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Colloidal dispersions such as oil-in-water or water-in-oil emulsions have found widespread use in the food industry. Oil-in-water emulsions consist of three principal components i.e. oil dispersed in the form of droplets, water surrounding the droplets as the continuous phase, and emulsifiers comprising the interface. Because of the complicated interaction among components, it is often difficult to predict the physicochemical properties and final functionalities of emulsions. Nevertheless, the structural and functional features of emulsions allow scientists to create many unique emulsions that may serve as suitable carriers for lipophilic functional compounds. These functional compounds may include antioxidants, flavors, colors and antimicrobials, the latter which is the principal topic of this thesis. Incorporation of food antimicrobials in emulsions could create value-added emulsions that may improve the safety and quality of a variety of foods, but to date, few systematic studies on their formulation have been reported.
The objective of this thesis was therefore to formulate food emulsions that are physicochemically stable and able to deliver antimicrobial compounds to microbial target sites. Two antimicrobial agents, N-α-lauroyl-L-arginine ethyl ester monohydrochloride, (LAE) and eugenol were used as model compound to be incorporated into the colloidal food dispersion. The two antimicrobials were selected because they are either amphiphilic (LAE) or predominantly lipophilic (eugenol). When emulsions were formulated with eugenol, an essential oil component, it was found that O/W emulsions were only stable when emulsions were formulated with other lipids (hexadecane, dodecane, tetradecane, and corn oil). Above a critical loading of the carrier lipid with eugenol, Ostwald’s ripening led to rapid destabilization while above this critical loading concentration, the ripening rate was greatly reduced and depended on type of carrier lipid and concentration of eugenol. Alternatively, when emulsions were formulated with LAE as emulsifier, results indicated that emulsions were not stable to aggregation and coalescence. Consequently, LAE had to be combined with a nonionic surfactant (Tween 20) to improve the emulsion stability. Higher Tween20 composition led to more stable emulsions droplets. Both systems (emulsions with either eugenol or LAE) had high antimicrobial efficacies and were able to completely inhibit microbial growth at concentrations that depended on the type of microorganisms and formulation of the emulsions. Generally, eugenol were able to more effectively inhibit the growth of E.coli O157:H7 while LAE containing emulsions were more effective against L.monocytogenes. Finally, a food emulsion was formulated that contained both antimicrobial agents; eugenol in the lipid phase and LAE in the droplet interface. Interestingly, stability of these emulsions depended both on the LAE and eugenol loading. The antimicrobial activity in this double antimicrobial emulsion was high but was principally influenced by the interfacial formulation that is the ratio of LAE to Tween 20. The combined emulsion similar to the LAE stabilized emulsion more effectively inhibited growth of L.monocytogenes.
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CHAPTER 1
[bookmark: _Toc191139551]INTRODUCTION
Foodborne illnesses have been a vital concern of public health officials due to the high costs and losses of productivity associated with their outbreak. Foodborne illnesses are caused by ingesting bacteria, fungi, parasites, viruses, toxins, or other harmful substances present in contaminated foods.  Foodborne diseases associated with shiga toxin-producing Escherichia coli and the Salmonella bacterium have been estimated to cost the national economy annually $445,857,703 and $2,467,322,866 in 2006, respectively [3].  Therefore, there is a high interest to develop new methodologies to reduce or eliminate foodborne pathogens from food matrices.  One strategy that is actively pursuit is to develop novel delivery systems for food antimicrobials that would enable the more widespread use of available antimicrobials compounds in a wide variety of food systems while maintaining or improving their efficacies [4].
Food antimicrobial agents are compounds that have been defined as “chemical compounds present in or added to foods, food packaging, food contact surface, or food processing environments that inhibit the growth of, or inactive pathogenic or spoilage microorganism” [5]. They can be used to preserve quality and enhance safety of a variety of food [6]. Naturally-occurring antimicrobials can be obtained from animal, plant, microbial and mineral source. Of these, antimicrobial essential oils obtained from plant sources are of particular interest because they also exhibit strong antimicrobial activities and they are used as flavors. Essential oils and their extracts are aromatic liquids composed of a great variety of more or less volatile low-molecular weight compounds that typically have a preference to associate with lipid phases.  Many of these compounds are phenolics which have been linked to their remarkable antibacterial properties.  Most importantly, essential oils and their extracts have been are classified by the US FDA as “Generally Recognized as Safe” (GRAS) and thus can be readily used in a food product.  For example, eugenol is an essential oil component extracted from clove [7, 8]. It has been shown to inhibit growth of Listeria monocytogenese [9, 10], E.coli O157:H7 and Vibrio paraheamolyticus amongst others.  The compound has thus attracted increased attention as a potential inhibitory agent to improve the microbial safety of product.  Eugenol is soluble in ethanol or ether but only sparingly soluble in water with typical water solubility of less than 0.01%. 
Another interesting and novel antimicrobial that has recently emerged is the ethyl ester of lauramide of arginine monohydrochloride, also referred to as lauric arginate (LAE), available commercially under the trade name Mirenat (C20H41N4O3Cl)  [1, 11].  LAE is a synthetically-derived antimicrobial that can be added to all perishable food including meat product  [12, 13]. Most interestingly, LAE is a cationic surfactant in addition to being a strong antimicrobial that is it adsorbs readily at surfaces due to its amphiphilic characteristics and it is positively charged. The L-arginine part of the molecules constitutes the hydrophilic head group of the surfactant while the fatty acid chain of lauric group provided the hydrophobic tail of the surfactant. Synthetic chemical preservatives have typically been rejected because of concerns with their toxicological safety, however, in the case of LAE, the link between the arginine group and the lauric group is a simple ester bond that is readily hydrolyzed by the human digestion system generating arginine and a fatty acid, which is then further digested  [14].  The advantage of using LAE is thus its low toxicity and its remarkable antimicrobial efficacies.  LAE was approved as GRAS on September 1st, 2005. In addition, USDA approved its use in meat and poultry products at level up to 200 parts per million (ppm) of ethyl-N-Alpha-lauroyl-L-arginate hydrochloride [11]. The antimicrobial properties of LAE have been attributed to its action on the cytoplasmic membrane of microorganism, that is the positively charged compound binds to the negatively charged bacterial membrane and induces leaks that alter the membrane potential required to generate ATP [15]. 
Oil-in-water emulsions are liquid-liquid dispersions of two completely or partially immiscible liquids (in this case oil and water) with one phase being dispersed in the second in the form of droplets. Emulsions are a widely used class of food products and examples include products such as milk, cream, salad dressing, mayonnaise, beverages, and sauces. In addition to the food industry, they are heavily used in other industries in products such as pharmaceuticals, petrochemicals, and cosmetics  [16, 17]. Emulsions are not only used to change texture, flavor and appearance of foods, but they are also used to delivery biologically functional components that are lipophilic in nature such as antioxidants, flavors and nutraceuticals. Interestingly, only few studies have been conducted though to investigate their suitability to act as carrier systems for antimicrobials. In principle, emulsions could serve as antimicrobial delivery systems in two ways: (1) by containing an amphiphilic antimicrobial (such as the above mentioned lauric arginate) adsorbed at the emulsion droplet interface or (2) by containing a lipid antimicrobial (such as the above mentioned eugenol) that is part of the lipid phase. Moreover, these two approaches could possibly be combined two produce a “double” antimicrobial emulsion based preservation system with improved efficacies.
In this study, we hypothesize that the effectiveness of an emulsion based antimicrobial delivery systems depends on the emulsion characteristics, e.g. droplet size and concentration and their interaction with the surrounding environment, e.g. their interaction with bacterial surfaces (e.g. electrostatic, Van der Waals, etc) to facilitate direct contact with microorganisms or through molecular transport of encapsulated compounds through the intervening continuous phase to the surface of the microorganisms (e.g. via partitioning of active compounds from the lipid phase into the water phase) [18-22]. Surface charges of bacterial cells and emulsion droplets thus may play a key role in emulsion stability [19]. Most importantly, for the emulsions to function as carriers, they have to maintain their physical stability i.e. the ability of the emulsion to maintain its dispersed state under a variety of environmental stresses such as pH, salt, temperatures [19, 23-25]. Surface charges of bacterial cells and emulsion droplets played key role in emulsion stability [19].
The objective of this study was to test the above presented hypothesis by formulating emulsions composed of an amphiphilic antimicrobial (lauric arginate), a lipid antimicrobial (eugenol) or both. To this purpose, the influence of formulation and environmental conditions on emulsion stability and antimicrobial efficacy was determined.  The goal of the project was to design a colloidal system that can achieve adequate stability while exhibiting antimicrobial activity over a desirable period of time. 


CHAPTER 2
[bookmark: _Toc191139552]LITERATURE REVIEW
Food colloids are multi-phase systems containing particles or other structures with characteristic spatial dimensions in the colloidal size range i.e. foams, gels, and emulsions  [25]. Oil-in-water emulsions are one of the most important classes of food colloids and include products such as for example milk, cream, dressing, mayonnaise, beverage, soups, and sauces [16]. This project utilizes oil-in-water emulsions as dispersant systems for lipid or amphiphilic antimicrobials.
[bookmark: _Toc191139553]2.1 	Emulsions
[bookmark: _Toc191139554]2.1.1 	Definition
Emulsions are fine dispersions of one liquid in a second, partly or completely immiscible liquid in the form of droplets  [26].  The droplets typically have mean sizes that are in the colloidal range e.g. 10-10,000 nm. [16]. Milk, cream, dressings, mayonnaise, beverages and soups are examples of products that exist in the form of emulsions. Oil-in-water (O/W) emulsions generally consist of oil droplets dispersed in an aqueous phase. In contrast, margarine and butter consist of water droplets dispersed in an oil phase also known as water-in-oil or W/O emulsion. The droplets are also sometimes referred to as the internal, dispersed or discontinuous phase while the surrounding liquid is referred to as the external or continuous phase [16]. In addition to simple O/W and W/O emulsions, multiple emulsions exist that are composed of dispersions in dispersions such as for example an internal phase dispersed in a second internal phase that is dispersed in a continuous phase such as water-in-oil-in-water W/O/W and oil-in-water-in-oil O/W/O type emulsions. These emulsions may have improved properties compared to conventional emulsion but they are typically less frequently used in the food industry due to the complexity and higher costs involved in their fabrication. 
Food colloids are very complicated systems because of the interactions and molecular properties of the three principal ingredients (oil, water, and emulsifier). Factors influencing emulsion properties include ingredient interaction, surfactant-surfactant, and surfactant-droplet interactions, lipid oxidation, and process condition such as temperature, pressure and mechanical agitation  [16, 27].  It can thus be quite challenging to produce stable emulsions. Ultimately emulsion manufacturers need to understand the role that each of the parameters play in the overall property and stability of the emulsions in order to be able to design the desired emulsion system.
[bookmark: _Toc191139555]2.1.2 	Formulation of Food Emulsions
Two separate immiscible liquids can be converted into an emulsion by mixing the two liquids followed by reducing the size of the droplets in the premix using a unit operation called homogenization. After homogenization, the oil and water dispersion generally have a thermodynamically driven tendency to phase separate that is the oil droplets merge with each other until the two phases rapidly separate into two distinct phases. This is because the presence of a large interfacial area between these molecules of different polarity is thermodynamically highly unfavorable. Emulsions are thus thermodynamically unstable, but may be kinetically stabilized for some time by using amphiphilic and surface active molecules that adsorb at the interface and provide repulsive interactions that prevent droplet merging and aggregation  [16, 26]. 
Control of the droplet size is one of the most critical parameters required to produce a desirable food colloidal system since the size of the droplets contributes to the stability, appearance, texture, and taste of the emulsion. The factors which influence the droplet size include emulsifier type and concentration, volumetric energy input during the homogenization, composition of component phases, and temperature. In the homogenizer, two processes occur simultaneously resulting in the generation of small droplets from a premix that contains larger droplets. Firstly, the volumetric energy input (applied pressure) induces droplet deformation and disruption generating smaller droplets with new interfaces. Generally, the larger the volumetric energy input the smaller the droplets. The droplet disruption also depends on the viscosity ratio between the two phases which may depend on the temperature of the system. Secondly, surfactants rapidly absorb at the new interfaces creating an interfacial membrane or layer that induces repulsive interactions and prevent re-coalescence. The droplet size thus depends on the molecular properties of the emulsifiers governing the rate of surface adsorption and the degree of induced repulsive and attractive colloids interactions e.g. van der Waals, steric, electrostatic [16].  In food emulsions, two classes of surface-active species are predominantly used: (i) small-molecule surfactants such as monoglycerides, sucrose ester, and others and (ii) macro-molecular emulsifiers such as protein or modified starches [25].  In this project, we are predominantly focusing on using small molecule surfactants since we hypothesize that these may form mixed layers with one of the target antimicrobials (lauric arginate).
[bookmark: _Toc191139556]2.1.3	Surfactants and Interfacial Properties
In food emulsions, surfactants are used to stabilize the dispersion against breakdown [28]. Surfactants are amphiphilic molecules, i.e. molecules that consist of both a hydrophilic and a hydrophobic part. These molecules have thus a tendency to accumulate at surfaces where they may interact simultaneously with both the lipophilic and hydrophilic phases. The main functions of a surfactant are to (i) lower the surface tension thereby reducing the energy required to generate new surfaces and allowing for easier generation of small droplets in the emulsification step and (ii) to provide for long-term stability of the emulsion after their preparation by providing a barrier to coalescence via repulsive interactions between the adsorbed layers of droplets  [29]. 
The hydrophobic and polar groups of surfactants determine their physical and chemical behavior  [30].  Understanding their properties is critical to using them in a wide range of application such as detergents, emulsifiers, adhesives, and lubricants [31]. One parameter that has traditionally been used to determine whether surfactants preferentially reside in the water or oil phase is the so-called hydrophilic-lipophilic balance number (HLB) which has also been used to predict the type of emulsion that can be formed by a surfactant  [16, 32].  HLB values are calculated from the ratio of the hydrophilic head group to the lipophilic tail group. Surfactants with HLB values in the order of 3-6 typically stabilize water-in-oil emulsions while surfactants with HLB values of 8-15 are more suitable to stabilize oil-in-water emulsions. Surfactant can also be classified by the charge of the polar group, e.g. anionic, cationic, zwitterionic and nonionic. Anionic surfactants (e.g. fatty acid salt, stearyl) are surfactants that have at least one negatively charged group attached to the hydrophobic tail.  Examples of anionic head groups include –CO2-, -SO3-,   PO3-2, –OSO3-. Conversely, cationic surfactants contain positively charged groups (typically nitrogen-based groups).  The nitrogen group can be protonated or unprotonated. Therefore, the charge of cationic surfactant and for that matter the charge of some negatively charged surfactants may be influenced by the system pH.  Finally, zwitterionic surfactants (e.g. lecithin) may carry both positive and negative charges which may yield a complex pH-dependent charge behavior. Polyelectrolytic molecules such as proteins for example, may be have a net negative charged above their isoelectric point, but be fully protonated and positively charged below their isoelectric point. Finally, the hydrophilic group may not carry any charges, in which case the emulsifier is referred to as a nonionic surfactant (e.g. monoglycerides, Tweens, Polysorbates). Nonionic surfactants are the most widely used group of surfactants used in food applications. These surfactants typically have polyether or polyhydroxyl units that consist of ethyoxylated alcohol and alkylphenols [30].  Below we will now briefly discuss the principal surfactant characteristics that are of importance in the formation of emulsions.
Surface tension. Surface tension has been defined as the increase in the overall free energy of a system with increasing surface area at constant temperature and pressure.
	
where G is the free energy of the system and A is the surface area. The ability of a surfactant to lower the interfacial or surface tension is one of the critical parameters and indicates an overall lowering of the unfavorable interactions between the dispersed and continuous phase molecules upon adsorption of the surfactant [33]. 
Adsorption isotherm. The amount of a surfactant that can adsorb at an interface is of importance to the proper formulation of stable emulsions. The concentrations of a surfactant at the interface can be thermodynamically derived from the measurement of the change in surface tension with surfactant concentration in the bulk:
	
where is the surface coverage in mol/m2,  is the interfacial tension, c the concentration of surfactant in the bulk, R the universal gas constant and T the absolute temperature of the system. It should be noted that while thermodynamics predicts equilibrium conditions, mass transport processes continue to occur even in the equilibrium state, i.e. surfactant molecules are repeatedly exchanged between the bulk phase and the interface. Equation 2.2 predicts that in general, as more surfactant is added to the system, more surfactant molecules will adsorb at the interface. This is however only true up to a specific concentration (the critical micellar concentration). Above this critical concentration, excess surfactant will remain in the bulk and self-assemble to form a variety of structures [30, 34].
Adsorption kinetic. Another characteristic of surfactants is that their adsorption at newly formed interfaces doesn’t occur instantaneously; rather the transport requires a certain amount of time to complete. During this time, the surface tension will continue to decrease as more and more surfactant molecules are located at the interface until the concentration at the interface has reached an equilibrium as determined by the bulk surfactant concentration:
	
	
Where D is the diffusion coefficient and co is the concentration of surfactant in the bulk. More information can be obtained from other sources [34-37]. The adsorb kinetic may play a role in the emulsification process, since slowly absorbing surfactants may not be able to sufficiently stabilize newly generated surfaces from re-coalescence during the homogenization. 
Micelle Formation. The tendency of surfactants to adsorb at oil-water interfaces is due to the fact that the presence the hydrophobic part of the surfactant in either a polar solvent is thermodynamically unfavorable. The system thus seeks to remove this group from contact with the solvent molecules. This can be achieved to a certain point by adsorbing the surfactant at an interface. However, eventually, the interface will be fully covered and no more space is available for additional surfactant molecules. Instead, the surfactant molecules that are now in excess in the bulk will begin to self aggregate into a variety of colloids structures known as micelles that have morphologies that may range from small spheres, disks, ellipsoids, to long cylinders [30, 38]. The critical concentration above which this self-assembly process begins is known as the critical micelle concentration or CMC. The CMC is a key characteristic of surfactants and depends on the length of the hydrophobic tail, the nature of the head group, the valency of counterions in the solution (in case of charged surfactants), and generally the solution environment [34, 39, 40]. For example, with decreasing number of carbons in the hydrocarbon chain, the CMC decreases logarithmically for nonionic surfactants. In the case of oil-in-water systems, the driving force for the formation of aggregates is the reduction of unfavorable water-surfactant tail interactions. Thus, micellization largely depends on the molecular properties of the hydrophobic tail and the influence of the molecular properties of the head group (size and charge) is thus typically quite small [41]. Nevertheless, the CMC of nonionic surfactants is generally 10 fold lower than that of ionic surfactant [34]. More importantly, the CMC of ionic surfactants may change with pH and presence of ions. This is because the electrostatic charge of the ionic headgroup may be altered which influences the molecular configuration of surfactants in the colloidal aggregate [42, 43]
The role of surfactants in food emulsions. As mentioned, surfactants are used to stabilize emulsions and aid in their production. The choice of a surfactant is thus critical to producing food emulsions with appropriate particle size distributions [44-46].  The mean droplet size generated during a homogenization process is governed by the dynamic equilibrium between two phenomena, droplet breakup and coalescence. Formulation and processing may affect either one or both of these mechanisms and thus influence droplet size. For instance, formulating emulsions with surfactants that are more effective in reducing the interfacial tension (e.g. ultralow tension surfactants) can noticeably improve the droplet disruption process [31, 47]. On the other hand, the headgroup properties of surfactant e.g. nonionic, anionic, and cationic can affect coalescence due to greater or lesser repulsive interactions. [48-50]. Surfactants have also been reported to influence the rate of Ostwald ripening, that is the process whereby larger emulsion droplets grow at the expense of smaller one [51, 52]. Generally, increasing the surfactant concentrations up to the CMC will lead to decreases in the droplet size of the emulsion [31].
The stabilization effect of emulsion droplets by colloid is due to the induction of repulsive interaction forces. In general, nonionic surfactants stabilize the system by steric interaction while ionic surfactants stabilize the system by both steric and electrostatic interactions  [16].  The effectiveness of charged surfactants to prevent droplet coalescence is thus influenced by the particle charge. The concentration of cationic or anionic surfactants at oil–water interface may increase when other charged fine solids are present in the aqueous phase [24].  For example, the presence of bacteria and the nature of their cell wall may affect the stability of emulsions containing ionic surfactants while emulsions stabilized by nonionic surfactants are typically not affected by the presence of bacterial cells [19, 53]. 
Finally, the characteristic of surfactants may play a role in the emulsification process. For example, the presence of micelles has a profound effect on interfacial processing such as foaming, wetting, emulsification and solubilization. Surfactant micelles exist in a dynamic equilibrium with surfactant monomers in the bulk solution. With increasing numbers of micelles the flux of monomers may decrease which translates into less foaming, larger bubble sizes, larger emulsion droplet sizes and a more rapid solubilization of oil [54, 55].  Using binary surfactant mixtures, the mean emulsion droplet size obtained by a mixture of anionic sodium dodecyl sulfate (SDS) and nonionic hexa(ethyleneglycol) mono n-dodecylether (C12E16) was found to be lower than that using a mixture of cationic dodecyl pyridinium chloride (DPC) with C12E16 at the equivalent mole fraction of ionic surfactant at interface. This was attributed to the stronger interactions between sulphate and polyoxyethylene head groups at the interface [56]. Therefore, choice of the surfactant type, concentration including the use of mixed surfactant systems such as ionic/ionic, ionic/nonionic, or nonionic/nonionic binary mixtures may allow for a better performance in the desired technological application [54, 57].
[bookmark: _Toc191139557]2.1.4 	Emulsion Stability
Emulsions are thermodynamically unstable systems because the presence of large interfacial contact areas between polar and nonpolar molecules greatly increases the free energy of the system. Since any systems has the tendency to decrease the free energy, (second law of thermodynamics) [58, 59], emulsion droplets will merge and eventually phase separate to reduce the contract area between hydrophobic and hydrophilic molecules. This process requires time and the technical stability of an emulsion is thus determined by the thermodynamic driving forces and the ongoing mass transport processes. From a thermodynamic point of view, the formation of new interfaces results in a change in free energy that can be described as: 
	
where TDS is the configurational entropy of the system. Upon emulsification, both the contact area and the entropy term increases since droplets are smaller but more evenly distributed through the system. In general though, the loss in the interfacial free energy (γ∆A) is typically much larger than the gain in the configurational entropy (T∆Sconfig) making this process thermodynamically unfavorable [60]. 
From a kinetic perspective, the stability of the emulsion is affected by their Brownian motion, gravity, or various interaction forces. The emulsion remains kinetically stable if it has an activation energy ∆G* large enough to prevent the system from changing to its thermodynamically favorable state. To create a sufficient high activation energy ∆G*, one can use appropriate surfactants or texture modifier [16].  The destabilization of food colloids may occur by a variety of different mechanisms that include creaming or sedimentation, flocculation, coalescence, partial coalescence, phase inversion, and Ostwald ripening (Figure 2.1). 
Creaming or Sedimentation. Creaming is induced by gravitational forces if the density of the droplets is less than that of the continuous phase. The density differences causes and accelerating force that results in droplets moving opposite to the direction of the gravitational force, a process known as creaming. If the density of droplets is higher than that of the continuous phase, droplets will tend to move in the direction of the gravitational field, a process known as sedimentation. Gravitational separation strongly affects on appearance and texture of food emulsions often resulting in unacceptable product qualities. Moreover, the process may promote flocculation or coalescence since average distances between droplets are reduced as the droplet move to the bottom or top of the storage container. The Stokes’ law equation describes the dependence of the creaming rate of particles on emulsion properties
	
where υStokes is the creaming velocity. η is the shear viscosity. ρ2 – ρ1 is the different density between of the continuous and dispersed phase and r is the radius of droplets. From the Stokes’ law, one can infer a number of effective approaches to improve the stability of emulsions. For example, one can minimize the gravitational separation by reducing the density difference between the two phases. This may be achieved by changing the type of oil or adding a so-called weighting agent to the oil. Creaming rates can also be reduced by decreasing the droplet size and modifying the continuous phase viscosity. Viscosity of the continuous phase can be increased by adding thickening agents, or increasing the droplet concentration, and altering the degree of droplet flocculation by altering the nature of the colloidal interactions between droplets [16, 58].
Flocculation. Flocculation is the process whereby two or more droplets associate with each other but maintain their individual integrities. This process depends on the composition of the emulsions since the composition may influence droplet-droplet interactions and continuous phase viscosities. The nature of the generated flocs varies greatly from small to large sizes and open to compact structures that affect the overall properties of emulsion  e.g. stability, appearance, and sensory. The presence of flocculation in emulsion induces a shear thinning, i.e. as the shear rate increase, the floc structures are deformed and/or disrupted thereby decreasing their effective volume fraction resulting in less friction upon flow. The rate of flocculation depends on two factors; (1) the frequency of collisions between the droplets and (2) the fraction of collisions that lead to aggregation. The collision frequency depends on the movement of droplets which may be induced by Brownian motion, gravitational forces, or other applied mechanical forces during production, storage, and transport. The tendency of droplets to remain aggregated after collision on the other hand depends on the hydrodynamic and colloidal interactions between droplets. 
Consequently, droplet flocculation may be retarded by preventing or decelerating droplet movements, by decreasing the droplet concentration, decreasing the disperse phase volume fraction, decreasing the density difference between the oil and aqueous phase, decreasing shear rate, increasing droplet size, increasing the viscosity of the continuous phase, or narrowing the droplet size distribution. The practical way to govern the colloidal interactions between droplets is building significant greater the repulsive than attractive interaction by regulating the type of ingredients present, the microstructure of the emulsion, and the prevailing environment conditions  [16].  
Coalescence. Droplet coalescence is the process where two or more droplets come into close contact and then fuse into a single larger droplet. This process is irreversible and results in a growth in the mean droplet diameter and may eventually lead to complete separation of the oil and aqueous phase. The physical processes associated with coalescence are droplet deformation and film rupture. The nature of the emulsifier in the system is a key to this process. For droplet coalescence to occur, after the droplets have come into close contact, the surfactant film must first thin and then rupture. This film stretching, and tearing causes the two interfacial membranes to merge and the interfacial tension will then rapidly result in formation of a spherical larger particle. Coalescence can be prevented by adding a thickening agent, ensuring that strong repulsion forces exist between droplets, preventing flocculation/creaming and using an interfacial layer that is resistant to thinning and rupture (e.g. by crosslinking the film to improve its rheological properties). The probability for coalescence increases as the frequency of droplet collisions increases, e.g. as the oil phase fraction increases  [29]. 
Partial coalescence. If oil droplets are composed of partially crystalline lipid, there is an increased probability that emulsion droplets will aggregate. This is because lipid crystals protruding from the surface of the droplet prefer to be surrounded by oil molecules rather than solvent molecules. The factors that affect this process are contact time, collision frequency, droplet separation, colloidal and hydrodynamic interactions, interfacial tension, and membrane viscoelasticity. In addition, factors affecting the droplet morphology such as crystal concentration, structure, and location of fat crystal in the droplets influence partial coalescence. The degree of crystallization depends on the time-temperature profiles that the emulsion has been exposed to as well as the composition of the system. While partial coalescence is often undesirable, there are products where partial coalescence is required for their formation. For example, partial coalescence is necessary to produce ice-cream, whipping toppings, butter, and margarine. The texture and stability of these products are obtained from the partial fat network created through the aggregation of partially crystalline droplets giving the network mechanical strength and rigidity [16, 61].
Phase inversion. Phase inversion is the process whereby the two phases of an emulsion invert e.g. the emulsion changes from an O/W emulsion to a W/O emulsion or vice versa. . The system may be kinetic stable or unstable before and after the inversion. Phase inversion typically occurs if the composition or environmental conditions of a colloidal system are altered, for example, disperse phase volume fraction, emulsifier type, emulsifier concentration, solvent conditions, temperature, or mechanical agitation. Moreover, phase inversion may be induced if the functionality of the surfactant is altered e.g. by changing the ionic strength or adding additional surfactant that may alter the interfacial composition of the droplets. Products such as butter and margarine in fact require a controlled phase inversion to yield a product with desirable appearance, texture, stability, and taste. To create butter and margarine, the emulsion (milk/cream) is cooled down to induce fat crystallization followed by shearing. The shearing cause the dispersed fat crystals to eventually phase invert to form a continuous crystal network that entraps water within it [16].
Ostwald ripening. Oswald ripening is the process whereby larger droplets grow at the expense of smaller ones. It is driven by the difference in LaPlace pressure between droplets of different sizes [52, 62-64] The rate of Ostwald ripening depends on the mean droplet size, e.g. the smaller the droplet size, the higher the Ostwald ripening rate. Ostwald ripening is driven by a molecular transport process of lipid through the continuous phase (typically water). Therefore the solubility of the lipid on water is of critical importance. For example, the higher the solubility, the faster the destabilization [65-67]. Using a disperse phase which has a low solubility in the continuous phase can retard this process. One of the few means to decrease Ostwald ripening is by adding insoluble, hydrophobic carrier oils. In addition, emulsifier such as biopolymers which may resist the decreases in droplet size as smaller droplet shrink and larger ones grow, may help reduce Ostwald ripening [68-70]. Adding more surfactants to systems prone to Ostwald ripening typically worsens the situation as the excess surfactant micelles can act as carriers for the lipid [68, 71, 72]
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[bookmark: _Toc191139716]Figure 2.1. 	Overview over mechanisms that induce emulsions instability [16].
[bookmark: _Toc191139558]2.2 	Food Antimicrobials
Foodborne illnesses have caused tremendous public health concerns for years. These diseases are the direct results of the indigestion of contaminated food with pathogenic bacteria and/or their toxins. Controlling growth of pathogenic bacteria can reduce the number of outbreak and assure consumers having a safe food supply. Consequently, there exists a need to develop new and improved methodologies to control the growth of pathogens in food systems. Food safety may be ensured by mechanically removing bacteria from food, inactivating bacteria through preservation techniques such as heat treatment, ozone treatment, high-intensity ultrasound, high pressure and others, preventing entry of food pathogens in the food product (packaging) or by adding compounds that can inhibit or inactivate food antimicrobials [73].  
Antimicrobial agents have been defined as “…chemical compounds present in or added to foods, food packaging, food contact surfaces, or food processing environments that inhibit the growth of, or inactivate pathogenic or spoilage microorganism” [5]. They can be classified into two different types of antimicrobials; chemically-derived (synthetic) and naturally-occurring compounds. Examples of the former include weak-acid organic (acetic, lactic, benzoic, and sorbic acid), hydroperoxide, and chelator while the latter compounds include small organic biomolecules from spices and herbs such as their essential oils (menthol, carvacol, thymol, eugenol, etc.) [73, 74].
To inhibition of pathogens by antimicrobial agents is through to occur by a variety of mechanisms of action. The two principal mechanisms of antimicrobial include inhibition of proton transfer dynamics and the perturbation of membranes. Inhibitors of proton transfer are for example organic acids. In their undissociated state, the molecules may diffuse across the cell wall into the bacteria. The internal pH in the bacterial cell may then cause the compounds to lose their proton resulting in an accumulation of anions and protons inside the cells  [73, 75, 76].  Antimicrobials that act as membrane pertubators must insert into the cell membrane and subsequently disrupt the membrane structure. As a consequence, the membrane may lose the ability to controlling the exchange of molecules from the inside to the outside of the cell and vice versa. In the present work, we use two antimicrobial agents that are both expected to be membrane pertubators: eugenol (an simple phenolic essential oil compound) and the amino acid-based surfactant Nα-Lauroyl-L-arginine ethyl ester monohydrochloride (lauric arginate).  
[bookmark: _Toc191139559]2.2.1 	Essential Oils and Their Components (EOs) 
Essential oils are aromatic oily liquids obtained from plant materials such as flowers, seeds, buds, herbs, spices and roots. Compounds present in essential oils include phenylpropanes, terpenes, and aliphatic compounds such as alkanes, alcohols, aldehydes, ketones, esters, and acids  [77].  EOs and their components are typically soluble in ethanol or ether but less than 0.01% soluble in water.  For generations, humans have been using herbs and spices as food and to treat ailments. Remarkably herbs and spices have shown strong antibacterial properties including chemo preventive properties [74, 78]. The dominant antimicrobial compounds present in essential oils [77] are phytochemicals, such as phenolics, phenolic acid, quinones, flavonoids, and terpenoids. These compounds are synthesized by the plant as a defense against microorganism, insects, and herbivores [74, 78].  Currently more than 300 EOs in the market are used in food as flavorings, perfumes, and pharmaceutical industries  [79]. Due to the constantly ongoing discovery of new substances in essential oils and the emergence of new previously underutilized herbs and spices, research on the antimicrobial activity and application of EOs and their components continues to increase. 
A number of effective antimicrobial EO components such as carvacrol, thymol, eugenol, peril aldehyde and cinnamic aldehyde are highly effective agents to inhibit growth of target pathogens with minimum inhibitory concentration (MICs) ranging from as little as 0.05-5 µl.ml-1. In the case of phytophenolics, their activity has been attributed to the hydrophobic part of the molecule facilitating access to the lipids of the cell membrane and mitochondria, leading to leakage of cell content while the hydrophilic parts result in orientation within the membrane and induce some water solubility [74]. 
Eugenol. Eugenol is an essential oil compound found in clove (bud), allspice, cinnamon and sage  [78]. Eugenol has a simple phenolic ring that is monhydroxylated (Figure 2.2). The hydroxyl group has been related to the antimicrobial action of the compound [80]. Eugenol has been reported to affect the growth of Listeria  monocytogenes [9], E. coli O157:H7  [9, 81], Salmonella Typhimurium [81, 82], Staphylococuus aureus, Vibrio parahaemolyticus [82], and Clostridium botulinum  [83].
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[bookmark: _Toc191139717]Figure 2.2. 	Chemical structure of eugenol (C10H12O2).
[bookmark: _Toc191139560]2.2.2 	Amino Acid-Based Antimicrobials
Amino acid-based surfactants have increasingly found industrial applications due to their low toxicity and good biodegradability  [84].  Interestingly, some of these surfactants have exhibited very strong antimicrobial activities. Amino-acid based surfactants are composed of polar amino acids/peptides that act as the hydrophilic moieties and non-polar carbon chains such as fatty acids that form the hydrophobic moieties of the surfactants. A wide variety of amino acid and small peptides as well as fatty acids are available to synthesize surfactants with structural diversity and different physicochemical and biological properties [84, 85]..
From a structural point of view, three principal structures of amino acid-based surfactants exists: (i) linear, monomeric or single chain surfactants, (ii) dimeric or Gemini type surfactants and (iii) glycerolipid-like structures [86] (Figure 2.3). The linear-structured amino-acid surfactants consist of an amino acid that joined with a single hydrophobic tail. Gemini or dimeric-type surfactants are composed of two identical or varying linear-structured amino-acid based surfactants that are linked together at or near the head groups by spacer group  [87]. Glycerolipid-like structures are analogues of mono-, diglycerides and phospholipids and consist of one polar headgroup and one or two hydrophobic moieties linked together via a glycerol skeleton. [86]. 
Of these amino-based surfactants, the cationic lipo-amino acids have been found to be the most antimicrobially active compounds [86]. These compounds are able to bind to the surface of lipopolysaccharides of gram-negative bacteria resulting in potassium leakage followed by cell death [88]. Derivatives of amine-based surfactants with arginine and lysine are of particular interest as food antimicrobials to combat foodborne pathogens. This is because these derivatives are in fact produced by a number of microorganisms to protect themselves from infections by pathogenic microbes. For example, nisin and ε-poly-L-lysin commercially produced by fermentation using Steptomyces albulus has been approved as a food preservative in Japan [89]. Both of them demonstrated strong antibacterial activity against Bacillus subtilis, Bacillus cereus, Staphylococcus aureus, Listeria monocytogenes, Salmonella typhimurium, Shigella sonnei, Escherichia coli O157:H7 and Pseudomonas aeruginosa  [15, 88-91].
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[bookmark: _Toc191139718]Figure 2.3 	Structure of amino acid-based surfactants. The amino acid constitutes the polar head of surfactant [86].
Infante and coauthors studied the structure-function relationship of this group of surfactants focusing on a comparison of single chain and dimeric structure of arginine-based surfactant in terms of their self-assembly properties and biological activity. The critical micellar concentration (CMC) was found to depend on the length of the linear alkyl chain and the nature of the hydrophilic headgroup of the surfactant. In single chain surfactants, the increase in number of hydrophobic methylene groups in the alkyl chain led to a decrease in the CMC. In comparison, the dimeric amino-acid base surfactants had a lower CMC than the single chain surfactants because the dimeric structures was twice as hydrophobic but had a similar water-solubility compared to that of their monomeric counterparts. Reductions in CMC upon linking two linear surfactants via a spacer molecule has previously been reported for Gemini-type surfactants [30]. Because of these characteristics, a dimeric structure was found to be more effective in terms of adsorption and diffusion into the cell wall making these compounds antimicrobially more effective [84, 86, 87, 92]. 
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[bookmark: _Toc191139719]Figure 2.4 	LAE, N--Lauroyl-L-arginine ethyl ester monohydrochloride, the active compound in Mirenat-N® (patented by Laboratorios Miret S.A. ‘LAMIRSA Group’, Spain)
N--Lauroyl-L-arginine ethyl ester monohydrochloride ( LAE). Mirenat®-N is the commercially available non-purified form LAE dispersed at 10.5% w/w in propylene glycol with a density of 1.04 +/- 0.02 g/cm3. LAE (C20H41N4O3Cl), a derivative of lauric acid, L-arginine and ethanol, is a cationic amino acid-based surfactant  [86]. LAE has been approved by the FDA as Generally Recognized as Safe (GRAS) for use as an antimicrobial in several categories at levels up to 200 ppm on 1st September 2005. While LAE is a synthetic compound, the nature of the ester bond and the relatively simple chemical structure results in a rapid degrading into natural compounds in the human digestion system (Figure 2.5). More specifically, LAE was shown to be rapidly hydrolyzed into L-arginine and lauric acid [12, 13].  L-arginine is then further hydrolyzed into urea and CO2. L-arginine is an amino acid which can be produced in the kidney and to a lesser extent, in the liver. In the human metabolic system, it is used to synthesize compounds such creatine, L-glutamate, and L-proline, or it can be converted to glucose and glycogen if needed. Lauric acid, which is a natural saturated fatty acid, is commonly found in coconut, palm oil, and human milk. Lauric acid has shown to exhibit some antimicrobial activity against various pathogenic bacteria such as Staphylococcus aureus [93], Clostridium perfringens [94], Listeria monocytogenes, and  Pseudomonas spp. [95].
As mentioned above, due to the cationic character of LAE and the presence of lauric acid, LAE exhibits strong antimicrobial efficacies against a variety of organisms [96]. For example, LAE is effective against both gram-negative and gram-positive bacteria. It can act as a cell membrane solubilizer causing a loss of membrane potential and leaking of critical cell constituents thereby causing physical damage to the overall cellular structure  [15]. Another advantage of Mirenat®-N or LAE is its surface activity. As such, it could be used to stabilize emulsions and form a variety of self-assembled colloidal structures such as micelles that may serve as carriers for other lipophilic compounds to form so-called microemulsions. 
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[bookmark: _Toc191139720]Figure 2.5 	Proposed biotransformation pathway of LAE in rats based on in vitro and in vivo studies, following the radio labeled 14C of arginine  [97].
[bookmark: _Toc191139561]2.3	Target Organisms
Microorganisms are necessary for the production of some food products such as cheese, sour cream, yogurt, and sausages; products that are produced by microbial fermentation. On the other hand, uncontrolled and unwanted microbial growth in food can severely degrade food quality such as taste, appearance, and nutrients and in turn cause economic loss for the producer  [98]. Most importantly from a food safety point of view, foodborne diseases can lead to severe illnesses and even death. Microbial foodborne diseases are caused by pathogenic viruses, bacteria, fungi, parasites, marine phytoplankton, and cyanobacteria. Foodborne diseases are classified into three categories. Firstly, food infections may be caused by invasion and penetration of pathogenic organisms into the intestinal mucosa. Secondly, pathogenic microorganisms may have produced toxins that even after destruction of the microorganisms by e.g. heat or radiation may remain active and upon ingestion of the food severely threaten health. Thirdly, pathogenic toxins may be produced by pathogens after the ingestion of food. 
Food pathogenic bacteria are generally classified into gram-negative and gram-positive organisms. Gram-negative bacteria contain an outer membrane called the lipopolysaccharide layer or LPS layer [98]. Because of this additional membrane, gram-negative bacteria cells interact much differently with other substances  such as salts, acid-base, surfactants, preservative, etc. than gram-positive bacteria  [19, 53, 99]. In this study, we focus on the activity of target antimicrobials against two select pathogenic bacteria; Escherichia coli O157:H7 as a representative of gram-negative pathogens and Listeria monocytogenes as a representative of gram-positive bacteria.
[bookmark: _Toc191139562]2.3.1 	Escherichia coli O157:H7
E. coli O157LH7 is one of the most dangerous infectious pathogens. It differs from other serotypes of E. coli in the presence of the surface antigens O (somatic) and H (flagella), and their pathogenicities. The major symptom of and E. coli O157:H7 infection is hemorrhagic colitis (bloody diarrhea). At risk groups include particularly the young and elderly people. The high pathogenicity of this organism is due to the production of two types of shiga toxin (stx1 and stx2). In addition, the organism is able to closely attach to the intestinal cell lining via a Type 3 secretion system. The infectious dose of E.coli I157:H7 may be as low as a 100 cells. Outbreaks of E. coli O157:H7 have occurred in ground or emulsified meat products such as hamburgers and sausages and juices such as apple cider and carrot juice. In many cases, outbreaks were linked to E. coli being present in irrigation water serving as a reservoir for the organism.
[bookmark: _Toc191139563]2.3.2 	Listeria monocytogenes 
L. monocytogenes is a unique organism amongst foodborne pathogens. It can grow at refrigeration temperatures, at relatively low pH, and at low water activities. Moreover, it is able to enter the host cells, grow inside the cells, and pass across cellular barriers to nearby cells. Listeriosis results in septicemia often leading to meningitis especially in immunocompromised individuals. In addition, L. monocytogenes can cause stillbirth or abortion in pregnant women. The relative ease of transmission of L. monocytogenes is due to its ability to survive and grow in soil and water and it being carried asymptomatically in the feces of humans. Foods that have been associated with listeriosis are cheese, fish, raw milk, deli salad, hot dogs, ice cream, cook-and-chill chicken, salted mushroom, and others. Ready-to-eat foods in the USA have a zero tolerance level for L. monocytogenes. A particular problem is that even though L. monocytogenes can be controlled by pasteurization, contamination often occurs post-processing due to the ability of the organism to reside in processing equipment resisting traditional remediation procedures by forming biofilms.
[bookmark: _Toc191139564]2.4 	Emulsions as Carrier for Functional Compounds.
[bookmark: _Toc191139565]2.4.1	General Overview
In recent years, emulsions have received much attention as delivery systems for functional components such as antioxidants, flavors and nutraceuticals to ensure high quality and provide good nutrition. Ingredients that have been successfully incorporated in emulsions include vitamins, probiotics, bioactive peptides, antioxidants, and bioactive lipids. While not a lot of research has been conducted to incorporate antimicrobials in emulsions, the antimicrobial activity of some preservatives incorporated within emulsion systems were reported to be greater than that of free preservative added simply to the water phase [21, 100].  Generally, the effectiveness of functional compounds may be limited by their ability to maintain their activity under conditions of processing, storage, and digestion  [101, 102]. Emulsions may allow these compounds to be delivered in a controlled fashion and maintain their activity during processing and over a prolonged period of storage [101, 103]
Based on the previously mentioned structural diversity of emulsions, emulsions can be engineered to carry and deliver a wide variety of diverse compounds. Here, the characteristics of the colloidal systems play a key role in determining the functionality of the emulsion as a carrier system. Typically, in O/W emulsions, the functional component is included in the hydrophobic dispersed phase, which allows the compound to be homogeneously distributed through the aqueous phase of the food system. In addition to incorporation on conventional emulsions, the design of multiple emulsions (Oil-in-Water-in-Oil O/W/O, and Water-in-Oil-in-Water W/O/W), multilayer emulsions, solid lipid (nano)particles, and filled hydrogel particles offers renewed opportunities to engineer the release of encapsulated compounds and improve their stability in complex food systems   [101, 103].  Ultimately, the goal of this study is to design emulsion to be appropriate carrier systems for lipid based or amphiphilic antimicrobials. 
[bookmark: _Toc191139566]2.4.2	Emulsions with Functional Components in the Dispersed Phase 
In many cases, functional components are mixed with the dispersed phase to improve the dispersability of the typically water-insoluble functional components in a water phase. For example, O/W emulsions are able to encapsulate hydrophobic functional compounds in the oil droplets using the interfacial layer as a protective barrier. . For instance, -3fatty acid have been successfully encapsulated and incorporated in O/W food emulsions including ice cream, and meat patties  [104, 105].  On the other hand, hydrophilic compounds could be encapsulated in water droplets of W/O emulsions. The lipid nature of the continuous phase could lead to a reduction in the availability of reactive oxygen species since the solubility of oxygen in oil is comparatively low. For hydrophilic functional compounds such as minerals, vitamins, enzymes, and peptides, W/O/W systems have shown to be promising candidates to entrap these components in the inner water phase and thereby creative an effective protection system.  Multiple emulsions also allow for fine control of release aroma and flavor compounds [106, 107], -carotene [108], -3 fatty acids [109], and vitamin B [110, 111].  Unfortunately, the production of these multiple emulsions remains difficult as multiple instability mechanisms such as creaming, flocculation, coalescence, and Ostwald ripening may occur in each of the dispersion phases. Thus a key point that remains under investigation is the ability to prepare W/O/W emulsion that have a prolonged stability [112, 113].  Finally, emulsions have also been used as base systems for the production of powders containing functional components with the convenience of ease of transport and storage. 
[bookmark: _Toc191139567]2.4.3	Emulsions with Functional Components in the Interface 
In addition to delivering functional components in the lipid phase, functional components may also be incorporated in the interfacial layer of an emulsions [25, 103]. While the total concentration of components may be low in this case, the components are present at the interface where reactions and mass transport processes occur. Thus they may have enhanced functionalities when adsorbed at interfaces. More recently, multilayer systems have been created that consists of multiple layers of components adsorbed to the surface of the emulsion droplets [25, 103]. These systems can be created by choosing appropriate emulsifiers to form single and mixed surfactant layers followed by addition of compounds that adsorb on the surfactant layer (e.g. via electrostatic attractive interactions). This allows for droplet-droplet interactions to be engineered and for release of compounds to be controlled. Research has shown that this approach is for example suitable to improve the stability of emulsions to lipid oxidation by controlling the concentration of transition metals such as iron near the lipid phase. For example, positively charged interfacial layers may exhibit sufficient repulsive interactions to prevent the transition metals from approaching the lipid phase and catalyzing the lipid oxidation  [114]. An example of suitable emulsifiers to achieve this are the use of proteins such as -lactoglubulin at a pH  below that of the isoelectric point of the protein where the protein contains predominantly positive charges and may repel the iron from the surface of the oil droplets [115, 116]. Other potential applications of multilayer formation (beyond the use in emulsions) includes the incorporation of active cultures in yogurt by immobilization probiotic cultures in whey protein-based spray-dried capsules that are able to better survive the passage through gastric and intestinal juices compared to the ability of free cells [117].  
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[bookmark: _Toc191139721]Figure 2.6 	Illustration of the principal types of emulsions that can be fabricated. 
[bookmark: _Toc191139568]2.4.3	Control of Functionality of Emulsions as Carrier Systems
The ability of emulsions to act as carriers for functional components depends on the emulsion physicochemical properties. Of these droplet concentration, loading and droplet size are of key importance. For example, encapsulation of lipophilic nutraceuticals in small emulsions droplets has shown to enhance the absorption of the nutraceuticals either by adsorbing to the gastro-intestinal walls thereby prolonging residence time or by improving the uptake by the intestinal epithelium [101, 118].
[bookmark: _Toc191139569]2.5	Conclusions
In conclusion, emulsions are extremely promising systems to deliver functional ingredients. As such, they may have substantial potential as carriers for food antimicrobials. In this case, the challenge is to create delivery systems which efficiently allow for optimal interaction with target pathogens. The objective of this study is therefore addresses this research need. We hypothesize that we can influence the ability of the emulsion to control the growth of pathogens by incorporating antimicrobials in both the lipid phase and the interfacial layer and by carefully engineering the physicochemical properties of the emulsion droplets (i.e. surface charge and composition, droplet size, concentration and loading).


CHAPTER 3
[bookmark: _Toc191139570]MATERIALS AND METHODS
[bookmark: _Toc191139571]3.1 	Materials
Mirenat-N, a cationic surfactant (10.5% of N-α-lauroyl-L-arginine ethyl ester monohydrochloride, LAE in propylene glycol) was obtained from Group Lamirsa (Terrassa Spain). Eugenol (4-allyl-2-methoxyphenol), Tween20; a nonionic surfactant (polyoxyethylene 20 sorbitan monolaurate) and corn oil were purchased from Sigma Chemical Co. (St. Louis, MO). All solutions were prepared with distilled and deionized water. Tryptic Soy Broth (TSB), Tryptic Soy Agar (TSA), and Yeast extract (YE) were purchased from Difco Laboratories, Sparks, MD. Five different L. monocytogenes strains were obtained from Martin Weidmann culture collection at Cornell University (J1-225, J2-020, J1-031, C1-115 and J1-1177). Four strains of E. coli O157:H7 were purchased from ATCC (ATCC35150, ATCC4385, ATCC51658, and ATCC700599). Bacterial cultures were stored at -75ºc in TSB for E. coli and TSB-YE for L. monocytogenes. with 5% glycerol.
[bookmark: _Toc191139572]3.2.	Methods
[bookmark: _Toc191139574]3.2.1 	Formation of Emulsions
All stock emulsions were produced by blending aqueous surfactant solution with oil in a high-speed blender 30 seconds. The premix was then further homogenized by passing it through a microfluidizer at a homogenization pressure of 9.5 kPa. (Microfluidics 110 L, Microfluidics Corp., Newton, MA, USA). The pH was adjusted using HCl or NaOH. All emulsions were produced at room temperature and stored at 20º or 32ºc.
[bookmark: _Toc191139575]3.2.2 	Physicochemical Characterization
Surface/Interfacial Tensiometry. To characterize the interfacial properties of emulsion droplets, the surface tension was measured at the oil-water interface upon addition of the antimicrobial and stabilizing surfactants (e.g. Tween 20). A drop shape analysis tensiometer (Model DSA-G10 MK2, Kruss USA, Charlotte, NC) was used to determine surface tension as a function of surfactant concentration of either the single surfactants or the binary mixtures. The tensiometer determines the surface tension from the shape of pendant drops through numerical analysis. Experimentally obtained surface tension versus concentration data was used to compare CMC results to existing models that predict the CMC as a function of the concentration of surfactants in the binary surfactant mixture. 
Particle Size Distribution Analysis (Figure 3.1). The z-average particle diameter and polydispersity index was determined using a Dynamic Light Scattering (DLS) technique (Zetasizer Nano ZS, model ZEN 3600, Malvern Instruments, Malvern, UK). The instruments incorporates a non-invasive back scatter (NIBS) optics that measures the scattered light at an angle of 173° to maximize the detection of scattered light while maintaining signal quality. The hydrodynamic radius of particles is calculated from the diffusion coefficient of particles that is determined from the interference pattern of scattered light.
[image: ]
[bookmark: _Toc191139722]Figure 3.1.	 Schematic diagram of a conventional 90º dynamic light scattering instrument used for particle size analysis [119]
ζ-Potential Measurement. The electrical charge (Zeta potential) on the surface of emulsion droplets was determined using an electrophoretic technique with a special folded capillary cell (Zetasizer Nano ZS, model ZEN 3600, Malvern Instruments, Malvern, UK). A small amount of sample was diluted into buffer at the appropriate pH. An oscillating electric field was applied across the dispersion and the zeta-potential was then determined from the velocity of the droplets migrating toward the oppositely charged electrode (Figure 3.2). Generally, the surface charge of droplets mainly depends on the charge of the adsorbed emulsifier molecules as well as the pH and presence of electrolytes in the aqueous phase. It is one of the key factors that determined the nature of the colloidal interactions between the emulsion droplets and other charged species and has a major effect on the stability of droplets and the rheological behavior of the emulsion. 
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[bookmark: _Toc191139723]Figure 3.2.	 Schematic representation of zeta-potential [120]
Creaming velocity measurements (Figure 3.3). Emulsion samples were transferred into a test tube (with a 15 mm internal diameter). The total height of the emulsions in the tubes was 7.00 cm. The test tubes were tightly sealed with a plastic cap, and then left to stand at 32ºC or at room temperature. The creaming stability of emulsion was monitored by measuring the backscattering of monochromatic light (λ = 850 nm.) from an emulsion as function of its height (Turbiscan Classic MA 2000, Formulaction, France). The backscattering of light from the emulsion was measured as a function of height at different days. 
Optical microscopy. To better understand the behavior of emulsion droplets, emulsion samples were observed using a conventional optical microscope (Nikon microscope Eclipse E-400, Nikon Corporation, Japan). The images of the droplets were acquired using a CCD camera (CCD-300T-RC, Dag-MTI., Michigan City, IN) connected to Digital Image Processing Software (MVI/MicroVideo Instruments Inc., Avon, MA) installed on computer.  Emulsions were agitated in a test tube before analysis. A drop of emulsion was placed between a microscope slide and cover slip and images were taken.
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[bookmark: _Toc191139724]Figure 3.3	 Photograph of Turbiscan and Schematic scan mode. The Turbiscan MA 2000 reads transmission and backscattering data every 40μm while reading head move along the cell height [121].
[bookmark: _Toc191139576]3.2.3 	Microbial Protocols
Bacterial cultures. Bacterial cultures were stored at-75 ºC in Tryptic Soy Broth-TSB with 5% glycerol. Working cultures were maintained on slants TSA for E. coli and TSA-YE for L. monocytogenes stored at 4ºC. Prior to each experiment, Two cycles of a loopful of the E. coli slant culture was transferred to TSB (L. monocytogenes to TSB-YE, added 0.6% yeast extract), incubated at 32ºC for 24h.
Spot Inoculation Assay. Petri dishes were prepared by adding 10 ml of the emulsion diluted to the desired antimicrobial concentration in 10 ml of 45-50°C double strain TSA-YE. Control plates with water were prepared. The Petri dishes were dried and added 10μl drops 24h. growth with a final concentration of 105 CFU/ml. The Petri dishes were incubated at 32ºC for 24 h. All experiments were duplicated.
Growth curves. Bacterial cultures were maintained on slants stored at 4ºC. A loopful of the culture was transferred to Tryptic Soy Broth (TSB) for E. coli O157:H7 and Tryptic Soy Broth supplemented with 0.6% of yeast extract for L. monocytogenes, and incubated at 32ºC for 24 h. Prior to exposure to antimicrobials, each strain was sub-cultured in TSB for 24 h. Based on the MICs determined previously by the above described spot inoculation assay, the growth inhibition in the presence of a specific concentration of antimicrobial compounds in their emulsified form was tested. Emulsions with different ratios of antimicrobial agents were prepared and diluted to obtain concentrations of the antimicrobial at the previously measured MIC in the 9 ml broth. Culture dilution and plating was performed using a spiral plater (Spiral Biotech. Norwood, Mass. Positive controls consisted of plating in the absence of antimicrobial. Plates were enumerated at 0, 3, 6, 12, 24, and 48 h. All experiments were conducted with duplicate samples of each treatment and the entire study was replicated. Spiral plating is a convenient method to determine the bacterial growth by depositing decreasing cell number concentrations on a rotating agar plate (Archimedes spiral). After the sample has been incubated, different colony densities are apparent on the surface of the plate. A modified counting grid is used to relate the area of the plate to the volume of sample. By counting an appropriate area on the plate, the number of bacteria growing can be estimated [122].

CHAPTER 4
[bookmark: _Toc191139577]EMULSIONS AS ANTIMICROBIAL DELIVERY SYSTEMS: Part I. The Antimicrobial As Part of the lipid phase
[bookmark: _Toc191139578]4.1	Abstract
The stability and antimicrobial efficacy of oil-in-water emulsions formulated with the phytophenol eugenol and other lipids was evaluated. Eugenol and lipids (hexadecane, dodecane, tetradecane or corn oil) were mixed at eugenol: lipid ratios varying from 0:1 to 1:0. Oil-in-water emulsions were prepared by homogenizing 5 wt% of the lipid mixture with 95 wt% of a 0.5 wt% aqueous solution of Tween 20. The particle size distribution was measured after 0, 1, 3, 6, 12, 24, 48, 96, 168, 264, 336, and 504 h.  Partitioning of eugenol in lipids was determined spectrophotometrically by measuring the absorbance at 282 nm. Stable emulsions were tested for their antimicrobial activity against four strains of E. coli O157:H7 and L. monocytogenes using a spot inoculation test and growth curves by plate counting. Formulation of oil-in-water emulsions was found to be challenging as emulsions composed of phytophenols above a critical loading ratio broke down in less than 1 hour. The appreciable water solubility of the antimicrobials promoted rapid breakdown by Ostwald ripening. Below this critical concentration, rate of emulsion particle size increase varied depending on type of carrier lipid and concentration of eugenol. Corn-oil emulsions loaded with eugenol were inhibitory against E. coli O157:H7 and L. monocytogenes strains depending on loading ratio. Direct addition of eugenol to the aqueous at concentrations similar to the lowest loaded emulsions was inhibitory against all strains of both pathogens. Results suggest that activity of eugenol-loaded emulsions depends on partitioning of eugenol in the water phase rather than direct interaction between emulsion droplets and pathogens. Results have important implications for formulation of antimicrobial emulsions or partitioning of hydrophobic antimicrobials into available lipid phases in foods.
[bookmark: _Toc157934534][bookmark: _Toc171244570][bookmark: _Toc191139579]4.2	Introduction
Phytophenols such as eugenol, carvacrol, and thymol are phenolic components of essential oils that may exhibit antimicrobial activity [123]. Eugenol is a partially hydrophobic compound of low molecular weight that is able to reduce the growth of pathogens in food systems thereby improving microbial safety of the product [124]. Emulsions are an important class of food products that are defined as dispersions of two or more partially or completely immiscible liquids in each other e.g. oil-in-water [125]. Emulsions have been used as carrier systems for flavors, antioxidants and other functional ingredients. Emulsions could therefore be a promising carrier system for phytophenols such as eugenol, thymol, carvarol, cinnamic aldehyde and other essential oil components. They may simultaneously provide an insight into the fundamental mechanisms that govern the activity of phytophenols in lipid-containing foods.
Emulsions are thermodynamically unstable systems that tend to break down over time [126],[125]. Destabilization of emulsions is driven by the tendency of the system to minimize the interfacial area between the dispersed and the continuous medium in order to decrease the unfavorable interactions between the different molecules [127]. Several different mechanisms may be involved in the break-down of emulsions including flocculation, gravitational separation, coalescence, creaming, phase inversion, and Ostwald ripening [126], [128]. Ostwald ripening is defined as the gradual growth of larger particle at the expense of small ones and is of particular importance for emulsions containing lipids with appreciable water solubility (e.g. flavors) [127], [128], [129]. These often small molecular weight compounds rapidly partition into different phases that may be present in the food matrix depending on their affinities toward these phases [130], [131]. 
In oil-in-water emulsions, the kinetics of Ostwald ripening depends on the diffusion of the oil molecules across the aqueous phase separating droplets. Thus, the Ostwald ripening rate generally increases with increasing solubility of the oil phase in the water phase, [132], [126], [133], [134], [135]. Ostwald ripening has also shown to increase in emulsions that contain excess surfactant, were micelles can serve as carrier vehicles. One On the other hand, emulsions possessing a thick interfacial membrane resistant to molecular transport and deformation [134], [136], [135] have shown to exhibit lower rates of Ostwald ripening. The properties of the interfacial layer surrounding the oil droplet can be manipulated by changing the composition, thickness, rheology and electrical charge of the emulsifier membrane [135]. More importantly, rates of increase in droplet size due to Ostwald ripening may be substantially reduced if emulsions are formulated with a second (carrier) lipid [137]. In this case, compositional ripening may occur rather than Ostwald ripening resulting in a change in composition of the individual droplets rather than their size. 
Little is known about the antimicrobial activity of emulsions containing different concentrations of phytophenols. Marinating is a technique that has been used in the meat industry to enrich flavor, increase moisture and tenderness and preserve color has also been known to increase shelf life of products [138],[139]  Marinades are typically emulsions containing salt, sugars, spices, stabilizers (gums) and antimicrobial agents (sorbate or benzoates). The pH is usually acidic, less than 5 [139]. In many cases, spices and their extracts are added to the marinate not just to impart flavor but also as a preservation technique contributing to the long term microbial stability of different meat products such as jerky [140], [141]. Amount of marinades are usually added on meat product at different concentrations varying from 20 to 30 wt%[139]. 
[bookmark: _Toc157934535][bookmark: _Toc171244571]We hypothesize that emulsions composed of antimicrobially-active essential oil components may rapidly increase in size because of appreciable water solubility of antimicrobials. Consequently, formulation of such emulsions could be challenging. Combination with less water-soluble lipids may help stabilize these emulsions. Secondly, we hypothesize that the antimicrobial activity of phytophenol loaded emulsions may depend on partitioning of the phytophenol in the solvent phase. Thus emulsions with increasing loading ratios may exhibit higher antimicrobial activity. This study was designed to test these two hypotheses by investigating the conditions required to formulate stable eugenol-containing oil-in-water emulsions and investigating their antimicrobial activity against selected food pathogens.
[bookmark: _Toc191139580]4.3	Materials and Methods
4.3.1 	Materials
Eugenol (4-allyl-2-methoxyphenol), hexadecane (<99%), tetradecane (99+%), n-dodecane, corn oil and Tween 20 (polyoxyethylene 20 sorbitan monolaurate) were purchased from Sigma Chemical Co. (St. Louis, MO) and used without further purification. All solutions were prepared with distilled and deionized water. Tryptic Soy Broth (TSB), Tryptic Soy Agar (TSA), and Yeast extract (YE) were purchased from Difco Laboratories (Sparks, MD). 
4.3.2 	Bacterial Cultures
 Four different L. monocytogenes strains were obtained from the Martin Weidmann culture collection at Cornell University (J1-225, J2-020, C1-115, and J1-030). In addition, four strains of E. coli O157:H7 were purchased from ATCC® (ATCC 35150, ATCC 43895, ATCC 51658, and ATCC 700559). Bacterial cultures were stored at -75 ºC in 5% glycerol with Tryptic Soy Broth (TSB) for E. coli O157:H7 and Tryptic Soy Broth Yeast Extract (TSBYE) for L. monocytogenes (Difco Laboratories, Sparks, MD). Working cultures were maintained on slants stored at 4°C. A loopful of the culture was transferred to liquid media and incubated at 32°C for 24 hr. Prior to exposure to antimicrobials, each strain was sub-cultured in TSB for 24 hr. 
4.3.3 	Physicochemical Characterization
Preparation of Emulsions Containing Eugenol. Tween 20 was dispersed in water at 0.5 % v/v to prepare the aqueous phase of the emulsion.  The lipid phase consisted of 5 % v/v of hydrocarbon (hexadecane, dodecane, or tetradecane) in the absence or presence of eugenol at different ratios (0:10, 10:90, 20:80, 30:70, 40:60, 50:50). 5 %v/v of the lipid phase was mixed with 95 %v/v of the aqueous phase and homogenized in a high-speed blender for 30 seconds to form an emulsion premix.  The emulsion premix was further homogenized by passing the emulsion three times through a microfluidizer at 9 kPa (Microfluidics 110L, Microfluidics Corp., Newton, MA, USA) to further reduce the droplet size. 
Particle Size Determination. A static light scattering technique (Horiba LA-9000, Horiba Instruments Inc., Irving, CA) was used to measure the droplet size distribution of emulsions.  This technique measures the angular dependence of laser light scattered by the droplets in an emulsion.  A relative refractive index of 1.1 was used by the instrument to calculate the droplet-size distributions.  The mean droplet diameter of the emulsions is reported as the mean diameter: d10 = nidi / ni, where ni is the number of droplets with diameter di. The light scattering instrument used in this study could detect particles with diameters between 0.04 to 262 m, and was therefore not sensitive to the presence of surfactant micelles (which have diameters of about 10 nm) [142]. 
Partitioning Coefficient. The partitioning coefficient of eugenol between water and a lipid phase (stripped corn oil, hexadecane, tetradecane and dodecane) was determined spectrophotometrically (Shimitzu UV-2101PC, Shimitdzu Scientific Intrument Inc., Columbia, MD, USA) by measuring the absorbance in the respective phase at 282 nm after equilibration for a minimum of 48 hours. Due to presence of interfering compounds in commercial corn oil (e.g. tocopherols), corn oil was first stripped of its minor polar components using column chromatography with alumina (Al2O3; modified from Wang et al., 48). The partition coefficient K of the lipophilic antimicrobial was determined by dividing the equilibrium concentration of the compound in the oil phase Co by the equilibrium concentration of the compound in the water phase Cw. 

	(1)
[bookmark: _Toc171244530]4.3.4 	Antimicrobial Test Protocols
Emulsion Preparation for Antimicrobial Assays. A 10% oil-in-water emulsion was prepared by homogenizing 90% of a 1% aqueous surfactant solution with 10 %v/v of a lipid mixture containing corn oil or corn oil mixed with eugenol at different ratios (9:1, 7:3, and 5:5). As previously described, the lipid-surfactant solution mixtures was blended in high-speed blender for 30 seconds to form a premix and the emulsion premix was then further homogenized by passing the emulsion three times through a microfluidizer at 9 kPa (Microfluidics 110L, Microfluidics Corp., Newton, MA, USA) to further reduce the particle size. Emulsions were filtered sterilized using a 0.45 m polyethersulfone membrane filters (PuradiscTM 25, Whatman® Inc. Florham Park, NJ ). After filter sterilization, emulsions were diluted with sterile water to obtain a series of emulsions containing a final concentration of eugenol of 0.01, 0.025, 0.05, 0.075, 0.1, and 0.5 % in the plate. To verify that no contamination occurred in the process of emulsions formation, samples were incubated at 32°C for 24h. Emulsions prepared under sterile conditions showed no growth. 
Spot Inoculation Assay. Bacterial cultures were maintained on slants stored at 4°C. A loopful of the culture was transferred to Tryptic Soy Broth (TSB) for E. coli O157:H7 and Tryptic Soy Broth Yeast Extract (TSB-YE) for L. monocytogenes, and incubated at 32°C for 24 hr. Prior to exposure to antimicrobials, each strain was sub-cultured in liquid media for 24 hr. Petri dishes were prepared by adding 10ml of the emulsion previously diluted to the desired antimicrobial concentration in 10ml at 50°C of double strain Tryptic Soy Agar with 0.6% of yeast extract. Control plates with only the surfactant and without both surfactant and eugenol were prepared. The Petri dishes containing were dried over night at 32°C and 10 l drops of the inoculums were plated to give a final concentration of 105 CFU/ml. Eugenol and pure micelles were used as control. The Petri dishes were incubated at32°C for 24h. All experiments were duplicated and replicated.
[bookmark: _Toc171244531]Growth Curves. Bacterial cultures were maintained on slants stored at 4°C. A loopful of the culture was transferred to Tryptic Soy Broth (TSB) for E. coli O157:H7 and Tryptic Soy Broth supplemented with 0.6% of yeast extract for L. monocytogenes, and incubated at 32°C for 24h. Prior to exposure to antimicrobials, each strain was sub-cultured in TSB for 24 hr. After MIC determination by spot inoculation (see above), inhibition of growth in the presence of a specific concentration of eugenol (0.01%) present in emulsions was tested. Emulsions were prepared as describe above. Emulsions with different ratios of corn oil and eugenol (9:1, 7:3 and 5:5) were prepared and diluted to obtain a eugenol concentration of 0.01% in the plate. Culture dilution and plating was performed using a spiral plater (Spiral Biotech. Norwood, Mass). Controls consisted of eugenol simply dispersed in water, corn oil emulsions without eugenol, and eugenol dispersed in 1% of ethanol. All experiments were conducted with duplicate samples of each treatment and the entire study was replicated. 
[bookmark: _Toc157934536][bookmark: _Toc171244572][bookmark: _Toc191139581]4.4	Results
Partition Coefficient. The partition coefficient of eugenol was determined in the various lipids by analyzing their concentration in the oil and the water phases after equilibrium was reached.  The partition coefficients between oil and water were calculated as 15 ± 1 in hexadecane/water, 11 ± 3 in tetradecane/water, 31 ± 5 in dodecane/water,. Partitioning experiment of eugenol in hexadecane indicated that for every 20 molecules of eugenol in the lipid there was one in water. The results confirm that eugenol has an appreciable affinity towards water that may contribute to destabilization of pure eugenol emulsions by Ostwald ripening (see below). Partition coefficient of eugenol in stripped corn oil was 51.11 ± 2. 
Particle Diameter and Ostwald Ripening Rates. Particle size distributions of emulsions composed of the different lipids containing various concentrations of eugenol were measured after 0, 1, 3, 6, 12, 24, 48, 96, 168, 264, 336, and 504 h. Increase of the emulsion particle size varied depending on type of lipid and concentration of eugenol. Particle size of an emulsion without eugenol at time zero using hexadecane (0.246 m), tetradecane (0.17 m), dodecane (0.16 m), and corn oil (0.28 m) increased to 0.26 m, 0.30 m, 0.60 m, and 0.29 m after 504 hours (21 days) of storage at 20 ± 2 °C, respectively. Ostwald ripening rates were calculated from the mean droplet diameter data as a function of time as 

	(2)
Table 4.1 shows the particle size of a 1:1 lipid-eugenol emulsions as a function of storage time compared to the pure lipid at 0, 24, 168, 336 and 504 hours. Ostwald ripening rates, i.e. the rate of increase of the cube of the droplet diameter with time decreased with increasing alkane chain, e.g. dodecane > tetradecane > hexadecane, corn oil. Interestingly, loading emulsions with eugenol below a critical concentration reduced Ostwald ripening rates for emulsions composed of alkanes with smaller alkane chain lengths such as tetradecane and dodecane. For example, Ostwald ripening rates of dodecane and tetradecane emulsions decreased by nearly two logs as eugenol was introduced into these emulsions. Mean droplet size of emulsions containing corn oil, hexadecane remained unchanged over 21 days of storage. However the initial droplet diameter of emulsions manufactured under the same homogenization conditions containing eugenol and a carrier lipid was larger than the droplet diameter of emulsions composed of only the carrier lipid.
Above a certain critical loading ratio, the emulsion became rapidly (within seconds) unstable and phase separation occurred. The specific ratio of eugenol and lipid at which destabilization occurred was referred to as the critical loading ratio or CR i.e. emulsions carrying less eugenol than the CR were stable while emulsions carrying eugenol above the CR were unstable. Emulsions composed of eugenol only could not be manufactured at all. Table 4.2 shows the CRs for the different oils and ratios. 
[bookmark: _Toc157934537][bookmark: _Toc171244573]Depending on the hydrocarbon solubility, the critical ratio varied. Dodecane and hexadecane were stable up to a ratio of 60:40 (eugenol: hydrocarbon) Figure 4.1: 1A, 1B, 1C and 1D shows the particle size distribution over time. In figure 1 all alkanes and corn oil, are mixed with eugenol at a ratio 40:60 alkane: eugenol. Figure 1A, shows hexadecane and eugenol used to demonstrate a slow Ostwald ripening rate after 264h (11 days). The size changes from 0.48 m at time zero to 9.6 m after 264h.  Figure 1B shows tetradecane with eugenol to illustrate an example of instant emulsion breakdown after time zero where larger particle formed.  In figure 1C, dodecane and eugenol are shown. In this case Ostwald ripening destabilization can be seen after 48h (2days). The particle size change was of 5.87m after time zero to 12.7 m after 48h. Figure 1D, shows corn oil and eugenol emulsions where no Ostwald ripening occurs after 504h (21days) having a particle size of 0.5m after time zero and 0.517m after 21 days.. 
Antimicrobial Efficiency. The antimicrobial efficacy of emulsions composed of corn oil loaded with eugenol at three different loading ratios was tested using spot inoculation. Each emulsion was diluted to get obtain a range of effective eugenol concentration in the overall system (0.01, 0.025, 0.05, 0.1, and 0.5%). Table 4.3 shows the eugenol concentration in the respective emulsion that inhibited growth of E. coli O157:H7 and L. monocytogenes strains. Emulsions formulated with high corn oil concentrations and required higher overall concentrations of eugenol in the system than emulsions carrying higher concentrations of eugenol. For example, corn oil emulsions formulated at a 9:1 ratio of corn oil: eugenol did not inhibit growth at any of the eugenol concentrations tested (0.01-0.5%). However, as the relative concentration of eugenol in corn oil was increased, E. coli O157:H7 strains were inhibited. Form the spot inoculation assay, all L. monocytogenes strains were more resistant toward the emulsions than E. coli O157:H7 strains. Eugenol simply dispersed in water at a concentration of 0.5% inhibited growth of all organism and all strains except E. coli O157:H7 ATCC® 700599 and L. monocytogenes J1031 which were inhibited at 0.1% of eugenol. For comparison, the effectiveness of eugenol in the presence of a solubilizer such as ethanol was tested as well (data not shown). Eugenol dispersed in 1% ethanol inhibited growth of E. coli O157:H7 and L. monocytogenes at 0.1%. It should be noted that the solubilizer (1% ethanol) did not contribute to the inhibition, i.e. ethanol did not inhibit growth of pathogens at the 1% level. 
Based on the eugenol spot inoculation results, a concentration of 0.1% of eugenol in corn oil emulsions was selected for growth over time studies. The emulsions were prepared at the three different loading ratios of corn oil: eugenol and diluted until a final concentration of eugenol of 0.1% was obtained. Figure 4.2: 2 A and 2 B shows the growth curves of the most resistant (ATCC® 35150) and most sensitive (ATCC® 700599) strain of E. coli O157:H7 while Figure 4.3: 3A and 3B show the growth curves of the most resistant (J1225) and most sensitive (J1031) strain of L. monocytogenes. E. coli O157:H7 was grown in TSB and L. monocytogenes was grown in TSB YE as positive controls. Emulsions without inoculation were used as controls to assure that the emulsions were not contaminated after preparation and filtration.  For instance, at a corn oil: eugenol ratio of 9:1, the corn oil concentration was 0.9% while the eugenol concentration was 0.1%. At a corn oil: eugenol ratio of 7:3, the corn oil concentration was 0.233% and eugenol concentration was 0.1%, and for a ratio of 5:5 or 1:1, the concentrations for both were 0.1%.  Figure 4.2 and 4.3 demonstrate that after 48h eugenol dispersed in water had a bactericidal effect against both strains of E. coli O157:H7and L. monocytogenes.  E. coli O157:H7 ATCC® 35150 was reduced below detectable levels after 6h.  Figure4.2: 2A and 2B indicate that the amount of corn oil in the emulsions plays a critical role in the antimicrobial efficacy of the emulsions against E. coli O157:H7. The more corn oil is present in the system, the less active the eugenol becomes. The 1:1 corn oil: eugenol emulsions were more active followed by the emulsions composed of a 7:3 ratio. The corn oil emulsions composed of a 9:1 ratio did not show any antimicrobial activity. Emulsions were least effective against L. monocytogenes showing almost no antimicrobial activity (Figure 4.3). However, the lag phase of L. monocytogenes J1031 (Figure 3B) was delayed. This effect was dependent on the corn oil concentration in the emulsion.  As the corn oil concentration was decreased, the lag phase was increased. In general, E. coli O157:H7 was more sensitive against emulsions and eugenol than L. monocytogenes. 
[bookmark: _Toc191139582]4.5	DISCUSSION
Emulsion Stability. The objective of this research was to create stable phytophenol-containing emulsions that exhibit antimicrobial activity. Eugenol has shown to exhibit strong antimicrobial activity against foodborne pathogens such as L. monocytogenes and E. coli O157:H7. However, eugenol is a small molecular weight, partially hydrophilic essential oil component with appreciable water solubility (0.01% (Merk Index). Formulation of emulsions with flavor compounds of similar solubility and molecular weight as eugenol has previously been shown to be challenging as Ostwald ripening, the growth of larger droplets at the expense of smaller ones, may proceed very rapidly and lead to a breakdown of the emulsions[129, 135, 143], [144, 145]. Similarly in this study we found that homogenization of eugenol with Tween 20 did not result on formation of a stable emulsions. Different methodologies have been suggested to decrease Ostwald ripening rates. These include for example coating the emulsion droplet with a thicker layer by electrostatically depositioning a secondary biopolymer around the emulsion droplet [135], changing the emulsifier to form a thicker layer surrounding the droplet [131], and eliminating solubility-enhancing compounds such as ethanol [128] or micelles [125], [146]
In this study, emulsions were instead prepared by adding a carrier lipid to eugenol to decrease the rate of Ostwald ripening. It has been suggested that in binary lipid mixtures compositional ripening rather than Ostwald ripening occurs. Compositional ripening is the gradual change in composition of droplets with different sizes. For example, the compound with the higher water solubility tends to migrate through the aqueous phase from smaller into larger droplets [132]:

	(3)
where is the Ostwald ripening rate of component 1 and 2 and is the molar fraction of component 1 and 2. 
In binary lipid emulsions, growth of droplets by Ostwald ripening is governed by the compound with the lowest water solubility. The bulk lipids used in this study as carrier lipid consisted of alkanes with varying chain lengths (C-12, C14 and C16) and corn oil. Addition of any of these lipids to eugenol above a critical concentration resulted in emulsions with a mean particle diameter that remained virtually unchanged over the 504 h of storage. Interestingly, growth of dodecane-eugenol emulsions was also slower than growth of dodecane emulsions. 
Above a critical concentration, emulsions formulated with the carrier lipid and eugenol destabilized within a matter of minutes. This critical concentration depended on the carrier lipid used to formulate the emulsions. We hypothesize that the partitioning coefficient of eugenol between the aqueous phase and the carrier lipid influence this process. This is because the concentration of eugenol in the aqueous phase, which governs Ostwald ripening, depends on the partitioning of eugenol from the emulsion droplet into the aqueous phase unless that concentration exceeds the solubility of eugenol in which case the concentration is equal to the solubility. However, for compounds that are substantially water soluble, the solubility in the aqueous phase may not have been reached and the effective concentration driving Ostwald ripening is thus a function of the initial concentration of eugenol used to formulate the emulsions and the partitioning coefficient.
We therefore determined the partition coefficients between the lipid and water phase. Partitioning coefficients of eugenol between lipids and the water phase ranged between 11 and 31. Huang et al. (1997) [130] reported the partitioning coefficients of several hydrophilic and lipophilic antioxidants. Partition coefficients between oil (corn oil) and water were reported as 23.4 for methyl carnosate, 15.9 carnosol, and 10.2 for carnosic acid. 
Our results also show that the higher molecular weights of the oil, the more stable the emulsion became with corn oil being the most stable emulsions followed by hexadecane, tetradecane and dodecane. Egger and McGrath (2006) [125] follow the destabilization of oil-in-water emulsions prepared with water/n-alkane/Triton X-100 as a function of time to determine the influence of the oil molecular weight on the mechanism of destabilization. By increasing the chain length of the oil from hexane to tetradecane, they found an almost five orders of magnitude increase in emulsion stability while maintaining all other chemical and physical aspects of the emulsions.  
Emulsions are required to have a long shelf life. Our results suggest that stable emulsions can be produced that carry a phytophenolic antimicrobial as part of the lipid droplet. Oswald ripening, the major problem of destabilization of o/w emulsions composed of aromatic compounds can be avoided by formulating the emulsions with a water-insoluble lipid carrier. However, the affinity of the carrier lipid for the phytophenol will influence the maximum concentration of phytophenol that can be incorporated into the emulsion. 
Antimicrobial activity of emulsions. The most stable emulsion was the one prepared with corn oil. Moreover, corn oil is a good example of a food grade emulsion. Hence, corn oil emulsions were selected to evaluate the antimicrobial efficacy at different loading ratios. Eugenol, an essential oil component extracted from clove [147], [148]. has been shown to inhibit L. monocytogenes [149] and E. coli O157:H7 [149], [150] at concentrations ranging from 0.05-0.1% [10]. Since eugenol is sparingly soluble in water, researchers regularly use ethanol [147] or emulsifiers [151] to disperse them. For food products, ethanol is not an additive that can be easily added to a wide variety of foods due to regulatory hurdles. Thus, emulsifiers are often used instead. In some cases, at sufficiently high emulsifier concentrations, inclusion of eugenol in micelles may occur which aids in the transport mechanism of these compounds through the water phase quite to the bacterial surface [143]. To date, only a few studies have been conducted using emulsions as essential oil component delivery systems. A number of studies demonstrated the antimicrobial efficiency of a variety of marinades in meat products [139], [140], [138]. For example, the antimicrobial efficiency of pimento leaf oil and clove oleroresins in marinades was reported. Authors stated that with 0.5 wt% of pimento leaf oil or clove oleoresin, growth of Pseudomonas was inhibited and yeast counts were significantly reduced [138]. In our study, we found that eugenol emulsions with 0.1% of eugenol were more efficient against E. coli O157:H7 than L. monocytogenes. 
Results indicate that the level of corn oil in the oil phase influences the activity of emulsions. This suggests that antimicrobial efficiency of emulsions is influenced by the partitioning coefficient. While it is generally assumed that essential oil components have a low solubility in water and have a high preference for hydrophobic phases or interfaces [152], partitioning coefficients between 11 and 30 indicate that eugenol has an appreciable affinity for the water phase. Consequently, with higher concentrations of lipid in the emulsion, the concentration of eugenol (while constant in the overall system) will decrease in the aqueous phase. The results also suggest that the mechanism of action of eugenol in emulsions is governed by the transport of eugenol through the aqueous phase to the bacterial surface rather than a direct interaction of emulsion droplets with pathogens. In case of a direct interaction, the concentration of eugenol per droplet should be the determining factor. Clearly more studies need to be done to elucidate the precise mechanism of action. Inhibition studies using a membrane system with the emulsion on one side of a membrane and the pathogens on the other side of the membrane could give more insights into the process. 
Eugenol at 0.5% inhibited the growth of all strains tested of E. coli O157:H7 and L. monocytogenes.  Since eugenol is not soluble in water, many research groups disperse it in ethanol [153], [154]. In this study we dispersed eugenol in TSB and eugenol in 1% of ethanol and the added to TSB. Our results showed that mixing eugenol with ethanol decrease its activity. This could be due increased evaporation of eugenol when mixed with ethanol, during incubation.
In summary, the stability and antimicrobial activity of eugenol emulsions were evaluated. Eugenol-containing emulsions were formed by mixing the eugenol with other hydrocarbons in the oil phase of the emulsion. Stability of emulsions was improved when the alkanes chain length or the molecular weight increased [143]. Free eugenol inactivated or inhibited bacteria after 24h of exposure but at 48 h inactivation occurred. In general, L. monocytogenes was more resistant than E. coli O157:H7. Emulsions with higher ratios of corn oil were less efficient than emulsions with a 1:1 corn oil: eugenol ratio. Results yield important new insights into the processes that occur when eugenol is used in the presence of another lipid phase. If emulsions are initially loaded with antimicrobial, the concentration in the aqueous after partitioning will govern the overall activity. If eugenol is in the aqueous phase and lipid emulsions are introduced, eugenol may partition into the lipid phase and activity would again be determined by the equilibrium concentration of remaining eugenol in the water phase. This study highlights the importance of understanding fundamental physicochemical processes when developing a preservation system in compositionally complex foods. 


 
[bookmark: _Toc191139766]Table 4.1.	Mean particle diameter of emulsions without eugenol and emulsions loaded at a ratio of 1:1 and Ostwald ripening rates of emulsions.

	Lipid
	Mean Particle Diameter d10 (m)
	=d3/t (m3/h)

	
	t=0h
	t=24h
	t=48h
	t=168h
	t=336h
	t=504h
	

	Corn oil-eugenol
	0.42
	0.42
	0.43
	0.40
	0.39
	0.42
	2.05E-09

	Corn oil
	0.28
	0.29
	0.29
	0.27
	0.28
	0.29
	1.28E-09

	Hexadecane-eugenol
	0.33
	0.34
	0.33
	0.33
	0.34
	0.34
	1.59E-09

	Hexadecane
	0.24
	0.24
	0.24
	0.25
	0.26
	0.26
	1.06E-08

	Tetradecane-eugenol
	0.50
	0.50
	0.50
	0.52
	0.53
	0.53
	6.32E-08

	Tetradecane
	0.17
	0.18
	0.24
	0.27
	0.29
	0.30
	4.54E-06

	Dodecane-eugenol
	0.53
	0.48
	0.50
	0.56
	0.63
	0.66
	4.37E-06

	Dodecane
	0.16
	0.30
	0.32
	0.53
	0.54
	0.60
	1.70E-04



[bookmark: _Toc191139767]
Table 4.2. 	Critical loading ratios for emulsions containing eugenol and a carrier lipid
	
	Critical Loading Ratio

	
	E:C
	E:H
	E:T
	E:D

	Ratio
	1:0.43
	1:0.66
	1:1
	1:0.66

	Concentration
	70:30
	60:40
	50:50
	60:40

	Mean Droplet Size (m)
	0.50
	0.49
	0.50
	0.49



E= Eugenol, H= Hexadecane, T= Tetradecane, D= Dodecane, C= Corn oil. 
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Table 4.3.  Inhibition of four strains of E. coli O157:H7 and L. monocytogenes against eugenol –corn oil containing emulsions after incubation for 24h at 32° C. 
		
	 
	 
	Emulsion Ratio (CO:E)
	MIC (%V/V) of 1 % Eugenol in Water
	MIC (%V/V)  of 1% Eugenol in 1% Ethanol

	
	
	9:1
	7:3
	5:5
	
	

	
	
	MIC (%v/v)
	%v/v droplet concentration
	MIC (%v/v)
	%v/v droplet concentration
	MIC (%v/v)
	%v/v droplet concentration
	
	

	
	
	
	
	
	
	
	
	
	

	E. coli O157:H7
	ATCC® 35150
	>0.500
	> 5.000
	0.100
	0.333
	0.100
	0.200
	0.500
	0.100

	
	ATCC® 4385
	>0.500
	>5.000
	0.100
	0.333
	0.100
	0.200
	0.500
	0.100

	
	ATCC® 516858
	>0.500
	>5.000
	0.100
	0.333
	0.100
	0.200
	0.500
	0.100

	
	ATCC® 700599
	>0.500
	>5.000
	0.100
	0.333
	0.100
	0.200
	0.100
	0.100

	L. monocytogenes
	J1225
	>0.500
	>5.000
	0.200
	0.667
	0.200
	0.400
	0.500
	0.100

	
	J2020
	>0.500
	>5.000
	0.200
	0.667
	0.200
	0.400
	0.100
	0.100

	
	J1031
	>0.500
	>5.000
	0.200
	0.667
	0.200
	0.400
	0.500
	0.100

	
	C1115
	>0.500
	>5.000
	0.200
	0.667
	0.200
	0.400
	0.500
	0.100



Growth of the organisms was observed on all of the control and ethanol plates. When >0.5% v/v no inhibition was observed at the concentration tested.

CO=corn oil and E= eugenol. 

[bookmark: _Toc191139725][bookmark: _Toc157934540][bookmark: _Toc170625146][bookmark: _Toc170625256][bookmark: _Toc171230683][bookmark: _Toc171230793][bookmark: _Toc171230902][bookmark: _Toc171231010][bookmark: _Toc171231119][bookmark: _Toc171243892][bookmark: _Toc171244000][bookmark: _Toc171244192][bookmark: _Toc171244274][bookmark: _Toc171244410][bookmark: _Toc171244493][bookmark: _Toc171244576]Figure 4.1. 	Figure 1A, 1B, 1Cand 1D shows the particle size distribution over time. In figure 1 all alkanes and corn oil, are mixed with eugenol at a ratio 40:60 alkane: eugenol. Figure 1A, shows hexadecane and eugenol used to demonstrate a slow Ostwald ripening rate after 264h (11 days). Figure 1B shows tetradecane with eugenol to illustrate an example of instant emulsion breakdown after time zero. In figure 1C, dodecane and eugenol are shown. In this case Ostwald ripening destabilization can be seen after 48h (2days). Figure 1D, shows corn oil and eugenol emulsions where no Ostwald ripening occurs after 504h (21days). 
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Figure 4.2. 	Figure 2A shows the growth curve of the resistant strain (ATCC® 35150) while Figure 2B shows the most sensitive strain (ATCC® 700599) of E. coli O157:H7 against emulsions at different corn oil –eugenol ratios diluted to 0.1% of eugenol in the system. 
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Figure 4.3. 	Figure 3A shows the growth curve of the resistant strain (J1225) while Figure 3B shows the most sensitive strain (J1031) of L. monocytogenes against emulsions at different corn oil –eugenol ratios diluted to 0.1% of eugenol in the system. 




	                                                                                             

	


CHAPTER 5
[bookmark: _Toc191139585]EMULSIONS AS ANTIMICROBIAL DELIVERY SYSTEMS: Part I. The Antimicrobial As Part of the interfacial phase
[bookmark: _Toc191139586]5.1	Abstract
Physical stability and antimicrobial activity of corn oil-in-water emulsion formulated with lauric arginate, a cationic antimicrobial surfactant, was evaluated. Emulsions were produced by homogenizing corn oil with lauric arginate and/or Tween 20 using a microfluidizer. Emulsions were formulated at pH values ranging from 4 to 7. Particle size analysis, creaming index determination and optical microscopy was used to assess stability of emulsions during storage. Minimum inhibitory concentrations (MIC) of emulsions against strains of Escherichia coli O157:H7 and Listeria monocytogenes was determined using a spot inoculation assay. Control emulsions formulated with Tween 20 as controls were stable and neither flocculation nor change in average droplet size was observed during storage. Emulsions formulated with only lauric arginate more rapidly broke down after manufacturing at pH>5 i.e. the corn oil phase separated from the emulsion: Emulsions formulated with both lauric arginate and Tween 20 at a 1:1 ratio were stable to aggregation and coalescence even at pH 7, e.g. the droplet size of the emulsion stabilized by the binary surfactant mixture remained 165 nm. -potential measurements suggested that the interfacial layer consisted predominantly of lauric arginate. Emulsions containing lauric arginate were both highly effective in inhibiting growth of both E. coli O157:H7 and L. monocytogenes, e.g. the MIC of lauric arginate against E.coli was 0.005%v/v and 0.oo25%v/v for L. monocytogenes.
[bookmark: _Toc191139587]5.2 	Introduction
Antimicrobials are often added to foods to improve their quality and microbial safety. Antimicrobials are compounds that when added to a food inhibit or inactivate spoilage or pathogenic microorganisms [155]. Antimicrobials vary greatly in their chemical properties, e.g. they may be hydrophilic, partially lipophilic and completely hydrophobic [78, 156]. In many applications, the antimicrobials are directly dispersed in the target system (sometimes with the help of a dispersing agents such as alcohol or a surfactants), with the result that the antimicrobial efficacies often dramatically decrease compared to those observed in microbiological model system. This is because the antimicrobials may partition from the water phase into hydrophobic phases or interact with interfering compounds reducing the interaction with target microorganisms [91, 157]. In general, there is still a considerable lack of knowledge as to the role that mass transport processes resulting in an altered non-homogeneous spatial distribution plays in the activity of antimicrobials although recent research has suggested that design of encapsulation systems that provide for a more homogeneous distribution in the aqueous phase of foods can improve the efficiency of antimicrobials. The goal of this study is to evaluate the feasibility of using emulsions as potential carrier systems for antimicrobials. 
Food emulsions are an important class of products that are widely used in the food industry, e.g. to formulate products such as mayonnaise, salad dressings, spreads, soups and others. Emulsions are liquid-liquid dispersions with one liquid being dispersed in the other in the form of droplets. The properties of emulsions are generally governed by both the properties of the droplets such as droplet concentration, droplet size and droplet interfacial composition and the properties of the continuous phase such as viscosity, ionic strength and pH [45]. Of these properties, the droplet interface plays a major role in determining many bulk physicochemical and organoleptic properties of food emulsions [158]. For example, droplet-droplet interactions of importance to the physical and chemical stability of the emulsion depend on the composition and structure of the interfacial membrane which in turn is controlled by the type and concentration of the surface-active species present in the system [16, 29, 45, 159].  While emulsions could potentially be formulated as antimicrobial carrier systems by (a) including the antimicrobial in the droplets or (b) using an antimicrobial that may adsorb at the interface of droplets, in the context of this study, we are focusing on formulating emulsions with an antimicrobial at the interface.
Lauric arginate (N--lauroyl-L-arginine ethyl ester monohydrochloride; LAE), commercially available as Mirenat-N®, is a novel antimicrobial that has been Generally Recognized as Safe (GRAS) by the FDA for use in a variety of foods, due to it being easily metabolized in the human body [14]. Lauric arginate has shown to be highly effective against a great variety of microorganisms including both gram-positive and gram-negative bacteria such as Staphylococuus aureus  [93], Clostridium perfringens [94], Listeria monocytogenes, and Pseudomonas spp. [95].  Its antimicrobial activity has been attributed to its ability to insert and disrupt the integrity of bacterial cell walls resulting in the inability of microorganisms to maintain homeostasis [15]. Most importantly, lauric arginate is a cationic surfactant, i.e. it has shown to lower surface and interfacial tension upon addition and it self-assembles into a variety of structures such as micelles above a critical concentration. As such, we hypothesize that lauric arginate could be used to stabilize emulsions and simultaneously induce antimicrobial activity in the emulsion.
The objective of this study was to test this hypothesis by fabricating oil-in-water emulsions stabilized by lauric arginate and to test their stability and antimicrobial efficacy. Based on previous studies conducted in our lab, we also used Tween 20 - lauric arginate mixtures to stabilize emulsions, since studies on the physical stability of dispersions of lauric arginate had shown that the compound may become insoluble at higher pH but remain soluble upon addition of Tween 20. 
[bookmark: _Toc191139588]5.3 Materials and Methods
[bookmark: _Toc191139589]5.3.1	Materials
Mirenat-N® (10.5% of N-α-lauroyl-L-arginine ethyl ester monohydrochloride in propylene glycol) was obtained from Grupo Lamirsa (Barcelona, Terrassa, Spain). Tween 20 (polyoxyethylene 20 sorbitan monolaurate) and corn oil were purchased from Sigma Chemical Co. (St. Louis, MO). All solutions were prepared with distilled and deionized water. Tryptic Soy Broth (TSB), Tryptic Soy Agar (TSA), and Yeast extract (YE) were purchased from Difco Laboratories (Sparks, MD). 
[bookmark: _Toc191139590]5.3.2	Bacterial Cultures
Four different L. monocytogenes strains were obtained from the Martin Weidmann culture collection at Cornell University (J1-225, J2-020, J1-031, and J1-1177). Four strains of E.coli O157:H7 were purchased from ATCC (ATCC35150, ATCC4385, ATCC51658, and ATCC700599). Bacterial cultures were stored at -75ºC in TSB for E. coli O157:H7 and TSBYE for L. monocytogenes with 5% glycerol. Working cultures were maintained on slants stored at 4°C. A loopful of the culture was transferred to liquid media and incubated at 32°C for 24 hr. Prior to exposure to antimicrobials, each strain was sub-cultured in TSB for 24 hr.
[bookmark: _Toc191139591]5.3.3	Physicochemical Characterization
Emulsion preparation. First, solutions of single and binary surfactant systems were prepared by dispersing the single or the two surfactants in buffer (100 mM acetate buffer) to obtain an overall surfactant concentration of 0.5% (v/v). The binary surfactant system consisted of a mixture of 0.25% of Tween20 and 0.25% of Lauric arginate. The surfactant solution was then blended with 5% (v/v) of corn oil using a high speed blender (Warring, Inc. New Hartford, CT) to produce a coarse emulsion premix. Third, the coarse premix was then passed through a microfluidizer (Microfluidics 110 L, Microfluidics Corp., Newton, MA, USA) at 9 kPa to produce a fine-disperse emulsion with mean particle sizes of 150-200 nm. Finally, the pH of the emulsions was adjusted to between 2 and 7 using HCl or NaOH. The emulsions were then stored at 32ºC and samples withdrawn for analysis in regular intervals. 
Droplet size determination. The z-average particle diameter and polydispersity index was determine by using Dynamic Light Scattering (DLS) sizer (Zetasizer Nano ZS, model ZEN 3600, Malvern Instruments, Malvern, UK). The instruments incorporates a non-invasive back scatter (NIBS) optics that measures the scattered light at an angle of 90° to maximize the detection of scattered light while maintaining signal quality. The hydrodynamic radius of particles is calculated from the diffusion coefficient of particles that is determined from the interference pattern of scattered light.
ζ-Potential Measurement. The electrical charge (-potential) on the surface of emulsion droplets was determined using an electrophoretic technique with a special folded capillary cell (Zetasizer Nano ZS, model ZEN 3600, Malvern Instruments, Malvern, UK). A small amount of sample was diluted into buffer at the appropriate pH. An oscillating electric field was applied across the dispersion and the zetapotential was then determined from the velocity of the droplets migrating toward the oppositely charged electrode. 
Creaming measurements. Emulsion samples were transferred into a test tube (with 15 mm internal diameter). The total height of the emulsions in the tubes was 7 cm. Tubes were tightly sealed with a plastic cap, and then left to stand at 32ºC. The creaming stability of emulsion was monitored by measuring the backscattering of monochromatic light (λ = 850 nm) from the test tube as function of its height (Turbiscan Classic MA 2000, Formulaction, France) after storing the emulsion for up to 71 days. 
Optical microscopy. To better understand the behavior of emulsion droplets, emulsion samples were observed using a conventional optical microscope (Nikon microscope Eclipse E-400, Nikon Corporation, Japan). The images of the droplets were acquired using a CCD camera (CCD-300T-RC, Dag-MTI., Michigan City, IN) connected to Digital Image Processing Software (MVI/MicroVideo Instruments Inc., Avon, MA) installed on computer.  Emulsions were agitated in a test tube before analysis. A drop of emulsion was placed between a microscope slide and cover slip and images were taken. 
Interfacial tensiometry. To characterize the interfacial properties of emulsion droplets, the surface tension was measured at the oil-water interface upon addition of the antimicrobial and stabilizing surfactant (e.g. Tween 20). A drop shape analysis tensiometer (Model DSA-G10 MK2, Kruss USA, Charlotte, NC) was used to determine surface tension as a function of surfactant concentration of either the single surfactants or the binary mixtures. The tensiometer determines the surface tension from the shape of pendant drops through numerical analysis. Experimentally obtained surface tension versus concentration data was used to compare CMC results to existing models that predict the CMC as a function of the concentration of surfactants in the binary surfactant mixture. The density of corn oil at 22°C was 0.9198 g/cm3.
[bookmark: _Toc191139592]5.3.3	Antimicrobial Test Protocols
Emulsion preparation for antimicrobial assays. Emulsions were prepared as described above and filtered-sterilized using a 0.20 μm. polyethersulfone membrane filter (PuradiscTM 25, Whatman® Inc. Florham Park, NJ). After filter sterilization, emulsions were diluted with sterile water to obtain a series of emulsions containing oil droplet concentrations of 0.005-0.500 % (v/v) per plate.
Spot Inoculation Assay. Two cycles of a loopful of the E. coli slant cultures was transferred to TSB (L. monocytogenes to TSB-YE, added 0.6% yeast extract), incubated at 32ºC for 24h before exposure to the antimicrobial emulsion. Petri dishes were prepared by adding 2 ml of the emulsion diluted to the desired antimicrobial concentration in 20 ml of TSAYE. Control plates with water were prepared. The Petri dishes containing were dried over night at 32°C and 10μl drops of the inoculums were plated to give a final concentration of 105 CFU/ml. The Petri dishes were incubated at 32ºC for 24 h. All experiments were replicated and duplicated.
[bookmark: _Toc191139593]5.4	Result and Discussion
Emulsion droplet size. Corn oil-in-water emulsions were produced with three different surfactant systems that are two single surfactant systems (0.5% v/v LAE and 0.5% v/v Tween 20) and one binary surfactant system consisting of 0.25% v/v LAE and 0.25% v/v Tween 20. Emulsions manufactured with the three different surfactant systems had noticeably differences in z-average droplet diameter as a function of pH when measured within 1 hour after manufacturing (Figure 5.2). At pH 2-5, the droplet size of emulsions manufactured with 0.5 % v/v LAE was the lowest with less than 145 nm while emulsions manufactured with Tween 20 or Tween 20 – LAE had slightly larger droplets i.e. dz,Tween20~175 nm and dz,Tween20+LAE=165 nm. This could be due to LAE (a) inducing higher repulsive interaction forces between newly formed droplets (b) more rapidly covering newly formed droplet interfaces or (c) more strongly reducing the interfacial tension during the homogenization process. Based on the fact that the mixed system has droplet sizes larger than that of pure LAE but smaller than that of pure Tween 20 is a first indication that the droplets are possibly being covered by both surfactants. At pH>5, emulsions formed with LAE in the had large droplet sizes (dz,LAE,pH>5 > 500 nm) while emulsions manufactured with Tween 20 system remained small with z-average droplet sizes ranging between 165 and 185 nm.
 (
b)
) (
a)
)Interfacial and surface tension. To gain a better insight into the properties of the interfacial layer in the presence of the surfactant systems, the interfacial tension was measured at a corn oil-water interface and the surface tension was measured at the air-water interface as a function of pH (Figure 5.3). LAE had the lowest the surface and interfacial tension suggesting that LAE is possibly more surface active than Tween 20. LAE and Tween 20 differ greatly in their molecular properties. For example, LAE has a molecular weight of approximately 421 g/mol while Tween 20 has a molecular weight of 1227 g/mol. The two molecules do not vary significantly in their hydrocarbon tail length [image: ]with both tails consisting of lauric acid however they differ greatly in their headgroup composition.
a)                                                                    	b)
Figure 5.1 a) N-α-lauroyl-L-arginine ethyl ester monohydrochloride (LAE) C20H41N4O3Cl: the active compound in Mirenat N [1], b) polyoxyethylene (20) sorbitan monolaurate (Tween20) C58H114O26 [2]
Tween 20 consists of a large headgroup composed of polymerized ethyleneoxides linked to the fatty acid by a sugar alcohol while the lauric arginate headgroup consist of simply arginine. Typically, surfactants with smaller headgroups but similar hydrophobic chain length will absorb more rapidly at interfaces compared to surfactants with larger headgroup  [31].  Both the interfacial and surface tension of Tween 20 containing surfaces or interfaces changed little with pH, but surfaces or interfaces containing only LAE were strongly influenced by the pH.  Results suggest that the surface activity of LAE is strongly influenced by pH, making the environmental conditions in the emulsion a key factor for the suitability of LAE as an emulsifier.
ζ-Potential. While the determination of the interfacial and surface tension gives a first insight into the possible configuration at the droplet interface, interfacial tensiometry is not completely representative of the situation encountered in the emulsified system. This is firstly because the total surface area is much larger thus leading to a greater decrease in the amount of surfactant adsorbed at interfaces, secondly, the tensiometry is done on a single, large droplet where curvatures are much smaller than in emulsions composed of fine disperse droplets. Therefore, to further elucidate the interfacial membrane composition in emulsions, the -potential of emulsions stabilized by LAE, Tween 20 or their mixtures was measured as a function of pH (Figure 5.4). Droplets stabilized by lauric arginate were strongly positive with the z-potential being 52-63 mV, but the surface charge decreased at pH>7 to below 35 mV. Emulsion droplets stabilized were slightly negative with z-potentials of -4 + 1.3 mV, which is good agreement with values reported in the literature.  In the mixed surfactant system, the zeta-potential was between the measured for the Tween 20 – stabilized emulsions and the emulsion stabilized by LAE, i.e. z=+10 mV. Moreover, the surface charge of droplets stabilized by the mixed surfactant system did not noticeably vary with pH. The results suggest that the interface was indeed composed of both surfactants and that the presence of Tween 20 mediated the pH-dependent decrease typically observed in pure LAE emulsions (Figure 5.5)
Emulsion Stability. The stability of the emulsions during storage for up to 64 days was determined by measuring the creaming profile of emulsions stored in test tubes and by taking photographic images of test tubes periodically during the storage test (Figure 5.6). Emulsions stabilized by Tween 20 were stable to coalescence during 64 days of storage at 32°C, e.g. the backscattering intensity measured in the test tubes containing the emulsion remained constant during the storage period and photographic images of test tubes suggest absence of a coalesced oil layer. However, emulsions stabilized by lauric arginate were unstable at pH 6 and 7, e.g. the emulsion creamed with backscattering intensities being greatly decreased due to the formation of a concentrated emulsion droplet layer and coalesced oil layer on the top of the test tube. Emulsions composed of the surfactant mixture were much more stable to creaming and coalescence then emulsion stabilized by Tween 20 alone, that is backscattering intensities where slightly lower but remained constant during the storage time. It should be noted though that at pH 7 after 64 days of storage, some coalescence at the surface of the test tube was noticeable. 
The results further confirm that the ability of LAE to stabilize emulsion is highly pH dependent. At pH above 5, the repulsive interaction forces no longer sufficient to prevent droplet coalescence. As a result, droplets rapidly coalesce and cream. Similar results have previously been reported with ionic emulsifiers [25]. For instance, in emulsions were stabilization occurs predominantly by electrostatic repulsion, the emulsion stability was found to strongly depend on the conditions of the medium e.g. pH, ionic strength and temperature [25]. Moreover, droplet interfaces stabilized by lauric arginate have lower interfacial tensions (Figure 5.3), which makes deformation and merging of the interfaces of two droplets that have come into close contact more likely [27].  Table 5.1 further shows the increase in droplet size at pH 6 and 7 in the emulsion stabilized by LAE during the course of the storage. Tween 20 and Tween 20 – LAE emulsions however were quite stable throughout the stability experiments. The results demonstrate that addition of Tween 20 can help improve the physical stability of an emulsions containing LAE. 
Optical microscopy. Figure 5.8 shows microscopy images of emulsions that were manufactured with the three different surfactant systems at pH 2 - 7 after 50 days of storage. Emulsion droplets stabilized by only lauric arginate were noticeable affected by pH e.g. the droplets grew to significantly larger sizes at pH 5 - 7 compared to all other emulsions. Emulsions stabilized by Tween 20 were little affected by pH that is the droplets did not coalesce into larger ones. Finally, in the binary surfactant system composed of lauric arginate and Tween 20 at pH 5- 7 droplets while being larger than at pH 2 - 4 were noticeably smaller than droplet of the emulsion stabilized by only lauric arginate. This suggests that Tween 20 improved the stability of lauric arginate containing emulsions.
Antimicrobial activity. The antimicrobial activity of the three emulsions was tested against four strains of E.coli O 157:H7 and L. monocytogenes using a spot inoculation assay. Table 5.2 shows the minimum inhibitory concentrations (the concentration at which growth was completely inhibited for 24h) obtained from the spot inoculation tests both based in the active ingredient concentration (lauric arginate) and the droplet concentration. A positive control consisted of cultures grown in the absence of antimicrobial and a negative control consisted of cultures grown in the presence of lauric arginate dispersed in water. All strains of both cultures were completely inhibited in systems that contained lauric arginate with L. monocytogenes being more sensitive to the presence of lauric arginate than E. coli O157:H7, e.g. MICE.coli = 0.005%v/v and MICL.monocytoegens= 0.0025%v/v. Because of the presence of the lipopolysaccharide layer, gram-negative bacteria may effectively obstruct the insertion of membrane-pertubating antimicrobial agents thus making them less susceptible. Interestingly, on a active ingredient basis, there was no difference between the MIC of water-dispersed LAE and the MIC of emulsions containing LAE. On a droplet concentration basis however, twice the number of droplets were required for the emulsions stabilized by the mixed surfactant layer than the emulsion stabilized by LAE only. At this point in time, we are not clear about the mechanisms that are involved in the inactivation. The fact that no differences in the activity were observed between the water and the emulsion system could suggest a direct interaction between the emulsion droplets and the bacterial pathogens that is similar to that found for the molecularly-dispersed LAE. 
[bookmark: _Toc191139594]5.5	Conclusion
Results demonstrate that the formulation of antimicrobially active emulsions with lauric arginate is feasible. Adsorption of lauric arginate at the surface of oil droplets appears to have no negative effect on the antimicrobial activity. It should be noted though that emulsion droplets similar to molecularly-dispersed lauric arginate will bind to oppositely charged compounds such as for example carrageenan or pectin or protein above their pKa, which could lead to a reduction in antimicrobial activity. Nevertheless, results are promising as they suggest that LAE may serve as an effective emulsifier in combination with Tween 20 at pH 2-7. More importantly, the positive charge of LAE containing emulsion droplets could simultaneously repel positively charged ions such as iron that may promote lipid oxidation. Thus lauric arginate stabilized emulsions may offer antimicrobial and antioxidant functionalities, a subject that will be further explored in a subsequent study. Overall results may be of substantial interest to food manufacturers looking towards a novel way to improve the antimicrobial activity of systems containing dispersed lipid phases.


[bookmark: _Toc191139769]Table 5.1	Z-average droplet diameters of emulsions as a function of storage time and pH formulated using the three different surfactant systems: 0.5%v/v LAE, 0.25%v/v LAE and 0.25% v/v Tween 20, and 0.5%v/v Tween 20.

	pH
	Z-average Droplet Diameter (nm)

	
	Day

	
	1
	8
	15
	22
	29
	36
	43
	50
	57
	64
	71

	0.5%LAE

	2
	140.8
	144.4
	142.3
	140.9
	140.7
	141.6
	143.4
	141.6
	139.7
	141.2
	145.7

	3
	141.0
	141.6
	143.1
	141.2
	140.5
	142.3
	142.5
	143.6
	141.3
	141.4
	141.2

	4
	146.0
	158.2
	144.6
	138.8
	142.1
	142.7
	142.7
	142.8
	141.9
	144.5
	143.5

	5
	151.0
	142.7
	142.6
	140.9
	143.4
	142.3
	146.4
	144.3
	145.8
	146.1
	148.1

	6
	163.6
	143.2
	144.6
	144.3
	156.5
	208.9
	349.7
	618.6
	1465.0
	-
	-

	7
	322.8
	151.9
	207.1
	199.1
	208.2
	254.8
	356.9
	620.3
	1539.5
	-
	-

	0.25% LAE + 0.25% Tween 20

	2
	150.2
	151.3
	152.5
	148.1
	152.2
	153.6
	153.7
	151.9
	152.8
	151.7
	151.5

	3
	152.6
	153.8
	154.0
	150.3
	153.9
	153.9
	155.5
	151.8
	152.8
	157.7
	153.3

	4
	154.1
	149.9
	153.7
	150.2
	152.6
	153.5
	153.0
	151.0
	153.2
	152.8
	156.8

	5
	166.4
	151.7
	152.7
	149.8
	152.4
	152.5
	153.3
	151.5
	153.0
	153.8
	162.5

	6
	163.4
	163.7
	176.2
	155.6
	159.2
	173.8
	176.7
	238.2
	235.9
	214.1
	313.1

	7
	190.6
	185.4
	192.3
	225.6
	196.5
	199.1
	179.2
	180.4
	186.0
	285.1
	149.9

	0.5% Tween 20

	2
	175.5
	172.4
	171.0
	168.5
	172.0
	173.0
	173.9
	175.5
	172.4
	174.7
	175.9

	3
	172.0
	172.2
	187.4
	178.4
	174.1
	172.6
	183.1
	174.6
	170.7
	170.8
	170.0

	4
	180.8
	171.7
	178.1
	170.9
	180.4
	173.5
	171.9
	172.2
	170.0
	171.5
	168.0

	5
	182.4
	174.1
	171.1
	175.1
	171.0
	170.7
	184.2
	170.7
	160.6
	171.7
	168.3

	6
	177.0
	171.7
	221.5
	170.3
	173.5
	172.0
	172.7
	175.3
	174.0
	178.9
	170.0

	7
	173.2
	173.5
	194.9
	171.1
	223.1
	172.9
	175.4
	171.6
	173.1
	170.6
	174.2





[bookmark: _Toc191139770]
Table 5.2	 Minimum inhibitory concentration of emulsions in terms of their active concentration against four strains of E. coli O157:H7 and L. monocytogenes after incubation for 24 h at 32ºC.
	 
	 
	Surfactant System Composition

	
	
	0.5% LAE
	0.25%LAE +0.25%Tween20
	0.5%Tween20
	1
% LAE in H2O

	
	
	MIC (%v/v)
	%v/v droplet concentration
	MIC (%v/v)
	%v/v droplet concentration
	MIC (%v/v)
	%v/v droplet concentration
	MIC (%v/v)

	E. coli O157:H7
	ATCC® 35150
	0.005
	0.05
	0.005
	0.100
	>0.05
	>0.500
	0.005

	
	ATCC® 4385
	0.005
	0.05
	0.005
	0.100
	>0.05
	>0.500
	0.005

	
	ATCC® 516858
	0.005
	0.05
	0.005
	0.100
	>0.05
	>0.500
	0.005

	
	ATCC® 700599
	0.005
	0.05
	0.005
	0.100
	>0.05
	>0.500
	0.005

	L. monocytogenes
	J1225

	0.0025
	0.025
	0.0025
	0.050
	>0.05
	>0.500
	0.0025

	
	J2020

	0.0025
	0.025
	0.0025
	0.050
	>0.05
	>0.500
	0.0025

	
	J1031

	0.0025
	0.025
	0.0025
	0.050
	>0.05
	>0.500
	0.0025

	
	J1-1177

	0.0025
	0.025
	0.0025
	0.050
	>0.05
	>0.500
	0.0025



Growth of the organisms was observed on all of positive control plates. No inhibition was observed for >0.05.


[bookmark: _Toc191139596]
[bookmark: _Toc191139728]Figure 5.2 	Effect of pH on z-average diameter of 5 % v/v corn oil-in-water emulsions formulated with 0.5 % v/v of surfactant (Tween 20, LAE, and 1:1 Tween 20-LAE).

 













[bookmark: _Toc191139729]
Figure 5.3 	(A) Interfacial and (B) surface tension at the corn oil-water interface or air-water surface in the presence of 0.5 % v/v LAE, 0.5 % v/v Tween 20 and 0.25% v/v Tween 20 – 0.25 %v/v LAE as a function of aqueous pH. 
                                                    A							    			B	






[bookmark: _Toc191139730]Figure 5.4 	Effect of pH on ζ-potential of corn oil-in-water emulsion droplets in the presence of 0.5 %v/v LAE, 0.5 %v/v Tween 20 and 0.25%v/v Tween 20 – 0.25 %v/v LAE.
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Figure 5.5 	Schematic of the interfacial composition of droplets stabilized 0.5 %v/v LAE, 0.5 %v/v Tween 20 and 0.25%v/v Tween 20 – 0.25 %v/v LAE.
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Figure 5.6	Stability of (A) LAE (B) Tween 20 and (C) LAE – Tween 20 stabilized emulsions after 64 days of storage at 32°C as a function of pH as shown by photographic images of the test tubes. 
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Figure 5.7	Effect of pH on the backscattering intensity of test tubes at a scanning height of 35 mm containing emulsions that were stabilized by lauric arginate, Tween 20 and Tween 20 – lauric arginate.












Figure 5.8	Microscopy images (200x magnification) of emulsion droplet stabilized by (A) lauric arginate (B) Tween 20 and (C) lauric arginate – Tween 20 after 50 days of storage at 32°C.

A
	[image: C:\Documents and Settings\Am Sarisa\Desktop\thesisssss\u3 5-18-08\FD_1\ph2-200-3day50m.jpg]
	pH2
	[image: C:\Documents and Settings\Am Sarisa\Desktop\thesisssss\u3 5-18-08\FD_1\ph5-3day50 m.jpg]
	pH5

	[image: C:\Documents and Settings\Am Sarisa\Desktop\thesisssss\u3 5-18-08\FD_1\ph3-200-3 day50 m.jpg]
	pH3
	[image: C:\Documents and Settings\Am Sarisa\Desktop\thesisssss\u3 5-18-08\FD_1\ph5-200day50 m.jpg]
	pH6

	[image: C:\Documents and Settings\Am Sarisa\Desktop\thesisssss\u3 5-18-08\FD_1\ph4-200-2 day50 m.jpg]
	pH4
	[image: C:\Documents and Settings\Am Sarisa\Desktop\thesisssss\u3 5-18-08\FD_1\ph7-200-4 day50 m.jpg]
	pH7











B



	[image: C:\Documents and Settings\Am Sarisa\Desktop\thesisssss\u3 5-18-08\FD_1\ph2-200-2 day50.jpg]
	pH2
	[image: C:\Documents and Settings\Am Sarisa\Desktop\thesisssss\u3 5-18-08\FD_1\ph5-200-2 day50 t.jpg]
	pH5

	[image: C:\Documents and Settings\Am Sarisa\Desktop\thesisssss\u3 5-18-08\FD_1\ph3-200day50 t.jpg]
	pH3
	[image: C:\Documents and Settings\Am Sarisa\Desktop\thesisssss\u3 5-18-08\FD_1\ph6-200-2 day50 t.jpg]
	pH6

	[image: C:\Documents and Settings\Am Sarisa\Desktop\thesisssss\u3 5-18-08\FD_1\ph4-200 day50 t.jpg]
	pH4
	[image: C:\Documents and Settings\Am Sarisa\Desktop\thesisssss\u3 5-18-08\FD_1\ph7-200-3 day50 t.jpg]
	pH7



















C



	[image: C:\Documents and Settings\Am Sarisa\Desktop\thesisssss\u3 5-18-08\FD_2\tm\ph2-200-2 day50 tm.jpg]
	pH2
	[image: C:\Documents and Settings\Am Sarisa\Desktop\thesisssss\u3 5-18-08\FD_2\tm\ph5-200-3 day50 tm.jpg]
	pH5

	[image: C:\Documents and Settings\Am Sarisa\Desktop\thesisssss\u3 5-18-08\FD_2\tm\ph3-200-2 day50 tm.jpg]
	pH3
	[image: C:\Documents and Settings\Am Sarisa\Desktop\thesisssss\u3 5-18-08\FD_2\tm\ph6-200-3 day50 tm.jpg]
	pH6

	[image: C:\Documents and Settings\Am Sarisa\Desktop\thesisssss\u3 5-18-08\FD_2\tm\ph4-200-3 day50 tm.jpg]
	pH4
	[image: C:\Documents and Settings\Am Sarisa\Desktop\thesisssss\u3 5-18-08\FD_2\tm\ph7-200-7 day50 tm.jpg]
	pH7



















[bookmark: _Toc191139606]CHAPTER 6
[bookmark: _Toc191139597]EMULSIONS AS ANTIMICROBIAL DELIVERY SYSTEMS: Part IIi. The Antimicrobials AT the interface and As Part of the lipid phase
[bookmark: _Toc191139598]6.1	Abstract
[bookmark: _Toc191139599]Corn oil-in-water emulsions were formulated that were composed simultaneously of two active antimicrobials; one at the interface (lauric arginate) and one in the lipid phase (eugenol). The physicochemical properties of the emulsions (particle size distribution, particle charge, creaming stability) and their antimicrobial activities against two pathogenic microorganisms (E. coli O157:H7 and Listeria monocytogenes) were measured to determine suitable compositions that allow for maximum physical stability while simultaneously exhibiting high antimicrobial activity. We hypothesize that the attractive electrostatic interaction of lauric arginate with microbial surfaces may enhance the delivery of emulsion droplets containing encapsulated eugenol. The results demonstrated that the composition of interface affected the physicochemical and antimicrobial activities of emulsions. Oil-in-water emulsions were prepared using corn oil with or without eugenol as the dispersed phase (5 %v/v) and Tween 20 alone or in the combination with lauric arginate as emulsifiers (0.5 %v/v). Concentrations of Tween 20 to lauric arginate were varied (0.5%:0%, 0.495%:0.005%, 0.454%:0.046%, 0.25%:0.25%, 0.046%:0.456%, 0.005%:0.495% and 0%:0.5%) and droplet size and charge measured. The droplet size in the absence of eugenol was 0.20 - 0.32 µm. Emulsion droplet size increased with addition of lauric arginate possibly due to decreased steric repulsive interactions that prevent recoalescence during the homogenization process. Increasing the ratio of lauric arginate also increased droplet charge from -2 mV to + 36 mV.  
Stability of emulsions formulated with eugenol depended both on the eugenol concentration and the ratio of lauric arginate to Tween 20. Emulsions broke down above critical eugenol loading concentrations. These critical loading concentrations generally increased in emulsions that contained higher concentration of lauric arginate. Surprisingly, at the same loading concentration of eugenol the emulsion with a higher lauric arginate composition had a better stability than emulsions that contain higher Tween 20 concentrations. With addition of eugenol to the emulsion below the critical loading concentrations, the droplet size slightly decreased and the droplet charge didn’t changed compared to eugenol-free emulsions. The antimicrobial activities of emulsions were generally high. When LAE was used as the only antimicrobial in the emulsions, MICE.coli = 0.003-0.007%v/v except at a ratio of 0.046%:0.454% where the MICE.coli  increased to 0.02%v/v and MICL.monocytogenes = 0.002-0.003%v/v were obtained. When eugenol was the only antimicrobial in the emulsion (e.g. the emulsion was stabilized by 0.5%v/v Tween20), MICE.coli = 0.02%v/v and MICL.monocytogenes = 0.03%v/v were obtained. In comparison, the double antimicrobial emulsions containing LAE and eugenol, had the lowest MICs as MICE.coli of 0.001-0.008%v/v and MICL.monocytogenes = 0.001-0.002%v/v except at a ratio of 0.046%:0.454% where the MICE.coli  increased to 0.02-0.03%v/v. The MIC of the double antimicrobials was strongly influenced by the concentration of lauric arginate.  The results suggest that formulation of a double antimicrobial emulsions leads to a highly effective system that may improve food safety and stability. 
6.2	Introduction
Each year foodborne illnesses cause significant economic damages and threaten the health and safety of US consumers. Therefore additional measures to control the growth of foodborne pathogens are urgently required. Bacterial pathogens such as Campylobacter, Salmonella, Clostridium, Escherichia, and others are the most commonly identified cause of foodborne illness that occur in a variety of food (FDA/CFSAN 2005). The principle method used to preserve the quality and enhance the safety of food is by thermally inactivating, aseptically processing or mechanically removing microorganisms. Alternatively, antimicrobials, chemical compounds that inhibit the growth of or inactivate microorganisms may be added to foods [73]. A key requirement of antimicrobials is that they fulfill their inhibitory or inactivating function in the target food system without significantly affecting appearance, taste, color and aroma of foods so as to not negatively impact consumer preferences. This aim can be very difficult to fulfill, since antimicrobials may have to be added at high concentrations to be effective.  The objective of this study was to evaluate the feasibility of formulating novel double antimicrobial emulsions that have higher efficiencies than their single component counterparts. Double antimicrobial emulsions are defined as emulsions that contain simultaneously two antimicrobial agents, either both in the lipid phase, both at the interface or one at the interface and one in the droplet phase. In this study, we focus on the formulation of an emulsion with an antimicrobial at the interface and one antimicrobial in the lipid phase. This study is based on the results from two previous studies in which we showed that formulation of an emulsion containing high levels of a lipophilic antimicrobial (eugenol or carvacrol) is feasible as long as a critical loading concentration is not surpassed. In the second study, we demonstrated that lauric arginate, a cationic surfactant antimicrobial, can be used to manufacture and stabilize emulsions without sacrificing antimicrobial activity [160].
Antimicrobials that are emulsifiers: Surfactants are amphiphilic molecules that are able to accumulate at surfaces or interfaces by interacting with both the lipophilic and hydrophilic phases. Their main function is to enable the formation of small drops during the emulsification step and to provide long-term stability after their preparation [31, 46]. Selection of appropriate surfactants is a key step in the preparation of stable emulsions as the presence of emulsifiers will greatly reduce the interfacial tension thereby facilitating droplet disruption. More importantly, emulsifiers form a membrane at the interface between the oil and water phase that provides a barrier to coalescence and flocculation by inducing repulsive interactions between two colliding droplets [29].  The ethyl ester of the lauramide of the arginine monohydrochloride-LAE, Mirenat-N (C20H41N4O3Cl) is a novel synthetic cationic surfactant (Belton, United States Patent) that was approved as ‘Generally Recognized as Safe’ (GRAS) by US FDA and USDA. It is rapidly metabolized in the human digestive system to the amino acid arginine and lauroyl amides [14]. Lauric arginate has shown to display high antimicrobial efficacies which has been attributed to its action on the cytoplasmic membranes of microorganism where it alters the membrane potential leading to a loss of homeostasis [15]. Our previous studies showed that formulation of emulsions with LAE alone is not feasible as the emulsions rapidly destabilize and hence an additional emulsifier such as Tween 20 needs to be added. 
Antimicrobial that is part of the dispersed phase:  Essential oils are generally complex mixtures of a large number of different compounds. Essential oils have shown to exhibit antimicrobial activity, which has been in particular linked to the presence of phytophenols such as eugenol, carvacol, and thymol. Phytophenols insert into the cytoplasmic membrane of microorganisms where they rapidly associate with membrane-bound protein complexes disrupting their functionality leading to a loss of the proton motive force [6, 152, 161, 162]. In this study, we used eugenol as a model antimicrobial compound due to its ability to inhibit both Gram-positive and Gram-negative bacteria [124].
Our previous results suggested that the major problem of forming O/W emulsions with aromatic compounds is destabilization of the emulsions by Ostwald ripening. However, stable emulsions could be produced by including a carrier lipid that is highly insoluble (e.g. corn oil) and combining it with the phytophenolic antimicrobial as part of the lipid droplet.  Based on these results, we suggest that emulsions could be formulated that are composed of antimicrobially-active essential oils, such as form example eugenol, as part of oil phase (with corn oil) and an antimicrobial-active surfactant such as LAE to produce an emulsion that can be easily added to a food product to enhance the safety and quality of the product. To this purpose, we investigated the physicochemical properties and antimicrobial activity of emulsions that were composed of these two antimicrobials.
[bookmark: _Toc191139600]6.3	Materials and Methods 
[bookmark: _Toc191139601]6.3.1 	Materials
Mirenat-N® (10.5% of N-α-lauroyl-L-arginine ethyl ester monohydrochloride in propylene glycol) was obtained from Grupo Lamirsa (Barcelona, Terrassa, Spain). Tween 20 (polyoxyethylene 20 sorbitan monolaurate) and corn oil were purchased from Sigma Chemical Co. (St. Louis, MO). All solutions were prepared with distilled and deionized water. Tryptic Soy Broth (TSB), Tryptic Soy Agar (TSA), and Yeast extract (YE) were purchased from Difco Laboratories (Sparks, MD). 
[bookmark: _Toc191139602]6.3.2	Bacterial Cultures
Four different L. monocytogenes strains were obtained from the Martin Weidmann culture collection at Cornell University (J1-225, J2-020, J1-031, and J1-1177). Four strains of E.coli O157:H7 were purchased from ATCC (ATCC35150, ATCC4385, ATCC51658, and ATCC700599). Bacterial cultures were stored at -75ºC in TSB for E. coli O157:H7 and TSBYE for L. monocytogenes with 5% glycerol. Working cultures were maintained on slants stored at 4°C. A loopful of the culture was transferred to liquid media and incubated at 32°C for 24 hr. Prior to exposure to antimicrobials, each strain was sub-cultured in TSB for 24 hr.
[bookmark: _Toc191139603]6.3.3	Physicochemical Characterization
Emulsion preparation. Aqueous solutions of mixtures of Tween 20 and LAE were be prepared by dispersing the two surfactants in buffer (100 mM acetate buffer pH7) to obtain a solution that had an overall surfactant concentration of 0.5% (v/v) but with varying ratios of Tween 20 and LAE  [0.5%:0% (100:1), 0.495%:0.005% (100:1), 0.454%:0.046% (10:1) , 0.25%:0.25% (1:1), 0.046%:0.456% (0.1:1),0.005%:0.495% (0.01:1) and 0%:0.5% (0:100)]. Emulsions were then manufactured by blending 5% of a lipid phase that was composed of corn oil and eugenol at various mixing ratios i.e. 5%:0% (100:0), 4.75%:0.25% ( 95:5) 4.5%:0.5% (90:10), 4.25%:0.75% (85:15), 4%:1% (80:20), 3.75%:1.25% (75:25), and 3.5%:1.5% (70:30) with 95 wt% of solutions of the above described surfactant mixtures (100 mM acetate buffer). A high speed blender was used (Warring, Inc. New Hartford, CT) to produce this coarse emulsion premix. The coarse premix was then passed through a microfluidizer (Microfluidics 110 L, Microfluidics Corp., Newton, MA, USA) at 9 kPa to produce a fine-disperse emulsion. Finally, the pH of the emulsions was adjusted to 7 using HCl or NaOH. The emulsions were stored at 32ºC and samples were withdrawn for analysis in regular intervals. 
Droplet size determination.  A static light scattering technique (Horiba LA-9000, Horiba Instruments Inc., Irving, CA) was used to measure the droplet size distribution of emulsions.  This technique measures the angular dependence of laser light scattered by the droplets in an emulsion.  A relative refractive index of 1.1 was used by the instrument to calculate the droplet-size distributions.  The mean droplet diameter of the emulsions is reported as the mean diameter: d43 = nidi4/ ni4, where ni is the number of droplets with diameter di. 
ζ-potential measurement. The electrical charge (-potential) on the surface of emulsion droplets was determined using an electrophoretic technique with a folded capillary cell (Zetasizer Nano ZS, model ZEN 3600, Malvern Instruments, Malvern, UK). A small amount of sample was diluted into acetate buffer at pH 7. An oscillating electric field was applied across the dispersion and the potential was then determined from the velocity of the droplets migrating toward the oppositely charged electrode. 
[bookmark: _Toc191139604]6.3.4	Antimicrobial Test Protocols
Emulsion preparation for antimicrobial assays. Emulsions were prepared as described above and filtered-sterilized using a 0.45 μm polyethersulfone membrane filter (PuradiscTM 25, Whatman® Inc. Florham Park, NJ). After filter sterilization, emulsions were diluted with sterile water to obtain a series of emulsions containing oil droplet concentrations of 0.00025-2.5%v/v per plate.
Spot Inoculation Assay. Two cycles of a loopful of the E. coli slant cultures was transferred to TSB (L. monocytogenes to TSB-YE, added 0.6% yeast extract), and incubated at 32ºC for 24h prior to exposure to the antimicrobial emulsion. Petri dishes were prepared by adding 10 ml of the emulsion diluted to the desired antimicrobial concentration into 10 ml of double strength TSA or TSAYE. Control plates consisted of plates where water was added instead of the emulsion. Petri dishes were then dried and 10 μl drops of the inoculums were plated to give a final concentration of 105 CFU/ml. The Petri dishes were incubated at 32ºC for 24 h. All experiments were duplicated and replicated.
[bookmark: _Toc191139605]6.4 	Results and Discussion 
 	Emulsion droplet size. Emulsions were produced that were composed of seven different surfactant combinations at an overall surfactant concentration of 0.5% v/v by mixing Tween20 and LAE at ratios of 0.5%:0%, 0.495%:0.005%, 0.454%:0.046%, 0.25%:0.25%, 0.046%:0.456%, 0.005%:0.495% and 0%:0.5%. The droplet size of emulsions immediately after manufacturing was 0.20-0.32 µm (Table 6.1). When LAE was added as a co-surfactant, smaller mean droplet sizes were obtained at surfactant ratios of 0.495%:0.005%, and 0.454%:0.046%. However, at high LAE concentrations in the droplet interface (0.25%:0.25%, 0.046%:0.456%, 0.005%:0.495% and 0%:0.5%) larger droplets were obtained. This is consistent with results of a previous study, in which the ability of LAE to stabilize emulsion droplets was decreased at pH 7 and an additional emulsifier (Tween 20) needed to be added to stabilize the system (Figure 6.1).  The droplet sizes of emulsions containing eugenol at day 0 were generally smaller than those with no eugenol except the emulsions stabilized by Tween 20: LAE 0.5%:0%, 0.454%:0.046%, and 0.25%:0.25% containing 1.25%, 1.5%, and 1.5% eugenol, respectively (Table 6.1). After manufacturing, the emulsions with Tween 20: LAE 0.5%:0%, 0.454%:0.046% and 0.25%:0.25% containing 1.25%, 1.5%, and 1.5% eugenol, respectively, broke down very rapidly indicating that the eugenol concentration was above the critical loading as previous described. 
ζ-Potential. The seven emulsions composed of the respective surfactant systems were then manufactured with a disperse phase that contained various ratios of eugenol. The ζ-potential was measured immediately and after one day of incubation at 32°C (Figure 6.1). The ζ-potential on emulsion droplet depended predominantly on the surfactant composition. When the concentration of LAE was increased in the surfactant mixture, emulsion droplets became increasingly positively charge from -2 mV for pure Tween 20 to +36 mV for emulsions containing pure lauric arginate (Figure 6.2a). The addition of increasing concentration of eugenol had little effect on the charge of emulsion droplets, suggesting that the concentration of Tween 20 and lauric arginate in the interface was not altered by the addition of the phytophenol. 
Emulsion stability. The stability of the emulsions during storage for 14 days was determined by measuring the mean droplet diameter (Figure 6.3) and by taking photographic images of test tubes periodically during the storage duration (Figure 6.4). From the photographic images it can be seen that the emulsions containing various ratio of LAE in the absence of eugenol were increasingly less stable as more LAE was present in the interface, i.e. more coalescence was observed. As previously mentioned, lauric arginate is not as effective a surfactant as Tween 20, particularly at pH 7 where repulsive charges are reduced. Moreover at a surfactant ratio of 0.046%:0.454% of Tween 20 to LAE emulsions rapidly destabilized after storage of as little as 3 days. Interestingly, emulsions containing higher concentrations of LAE could be loaded with higher concentrations of eugenol. For example, increasing the LAE concentration in the interface from 0, 0.005, to 0.046, 0.25, 0.454, 0.495, and 0.5 % led to maximum loading concentrations of eugenol of 1, 1, 1.25, 1.5, 1.5, 1.5, and 1.5%, respectively. At higher critical loading ratios of eugenol, the emulsion rapidly destabilized. Below the critical loading concentration, emulsions stabilized by all surfactant systems showed little change with respect to their mean droplet size during 14 days of storage at 32 °C (Figure 6.3).  However, photographic images of emulsions composed of Tween20:LAE 0.5%:0% and 0.495%:0.005% and eugenol 0.5, 0.75, and 1%  (Figure 6.4a, b) show that addition of increasing concentrations of either Tween 20 or eugenol presence led to some oiling off on top of the test tubes even after storage for just one day. A plot of the mean droplet size versus storage time (Figure 6.5) further suggests that emulsions formulated with increasing concentrations of LAE after 10 days of storage underwent less increase in mean droplet diameter than emulsions composed of more Tween 20. Hence the result suggests that LAE was more effective in stabilizing emulsions that contain an essential oil component. This is surprising since the destabilization mechanism of emulsions containing eugenol occurs predominantly by Ostwald ripening, which should not be influenced by the surfactant composition and rather only by the solubility of eugenol in the aqueous phase. Moreover, Figure 6.6 shows that emulsions composed of higher Tween 20 concentrations in the absence of eugenol better maintained their droplet size throughout 14 days of storage than emulsions containing increasing concentrations of LAE (Fig 6.6 a, c). Upon addition of 1% v/v eugenol to the emulsions, at higher LAE concentrations in the interface, emulsions were more stable than emulsions containing similar concentrations of eugenol but that were stabilized by predominantly Tween 20 (Fig 6.6.b, d).
Antimicrobial activity. The antimicrobial activity of the emulsion was tested against four strains of E.coli O157:H7 and L.monocytogenes using a spot inoculation assay. Table 6.2 and 6.3 show the minimum inhibitory concentrations obtained from the spot inoculation assays both based on the active ingredient concentration (LAE) and the droplet concentration. A positive control consisted of cultures grown in the absence of either antimicrobial and a negative control consisted of cultures grown in the presence of LAE dispersed in 100mM acetate buffer.  Table 6.2 (no eugenol) demonstrates that all strains of both cultures were completely inhibited by the emulsions containing LAE except at the ratio of Tween20:LAE 0.495%:0.005% and pure Tween 20. Because of their gram-negative cell wall, E.coli O157:H7 were more resistant to the presence of LAE than L.monocytogenes [88, 163]. Moreover, the MIC of the negative control system (pure LAE, no emulsions) was slightly lower than that of the emulsion based system. At a ratio of  0.046%: 0.454% Tween 20: LAE, the MICE.coli was 0.02 %v/v which is much higher than any other emulsion and the negative control while the MIC L.monocytogenes with 0.003% v/v was not significantly different.   We are not sure what the reason for this decrease in activity is. Table 6.3 shows the MIC of eugenol: corn oil emulsions at a loading of 1% eugenol. The data indicates that the MIC of both cultures were mainly affected by the concentration of LAE. However, the MIC L.monocytogenes was lower than if eugenol was present (Table 6.2). We therefore attribute this increased activity to the presence of eugenol. At surfactant ratios of 0.495%:0.005% and 0.454%:0.046% Tween20: LAE in the presence of eugenol, MICE.coli and MIC L.monocytogenes were significantly smaller than in the absence of eugenol (Table 6.2). There could be multiple reasons for the increased activity. For example, the LAE may have increased attractive interactions with the bacterial surfaces thereby delivering both antimicrobials better to the interface of microorganisms. Secondly, emulsions were more stable which may have contributed to the increased antimicrobial activity.  Conversely, in the presence of only eugenol (e.g. Tween 20: LAE 0.5%:0%) the MIC was greatly increased e.g. MIC E.coli and L.monocytogenes > 0.25%v/v. 
6.5 	Conclusion
Our results demonstrate that double antimicrobial emulsions could be formulated using LAE as emulsifier and eugenol as the lipid phase. Composition of the interface and the droplet phase influenced both physicochemical properties and antimicrobial activity of oil-in-water emulsions. To improve the stability of emulsions that contained the cationic surfactant LAE, incorporation of Tween 20 was required. With increasing concentrations of LAE in the emulsions, the positive charge on the droplet interface increased and the droplet size decreased. Most importantly, the critical loading ratio, that is the concentration of eugenol with which the lipid dispersed phase can be maximally loaded increased with increasing concentration of LAE in the interface. This is an interesting observation for which we generally have no good explanation since the principal breakdown mechanism of emulsions that are loaded with too much eugenol is due to Ostwald ripening. This would indicate that the presence of lauric arginate influences compositional ripening. Antimicrobial activity was higher in double antimicrobial emulsions than in single antimicrobial emulsions. Evaluation of the minimum inhibitory concentrations suggests strong synergistic activities between the two antimicrobials possibly due to an enhanced mass transport of droplets to the surface of microorganisms, where release of eugenol is more effective. Ultimately, more experiments as to the exact mechanism will be needed to exactly elucidate this phenomenon. 


	 
	
Surfactant system composition Tween20 : LAE

	Corn oil: Eugenol
	0.5%:0%
	0.495%:0.005%
	0.454%:0.046%
	0.25%:0.25%

	
	diameter (µm.)
	SD.
	diameter (µm.)
	SD.
	diameter (µm.)
	SD.
	diameter (µm.)
	SD.

	100:0
	0.305
	0.007
	0.315
	0.007
	0.260
	0.014
	0.300
	0.014

	95:5
	0.285
	0.007
	0.295
	0.007
	0.195
	0.007
	0.215
	0.007

	90:10
	0.240
	0.014
	0.240
	0.014
	0.200
	0.014
	0.180
	0.014

	85:15
	0.185
	0.007
	0.200
	0.014
	0.185
	0.007
	0.190
	0.014

	80:20
	0.185
	0.007
	0.175
	0.007
	0.185
	0.007
	0.190
	0.014

	75:25
	0.230
	0.014
	0.195
	0.007
	0.175
	0.007
	0.175
	0.007

	70:30
	 
	 
	 
	 
	0.935
	1.082
	0.280
	0.028

	
	
	
	
	
	
	
	
	

	 
	Surfactant system composition Tween20 : LAE
	
	

	Corn oil: Eugenol
	0.046%:0.454%
	0.005%:0.495%
	0%:0.5%
	
	

	
	diameter (µm.)
	SD.
	diameter (µm.)
	SD.
	diameter (µm.)
	SD.
	
	

	100:0
	0.270
	0.014
	0.260
	0.010
	0.280
	0.000
	
	

	95:5
	0.245
	0.007
	0.240
	0.017
	0.220
	0.000
	
	

	90:10
	0.200
	0.014
	0.187
	0.006
	0.190
	0.000
	
	

	85:15
	0.190
	0.000
	0.183
	0.006
	0.190
	0.000
	
	

	80:20
	0.180
	0.000
	0.187
	0.006
	0.190
	0.000
	
	

	75:25
	0.190
	0.000
	0.190
	0.010
	0.200
	0.000
	
	

	70:30
	0.210
	0.014
	0.180
	0.000
	0.180
	0.000
	
	


Table 6.1	Diameter droplet (µm) of emulsions after manufacturing as the function of the ratio of eugenol for emulsions formulated with seven different surfactant systems.


Table 6.2	Minimum inhibitory concentration of emulsions in the absence of eugenol against four strains of E. coli O157:H7 and L. monocytogenes after incubation for 24 h at 32°C.


	
	
	Surfactant System Composition Tween20:LAE 

	 
	 
	100:0
	100:1
	10:1
	1:1

	 
	 
	MIC (% v/v)
	%v/v droplet concentration
	MIC (% v/v)
	%v/v droplet concentration
	MIC (% v/v)
	%v/v droplet concentration
	MIC (% v/v)
	%v/v droplet concentration

	 
	 
	
	
	
	
	
	
	
	

	E. coli O157:H7
	ATCC® 35150
	>25
	>2.50
	>0.0025
	>2.50
	0.006
	0.66
	0.006
	0.12

	
	ATCC® 4385
	>25
	>2.50
	>0.0025
	>2.50
	0.005
	0.55
	0.005
	0.10

	
	ATCC® 516858
	>25
	>2.50
	>0.0025
	>2.50
	0.005
	0.55
	0.005
	0.10

	
	ATCC® 700599
	>25
	>2.50
	>0.0025
	>2.50
	0.005
	0.55
	0.005
	0.10

	L. monocytogenes
	J1225
	>25
	>2.50
	>0.0025
	>2.50
	0.003
	0.33
	0.003
	0.06

	
	J2020
	>25
	>2.50
	>0.0025
	>2.50
	0.003
	0.33
	0.003
	0.06

	
	J1031
	>25
	>2.50
	>0.0025
	>2.50
	0.003
	0.33
	0.003
	0.06

	
	J1-1177
	>25
	>2.50
	>0.0025
	>2.50
	0.003
	0.33
	0.003
	0.06

	
	
	
	

	
	
	Surfactant System Composition Tween20:LAE 
	LAE in 100mM. Acetate buffer

	 
	 
	0.1:1
	0.01:1
	0:1
	

	 
	 
	MIC (% v/v)
	%v/v droplet concentration
	MIC (% v/v)
	%v/v droplet concentration
	MIC (% v/v)
	%v/v droplet concentration
	MIC (% v/v)

	 
	 
	
	
	
	
	
	
	

	E. coli O157:H7
	ATCC® 35150
	0.020
	0.220
	0.007
	0.07075
	0.007
	0.07
	0.004

	
	ATCC® 4385
	0.020
	0.220
	0.007
	0.07075
	0.006
	0.06
	0.004

	
	ATCC® 516858
	0.020
	0.220
	0.007
	0.07075
	0.006
	0.06
	0.004

	
	ATCC® 700599
	0.020
	0.220
	0.007
	0.07075
	0.006
	0.06
	0.004

	L. monocytogenes
	J1225
	0.003
	0.033
	0.003
	0.03025
	0.003
	0.03
	0.002

	
	J2020
	0.003
	0.033
	0.003
	0.03025
	0.003
	0.03
	0.002

	
	J1031
	0.003
	0.033
	0.003
	0.03025
	0.003
	0.03
	0.002

	
	J1-1177
	0.003
	0.033
	0.003
	0.03025
	0.003
	0.03
	0.002



Table 6.3	Minimum inhibitory concentration of emulsions containing 1% eugenol against four strains of E.coli O157:H7 and L. monocytogenes after incubation for 24 h at 32°C.


	
	
	Surfactant System Composition LAE:Tween20: Loading 80:20 Corn oil : Eugenol

	 
	 
	100:0
	100:1
	10:1
	1:1

	 
	 
	MIC (% v/v)
	%v/v droplet concentration
	MIC (% v/v)
	%v/v droplet concentration
	MIC (% v/v)
	%v/v droplet concentration
	MIC (% v/v)
	%v/v droplet concentration

	 
	 
	
	
	
	
	
	
	
	

	E. coli O157:H7
	ATCC® 35150
	0.2
	1.00
	0.001
	1.01
	0.003
	0.33
	0.008
	0.16

	
	ATCC® 4385
	0.2
	1.00
	0.001
	1.01
	0.003
	0.33
	0.007
	0.14

	
	ATCC® 516858
	0.2
	1.00
	0.001
	1.01
	0.003
	0.33
	0.007
	0.14

	
	ATCC® 700599
	0.2
	1.00
	0.001
	1.01
	0.003
	0.33
	0.006
	0.12

	L. monocytogenes
	J1225
	0.3
	1.50
	0.001
	1.01
	0.001
	0.11
	0.002
	0.04

	
	J2020
	0.3
	1.50
	0.001
	1.01
	0.001
	0.11
	0.002
	0.04

	
	J1031
	0.3
	1.50
	0.001
	1.01
	0.001
	0.11
	0.002
	0.04

	
	J1-1177
	0.3
	1.50
	0.001
	1.01
	0.001
	0.11
	0.002
	0.04

	
	
	
	
	

	 
	 
	0.1:1
	0.01:1
	0:1
	
	

	 
	 
	MIC (% v/v)
	%v/v droplet concentration
	MIC (% v/v)
	%v/v droplet concentration
	MIC (% v/v)
	%v/v droplet concentration
	
	

	 
	 
	
	
	
	
	
	
	
	

	E. coli O157:H7
	ATCC® 35150
	0.030
	0.330
	0.007
	0.07075
	0.006
	0.06
	
	

	
	ATCC® 4385
	0.020
	0.220
	0.006
	0.0605
	0.006
	0.06
	
	

	
	ATCC® 516858
	0.020
	0.220
	0.006
	0.0605
	0.006
	0.06
	
	

	
	ATCC® 700599
	0.020
	0.220
	0.006
	0.0605
	0.006
	0.06
	
	

	L. monocytogenes
	J1225
	0.002
	0.022
	0.002
	0.02025
	0.002
	0.02
	
	

	
	J2020
	0.002
	0.022
	0.002
	0.02025
	0.002
	0.02
	
	

	
	J1031
	0.002
	0.022
	0.002
	0.02025
	0.002
	0.02
	
	

	
	J1-1177
	0.002
	0.022
	0.002
	0.02025
	0.002
	0.02
	
	



Figure 6.1	Effect of 0.5%v/v surfactant system on average diameter of 5% v/v corn oil-in-water emulsions on day1 of storage at 32C°.







Figure 6.2 	Influence of surfactant composition on ζ-potential of 5% v/v oil-in-water emulsion manufactured with Tween 20 and Lauric arginate (LAE)
(A) [bookmark: _Toc191139733]in the absence of eugenol					      (B) in the presence of eugenol at different ratio

Figure 6.3	Stability of 5%v/v oil-in-water emulsion by influence of surfactant composition (Tween 20 and LAE) on day 0. 0.5, 1, 2, 3, 5, 7, 10, and 14 of storage at 32C° as a function of droplet size d43.
(A) Absence eugenol			(B) Eugenol:Corn oil 05:95
(C) Eugenol:Corn oil 10:90		(D) Eugenol:Corn oil 15:85
(E) Eugenol:Corn oil 20:80		(F) Eugenol:Corn oil 25:85
(G) Eugenol:Corn oil 30:70
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Figure 6.4	Stability of 5%v/v oil-in-water emulsion by influence of oil composition (Eugenol and Corn oil) on day 1 and 14 of storage at 32C° as a function of 0.5% v/v surfactant composition (Tween20 and LAE) by showing photographic images of the test tubes. The left shows the stability of day1. The right column shows the stability of day14.
(A) Tween20: LAE 100:0		(B) Tween20: LAE 100:1
(C) Tween20: LAE 10:1		(D) Tween20: LAE 1:1
(E) Tween20: LAE 0.1:1		(F) Tween20: LAE 0.01:1
(G) Tween20: LAE 0:100
In each of picture, the test tubes were arranged from left to right by ratio of eugenol: corn oil, 0:100, 5:95, 10:90, 15: 85, etc.
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Figure 6.5 	Particle size distributions of Eugenol: Corn oil 20:80 emulsion prepared with 0.5% v/v surfactant on day 10 of storage at 32C°














Figure 6.6	Particle size distributions of 5%v/v oil phase (0% and 1% eugenol) and 0.5%v/v surfactant Tween20 : LAE (0.495%:0.005% and 0.046%: 0.454%)
(A) 0.495%:0.005% Tween20:LAE with 0% eugenol (5%Corn oil)
(B) 0.495%:0.005% Tween20:LAE with 1% eugenol (4%Corn oil)
(C) 0.046%:0.454% Tween20:LAE with 0% eugenol (5%Corn oil)
(D) 0.046%:0.454% Tween20:LAE with 1% eugenol (4%Corn oil)
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CHAPTER 7
[bookmark: _Toc191139611]CONCLUSIONS
Oil-in-water food emulsions are thermodynamically unstable dispersions of oil droplets in water coated by a monolayer of adsorbed surfactant. This class of products has found widespread use in the food industry as ingredients, precursors to products or actual products. This thesis was designed to evaluate the ability of oil-in-water emulsions to become antimicrobial active to improve the stability and quality of a variety of foods. Two antimicrobials were used as model active compounds to formulate the emulsions: eugenol as a lipid phase, and lauric arginate as an emulsifier. In this thesis we showed that formulation of single antimicrobial emulsions with either eugenol or lauric arginate if feasible, but that particular attention needs to be paid to both the composition of the lipid phase and the interface as formulation of emulsions with only the antimicrobial (e.g. eugenol as lipid phase or lauric arginate as emulsifier) is not feasible. Instead, a lipid carrier such as corn oil needs to be added to the lipid phase to stabilize eugenol-containing emulsions and a nonionic surfactant such as Tween 20 needs to be added to provide sufficient repulsive interactions for lauric arginate containing droplets interfaces. Finally, emulsions containing both antimicrobials need to again be separately formulated as the presence of lauric arginate in the interface influences the maximum concentration of eugenol with which the emulsion can be loaded. However, these double antimicrobial emulsions have superior antimicrobial functionality compared to their single component counterpart, possibly suggesting an improved mass transport process of emulsion droplets to the surface of microorganisms, which may induce the observed synergism. Thus a good knowledge of the structure and biophysical behavior of antimicrobial emulsions is needed to properly formulate such systems for subsequent application in a wider variety of food systems by the food industry.



BIBLIOGRAPHY
1.	SCCP, S.C.o.C.P., Opinion on Ethyl Lauroyl Arginate, in Directorate C - Public Health and Risk Assessment C7 - Risk assessment. 2005, EUROPEAN COMMISSION HEALTH & CONSUMER PROTECTION DIRECTORATE-GENERAL.
2.	Ayorinde, F.O., et al., Analysis of some commercial polysorbate formulations using matrix-assisted laser desorption/ionization time-of-flight mass spectrometry. Rapid Communications in Mass Spectrometry 2000. 14(22): p. 2116-2124.
3.	Frenzen, P., Foodborne Illness Cost Calculator, U.S.D.o. Agriculture, Editor. 2007.
4.	Gaysinsky, S., et al., Antimicrobial efficacy of eugenol microemulsions in milk against Listeria monocytogenes and Escherichia coli O157 : H7. Journal of Food Protection, 2007. 70(11): p. 2631-2637.
5.	Davidson, P.M., J.N. Sofos, and L.A. Branen, Antimicrobials in Food. 2005: CRC Press.
6.	Davidson, P.M. and A.S. Naidu, Phytochemicals. Natural Food Antimicrobial Systems, ed. I.A.S. Naidu. 2000, Boca Raton, FL: CRC Press.
7.	Balszyk, M. and R.A. Holley, Interaction of Monolaurin, Eugenol, and Odium Citrate on Growth of Common meat Spolage and Pathogenic Organisms. International Journal of Food Microbiology, 1998. 39: p. 175-183.
8.	Walsh, S.E., et al., Activity and Mechanism of action of selective biocidal agents on Gram-positive and negative bacteria. Journal of Applied Microbiology, 2003. 94: p. 240-247.
9.	Gill, A.O. and R.A. Holley, Disruption of Escherichia coli, Listeria monocytogenes and Lactobacillus sakei cellular membrances by aromatic plants. International Journal of Food Microbiology, 2006(108): p. 1-9.
10.	Kim, J., M.R. Marshal, and C. Wei, Antibacterial Activity of Some Essential Oil Components Against Five Foodborne Pathogens. Journal of Agricultural Food Chemistry, 1995. 43: p. 2839-2845.
11.	Tarantino, M.L., GRAS Notice No. GRN 000164, C.f.F.S.a.A.N. Office of Food Additive Safety, Editor. 2005.
12.	LMA043/032898, N-lauroyl-L-arginine ethyl ester monohydrochloride in vitro stability, H.L. Science, Editor. 2003: UK.
13.	LMA049/034017, LAE and open label single-doses study to determine the feasibility of measuring LAE and its breakdown products in plasma after oral administration of LAE to healthy male volunteers. 2004, Huntingdon Life Science: UK.
14.	Ruckman, S.A., et al., Toxicological and metabolic investigations of the safety of N-Lauroyl-l-arginine ethyl ester monohydrochloride(LAE). Food and Chemical Toxicology, 2004. 42: p. 245-249.
15.	Rodriguez, E., et al., Cellular effect of monohydrochloride of L-arginine, N-lauroyl ethylester (LAE) on exposure to Salmonella typhimurium and Staphylococcus aureus. Journal of Applied Microbiology, 2004. 96: p. 903-912.
16.	McClements, D.J., Food Emulsions: Principles, Practicles and Techniques. 2 ed. 2005, Baco Raton, FL: CRC Press.
17.	Schramm, L.L., Emulsions: Fundamentals and Applications in the Petroleum Industry. 1992, Washington, DC: Am. Chem. Soc.
18.	Almajano, M.P., M.E. Delgado, and M.H. Gordon, Effect of pH on the Antimicrobial Activity and Oxidative Stability of Oil-in-Water Emulsions Containing Caffeic Acid. Journal of Food Science, 2007. 72(5): p. c258-c263.
19.	Ly, M.H., et al., Importance of bacterial surface properties to control the stability of emulsions International Journal of Food Microbiology, 2006. 112: p. 26-34.
20.	Tedajo, G.M., et al., Release of antiseptics from the aqueous compartments of a w/o/w multiple emulsion. International Journal of Pharmaceutics, 2005. 288(1): p. 63-72.
21.	Sznitowska, M., et al., Physicochemical screening of antimicrobial agents as potential preservatives for submicron emulsions. European Journal of Pharmaceutical Sciences, 2002. 15: p. 489-495.
22.	Jumaa, M., et al., A new lipid emulsion formulation with high antimicrobial efficacy using chitosan European Journal of Pharmaceutics and Biopharmaceutics, 2002. 53(1): p. 115-123.
23.	Bani-Jaber, A., et al., Efficacy of the antimicrobial peptide nisin in emulsifying oil in water. Journal of Food Science, 2000. 65(3): p. 502-506.
24.	Wang, W., et al., Effect of charged colloidal particles on adsorption of surfactants at oil-water interface. Journal of Colloid and Interface Science, 2004. 274: p. 625-630.
25.	Dickinson, E., Hydrocolloids at interfaces and the influnce on the properties of dispersed systems. Food Hydrocolloids, 2003. 17: p. 25-39.
26.	Elwell, M.W., R.F. Roberts, and J.N. Coupland, Effect of homogenization and surfactant type on the exchange of oil between emulsion droplets. Food Hydrocolloids, 2004. 18: p. 413-41 8.
27.	Binks, B.P., et al., Stability of Oil-in-Water Emulsions in a Low Interfacial Tension System. Langmuir, 2000. 16: p. 1025-1034.
28.	Stauffer, D., et al., Micelle Formation, Relaxation Time and Three-Phase Coexistence in a Microemulsion Model. Journal of Chemistry and Physics, 1994. 100: p. 6934-6943.
29.	Lobo, L. and A. Svereika, Coalescence during emulsification: 2. Role of small molecule surfactants. Journal of Colloid and Interface Science, 2003. 261: p. 498-507.
30.	Holmberg, K.B., et al., Surfactants and Polymers in Aqueous Solution, ed. 2nd. 2003, New York, NY: Wiley.
31.	Goloub, T. and R.J. Pugh, The role of the surfactant head group in the emulsification process: Single surfactant systems. Journal of Colloid and Interface Science, 2003. 257: p. 337-343.
32.	Binks, B.P., Particles as surfactants-similarities and differences. Current Opinion in Colloid and Interface Science, 2002. 7: p. 21-41.
33.	Walstra, P., Emulsion formations. Encyclopedia of emulsion technology, ed. I.P. Becher. Vol. 1. 1983, New York: Dekker. 57-127.
34.	Rosen, M.J., Surfactant and Interfacial Phenomena. Third ed. 2004, New York, New York: Wiley-Interscience.
35.	Norde, W., Colloids and Interface in Life Sciences. 2003, New York, New York: Marcel Dekker.
36.	Walstra, R. and P.E.A. Smulders, Modern Aspects of Emulsion Science, ed. E.P. Binks. 1998: The Royal Society of Chemistry.
37.	Sjoblom, J., Emulsion and Emulsion Stability. Surfactant Science Series. Vol. 61. 1996: Dekker.
38.	Myers, D., Surfactant Science and Technology. Second ed. 1992, New York: VCH Plublishers, Inc.
39.	Shinoda, K., et al., Colloidal Surfactants, Some Physicochemical Properties. 1963, New York: Academic Press.
40.	Mukerjee, P., The Nature of the association equilibria and hydrophobic bonding in aqueous solutions of association colloids. Advances in Colliod and Interface Science, 1967. 1(3): p. 242-275.
41.	Fendler, J.H., Membrance Mimetic Chemistry. 1982, New York: Wiley-Interscience.
42.	Goldsipe, A. and D. Blankchtein, Modeling Counterion in Ionic-Nonionic and Ionic-Zwitterionic Binary Surfactant Mixtures. Langmuir, 2005. 21: p. 9850-9865.
43.	Mukerjee, P. and K.J. Mysels, Critical Micelle Concentrations of Aqueous Surfactant Systems, N.S.R.D. Service, Editor. 1971, U.S. National Bureau of Standards.
44.	Tcholakova, S., et al., Interrelaton between drop size and protein adsorption at various emulsification conditions. Langmuir, 2003. 19: p. 5640.
45.	Poulin, P. and J. Bibette, Adhesion between Pure and Mixed Surfactant Layers. Langmuir, 1999. 15: p. 4731-4793.
46.	Goloub, T.P. and R.J. Pugh, The role of the surfactant head group in the emulsification process: Binary (nonionic-ionic) surfactant mixtures. Journal of Colloid and Interface Science, 2005. 291: p. 256-262.
47.	Tolosa, L.-I., et al., Combined Effects of Formulation and Stirring on Emulsion Drop Size in the Vicinity of Three-Phase Behavior of Surfactant-Oil Water Systems. INDUSTRIAL & ENGINEERING CHEMISTRY RESEARCH, 2006. 45: p. 3810-3814.
48.	Sanchez, C.C., et al., Effect of pH on structural, topographical, and dynamic characteristics of soy globulin films at the air-water interface. Langmuir, 2003. 19: p. 7478.
49.	Dalgleish, D.G., Conformations and strucutres of milk proteins adsorbed to oil-water interface. Food Research International, 1966. 29: p. 541.
50.	Dickinson, E. and Y. Matsumura, Time-dependent polymerization of β-lactoglobulin through disulphide bonds at the oil-water interface in emulsions. International Journal of Biology and Macromolecules, 1991. 13(26).
51.	Weiss, J., Effect of Mass Transport Processs on Physicochemical Properties of Surfactant-Stabilized Emulsions, in Department of Foodscience. 1999, University of Massachusetts: Amherst, MA.
52.	Binks, B.P., et al., Kinetics of Swelling of Oil-in-Water Emulsions Stabilized by Different Surfactants. Langmuir, 1999. 15(4495-4501).
53.	Li, J., M. D.J, and L.A. McLandsborough, Interaction between emulsion droplets and Escherichia coli cell. Journal of Food Science, 2001. 66(4): p. 570-574.
54.	Patist, A., et al., Kinetics of micellization: its significance to technological process. Colloids and Surfaces A-physicichemical and engineering aspects, 2001. 176: p. 3-16.
55.	Patel, S.S., et al., Effect of surfactant concentration and film area on the stability of films of surfactant solutions Journal of Colloid and Interface Science, 1996. 183: p. 603-606.
56.	Goloub, T.P. and R.J. Pugh, The role of the surfactant head group in the emulsification process: Binary (nonionic-ionic) surfactant mixtures. J. Colloid Interface Sci., 2005. 229: p. 72-81.
57.	Hunter, T.N., et al., The role of particles in the stabilising foams and emulsions. Advances in Colliod and Interface Science, 2007.
58.	Dickinson, E., Introduction to Food Colloids. 1992, Oxford, UK.: Oxford University Press.
59.	Nieuwenhuyzen, W.v. and B.E. Szuhai, Effects of lecithins and proteins on the stability of emulsion. Fett/Lipid, 1998. 7: p. 282-291.
60.	Hunter, R.J., Foundations of Colloid Science. Vol. 2. 1989, Oxford, UK.: Oxford University Press.
61.	Walstra, P., Physical Chemistry of Foods. 2003, New york, NY: Marcel Dekker.
62.	Weiss, J., Mass Transport Phenomena in Oil-in-Water Emulsions Containing Surface Micelle: Ostwald Ripening. Langmuir, 2000. 16: p. 6833-6838.
63.	Meinders, M.B.J. and T.v. Vliet, The role of interfacial rheological properties on Ostwald ripening in emulsions. Advances in Colliod and Interface Science, 2004. 108-109: p. 119-126.
64.	Hoang, T.K., et al., Monitoring the Simultaneous Ostwald Ripening and Solubilization of Emulsions. Langmuir, 2004. 20: p. 8966-8969.
65.	Kabalnov, A. and E.D. Shchukin, Ostwald Ripening Theory: Applications to Fluorocarbon Emulsion Stability. Advances in Colliod and Interface Science, 1992. 38: p. 69-97.
66.	Weiss, J., N. Hermann, and M. D.J, Ostwald Ripening of Hydrocarbon Emulsion Droplets in the Surfactant Solutions Langmuir, 1999. 15(6652-6657).
67.	Taylor, P., Ostwald Ripening in Emulsion. Advances in Colliod and Interface Science, 1998. 75(107-163).
68.	Kabalnov, A.S., Ostwald Ripening and Related Phenomena. Journal of Dispersion Science and Technology, 2001. 22: p. 1-12.
69.	Mun, S. and M. D.J, Influence of Interfacial Characteristics on Ostwald Ripening in Hydrocarbon Oil-in-Water Emulsions. Langmuir, 2006. 22: p. 1551-1554.
70.	Meinders, M.B.J. and T. Vliet, The Role of Interfacial Rheological Properties on Ostwald Ripening in Emulsions. Advances in Colliod and Interface Science, 2004. 108-109: p. 119-126.
71.	Taylor, P., Ostwald Ripening in Emulsions. Colloids and Surfaces A-physicichemical and engineering aspects, 1995. 99: p. 175-185.
72.	Soma, J. and Papdopoulos, Ostwald Ripening in Sodium Dodecyl Sulfate Stabilized Decane-in-Water Emulsion. Journal of Colloid and Interface Science, 1996. 181: p. 225-231.
73.	Brul, S. and P.Coote, Preservative agents in foods: Mode of Action and Microbial Resistance Mechanism International Journal of Food Microbiology, 1999. 50: p. 1-17.
74.	Burt, S., Essential oils : their antibacterial properties and potential applications in foods-a review. International Journal of Food Microbiology, 2004. 94: p. 223-253.
75.	Hazan, R., A. Levine, and H. Abeliovich, Benzoic acid, a weak organic acid food preservative, exerts specific effects on intracellular membrance trafficking pathwys in Saccharomyces cerevisiae. Applied and Environmental Microbiology, 2004. 70: p. 4449-4457.
76.	Lambert, R.J. and M. Stratford, Weak-acid preservatives: modelling microbial inhibition and respond. Journal of Applied Microbiology, 2004. 42: p. 157-164.
77.	Lopez-Malo, A., S.M. Alzamora, and S. Guerrero, Natural antimicrobials from plants. Minimally Processed Fruits and Vegetables, ed. S.M. Alzamora, M.S. Tapia, and A. Lopez-Malo. 2000, Gaithesburg, Maryland. 237-258.
78.	Lai, P.K. and J. Roy, Antimicrobial and Chemopreventative Properties of Herbs and Spices. Current Medicinal Chemistry, 2004. 11: p. 1451-1460.
79.	Braak, V.d., et al., Essential oils and Oleoresins in A survey in the Netherlands and other Major Markets in the European Union. 1999, Center for the Promotion of Imorts from Developing Countries: Rotterdam. p. 116.
80.	Gelssman, T.A., Flavoniod compounds, tannins, lignins, and related compounds. In Pyrrole, pigments, isoprenoid compounds and phenolic plant compounds, ed. M. Floekin and E.H. Stotz. Vol. 2. 1963, NY: Elsevier. 265.
81.	Helander, I.M., et al., Characterization of the action of selected essential oil compoents on Gram-negative bacteria. Journal of Agricultural Food Chemistry, 1998. 46: p. 3590-3595.
82.	Karapinar, M. and S.E. Aktug, Inhibition of foodborne pathogens by thymol, eugenol, menthol, and anathole. International Journal of Food Microbiology, 1987. 4: p. 161-166.
83.	Bowles, B.L. and A.J. Miller, Antibotulinal properties of selected aromatic aliphatic aldehydes. Journal of Food Protection, 1993. 56: p. 788-794.
84.	Infante, M.R., A. Pinazo, and J. Seguer, Non-conventional surfactants from amino acids and glycolipids: Structure, preparation and properties. Colloids and Surfaces A-physicichemical and engineering aspects, 1997. 123: p. 49-70.
85.	Nnanna, L.A. and J. Xia, Protien-based surfactants: synthesis, physicichemical properties and applications. 2001, NY: Marcel Dekker.
86.	Infante, M.R., et al., Amino acid-based surfactant. C. R. Chimie, 2004. 7: p. 583-592.
87.	Weihs, D., et al., Self-aggregation in dimeric arginine-based cationic surfactants solutions. Colloids and Surfaces A-physicichemical and engineering aspects, 2005. 255: p. 73-78.

88.	Castillo, J.A., et al., Comparative study of the antimicrobial activity of bis(N-caproyl-L-arginine)-1,3-propanediamine dihydrochloride and chlorhexidine dihydrochloride against Staphylococcus aureus and Escherichia coli. Journal of Antimicrobial Chemotherapy, 2006. 57: p. 691-698.
89.	Conte, M., et al., Antimicrobial activity of various cationic molecules on foodborne pathogens. World Journal Microbial Biotechnology, 2007. 23: p. 1679-1683.
90.	Viscardi, G., et al., Synthesis and Surface and Antimicrobial Properties of Novel Cationic Surfactants. Journal of Organic Chemistry, 2000. 65(8197-8203).
91.	Zhang, H., et al., Antimicrobial effect of food-grade GML microemulsion against Staphylococcus aureus. European food research and technology, 2007. 226(1-2): p. 281-286.
92.	Infante, R., et al., Surface active molecules: preparation and properties of long chain Na-acyl-L-amino-guanidine alkyl acid derivatives. International Journal of Cosmetic Science, 1984. 6: p. 275-282.
93.	Kitahara, T., et al., Antimicrobial Activity of Saturated Fatty Acids and Fatty Amines against Methicillin-Resistant Staphylococcus aureus. BIOLOGICAL & PHARMACEUTICAL BULLETIN 2004. 27(9): p. 1321-1326.
94.	Skrˇivanova´, E., et al., Susceptibility of Clostridium perfringens to C2–C18 fatty acids. Letters in Applied Microbiology, 2005. 41: p. 77-81.
95.	Vasseur, C., et al., Combined Effects of NaCl, NaOH, and Biocides(Monolaurin or Lauric acid) on Inactivation of Listeria monocytogenes and Pseudomonas spp. Journal of Food Protection, 2001. 64(9): p. 1442-1445.
96.	Manresa, A., Antimicrolbial susceptibility in terms of Minimal Inhibitory Concentration (MIC) of LAE and Mirenat-N. 2004, University of Bacelona: Bacelona, Spain.
97.	Dean, G., X. Rocabayera, and B. Mayo, Metabolism N-lauroyl-L-arginine ethyl ester in the rat, in the 6th International ISSX Meeting. 2001: Munich.
98.	Madigan, M.T. and J.M. Martiko, Brock Biology of Microorganisms. Eleventh ed. 2006, Upper Saddle River, New Jersey: Pearson Education Inc. 79, 924.
99.	Wit, J.N.d. and A.C.M. vanHooydonk, Structure, functions and applications of lactoperoxidase in natural antimicrobial systems. Netherland Milk Dairy Journal 1996. 50(227-244).
100.	Kurup, T., L.S. Wan, and L. Chan, Availability and activity of preservatives in emulsified systems. Pharmaceutica Acta Helvetiae, 1991. 66(3): p. 76-82.
101.	Chen, L., G.E. Remondetto, and M. Subrirade, Food protein-based materials as nutraceutrical delivery systems. Trends in Food Science and Technology, 2006. 17: p. 272-283.
102.	Wildman, R.E.C., Handbook of nutraceuticals and functional foods ed. I.R.E.C. Wildman. 2001, New York: CRC Press.
103.	McClements, D.J., E.A. Decker, and J. Weiss, Emulsion-Based Delivery Systems for Lipophilic Bioactive Components. Journal of Food Science, 2007. 72: p. 109-125.
104.	Chee, C.P., et al., Sensory properties of vanilla and strawberry flavored ice-cream supplememted with omega-3 fatty acid. Milchwissenchaft, 2007. 62(1): p. 66-9.
105.	Lee, S., et al., Effect of antioxidants on stabilization of meat products fortified  with n-3 fatty acid. Meat Science, 2006. 72(1): p. 18-24.
106.	Merchant, Z.M., et al., Flavor delivery system. 1997.
107.	Muschiolik, G., Multiple emulsions for food use. Current Opinion in Colloid and Interface Science, 2007. 12: p. 213-220.
108.	Rodriquez-Huezo, M.E., et al., Microencapsulation by spray drying of multiple emulsion containing carotenoids. Journal of Food Science, 2004. 69(7): p. 351-359.
109.	Onuki, Y., et al., Improved insulin enteral delivery using water-in-oil-in-water multiple emulsion incorporating highly purified docosahexaenoic acid. Stp Pharma Sciences, 2003. 13(4): p. 231-235.
110.	Fechner, A., et al., Stability and release properties of double-emulsions stabilised by caseinate-dextran conjugates. Food Hydrocolloids, 2007. 21(5-6): p. 943-952.
111.	Kukizaki, M. and M. Goto, Preparation and evaluation of uniformly sized solid lipid microcapsules using membrane emulsification. Colloids and Surfaces A-physicochemical and engineering aspects, 2007. 293(1-3): p. 87-94.
112.	Benichou, A., A. Aserin, and N. Garti, Doulble emulsions stabilized with hybrids of natural polymers for entrapment and slow release of matters. Advances in Colloid and Interface Science, 2004. 108: p. 29-42.
113.	Garti, N. and A. Benichou, Recent developments in double emulsions for food applications. 4 ed. Food emulsions, ed. S.E. Friberg, K. Larsson, and J. Sjoblom. 2004, New York: Marcel Dekker.
114.	Chaiyasit, W., et al., Ability of Surfactant Hydrophobic Tail Group Size to Alter Lipid Oxidation in Oil-in-Water Emulsions. Journal of Agricultural Food Chemistry, 2000. 48: p. 3077-3080.
115.	Kellerby, S.S., M. D.J, and E.A. Decker, Role of Proteins in Oil-in-water Emulsions on the Stability of Lipid Hydroperoxides. Journal of Agricultural Food Chemistry, 2006. 54: p. 7879-7884.
116.	McClements, D.J. and E.A. Decker, Lipid oxidation in oil-in-water emulsions: Impact of molecular environment on chemical reactions in heterogeneous food systems. Journal of Food Science, 2000. 65(8): p. 1270-1282.
117.	Picot, A. and C. Lacroix, Encapsulation of bifidobacteria in whey protien-based microcapsules and survival in simulated gastrointestinal conditions and in yogurt. International Dairy Journal, 2003. 14(6): p. 505-515.
118.	Bouchemal, K., et al., Nano-emulsion formulation using spontaneous emulsification: solvent, oil and surfactant optimisation. International Journal of Pharmaceutics, 2004. 280: p. 241-251.
119.	Malvern-Instrument-Ltd., Figure1. Schematic diagram of a conventional 90º dynamic light scattering instrument. 2008a: Worcestershire, United Kingdom.
120.	Malvern-Instrument-Ltd., Schematic representation of zeta potential 2008b: Worcestershire, United Kingdom.
121.	Rouge-grenat, TurbiScan MA 2000. 2007, The company Formulaction: France.
122.	Gilchrist, J.E., et al., Spiral Plate Method for Bacterial Determination. Applied Microbiology, 1973. 25(2): p. 244-252.
123.	Shelef, L.A., Antimicrobial Effect of Spiced. Journal of Food Safety, 1983. 6: p. 29-44.
124.	Branen, A.L. and P.M. Davidson, Antimicrobials in Food. 1993, New York: Marcel Decker.
125.	Egger, H. and K.M. McGrath, Aging of Oil-in-Water Emulsions: The Role of the Oil. Journal of Colloid and Interface Science, 2006. 299: p. 890-899.
126.	Taylor, P., Ostwald Ripening in Emulsions. Advances in Colloid and Interface Science, 1998. 75: p. 107-163.
127.	Hoang, T.K.N., et al., Monitoring the Simultaneous Ostwald Ripening and Solubilization of Emulsions. Langmuir, 2004. 20: p. 8966-8969.
128.	Dickenson, E., et al., Ostwald Ripening of Protein-Stabilized Emulsions: Effect of Transglutaminase Crosslinking. Colloids and Surfaces B: Biointrfaces, 1999. 12: p. 139-146.
129.	Weiss, J., Mass Transport Phenomena in Oil-in -Water Emulsions Containing Surface Micelle: Ostwald Ripening. Langmuir, 2000. 16: p. 6833-6838.
130.	Huang, S., et al., Partition of Selected Antioxidants in Corn Oil-Water Model Systems. Journal of Agricultural and Food Chemistry, 1997. 45(6): p. 1991-1994.
131.	Dickenson E., et al., Ostwald Ripening of Protein-Stabilized Emulsions: Effect of Transglutaminase Crosslinking. Colloids and Surfaces B: Biointrfaces, 1999. 12: p. 139-146.
132.	Kabalanov, A. and E.D. Shchukin, Ostwald Ripening Theory: Applications to Fluorocarbon Emulsion Stability. Advances in Colloid and Interface Science, 1992. 38: p. 69-97.
133.	Weiss, J., N. Hermann, and D. J. McClements, Ostwald Ripening of Hydrocarbon Emulsion Droplets in Surfactant Solutions. Langmuir, 1999. 15: p. 6652-6657.
134.	Kabalnov, A.S., Ostwald Ripening and Related Phenomena. Journal of Dispersion Science and Technology, 2001. 22(1): p. 1-12.
135.	Mun, S. and D.J. McClements, Influence of Interfacial Characteristics on Ostwald Ripening in Hydrocarbon Oil-in-Water Emulsions. Langmuir, 2006. 22: p. 1551-1554.
136.	Meinders, M.B.J. and T. Vliet, The Role of Interfacial Rheological Properties on Ostwald Ripening in Emulsions. Advances in Colloid and Interface Science, 2004. 108-109: p. 119-126.
137.	Pena, A.A. and C.A. Miller, Kinetics of Compositional Ripening in Emulsions Stabilized with Nonionic Surfactants. Journal of Colloids and Interface Science, 2001. 244: p. 154-163.
138.	Carlos, A.M.A. and M.A. Harrison, Inhibirion of Selected Microorganisms in marinated chicken by pimento leaf oil and clove oleoresin. Applied Poultry Science, 1999. 8: p. 100-109.
139.	Bjorkroth, J., Microbiological ecology of marinated meat products. Meat Science, 2005. 70(3): p. 477-480.
140.	Buege, D.N., G. Dearls, and S.C. Ingham, Lethality of commercial whole-muscle jerky manufacturing processes against Salmonella serovars and Escherichia coli O157:H7. Journal of Food Protection, 2006. 69: p. 2091-2099.
141.	Busquets, R., et al., Effect of red wine marinades on the formation of heterocyclic amines in fried chicken breast. Journal of Agricultural and Food Chemistry, 2006. 54(21): p. 8376-8384.
142.	Weiss, J., N. Hermann, and D.J. McClements, Ostwald Ripening of Hydrocarbon Emulsion Droplets in Surfactant Solutions. Langmuir, 1999. 15: p. 6652-6657.
143.	Taylor, P., Ostwald ripening in emulsions: estimation of solution thermodynamics of the disperse phase. Advances in Colloid and Interface Science, 2003. 106: p. 261-285.
144.	Gruy, F. and M. Cournil, Theoretical Aspects of Ostwald Ripening in Systems with High Solubility and High Solid Volume Fraction. Acta Mater, 1995. 44(6): p. 2537-2545.
145.	Kabalanov, A.S., A.V. Pertzov, and E.D. Shchukin, Ostwald Ripening in Emulsions 1. Direct Observations of Ostwald Ripening in Emulsions. Journal of Colloids and Interface Science, 1987. 118(2): p. 590-597.
146.	De Smet, Y., L. Deriemaeker, and R. Finsy, Ostwald ripening of alkane emulsions in the presence of surfactant micelles. Langmuir, 1999. 15(20): p. 6745-6754.
147.	Walsh, S.E., et al., Activity and mechanism of action of selective biocidal agents on Gram-positive and negative bacteria. Journal of Applied Microbiology, 2003. 94: p. 240-247.
148.	Balszyk, M. and A. Holley, Interaction of Monolaurin, Eugenol, and odium Citrate on Growth of Common meat Spolage and Pathogenic Organisms. . International Journal of Food Microbiology, 1998. 39: p. 175-183.
149.	Gill, A.O. and R.A. Holley, Disruption of Escherichia coli, Listeria monocytoegesn and  Lactobacillus sakei cellular membranes by aromatic plants. International Journal of Food Microbiology, 2006. 108: p. 1-9.
150.	Helander, I.M., et al., Characterization of the action of selected essential oil components on Gram-negative bacteria. Journal of Agricultural Food Chemistry, 1998. 46: p. 3590-3595.
151.	Mann, C.M. and J.M. Markaham, A new method for determining the minimum ihibitory concentration of essential oils. Journal of Applied Microbiology, 1998. 84: p. 538-544.
152.	Ultee, A. and E.J. Smith, The Phenolic Hydroxyl Group of Carvacrol is Essential for Action Against the Food-Borne Pathogen Bacillus cereus. Journal of Applied and Environmental Microbiology, 2002. 63: p. 620-624.
153.	Deans, S.G. and G. Ritchie, Antimicrobial Properties of Plant Essential Oils. International Journal of Food Microbiology, 1987. 5: p. 165-180.
154.	Moleyar, V. and P. Narasimham Antimicrobial Activity of Essential Oil Components. International Journal of Food Microbiology, 1992. 16: p. 337-342.
155.	Branen, J.K. and P.M. Davidson, Activity of hydrolyzed lactoferin against foodborne pathogenic bacteria in growth media: The effect of EDTA. Letters in Applied Microbiology, 2000. 30: p. 233-237.
156.	Baranowski, J.D. and C.W. Nagel, Antimicrobial and Antioxidant Activities of Alkyl Hydroxycinnamates(alkacins)in Model System and Food-Product. Canadian Institute of Food Science and Technology Journal    1984. 17(2): p. 79-85.
157.	Davidson, P.M., Chemical preservatives and natural antimicrobial compounds. In Food Microbiology, ed. M.P. Doyle, L.R. Beuchat, and T.J. Montville. 2002, Washington, DC: American Soiety for Microbiology. 593-627.
158.	Abe, M. and J.F. Scamehorn, Mixed Surfactant Systems. Second ed. Revised and Expanded. Vol. 124. 2005, New York: Marcel Dekker.
159.	Mohan, S. and G. Narsimhan, Coalescence of protein-stabilized emulsions in a high-pressure homogenizer. Journal of Colloid and Interface Science, 1997. 192(1): p. 1-15.
160.	Badawi, A.M., et al., Surface and Biological Activity of Some Novel Cationic Surfactants. Journal of Surfactants and Detergents, 2007. 10(4): p. 243-255.
161.	Juven, B.J., et al., Factors that interact with Antibacterial Action of Thyme Essential oils and its Active Constituents. Journal of Applied Bacterology, 1994. 76: p. 626-631.
162.	Friedman, M., P.R. Henika, and R.E. Mandrell, Bactericidal Activities of Plant Essential Oils and Some of their Isolated Constituents against Compylobacter jejuni, Escherichia coli, Listeria monocytogenes, and  Salmonella enterica. Journal of Food Protection, 2002. 65.
163.	SP, D., Mechanisms of action of antibacterial biocides  International Biodeterioration & Biodegradation   1995. 36(3-4): p. 227-245.


131

image60.emf
Day


0


2


4


6


8


D


43


(µm.)


0


1


2


3


4


5


0.454:0.046 


0.25:0.25 


0.046:0.454 


0.005:0.495 


0:0.5 




Day

0 2 4 6 8

D

43

(µm.)

0

1

2

3

4

5

0.454:0.046 

0.25:0.25 

0.046:0.454 

0.005:0.495 

0:0.5 


oleObject27.bin

image61.jpeg




image62.jpeg




image63.jpeg




image64.jpeg




image65.jpeg




image66.jpeg
T i





image67.jpeg




image68.jpeg




image69.jpeg




image70.jpeg




image71.jpeg




image72.jpeg




image73.jpeg




image74.jpeg




image75.emf
Droplet Diameter (µm.)


0.1


1


10


100


1000


Volume (%)


0


5


10


15


20


25


30


0.5%:0


0.495%:0.005%


0.454%:0.046%


0.25%:0.25%


0.046%:0.454%


0.005%:0.495%


0:0.5%




Droplet Diameter (µm.)

0.1 1 10 100 1000

Volume (%)

0

5

10

15

20

25

30

0.5%:0

0.495%:0.005%

0.454%:0.046%

0.25%:0.25%

0.046%:0.454%

0.005%:0.495%

0:0.5%


oleObject28.bin

image76.emf
Diameter (µm.)


0.1


1


10


100


%Volume


0


5


10


15


20


25


0 


0.5 


1 


3 


5 


10 


14 




Diameter (µm.)

0.1 1 10 100

%Volume

0

5

10

15

20

25

0 

0.5 

1 

3 

5 

10 

14 


oleObject29.bin

image77.emf
Diameter (µm.)


0.1


1


10


100


%Volume


0


2


4


6


8


10


12


14


16


0 


0.5 


1 


3 


5 


10 


14 




Diameter (µm.)

0.1 1 10 100

%Volume

0

2

4

6

8

10

12

14

16

0 

0.5 

1 

3 

5 

10 

14 


oleObject30.bin

image78.emf
Diameter (µm.)


0.1


1


10


100


% Volume


0


5


10


15


20


25


0 


0.5 


1 


3 


5 


7 


10 


14 




Diameter (µm.)

0.1 1 10 100

% Volume

0

5

10

15

20

25

0 

0.5 

1 

3 

5 

7 

10 

14 


oleObject31.bin

image79.emf
Diameter (µm.)


0.1


1


10


100


% Volume


0


2


4


6


8


10


12


14


16


18


20


0 


0.5 


1 


3 


5 


7 


10 


14 




Diameter (µm.)

0.1 1 10 100

% Volume

0

2

4

6

8

10

12

14

16

18

20

0 

0.5 

1 

3 

5 

7 

10 

14 


oleObject32.bin

image1.emf
Phase 

inversion

Kinetically 

Stable 

Emulsion

Coalescence Flocculation Sedimentation Creaming Ostwald ripening


image2.png
CH30

HO




image3.png
I Linear or single chain

‘Amino acid ‘Amino acid

W Dimeric or gemir

I Glycerofipid-iike structures




image4.wmf
N

H

2

N

H

2

N

H

2

O

O

H

N

H

*

O

1

0

C

l


image5.wmf
N

H

2

N

H

2

N

H

2

O

O

H

N

H

*

O

1

0

C

l


image6.png
0 COGHs

NH_ _NH,
CHy(CHy)y” NH T
Lauric acid NH
N-o-lauroyl-L-arginine ethyl ester
Ethanol
CO,C,Hs 0 COOH
J\A/ )L J\/\/NH NH;
CHy(CHy)yg” NH ]/
me,emmemmm NH NH
N-c-lauroyl-L-arginine (minor) (LAS)
Ethanol J
Lauric acid
ﬁfk
Loarginine

NH

COOH

)\A/ H;NJ\NH,
L,wme(w,w,l\/v v
€O,





image7.emf
O/W O/W W/O/W

Conventional 

emulsion

Multiple 

emulsion

Multilayer 

emulsion

O/W O/W W/O/W

Conventional 

emulsion

Multiple 

emulsion

Multilayer 

emulsion


image8.png
FOCUSSING  paticle

Laser A

dispersion

Coherence
optics.

Photon
detector
Correlator

Figure 1: Schematic diagram of 2 conventional,
50¢ dynarmic light scattaring nstrument.





image9.png
e—os: Electrical double

Particle with negative
surface charge

Diffuse layer

Sutace potens
S poental

2ot poental

Distance from particle surface




image10.jpeg




image11.gif
1/ Positionning
Positionnement




image12.wmf
w

o

C

C

K

=


oleObject1.bin

image13.wmf
(

)

t

d

d

3

0

-

=

w


oleObject2.bin

image14.wmf
1122

//

wjwjw

=+


oleObject3.bin

image15.emf
A


0


0


0


0


0


5


15


10


20


25


25


20


15


15


15


15


15


15


10


5


0


Size distribution d


10


 (mm)


0.1


1


10


100


1000


0


100


200


300


400


500




A

0

0

0

0

0 5

15

10

20

25 25

20

15

15

15

15

15

15

10

5

0

Size distribution d

10

 (mm)

0.1 1 10 100 1000

0

100

200

300

400

500


oleObject4.bin

image16.emf
B


0


0


0


0


0


0


0


0


0


0


0


0


5


5


5


10


10


10


5


10


15


15


15


15


25


20


20


15


15


15


15


15


10


10


10


10


5


5


10


5


5


5


0


0


0


0


Size distribution d


10


 (mm)


0.1


1


10


100


1000


0


100


200


300


400


500




B

0

0

0

0

0

0

0

0

0

0

0

0

5

5

5

10

10

10

5

10

15

15

15

15

25

20 20

15

15

15

15

15

10

10

10

10

5

5

10

5

5

5

0

0

0

0

Size distribution d

10

 (mm)

0.1 1 10 100 1000

0

100

200

300

400

500


oleObject5.bin

image17.emf
C


0


0


0


0


0


0


0


0


0


5


5


5


5


20


20


20


15


15


15


10


10


10


5


30


30


30


25


25


25


25


10


15


30


30


20


25


25


25


20


20


15


15


15


15


10


10


10


25


20


20


5


5


5


15


20


10


10


5


0


0


0


0


0


Size distribution d


10


 (mm)


0.1


1


10


100


1000


0


100


200


300


400


500




C

0

0

0

0

0

0

0

0

0

5

5

5

5

20

20

20

15

15

15

10

10

10

5

30

30

30

25

25

25

25

10

15

30 30

20

25

25

25

20

20

15

15

15

15

10

10

10

25

20

20

5

5

5

15

20

10

10

5

0

0

0

0

0

Size distribution d

10

 (mm)

0.1 1 10 100 1000

0

100

200

300

400

500


oleObject6.bin

image18.emf
D


0


0


0


0


10


5


5


5


5


10


10


10


20


15


15


15


15


20


20


20


20


25


25


25


25


25


20


20


20


20


15


15


15


15


10


10


10


10


5


5


5


5


5


0


0


0


0


0


Size distribution d


10


 (mm)


0.1


1


10


100


1000


0


100


200


300


400


500




D

0

0

0

0

10

5

5

5

5

10

10

10

20

15

15

15

15

20

20

20

20

25

25

25

25

25

20

20

20

20

15

15

15

15

10

10

10

10

5

5

5

5

5

0

0

0

0

0

Size distribution d

10

 (mm)

0.1 1 10 100 1000

0

100

200

300

400

500


oleObject7.bin

image19.emf
A


time (h)


0


10


20


30


40


50


CFU/ml


1e+0


1e+1


1e+2


1e+3


1e+4


1e+5


1e+6


1e+7


1e+8


1e+9


1e+10


TSB 


CO9 


CO7 


CO5 


EU 1 CO9 


EU 3 CO7


EU 5 CO5


E 


ETOH 


 E ETOH 




A

time (h)

0 10 20 30 40 50

CFU/ml

1e+0

1e+1

1e+2

1e+3

1e+4

1e+5

1e+6

1e+7

1e+8

1e+9

1e+10

TSB 

CO9 

CO7 

CO5 

EU 1 CO9 

EU 3 CO7

EU 5 CO5

E 

ETOH 

 E ETOH 


oleObject8.bin

image20.emf
B


time (h)


0


10


20


30


40


50


CFU/ml


1e+0


1e+1


1e+2


1e+3


1e+4


1e+5


1e+6


1e+7


1e+8


1e+9


1e+10


TSB 


CO9 


CO7 


CO5 


EU 1 CO9 


EU 3 CO7


EU 5 CO5


E 


ETOH 


 E ETOH 




B

time (h)

0 10 20 30 40 50

CFU/ml

1e+0

1e+1

1e+2

1e+3

1e+4

1e+5

1e+6

1e+7

1e+8

1e+9

1e+10

TSB 

CO9 

CO7 

CO5 

EU 1 CO9 

EU 3 CO7

EU 5 CO5

E 

ETOH 

 E ETOH 


oleObject9.bin

image21.emf
A


time (h)


0


10


20


30


40


50


CFU/ml


1e+0


1e+1


1e+2


1e+3


1e+4


1e+5


1e+6


1e+7


1e+8


1e+9


1e+10


TSB YE 


CO9 


CO7 


CO5 


EU 1 CO9 


EU 3 CO7


EU 5 CO5


E 


ETOH 


 E ETOH 




A

time (h)

0 10 20 30 40 50

CFU/ml

1e+0

1e+1

1e+2

1e+3

1e+4

1e+5

1e+6

1e+7

1e+8

1e+9

1e+10

TSB YE 

CO9 

CO7 

CO5 

EU 1 CO9 

EU 3 CO7

EU 5 CO5

E 

ETOH 

 E ETOH 


oleObject10.bin

image22.emf
B


time (h)


0


10


20


30


40


50


CFU/ml


1e+0


1e+1


1e+2


1e+3


1e+4


1e+5


1e+6


1e+7


1e+8


1e+9


1e+10


TSB  YE


CO9 


CO7 


CO5 


EU 1 CO9 


EU 3 CO7


EU 5 CO5


E 


ETOH 


 E ETOH 




B

time (h)

0 10 20 30 40 50

CFU/ml

1e+0

1e+1

1e+2

1e+3

1e+4

1e+5

1e+6

1e+7

1e+8

1e+9

1e+10

TSB  YE

CO9 

CO7 

CO5 

EU 1 CO9 

EU 3 CO7

EU 5 CO5

E 

ETOH 

 E ETOH 


oleObject11.bin

image23.png




image24.wmf
N

H

2

N

H

2

N

H

2

O

O

H

N

H

*

O

1

0

C

l

-



image25.emf
pH


1


2


3


4


5


6


7


8


Z-Average Diameter (nm)


100


150


200


250


300


350


Tween 20 


Tween 20+LAE 


LAE




pH

1 2 3 4 5 6 7 8

Z-Average Diameter (nm)

100

150

200

250

300

350

Tween 20 

Tween 20+LAE 

LAE


oleObject13.bin

image26.wmf
pH

1

2

3

4

5

6

7

8

Surface Tension (mM/m)

26

28

30

32

34

36

38

40

42

44

LAE

Tween20+LAE 

Tween20  


oleObject14.bin

image27.wmf
pH

1

2

3

4

5

6

7

8

Interface tension (mM/m)

0

1

2

3

4

5

LAE

Tween20+LAE 

Tween20 


oleObject15.bin

image28.wmf
pH

1

2

3

4

5

6

7

8

Zetapotential (mV)

-20

0

20

40

60

80

Tween 20 

Tween 20+LAE 

LAE


oleObject16.bin

image29.png




image30.png




image31.png




image32.emf
pH


1


2


3


4


5


6


7


8


Backscattering (%)


0.0


0.1


0.2


0.3


0.4


0.5


0.6


0.7


LAE 


Tween20+LAE 


Tween20 




pH

1 2 3 4 5 6 7 8

Backscattering (%)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

LAE 

Tween20+LAE 

Tween20 


oleObject17.bin

image33.jpeg




image34.jpeg




image35.jpeg




image36.jpeg




image37.jpeg




image38.jpeg




image39.jpeg




image40.jpeg




image41.jpeg




image42.jpeg




image43.jpeg




image44.jpeg




image45.jpeg




image46.jpeg




image47.jpeg




image48.jpeg




image49.jpeg




image50.jpeg




image51.emf
Ratio of Tween20:LAE


0.5:0


0.495:0.005


0.454:0.046


0.25:0.25


0.046:0.454


0.005:0.495


0:0.5


D


43 


(µm.)


0.18


0.20


0.22


0.24


0.26


0.28


0.30


0.32


0.34




Ratio of Tween20:LAE

0.5:0 0.495:0.005 0.454:0.046 0.25:0.25 0.046:0.454 0.005:0.495 0:0.5

D

43 

(µm.)

0.18

0.20

0.22

0.24

0.26

0.28

0.30

0.32

0.34


oleObject18.bin

image52.wmf
Ratio of Tween 20:LAE

0.5:0

0.495:0.005

0.454:0.046

0.25:0.25

0.046:0.454

0.005:0.495

0:0.5

Zeta potential (mV.)

-10

0

10

20

30

40

50

0% eu

0.25% eu

0.5% eu

0.75% eu

1%eu

1.25% eu

1.5% eu


oleObject19.bin

image53.wmf
Ratio of Tween20:LAE

0.5:0

0.495:0.005

0.454:0.046

0.25:0.25

0.046:0.454

0.005:0.495

0:0.5

Zeta potential (mV.)

-10

0

10

20

30

40

50


oleObject20.bin

image54.emf
Day


0


2


4


6


8


10


12


14


16


D


43 


(µm.)


0.0


0.2


0.4


0.6


0.8


0.5:0


0.495:0.005


0.454:0.046


0.25:0.25


0.046:0.454


0.005:0.495


0:0.5




Day

0 2 4 6 8 10 12 14 16

D

43 

(µm.)

0.0

0.2

0.4

0.6

0.8

0.5:0

0.495:0.005

0.454:0.046

0.25:0.25

0.046:0.454

0.005:0.495

0:0.5


oleObject21.bin

image55.emf
Day


0


2


4


6


8


10


12


14


16


D


43


 (µm.)


0.0


0.1


0.2


0.3


0.4


0.5


0.6


0.7


0.5:0


0.495:0.005


0.454:0.046


0.25:0.25


0.046:0.454


0.005:0.495


0:0.5




Day

0 2 4 6 8 10 12 14 16

D

43

 (µm.)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.5:0

0.495:0.005

0.454:0.046

0.25:0.25

0.046:0.454

0.005:0.495

0:0.5


oleObject22.bin

image56.emf
Day


0


2


4


6


8


10


12


14


16


D


43


 (µm.)


0.0


0.1


0.2


0.3


0.4


0.5


0.6


0.5:0


0.495:0.005


0.454:0.046


0.25:0.25


0.046:0.454


0.005:0.495


0:0.5




Day

0 2 4 6 8 10 12 14 16

D

43

 (µm.)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.5:0

0.495:0.005

0.454:0.046

0.25:0.25

0.046:0.454

0.005:0.495

0:0.5


oleObject23.bin

image57.emf
Day


0


2


4


6


8


10


12


14


16


D


43


 (µm.)


0.0


0.1


0.2


0.3


0.4


0.5


0.6


0.5:0


0.495:0.005


0.454:0.046


0.25:0.25


0.046:0.454


0.005:0.495


0:0.5




Day

0 2 4 6 8 10 12 14 16

D

43

 (µm.)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.5:0

0.495:0.005

0.454:0.046

0.25:0.25

0.046:0.454

0.005:0.495

0:0.5


oleObject24.bin

image58.emf
Day


0


2


4


6


8


10


12


14


16


D


43


 (µm.)


0


1


2


3


4


0.5:0


0.495:0.005


0.454:0.046


0.25:0.25


0.046:0.454


0.005:0.495


0:0.5




Day

0 2 4 6 8 10 12 14 16

D

43

 (µm.)

0

1

2

3

4

0.5:0

0.495:0.005

0.454:0.046

0.25:0.25

0.046:0.454

0.005:0.495

0:0.5


oleObject25.bin

image59.emf
Day


0


2


4


6


8


10


12


14


16


D


43


 (µm.)


0.0


0.5


1.0


1.5


2.0


2.5


3.0


0.5:0


0.495:0.005


0.454:0.046


0.25:0.25 


0.046:0.454


0.005:0.495


0:0.5




Day

0 2 4 6 8 10 12 14 16

D

43

 (µm.)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0.5:0

0.495:0.005

0.454:0.046

0.25:0.25 

0.046:0.454

0.005:0.495

0:0.5


oleObject26.bin

