and evaporates leaving the essential oil compounds (41, 70). Carbon dioxide is a good solvent for this extraction because it has a low toxicity, is easy to separate from the extracted compounds, and has a low cost (34, 76).
[bookmark: _Toc416866823]Use in Food Industry
EOs are primarily used in the food industry to add desirable flavors and/or aromas to food products (53). US FDA regulations classify these compounds as generally recognized as safe (GRAS) for use in foods. Because they are GRAS and are considered “natural” additives, the food industry has great interest in EOs for uses other than their contribution to flavors, such as use as antimicrobials and antioxidants. This is because of a growing consumer demand for food products with “less processing” and more “natural” ingredients (61). Thus, EOs have been investigated and actually applied as food preservatives due to their antibacterial and antifungal capabilities (23, 53).  
[bookmark: _Toc416866824]Eugenol as an Antimicrobial Compound
[bookmark: _Toc416866825]Properties 
Eugenol (Figure 1) belongs to the phenylpropanoid class of compounds. It is the major component of several oils including allspice, basil, and clove and makes up approximately 84% of clove EO and 72% of cinnamon leaf EO (20, 51). This oily substance is typically a clear or pale yellow color (71). Eugenol has a molecular weight of 164.2 and is partially hydrophobic (31, 43).
[bookmark: _Toc416866826]Antibacterial Activity
Eugenol is a particularly effective essential oil against foodborne pathogens such as E. coli due to the amount of phenolic compounds it possesses. It has the ability to penetrate the cellular membranes of bacteria and cause ATP and potassium to leak from the cell (32, 35, 39, 72). It has been found to inhibit amylase and protease production in Bacillus cereus and contributed to the deterioration of the cell wall and the inhibition of enzyme activity in Enterobacter aerogenes (71). The antimicrobial activity of eugenol against the Gram-negative bacteria Proteus mirabilis is due to its ability to bind to the cytoplasmic membrane of the bacterium and make it more permeable (27). Additionally, eugenol can cause pores to form in the plasma membrane of bacteria which causes intracellular proteins to be released (27). 
[bookmark: _Toc416866827]Sensory Characteristics
Essential oils are frequently used in the food industry to impart flavor and aroma characteristics to food products (39). The concentration of essential oils required to act as preservative agents in food, however, is much higher. In order to achieve antimicrobial activity in food products, concentrations over 500 ppm must be used for many products (18, 66). At that concentration, however, major changes to the sensory characteristics of food products will likely make the product unacceptable to consumers. In a recent study, the tolerance limit for carvacrol, thyme, and rosemary essential oils was found to be 20 ppm or less when tested on a hedonic scale in tomato juice and vegetable juice (29). Many spice components, including eugenol, contribute a bitter or pungent taste to food (36).
[bookmark: _Toc416866828]Enhancing Antimicrobial Effectiveness of Eugenol and other EO components
EO components, while effective against a variety of bacteria, are difficult to incorporate into food products. This is due to their hydrophobic nature and because of the complex nature of food. EO components may react with hydrophobic food components which reduces their activity. Because of this, a high concentration of EO or EO components is required which may lead to potential sensory problems. Therefore, the effectiveness of EOs must be increased so that a lower, and more commercially acceptable, amount can be used. The use of limiting intrinsic and/or extrinsic factors for foods along with reduced concentration EO treatments could potentially be used as preservation hurdle technologies. These limiting factors may include pH, temperature, atmosphere, combinations of EO components or and the use of compounds such as emulsifiers to enhance antimicrobial activity. Hurdle technology is the combination of two or more preservation parameters which creates maximum control against microorganisms while preserving the sensory characteristics of the product (64).
One potential method to enhance EO effectiveness is to adjust the pH of the environment. The effectiveness of essential oil components in different pH environments has been evaluated. Several essential oils and components were tested at pH 7.2, 4 and 4.5. The minimum inhibitory concentration (MIC) of eugenol was 0.05% v/v against E. coli O157:H7 at pH 7.2. When the pH was reduced to 4.5, the MIC decreased to 0.025% and at pH 4 the MIC was reduced to <0.0031% v/v. Additionally, the minimum bactericidal concentration at pH 7.2 was 0.1% and was decreased to 0.05 at pH 4 (55). Temperature may also contribute to the effectiveness of EOs. EOs were found to be more effective at room temperature in one study due to the changes in membrane fluidity (59). At low temperatures, the phospholipids in the membrane are more closely packed together forming a rigid gel structure. At higher temperatures, the phospholipids are less tightly packed and the membrane has a liquid-crystalline structure (59). Combinations of essential oil components have increased the antibacterial effects against some microorganisms. The minimal inhibitory concentration against E. coli CGMCC 1.487 was decreased form approximately 1600 ppm to 400 ppm when treated with a combination of cinnamaldehyde, thymol, or carvacrol (56).
The inclusion of emulsifiers on the activity of EOs has been evaluated extensively, either for their potential enhancement or for producing water soluble micro- or nanoparticles. In one study, researchers combined EOs with lecithin and agar stabilizers. When 0.25% (w/v) lecithin was tested in combination with oregano oil and thyme oil, the antibacterial properties of the EOs against E. coli O157:H7 was greatly reduced. It was proposed by the authors that the lecithin interfered with the ability of the essential oils to physically interact with the cells of the bacteria (19). When combined with 0.05% agar, the antibacterial properties of EOs was significantly increased. Researchers believe this is due to less rapid separation of the essential oil components from the water phase or because the ability of the essential oil component to interact with the phospholipids in the outer layer of the bacteria was neutralized by the additional presence of phospholipids in lecithin (19). 
[bookmark: _Toc416866829]Lecithin
[bookmark: _Toc414464560][bookmark: _Toc416866830]Background	
	Lecithin (Figure 2) is widely used in the food industry as an emulsifier, wetting agent, release agent, anti-spatter agent, and phosphate dispersant (65). It contains a mixture of phospholipids including phosphatidylcholine, phosphatidylethanolamine, phosphatidylinositol, phosphatidic acid, phosphatidyl serine, and lysophosphatides 
 	Lecithin can be produced from many sources of living matter including plant, animal, and microbial sources (63). It was first derived from egg yolk but it is now more commonly recovered from plant sources including cottonseed, peanuts, sunflower seeds, sesame seeds, flax seed, and soybeans (21). For commercial use, lecithin derived from vegetable oil, primarily soybeans, is the most common (21).Soybean lecithin, on average, contains about 35% soybean oil, 18% phosphatidylcholine, 15% phosphatidylethanolamine, 11% phosphatidylinositol, 9% other phosphatides, and 12 % carbohydrates (50). Commercial soybean lecithin is typically obtained as a by-product of vegetable oil production. Several methods can be used to extract lecithin from soybeans including hydraulic pressing, screw pressing, prepress solvent extraction, and direct solvent extraction (21).  
[bookmark: _Toc414464561][bookmark: _Toc416866831]Use in Food Industry
Lecithin obtained from vegetable sources has GRAS regulatory status in the United States (63). With modification, lecithin can be used in both oil-in-water and water-in-oil emulsions (26). The emulsification properties of lecithin are largely due to the presence of phospholipids, the main component of lecithin. These phospholipids are partly hydrophobic (non-polar) and partly hydrophilic (polar) (33). The hydrophilic portion is soluble in water while the hydrophobic portion is soluble in oil (14). To create an emulsion, the emulsifier orients at the boundary between two immiscible liquids with the hydrophobic portion in the oil phase and the hydrophilic portion in the water phase (14) thereby stabilizing it.

[bookmark: _Toc286145908]

[bookmark: _Toc416866832]Chapter III
Materials and Methods
[bookmark: _Toc414464564][bookmark: _Toc416866833]Bacterial Strain
	E. coli O157:H7 strain ATCC 43889 was obtained from the Department of Food Science at the University of Tennessee. This was grown in tryptic soy broth (TSB; Difco, Sparks, MD) at 37°C for 24 h, combined with glycerol, and kept at 0°C. Working cultures were created by inoculating 10 ml of TSB and incubating for 24 h at 37°C.
[bookmark: _Toc414464565][bookmark: _Toc416866834]Eugenol-Lecithin Preparations
Eugenol (4-allyl-2-methoxyphenol, 99%) was obtained from Acros Organics (Fairlawn, NJ) and lecithin (soybean lecithin, >99%) was obtained from Fisher Scientific (Fairlawn, NJ).
To replicate the original experiments on which this study was based, the concentration of eugenol was 800 ppm, the concentrations of lecithin used ranged from  0.001 to 0.015% w/v, the suspension medium was 0.5% TSB (based upon carryover of medium from the culture), and the time of exposure was 0 to 30 min.
For the initial experiments, (0.5% w/v TSB), lecithin concentrations ranged from 0.001% w/v to 0.015% w/v. Lecithin was added to 0.1M sodium phosphate buffer (pH 7.2) which had been sterilized at 121°C for 15 min using an autoclave. The lecithin in buffer mixture was stirred continuously while heating to boiling (ca. 100°C) for 5 min to dissolve the lecithin. Distilled water was added to the solution to replace the water lost during boiling (about 3% of total volume). To prepare emulsions, 800 ppm eugenol was added to stock lecithin buffer solutions in 125 ml Erlenmeyer flasks and samples were then homogenized at 10,000 rpm using a Polytron PY 10/35 homogenizer (Kinematica, Inc., Bohemia New York) for 3 min at room temperature (46). 
For the next set of experiments in 0.03%, 0.3%, 0.6% and 0.9% (w/v) TSB, lecithin was added at concentrations ranging from 0.001% w/v to 0.015% w/v. Lecithin was added to 0.1M sodium phosphate buffer (pH 7.2) which had been sterilized at 121°C for 15 min using an autoclave. The lecithin in buffer mixture was stirred continuously while heating to boiling (ca. 100°C) for 5 min to dissolve the lecithin. Distilled water was added to the solution to replace the water lost during boiling (about 3% of total volume). To prepare emulsions, 550, 600 or 650 ppm eugenol was added to stock lecithin buffer solutions in 125 ml Erlenmeyer flasks and samples were then homogenized at 10,000 rpm using a homogenizer (Polytron, Kinematica) for 3 min (46). 
[bookmark: _Toc416866835]Inactivation Experiments
A 24 h culture of E. coli O157 that had been grown at 37°C was then added to each flask containing eugenol-lecithin mixtures. Flasks were incubated statically at 25°C and a sample was removed from each flask at 0, 1, 3, 6, 12, and 24 h to enumerate E. coli O157. Samples were serially diluted using 0.1% peptone water (Difco) and spread plated in duplicate on tryptic soy agar (TSA; Difco). TSA plates were incubated for 24 h at 37°C and the log CFU/ml was calculated for each sample. 
	For samples containing 0.03% w/v media, 99 ml of the lecithin, eugenol, and phosphate buffer solution were added to a flask and 1 ml of an overnight (24 h) culture of E. coli O157:H7 was added. For samples containing 0.3% w/v media, 90 ml of the lecithin, eugenol, and phosphate buffer solution was added to the flask and 10 ml of an overnight (24 h) culture of E. coli O157:H7 was added. For samples containing 0.6% w/v media, 80 ml of the lecithin, eugenol, and phosphate buffer solution was added to the flask and 10 ml of an overnight (24 h) culture of E. coli O157:H7 was added. Then 10 ml of sterile TSB broth was added. For samples containing 0.9% w/v media, 70 ml of the lecithin, eugenol, and phosphate buffer solution was added to the flask and 10 ml of an overnight (24 h) culture of E. coli O157:H7 was added. Then 20 ml of sterile TSB broth was added. 
[bookmark: _Toc416866836]Effect of Time
In the present experiments, the maximum incubation times evaluated initially were 30 min but were lengthened to 24 h for subsequent experiments.
[bookmark: _Toc414464568][bookmark: _Toc416866837]Statistics
	Each experiment was repeated three times. Analysis of variance was conducted using version 9.4 of Statistical Analysis Software. Least significant differences were used to compare treatments and significant difference was defined as P<0.05.

[bookmark: _Toc416866838][bookmark: _Toc286145916]Chapter IV
Results and Discussion
In initial testing, 800 ppm of eugenol was combined with 0 to 0.015% lecithin in buffer containing 0.03% TSB and E. coli O157:H7 was exposed for 30 min (Fig. 3). Lecithin (0.001, 0.0025, 0.005, 0.005, and 0.015% w/v) did have a significant effect on increasing the activity of eugenol compared to the control (P< 0.05) after 30 min but reductions were only ca. 1 log CFU/ml. The concentration of lecithin did not appear to have any relationship to the extent of inhibition as was reported in a previous study where 0.0025% lecithin was found to be an “optimum” level for inactivation (46). Since the findings of Li (46) could not be replicated, the effect of eugenol and lecithin concentrations, time, and microbial media concentration were investigated further. 
The first thing evaluated was the antimicrobial effect of lecithin itself. The addition of soy lecithin alone (0.0025 to 0.015%) in 0.3% TSB had no antimicrobial effect on E. coli O157:H7 after 24 h (P<0.05) (Fig. 4). There also was no significant reduction (P<0.05) in the population of E .coli O157:H7 after 24 h in the control buffer.
Next the effects of varying concentrations of eugenol (550-650 ppm) and the presence of microbiological medium (0.03-0.9%) in the phosphate buffer on the antimicrobial activity against E. coli O157:H7 was determined (Fig. 5-7). In the experiments performed by Li (46), 10 ml of an overnight E. coli culture in TSB was added to 45 ml of lecithin and phosphate buffer solution. This resulted in a total TSB concentration of 0.5% w/v in each sample. In order to determine whether microbiological media concentration had an effect on the antibacterial properties of eugenol and lecithin, 0.03% w/v, 0.3% w/v, 0.6% w/v, and 0.6% w/v media were added to the lecithin-eugenol mixtures and the inactivation experiment was repeated. At 550 ppm eugenol, there was no reduction (< 1 log CFU/ml) in viable E. coli O157:H7 nor any significant differences between 0.6 and 0.9% media (P<0.05) (Fig. 5). When the media concentration was reduced to 0.3%, E. coli O157:H7 was significantly lower (P<0.05) than 0.6 and 0.9% media but the average log reduction was only 1.72 log CFU/ml. At 0.03% media, a smaller volume of culture reduced the initial count by 1 log but the reduction after 24 h was much greater at ca. 4.9 log CFU/ml compared to 0.6 and 0.9%. Similarly to 550 ppm, at 600 ppm eugenol there was no reduction (< 1 log CFU/ml) in viable E. coli O157:H7 nor any significant differences between 0.6 and 0.9% media (Fig. 6). When the media concentration was reduced to 0.3%, E. coli O157:H7 counts were significantly lower (P<0.05) than 0.6 and 0.9% media with an average log reduction of 1.83 log CFU/ml. At 0.03% media, a smaller volume of culture reduced the initial count by 1 log. After 24 h of incubation there was a very large decrease in viable counts of ca. 7 log CFU/ml compared to the 0.6 and 0.9% media. At 650 ppm eugenol, there was no reduction (< 1 log CFU/ml) in viable E. coli O157:H7 nor any significant differences between 0.6 and 0.9% media (Fig. 7). When the media concentration was reduced to 0.3%, E. coli O157:H7 showed an average log reduction of 4.8 log CFU/ml which was significantly lower (P<0.05) than 0.6 and 0.9% media. At 0.03% media, the reduction after 24 h was ca. 7 log CFU/ml compared to 0.6 and 0.9% media. Overall, it was evident that TSB had significantly negative effect on the antimicrobial activity of eugenol against E. coli O157:H7.
	Next, the interactive effects of varying concentrations of eugenol (550, 600, and 650 ppm) with lecithin (0.0025, 0.005, 0.01, and 0.015% w/v) in phosphate buffer on the antimicrobial activity of eugenol against E. coli O157:H7 was determined (Fig. 8-10). At 550 ppm eugenol, there was no significant difference between 0.0025, 0.005, and 0.015% lecithin compared to 0% lecithin (Fig. 8). All showed an average of 1.7 log CFU/ml reduction (P<0.05). When the lecithin concentration was 0.010% w/v, E. coli O157:H7 counts were significantly lower (P<0.05) with an average reduction of 3.07 log CFU/ml after 24 h. At 600 ppm, there was no significant difference in viable E. coli O157:H7 counts between 0.005 and 0.01% lecithin compared to 0% lecithin (1.8 log CFU/ml reduction) (P<0.05) (Fig. 9). At 0.0025 and 0.015% w/v lecithin, E. coli counts were significantly lower (P<0.025) than 0% lecithin with an average log reductions of 2.80 log CFU/ml and 3.51 log CFU/ml, respectively, after 24 h. 650 ppm eugenol with no lecithin was lethal to the E. coli O157:H7 with a reduction of nearly 5 log CFU/ml after 24 h (Fig. 10). The addition of soy lecithin (0.0025, 0.005, 0.010, and 0.015% w/v) had no additional antimicrobial effect on E. coli O157:H7 and, in fact, 0.0025% was antagonistic. Therefore, while higher concentrations of eugenol caused greater reduction of viable E. coli O157:H7, the lecithin either had no effect or the effect was not related to concentration. 
The influence of media concentration on interaction between eugenol and lecithin was evaluated by reducing the concentration of TSB to 0.03%. Eugenol was tested at 550 or 650 ppm and lecithin was tested at 0.01 or 0.1% w/v (Fig.11-12). With 550 ppm eugenol and no lecithin, the reduction in viable counts of ca. 4 log CFU/ml after 24 h in 0.03% TSB (Fig. 11) was much larger than that the 1.5 log CFU/ml reduction after 24 h seen in 0.3% TSB (Fig. 8). When the lecithin concentration was 0.1% w/v, viable E. coli O157:H7 were significantly higher (P<0.05) than the 0% lecithin control with an average log reduction of ca. 2.3 log CFU/ml. When the lecithin concentration was reduced to 0.01%, at 24 h viable cells of E. coli O157:H7 were significantly reduced by an average 6.73 log CFU/ml compared to time 0 which was significantly lower (P<0.05) than 0% lecithin. Increasing the eugenol concentration to 650 ppm enhanced inactivation under all test conditions compared to 550 ppm but the pattern was very similar with 0.01% lecithin dramatically increasing the inactivation of eugenol while 0.1% had an antagonistic effect (Fig. 12). With 0.1% w/v lecithin, E. coli O157:H7 counts were significantly higher (P<0.05) than 0% lecithin at 24 h. After 24 h, the populations of E. coli O157:H7 in both the 0% and 0.01% lecithin samples were below the detection limit of 1 log CFU/ml. Thus, it was again evident that TSB concentration had a very large impact on the antimicrobial activity of eugenol and lecithin with higher concentrations reducing activity. In addition, at lower TSB concentrations, higher concentrations of lecithin negatively impacted eugenol antimicrobial activity against E. coli O157:H7. This was further confirmed by evaluating the compounds in 0.9% TSB (Fig. 13-14). Here the effect of 550 or 650 ppm eugenol 0.01 or 0.1% lecithin were evaluated for their antimicrobial activity against E. coli O157:H7.  As with 0.3% media (Fig. 8), neither 550 ppm eugenol alone or in combination with either concentration of soy lecithin had any antimicrobial effect on E. coli O157:H7 after 24 h (P<0.05) (Fig. 13). Similarly, at 650 ppm eugenol had no antimicrobial activity on E. coli O157:H7 after 24 h by itself nor with addition of 0.1% w/v lecithin (P<0.05) (Fig. 14). When the concentration of lecithin was decreased to 0.01% w/v, viable E. coli O157:H7 was significantly reduced (P<0.05) compared to the 0 and 0.1% lecithin with an average log reduction of 1.45 log CFU/ml.
Overall, a reduction of the antimicrobial activity of eugenol in the presence of 0.1% lecithin was consistent with the findings of Burt and Reinders (19). They showed that the addition of 0.25% lecithin greatly reduced the antibacterial properties of oregano, thyme oil light and thyme oil red against E. coli  O157:H7 (19). This reduction was likely due to the lecithin physically impeding contact of the oil with the bacteria or because the EO activity against the phospholipids in the bacterial cell membrane was limited due to the interaction of the EO with the phospholipids present in soy lecithin (19).
It was apparent that media concentration affected the antimicrobial activity of the eugenol and the eugenol-lecithin combinations. For example, 0.01% lecithin significantly reduced the effectiveness of eugenol in the presence of 0.9% media, had almost no effect in the 0.3% media samples, and significantly increased the effectiveness of eugenol in 0.03% media after 24 h. Based on the results of this study, enhancement of eugenol antimicrobial activity against E. coli O157:H7 by an optimum concentration of lecithin was demonstrated as was reported by Li (46). This may be due to differences in TSB lots. As it was demonstrated in the present study, microbiological medium concentration has a large influence on the antimicrobial activity of eugenol and lecithin, and differences in the media could affect the interaction of lecithin and eugenol. Additionally, differences in the E. coli culture handling and errors measuring such small lecithin concentrations used by Li (46) may have influenced the results. 
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Conclusions
The ability of soy lecithin to enhance the antimicrobial activity of eugenol appears to be dependent on media concentration of the sample. In low media conditions, 0.01% lecithin greatly increased the antibacterial activity. Therefore, lecithin is a promoter of eugenol activity in limited situations. This is likely due to lecithin increasing the stability of the emulsion which can slow the separation of the oil and the water phase and improve the ability of eugenol to inhibit E. coli (19). In order to improve effectiveness, the use of lecithin may be combined with other treatments to further increase the antibacterial properties of essential oils. 
Tryptic soy broth was found to have a significant effect on the antimicrobial activity of eugenol and lecithin. Further studies should therefore determine how the structure and nutrient availability of food products affects the effectiveness of eugenol and lecithin in the absence or near absence of TSB. 
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[bookmark: _Toc416866858]Figure 1 Structural Formula of Eugenol (from Hyldgaard and others (40))
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[bookmark: _Toc416866859]Figure 2 Molecular structure of phosphatidylcholine. R1 and R2 are alkyl chains (From Weland and Hartel (75))




[bookmark: _Toc416866860]Figure 3 Average log population of E. coli O157:H7 with 0.5% w/v media, 800 ppm of eugenol, and varying lecithin concentrations in phosphate buffer after 30 min.
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[bookmark: _Toc416866861]Figure 4 Average log population of Escherichia coli O157:H7 in sodium phosphate buffer (pH 7.2) with varying amounts of soy lecithin and 0.3% w/v media




[bookmark: _Toc416866862]Figure 5 Average log population of Escherichia coli O157:H7 in sodium phosphate buffer (pH 7.2) with varying amounts of media and 550 ppm eugenol v/v





[bookmark: _Toc416866863]Figure 6 Average log population of Escherichia coli O157:H7 in sodium phosphate buffer (pH 7.2) with varying amounts of media and 600 ppm eugenol v/v



[bookmark: _Toc416866864]Figure 7 Average log population of Escherichia coli O157:H7 in sodium phosphate buffer (pH 7.2) with varying amounts of media and 650 ppm eugenol v/v


[bookmark: _Toc416866865]Figure 8 Average log population of Escherichia coli O157:H7 in sodium phosphate buffer (pH 7.2) with varying amounts of soy lecithin, 0.3% w/v media, and 550 ppm eugenol v/v
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[bookmark: _Toc416866866]Figure 9 Average log population of Escherichia coli O157:H7 in sodium phosphate buffer (pH 7.2) with varying amounts of soy lecithin, 0.3% w/v media, and 600 ppm eugenol v/v



[bookmark: _Toc416866867]Figure 10 Average log population of Escherichia coli O157:H7 in sodium phosphate buffer (pH 7.2) with varying amounts of soy lecithin, 0.3% w/v media, and 650 ppm eugenol v/v



[bookmark: _Toc416866868]Figure 11 Average log population of Escherichia coli O157:H7 in sodium phosphate buffer (pH 7.2) with varying amounts of soy lecithin, 0.03% w/v media, and 550 ppm eugenol v/v



[bookmark: _Toc416866869]Figure 12 Average log population of Escherichia coli O157:H7 in sodium phosphate buffer (pH 7.2) with varying amounts of soy lecithin, 0.03% w/v media, and 650 ppm eugenol v/v




[bookmark: _Toc416866870]Figure 13 Average log population of Escherichia coli O157:H7 in sodium phosphate buffer (pH 7.2) with varying amounts of soy lecithin, 0.9% w/v media, and 550 ppm eugenol v/v


[bookmark: _Toc416866871]Figure 14 Average log population of Escherichia coli O157:H7 in sodium phosphate buffer (pH 7.2) with varying amounts of soy lecithin, 0.9% media, and 650 ppm eugenol v/v
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800 ppm Eugenol

0% Lecithin	5.62168420789836E-2	0.159500261232806	5.62168420789836E-2	0.159500261232806	0	30	8.1976666666666667	7.8453333333333362	0.001% Lecithin	0	30	8.2670000000000012	6.5790000000000006	0.0025% Lecithin	0.25236745696173501	1.0664531557144601	0.25236745696173501	1.0664531557144601	0	30	8.1510000000000016	6.5009999999999986	0.005% Lecithin	1.8475208614068001E-2	0.75984230820173004	1.8475208614068001E-2	0.75984230820173004	0	30	8.1883333333333308	6.3686666666666669	0.010% Lecithin	0	30	8.1409999999999982	7.4643333333333324	0.015% Lecithin	6.92411245816629E-2	0.459767694964896	6.92411245816629E-2	0.459767694964896	0	30	8.178333333333331	6.7296666666666667	Time (Minutes)


Log Population (CFU/ml)




0 ppm Eugenol
0% lecithin	0	1	3	6	12	24	7.9068024669343702	8.0869701769767683	8.1160328576235852	8.1092454843916322	8.0326438869170502	8.19162297907903	0.0025% Lecithin	0	1	3	6	12	24	8.1990868913838373	8.1289323576044392	8.1722261321670366	8.1444140939118004	8.1483353509689973	8.1060625864033824	0.005% Lecithin	0	1	3	6	12	24	7.9952804149970103	8.0334051378129168	8.0405655935659492	8.1188974966369614	8.0948854781734383	8.0598917930808494	0.010% Lecithin	0	1	3	6	12	24	8.0036666666666694	8.0133333333333336	8.0500000000000025	8.0483333333333267	8.043333333333333	8.0246666666666666	0.015% Lecithin	0	1	3	6	12	24	8.0231911284109305	8.0510927136816406	8.0311405617207452	8.0443110094455754	8.1047887204952147	8.2273166687862673	Time (Hour)

Log Population (CFU/ml)



550 ppm Eugenol
0.03% Media	0	1	3	6	12	24	7.1033547483017374	7.1252793427232044	6.9745786927946467	6.396420766126111	4.9021755388561381	3.2400531011353202	0.3% Media	0	1	3	6	12	24	8.1087321788598175	8.0741514183250427	8.0055886662963491	7.9573053442402353	7.615857553047368	6.3903779432505097	0.6% Media	0	1	3	6	12	24	8.0773488967981937	8.1638531155358471	8.0933086759268207	8.0552275122305108	7.96089524282909	7.534463805841038	0.9% Media	0	1	3	6	12	24	7.9382733535612502	7.9867258868922297	7.9062054225688341	7.9395258476468777	7.8623007409110777	7.794373432604961	Time (Hour)

Log Population (CFU/ml)


600 ppm Eugenol
0% Lecithin	0	1	3	6	12	24	0.03% Media	4.7666458304794997E-2	4.2788613146338701E-2	0.17094875950480601	0.17275061663858299	6.5785225126720401E-2	0	4.7666458304794997E-2	4.2788613146338701E-2	0.17094875950480601	0.17275061663858299	6.5785225126720401E-2	0	0	1	3	6	12	24	7.08933945458468	6.9397602156574933	6.5484531268423574	5.253795905074278	3.553083489590886	0	0.3% Media	0	1	3	6	12	24	8.0505279088949173	8.0847166172443767	7.918539591673464	7.8286457002992504	6.9269825898911401	6.2179008358227499	0.6% Media	6.33926623988747E-2	2.7745362931248001E-2	5.4420044470984898E-2	0.10180157026181599	0.14582956583114301	8.2776062745166995E-2	6.33926623988747E-2	2.7745362931248001E-2	5.4420044470984898E-2	0.10180157026181599	0.14582956583114301	8.2776062745166995E-2	0	1	3	6	12	24	7.9633769525948681	8.0968961151399004	8.0383930167540338	7.9773382934593231	7.9700090775038319	7.6319363384326087	0.9% Media	3.5137358664887902E-2	5.46835887195301E-2	3.6772810726268902E-2	8.3801678704454305E-2	8.0066351097084001E-2	0.15862608952368501	3.5137358664887902E-2	5.46835887195301E-2	3.6772810726268902E-2	8.3801678704454305E-2	8.0066351097084001E-2	0.15862608952368501	0	1	3	6	12	24	8.1884455833361702	8.1071185460600024	8.0533113210062748	8.0736115973833709	7.9729855607502413	7.9233840534420343	Time (Hour)

Log Population (CFU/ml)


650 ppm Eugenol
0% Lecithin	0	1	3	6	12	24	0.03% Media	7.3692737662779603E-2	0.105861846774029	0.65813554279559505	1.0836537699902979	2.1502116758504441	0	7.3692737662779603E-2	0.105861846774029	0.65813554279559505	1.0836537699902979	2.1502116758504441	0	0	1	3	6	12	24	7.0689452855326023	6.9748243747542604	6.1047965819537042	4.2946370512120904	1.24142528986693	0	0.3% Media	0	1	3	6	12	24	8.1414725686981679	7.9137277084791799	7.6009815579074642	6.0471791880443551	4.9903556677022696	3.3417221803051582	0.6% Media	1.3902763340569399E-2	1.7986369908233098E-2	0.135952269182013	7.3480552217058306E-2	5.53891564436748E-2	8.2365060651200001E-2	1.3902763340569399E-2	1.7986369908233098E-2	0.135952269182013	7.3480552217058306E-2	5.53891564436748E-2	8.2365060651200001E-2	0	1	3	6	12	24	8.1037498616536556	8.0490621691471169	7.9457129714239976	7.7117867598663681	7.4122402736647137	7.1801262540968356	0.9% Media	8.6593238969071507E-2	3.3686934212118498E-2	6.1085809784382897E-2	0.12722719426733201	0.110929164430498	0.15068005174344001	8.6593238969071507E-2	3.3686934212118498E-2	6.1085809784382897E-2	0.12722719426733201	0.110929164430498	0.15068005174344001	0	1	3	6	12	24	8.086515366362347	8.0431590677877249	8.0100550700639772	7.897928322732449	7.8163749857433924	7.5266554729883604	Time (Hour)

Log Population (CFU/ml)



550 ppm Eugenol
0% Lecithin	4.8993115275874501E-2	5.82859294851205E-2	8.9092921096588396E-2	7.9119211234623302E-2	9.9813169218416695E-2	0.18457712500853199	4.8993115275874501E-2	5.82859294851205E-2	8.9092921096588396E-2	7.9119211234623302E-2	9.9813169218416695E-2	0.18457712500853199	0	1	3	6	12	24	8.1087321788598175	8.0741514183250427	8.0055886662963491	7.9573053442402353	7.615857553047368	6.3903779432505097	0.0025% Lecithin	8.6931622863324606E-2	6.1953907292926103E-2	8.4367060734982097E-2	0.12910578599066999	0.25290196056173803	0.47771469972438402	8.6931622863324606E-2	6.1953907292926103E-2	8.4367060734982097E-2	0.12910578599066999	0.25290196056173803	0.47771469972438402	0	1	3	6	12	24	7.9968905916886701	7.9381695422787049	7.9103320470950136	8.0132965992454004	7.4933233756766811	6.5179060039732368	0.005% Lecithin	0	1	3	6	12	24	7.9652932687639799	7.936833782588848	7.9281895990912856	7.4623148747901888	7.3917647739187489	5.9629136535609613	0.010% Lecithin	0.69730409394370296	0.25704918679021199	0.22199436151639601	0.192801730827939	7.1987148122370101E-2	0.196796562020538	0.69730409394370296	0.25704918679021199	0.22199436151639601	0.192801730827939	7.1987148122370101E-2	0.196796562020538	0	1	3	6	12	24	8.3768263643168872	7.6692854301928346	7.3970994605163067	7.0268464693924768	6.1444374729176374	5.3118830000669659	0.015% Lecithin	6.3394708216075693E-2	4.5514894967985199E-2	5.6133081200807101E-2	6.9076193188754104E-2	0.15507689198615199	0.18835272575242801	6.3394708216075693E-2	4.5514894967985199E-2	5.6133081200807101E-2	6.9076193188754104E-2	0.15507689198615199	0.18835272575242801	0	1	3	6	12	24	7.9762514007255518	8.004857941588595	7.9338214748899816	7.8362136011172723	7.5381584553634671	6.7606057060806108	Time (Hour)

Log Population (CFU/ml)



600 ppm Eugenol
0% Lecithin	0.90582435992100896	0.90766480176574205	0.89864509247828905	0.89368663871718901	0.84054409609306702	0.79364379155754405	0.90582435992100896	0.90766480176574205	0.89864509247828905	0.89368663871718901	0.84054409609306702	0.79364379155754405	0	1	3	6	12	24	8.0505279088949173	8.0847166172443767	7.918539591673464	7.8286457002992504	6.9269825898911401	6.2179008358227499	0.0025% Lecithin	4.5683261565895701E-2	0.17666983797826	7.8299653074184294E-2	0.11362966917808601	0.85144140509823296	0.72401307837365103	4.5683261565895701E-2	0.17666983797826	7.8299653074184294E-2	0.11362966917808601	0.85144140509823296	0.72401307837365103	0	1	3	6	12	24	7.8351630461389066	7.7316166641803381	7.9297492711708397	7.6136111643495497	6.6627578316815708	4.811650645362584	0.005% Lecithin	0	1	3	6	12	24	7.9900629176989639	7.8663072532728791	7.9276856744557742	7.4131832402801576	6.3492719792219559	5.3478010502908306	0.010% Lecithin	0.13521259578926301	0.13352031731333699	0.248723627948082	0.32779578520796998	8.5876032406751193E-2	0.338349981125392	0.13521259578926301	0.13352031731333699	0.248723627948082	0.32779578520796998	8.5876032406751193E-2	0.338349981125392	0	1	3	6	12	24	8.0207606392780093	7.8708714430528861	7.3673177515654427	6.6944057067367559	6.2266591700235203	5.2177629257493301	0.015% Lecithin	6.1389418456383002E-2	5.0313112663628999E-2	4.6146761020021403E-2	0.11044731210160399	0.40891621618416002	0.78951098999584801	6.1389418456383002E-2	5.0313112663628999E-2	4.6146761020021403E-2	0.11044731210160399	0.40891621618416002	0.78951098999584801	0	1	3	6	12	24	7.9265237469482051	7.9342271283843404	7.791948812103052	7.0272129667386407	5.8111285858059789	4.4181706079898913	Time (Hour)

Log Population (CFU/ml)



650 ppm Eugenol
0% Lecithin	0	1	3	6	12	24	8.1414725686981679	7.9137277084791799	7.6009815579074642	6.0471791880443551	4.9903556677022696	3.3417221803051582	0.0025% Lecithin	0.19483332529253	4.5794343095132299E-2	9.5625187484658994E-2	0.37296498916785997	0.76058382328108998	0.78067022538230602	0.19483332529253	4.5794343095132299E-2	9.5625187484658994E-2	0.37296498916785997	0.76058382328108998	0.78067022538230602	0	1	3	6	12	24	7.8962099329643296	8.0168076891772628	7.9569853598997513	7.2484306281847628	6.6723408272670008	4.2466105787232289	0.005% Lecithin	0	1	3	6	12	24	7.9928363986417601	7.8113909163420354	7.7911190368880412	5.8268605956097232	4.4781214940191001	2.206364443542248	0.010% Lecithin	0.52140098246142397	5.5951022096804297E-2	0.31211574540114101	0.20303547535859301	0.58559063057579497	4.9617231580426302E-2	0.52140098246142397	5.5951022096804297E-2	0.31211574540114101	0.20303547535859301	0.58559063057579497	4.9617231580426302E-2	0	1	3	6	12	24	8.4470289489266879	7.4720752588371866	6.3920492873785726	5.5803242872180796	4.8786980143965124	2.1126546408629321	0.015% Lecithin	1.2387701330256899E-2	5.9103311193106203E-2	0.187408570781467	0.75667154839610395	0.47142546841164201	1.188608887295528	1.2387701330256899E-2	5.9103311193106203E-2	0.187408570781467	0.75667154839610395	0.47142546841164201	1.188608887295528	0	1	3	6	12	24	8.0312913188051809	7.9810302338217554	7.6185306116183202	6.0785094823025201	4.5967570287293862	2.3724016620309278	Time (Hour)

Log Population (CFU/ml)



550 ppm Eugenol 
0% Lecithin	4.5053777017573703E-2	4.8845243218234698E-2	4.59023861823743E-2	0.21378308801625601	6.0385273129669702E-2	0.18367568298067499	4.5053777017573703E-2	4.8845243218234698E-2	4.59023861823743E-2	0.21378308801625601	6.0385273129669702E-2	0.18367568298067499	0	1	3	6	12	24	7.1033547483017374	7.1252793427232044	6.9745786927946467	6.396420766126111	4.9021755388561381	3.2400531011353202	0.01% Lecithin	7.6710281493932206E-2	8.0348840195466897E-2	0.17282579800658501	8.2460008423968903E-2	0.62036975710452102	0.57735026918962595	7.6710281493932206E-2	8.0348840195466897E-2	0.17282579800658501	8.2460008423968903E-2	0.62036975710452102	0.57735026918962595	0	1	3	6	12	24	7.0663010086291154	6.7899240961989866	6.0015665347416851	4.2217848954049986	1.5691900586993119	0.33333333333333298	0.1% Lecithin	4.2424642951528098E-2	2.7656577767546001E-2	0.175589540650815	9.5191367520631301E-2	0.27512220060029002	0.43756115455622102	4.2424642951528098E-2	2.7656577767546001E-2	0.175589540650815	9.5191367520631301E-2	0.27512220060029002	0.43756115455622102	0	1	3	6	12	24	7.0266227783917232	7.0486265988235397	7.0115294512378741	6.7228521356212418	6.054478568386279	4.7574422411475297	Time (Hour)

Log Population (CFU/ml)



650 ppm Eugenol 
0% Lecithin	7.3692737662779603E-2	0.105861846774029	0.65813554279559505	1.0836537699902979	2.1502116758504441	0	7.3692737662779603E-2	0.105861846774029	0.65813554279559505	1.0836537699902979	2.1502116758504441	0	0	1	3	6	12	24	7.0689452855326023	6.9748243747542604	6.1047965819537042	4.2946370512120904	1.24142528986693	0	0.01% Lecithin	7.3692737662779603E-2	0.105861846774029	0.65813554279559505	1.0836537699902979	2.1502116758504441	0	7.3692737662779603E-2	0.105861846774029	0.65813554279559505	1.0836537699902979	2.1502116758504441	0	0	1	3	6	12	24	7.0207412908953062	5.8496881995742402	4.2081627875044862	0	0	0	0.1% Lecithin	4.1122112179758599E-2	9.0841343888571596E-2	7.1300398121505501E-2	5.7298762496001597E-2	0.16643767411886101	0.20036545273513701	4.1122112179758599E-2	9.0841343888571596E-2	7.1300398121505501E-2	5.7298762496001597E-2	0.16643767411886101	0.20036545273513701	0	1	3	6	12	24	7.0280632363192694	6.9561528974143032	6.7008935425318796	6.2446548365120664	4.4662206913659874	2.2895873194040171	Time (Hour)

Log Population (CFU/ml)



550 ppm Eugenol 
0% Lecithin	0.113316696571212	4.4637563015809602E-2	2.51272017198578E-2	6.6624255355477002E-2	8.0906964390453306E-2	0.16087560399282899	0.113316696571212	4.4637563015809602E-2	2.51272017198578E-2	6.6624255355477002E-2	8.0906964390453306E-2	0.16087560399282899	0	1	3	6	12	24	7.9382733535612502	7.9867258868922297	7.9062054225688341	7.9395258476468777	7.8623007409110777	7.794373432604961	0.01% Lecithin	0	1	3	6	12	24	8.0507297468442225	8.0029220645989749	8.0079633514519735	7.9129397965496944	7.837528560569277	7.7086238224725632	0.1% Lecithin	0.17504186641859201	9.1303092762208604E-2	3.6541842223350801E-2	7.9583164421371894E-2	9.1192886132086801E-2	0.15845392691704199	0.17504186641859201	9.1303092762208604E-2	3.6541842223350801E-2	7.9583164421371894E-2	9.1192886132086801E-2	0.15845392691704199	0	1	3	6	12	24	8.1482397156586011	7.9934102304636774	7.9782146216828833	7.9331135164845277	7.8020073748078316	7.7039333356327822	Time (Hour)

Log Population (CFU/ml)



650ppm Eugenol 
0% Lecithin	8.6593238969071507E-2	3.3686934212118498E-2	6.1085809784382897E-2	0.12722719426733201	0.110929164430498	0.15068005174344001	8.6593238969071507E-2	3.3686934212118498E-2	6.1085809784382897E-2	0.12722719426733201	0.110929164430498	0.15068005174344001	0	1	3	6	12	24	8.086515366362347	8.0431590677877249	8.0100550700639772	7.897928322732449	7.8163749857433924	7.5266554729883604	0.01% Lecithin	4.1957272067531699E-2	3.6208432293849603E-2	6.2005986447762299E-2	0.14119022296740999	0.110842718488756	0.224912694859151	4.1957272067531699E-2	3.6208432293849603E-2	6.2005986447762299E-2	0.14119022296740999	0.110842718488756	0.224912694859151	0	1	3	6	12	24	8.0128680893302437	8.0075907353896696	7.7294834520621949	7.171421324676575	6.9917860903142781	6.5678153828568666	0.1% Lecithin	4.7894626249178597E-2	6.69973138542036E-2	4.8485852797131399E-2	4.23515432733024E-2	1.2645034055653301E-2	8.5384656818392093E-2	4.7894626249178597E-2	6.69973138542036E-2	4.8485852797131399E-2	4.23515432733024E-2	1.2645034055653301E-2	8.5384656818392093E-2	0	1	3	6	12	24	8.0207728985529254	8.0338942727827174	7.9410014892171299	7.9297215163210026	7.7707286073788806	7.7046834141362517	Time (Hour)

Log Population (CFU/ml)
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