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ABSTRACT

FOOD COLLOIDS AS CARRIER SYSTEMS FOR ANTIMICROBIALS
SEPTEMBER 2008
SARISA SURIYARAK
B.Sc., MAHIDOL UNIVERSITY, THAILAND
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor Jochen Weiss

Colloidal dispersions such as oil-in-water or water-in-oil esioms have found
widespread use in the food industry. Oil-in-water emulsions cookigtree principal
components i.e. oil dispersed in the form of droplets, water surrourftkndroplets as
the continuous phase, and emulsifiers comprising the interface. Beadushe
complicated interaction among components, it is often difficult todigrethe
physicochemical properties and final functionalities of emulsidtevertheless, the
structural and functional features of emulsions allow scientistrdate many unique
emulsions that may serve as suitable carriers for lipophitictional compounds. These
functional compounds may include antioxidants, flavors, colors and antinalsothe
latter which is the principal topic of this thesis. Incorporatiorioofd antimicrobials in
emulsions could create value-added emulsions that may improvdeheasal quality of
a variety of foods, but to date, few systematic studies on themufation have been

reported.

The objective of this thesis was therefore to formulate food eomgidhat are

physicochemically stable and able to deliver antimicrobial compownaisctobial target

Vi



sites. Two antimicrobial agents, dNlauroyl-L-arginine ethyl ester monohydrochloride,
(LAE) and eugenol were used as model compound to be incorporated intalondat
food dispersion. The two antimicrobials were selected because daheyeither
amphiphilic (LAE) or predominantly lipophilic (eugenol). When emulsionsrewe
formulated with eugenol, an essential oil component, it was found fhétetulsions
were only stable when emulsions were formulated with other lifietxadecane,
dodecane, tetradecane, and corn oil). Above a critical loading of ther dgid with
eugenol, Ostwald’s ripening led to rapid destabilization while abosgectitical loading
concentration, the ripening rate was greatly reduced and depended onh ¢gpeer lipid
and concentration of eugenol. Alternatively, when emulsions were foedulath LAE
as emulsifier, results indicated that emulsions were not st@blaggregation and
coalescence. Consequently, LAE had to be combined with a nonionic antf@loiveen
20) to improve the emulsion stability. Higher Tween20 compositiondeddre stable
emulsions droplets. Both systems (emulsions with either eugenol B) bAd high
antimicrobial efficacies and were able to completely inhibicrabial growth at
concentrations that depended on the type of microorganisms and formuatibe
emulsions. Generally, eugenol were able to more effectivelpitrthie growth ofE.coli
0157:H7 while LAE containing emulsions were more effective aghinsbnocytogenes.
Finally, a food emulsion was formulated that contained both anbtbiar agents;
eugenol in the lipid phase and LAE in the droplet interface. Integhgtistability of
these emulsions depended both on the LAE and eugenol loading. The antirhicrobia
activity in this double antimicrobial emulsion was high but was palky influenced by

the interfacial formulation that is the ratio of LAE to Twedh The combined emulsion

Vil



similar to the LAE stabilized emulsion more effectively intkedit growth of

L.monocytogenes
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CHAPTER 1

INTRODUCTION

Foodborne illnesses have been a vital concern of public health officel® the
high costs and losses of productivity associated with their outbrealklbBrne illnesses
are caused by ingesting bacteria, fungi, parasites, virugems,t or other harmful
substances present in contaminated foods. Foodborne diseases eabsuitihatshiga
toxin-producingEscherichia coliand theSalmonellabacterium 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 develep methodologies to
reduce or eliminate foodborne pathogens from food matrices. Oneggtritat is
actively pursuit is to develop novel delivery systems for food aatohials that would
enable the more widespread use of available antimicrobials compouad¢ide variety

of food systems while maintaining or improving their efficacies [4].

Food antimicrobial agents are compounds that have been defined ascathem
compounds present in or added to foods, food packaging, food contact surface, or food
processing environments that inhibit the growth of, or inactive patihogerspoilage
microorganism” [5]. They can be used to preserve quality and enhafiete f a variety
of food [6]. Naturally-occurring antimicrobials can be obtained frammal, plant,
microbial and mineral source. Of these, antimicrobial essents&abbtained from plant
sources are of particular interest because they also exndrigsintimicrobial activities
and they are used as flavors. Essential oils and their ex@aetaromatic liquids

composed of a great variety of more or less volatile low-moleeudggght compounds



that typically have a preference to associate with lipid ghastany of these compounds
are phenolics which have been linked to their remarkable antilzqgioperties. Most
importantly, essential oils and their extracts have been asifedd by the US FDA as
“Generally Recognized as Safe” (GRAS) and thus can belyasdid in a food product.
For example, eugenol is an essential oil component extractedcfoya [7, 8]. It has
been shown to inhibit growth dfisteria monocytogened®, 10], E.coli O157:H7 and
Vibrio paraheamolyticusamongst others The compound has thus attracted increased
attention as a potential inhibitory agent to improve the microladty of product.
Eugenol is soluble in ethanol or ether but only sparingly soluble inr watie typical

water solubility of less than 0.01%.

Another interesting and novel antimicrobial that has recently ehésgbe ethyl
ester of lauramide of arginine monohydrochloride, also referred tauag arginate
(LAE), available commercially under the trade name Mird@agH,:N,OsCl) [1, 11].
LAE is a synthetically-derived antimicrobial that can be addedllt@erishable food
including meat product [12, 13]. Most interestingly, LAE is a caticurfactant in
addition to being a strong antimicrobial that is it adsorbs readilyurfaces due to its
amphiphilic characteristics and it is positively charged. Thardinine part of the
molecules constitutes the hydrophilic head group of the surfactate the fatty acid
chain of lauric group provided the hydrophobic tail of the surfacg&mithetic chemical
preservatives have typically been rejected because of consggmheir toxicological
safety, however, in the case of LAE, the link between the argimgnd the lauric
group is a simple ester bond that is readily hydrolyzed by theuhuigestion system

generating arginine and a fatty acid, which is then further @ide§l4]. The advantage



of using LAE is thus its low toxicity and its remarkable amnthwbial efficacies. LAE
was approved as GRAS on Septembér2D05. In addition, USDA approved its use in
meat and poultry products at level up2@0 parts per million (ppm) of ethyl-N-Alpha-
lauroyl-L-arginate hydrochloridgl1]. The antimicrobial properties of LAE have been
attributed to its action on the cytoplasmic membrane of microomartizat is the
positively charged compound binds to the negatively charged bacteridbrareamand

induces leaks that alter the membrane potential required to generate ATP [15].

Oil-in-water emulsions are liquid-liquid dispersions of two congblebr partially
immiscible liquids (in this case oil and water) with one phasagbdispersed in the
second in the form of droplets. Emulsions are a widely used cldesafproducts and
examples include products such as milk, cream, salad dressing, magotexerages,
and sauces. In addition to the food industry, they are heavily usedeniotiustries in
products such as pharmaceuticals, petrochemicals, and cosmeti¢g']][Hmnulsions are
not only used to change texture, flavor and appearance of foods, buteleycaused to
delivery biologically functional components that are lipophilic inumatsuch as
antioxidants, flavors and nutraceuticals. Interestingly, only &udies have been
conducted though to investigate their suitability to act as ecarsystems for
antimicrobials. In principle, emulsions could serve as antimicrolelety systems in
two ways: (1) by containing an amphiphilic antimicrobial (suclthasabove mentioned
lauric arginate) adsorbed at the emulsion droplet interfac@)doy( containing a lipid
antimicrobial (such as the above mentioned eugenol) that is pahedipid phase.
Moreover, these two approaches could possibly be combined two proddoelde”

antimicrobial emulsion based preservation system with improved efficacies.



In this study, we hypothesize that the effectiveness of an Emulzased
antimicrobial delivery systems depends on the emulsion charactgresyg. droplet size
and concentration and their interaction with the surrounding environmenttheir
interaction with bacterial surfaces (e.g. electrostatic, ¥anWaals, etc) to facilitate
direct contact with microorganisms or through molecular transpbréncapsulated
compounds through the intervening continuous phase to the surface of the
microorganisms (e.g. via partitioning of active compounds fromipiee phase into the
water phase) [18-22]. Surface charges of bacterial catlseenulsion droplets thus may
play a key role in emulsion stability [19]. Most importantly, for émeulsions to function
as carriers, they have to maintain their physical staliétythe ability of the emulsion to
maintain its dispersed state under a variety of environmenéasss such as pH, salt,
temperatures [19, 23-25]. Surface charges of bacterial cells arldi@mdroplets played

key role in emulsion stability [19].

The objective of this study was to test the above presented hgizothye
formulating emulsions composed of an amphiphilic antimicrobial (laugmate), a lipid
antimicrobial (eugenol) or both. To this purpose, the influence of fotionlaand
environmental conditions on emulsion stability and antimicrobial efficaeas
determined. The goal of the project was to design a colloidétythat can achieve

adequate stability while exhibiting antimicrobial activity over a @éxda period of time.



CHAPTER 2

LITERATURE REVIEW

Food colloids are multi-phase systems containing particles or other stsugitire
characteristic spatial dimensions in the colloidal size range foams, gels, and
emulsions [25]. Oil-in-water emulsions are one of the most itapbclasses of food
colloids and include products such as for example milk, cream, mgesaayonnaise,
beverage, soups, and sauces [16]. This project utilizes oil-in-wateitsiens as

dispersant systems for lipid or amphiphilic antimicrobials.

2.1 Emulsions

2.1.1 Definition

Emulsions are fine dispersions of one liquid in a second, partly opletety
immiscible liquid in the form of droplets [26]. The dropletpitally have mean sizes
that are in the colloidal range.g. 10-10,000 nm. [16]. Milk, cream, dressings,
mayonnaise, beverages and soups are examples of products thah éxéstform of
emulsions. Oil-in-water (O/W) emulsions generally consigtilofiroplets dispersed in an
agueous phase. In contrast, margarine and butter consist of watetddigpersed in an
oil phase also known as water-in-oil or W/O emulsion. The dropletsalso sometimes
referred to as the internal, dispersed or discontinuous phasetiensgeirrounding liquid
is referred to as the external or continuous phase [16]. In @dddi simple O/W and
W/O emulsions, multiple emulsions exist that are composed of dspelia dispersions

such as for example an internal phase dispersed in a second imteasal that is



dispersed in a continuous phase such as water-in-oil-in-water W/@d\bilain-water-in-
oil O/W/O type emulsions. These emulsions may have improved pegedmpared to
conventional emulsion but they are typically less frequently ust#eifood industry due

to the complexity and higher costs involved in their fabrication.

Food colloids are very complicated systems because of the cimesa and
molecular properties of the three principal ingredients (oil, water,emulsifier). Factors
influencing emulsion properties include ingredient interaction, sarigsurfactant, and
surfactant-droplet interactions, lipid oxidation, and process conditiorh sag
temperature, pressure and mechanical agitation [16, 27]. lheamé quite challenging
to produce stable emulsions. Ultimately emulsion manufacturerstaaegwtierstand the
role that each of the parameters play in the overall propertytaitlty of the emulsions

in order to be able to design the desired emulsion system.

2.1.2 Formulation of Food Emulsions

Two separate immiscible liquids can be converted into an emulgionXing the
two liquids followed by reducing the size of the droplets in the praming a unit
operation callechomogenization After homogenization, the oil and water dispersion
generally have a thermodynamically driven tendency to phaseasephat is the oil
droplets merge with each other until the two phases rapidly sepatattwo distinct
phases. This is because the presence of a large interfazdbetiveen these molecules
of different polarity is thermodynamically highly unfavorable. Wsions are thus

thermodynamically unstable, but may be kinetically stabilizzmdsbme time by using



amphiphilic and surface active molecules that adsorb at the oeedad provide

repulsive interactions that prevent droplet merging and aggregation [16, 26].

Control of the droplet size is one of the most critical paramatequired to
produce a desirable food colloidal system since the size of theetdr@pintributes to the
stability, appearance, texture, and taste of the emulsion. Ttoesfachich influence the
droplet size include emulsifier type and concentration, volumetrigem@put during the
homogenization, composition of component phases, and temperature. In the
homogenizer, two processes occur simultaneously resulting in tleeagen of small
droplets from a premix that contains larger droplets. Firstgyvtslumetric energy input
(applied pressure) induces droplet deformation and disruption generagatigrsdroplets
with new interfaces. Generally, the larger the volumetric g@gnerput the smaller the
droplets. The droplet disruption also depends on the viscosity ratio Ipetivegwo
phases which may depend on the temperature of the system. Seaarfidtyasts rapidly
absorb at the new interfaces creating an interfacial memboa layer that induces
repulsive interactions and prevent re-coalescence. The droplehsi&eepends on the
molecular properties of the emulsifiers governing the rate ddsiradsorption and the
degree of induced repulsive and attractive colloids interacti@nsan der Waals, steric,
electrostatic [16]. In food emulsions, two classes of surfatieea species are
predominantly used: (i) small-molecule surfactants such as maeoiglgs, sucrose
ester, and others and (ii) macro-molecular emulsifiers sucpr@®in or modified
starches [25]. In this project, we are predominantly focusing on ssiall molecule
surfactants since we hypothesize that these may form nayedslwith one of the target

antimicrobials (lauric arginate).



2.1.3 Surfactants and Interfacial Properties

In food emulsions, surfactants are used to stabilize the dispergainst
breakdown [28]. Surfactants are amphiphilic molecules, i.e. moledudsconsist of
both a hydrophilic and a hydrophobic part. These molecules have tlimlenty to
accumulate at surfaces where they may interact simultayewiibl both the lipophilic
and hydrophilic phases. The main functions of a surfactant arg lmmg@r the surface
tension thereby reducing the energy required to generate neagcesudnd allowing for
easier generation of small droplets in the emulsification stdgig to provide for long-
term stability of the emulsion after their preparation by phong a barrier to coalescence

via repulsive interactions between the adsorbed layers of droplets [29].

The hydrophobic and polar groups of surfactants determine their ahgsid
chemical behavior [30]. Understanding their properties igakito using them in a
wide range of application such as detergents, emulsifiers, adbeand lubricants [31].
One parameter that has traditionally been used to determine whmiHactants
preferentially reside in the water or oil phase is the sedatlydrophilic-lipophilic
balance number (HLB) which has also been used to predict the tgpeutgion that can
be formed by a surfactant [16, 32]. HLB values are calculated the ratio of the
hydrophilic head group to the lipophilic tail group. Surfactants wikl8 Walues in the
order of 3-6 typically stabilize water-in-oil emulsions whslerfactants with HLB values
of 8-15 are more suitable to stabilize oil-in-water emulsionsfaBant can also be
classified by the charge of the polar group, e.g. anionic, cationittedanic and
nonionic. Anionic surfactants (e.g. fatty acid salt, stearyl) aredarfes that have at least

one negatively charged group attached to the hydrophobic tail. Exsaai@aionic head
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groups include —C§ -SQ;, PQ? —0SQ. Conversely, cationic surfactants contain
positively charged groups (typically nitrogen-based groups). Thegeitrgroup can be
protonated or unprotonated. Therefore, the charge of cationic sutfactdnfor that
matter the charge of some negatively charged surfactants mayfllbenced by the
system pH. Finally, zwitterionic surfactants (e.g. lecitmmgy carry both positive and
negative charges which may vyield a complex pH-dependent charge behavior.
Polyelectrolytic molecules such as proteins for example, majabe a net negative
charged above their isoelectric point, but be fully protonated andivebgitharged
below their isoelectric point. Finally, the hydrophilic group mayaasty any charges, in
which case the emulsifier is referred to as a nonionic sarfa¢e.g. monoglycerides,
Tweens, Polysorbates). Nonionic surfactants are the most wigsdd group of
surfactants used in food applications. These surfactants typicallg polyether or
polyhydroxyl units that consist of ethyoxylated alcohol and alkylphgB86ls Below we
will now briefly discuss the principal surfactant characterssthat are of importance in

the formation of emulsions.

Surface tensionSurface tension has been defined as the increase in the overall

free energy of a system with increasing surface area at cotestgpgrature and pressure.

o=Yv= Ci—j)p,T:const (2.1)

whereG is the free energy of the system axi$ the surface area. The ability of a
surfactant to lower the interfacial or surface tension is onbeotritical parameters and
indicates an overall lowering of the unfavorable interactions beties dispersed and

continuous phase molecules upon adsorption of the surfactant [33].



Adsorption isothermThe amount of a surfactant that can adsorb at an interface is

of importance to the proper formulation of stable emulsions. The ctatens of a
surfactant at the interface can be thermodynamically deried the measurement of

the change in surface tension with surfactant concentration in the bulk:

r=—(=1) 2.2)

RT \dinc

where I"is the surface coverage in mofiny is the interfacial tensiorg the
concentration of surfactant in the bulR,the universal gas constant afdhe absolute
temperature of the system. It should be noted that while thermodyaredicts
equilibrium conditions, mass transport processes continue to occur evéne in
equilibrium state, i.e. surfactant molecules are repeatedlyaeged between the bulk
phase and the interface. Equation 2.2 predicts that in general, asuntactant is added
to the system, more surfactant molecules will adsorb at tkefdne. This is however
only true up to a specific concentration (the critical micatlancentration). Above this
critical concentration, excess surfactant will remain inbili& and self-assemble to form

a variety of structures [30, 34].

Adsorption kineticAnother characteristic of surfactants is that their adsoratt

newly formed interfaces doesn’t occur instantaneously; rathetraheport requires a
certain amount of time to complete. During this time, the sutiason will continue to
decrease as more and more surfactant molecules are locdtesd iaterface until the
concentration at the interface has reached an equilibrium as detdrioy the bulk

surfactant concentration:
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() = 2¢, \/% (2.3)

y(t) = Vo — ZRTCOE 2.4)

WhereD is the diffusion coefficient and, is the concentration of surfactant in the
bulk. More information can be obtained from other sources [3493if adsorb kinetic
may play a role in the emulsification process, since slowly bimpsurfactants may not
be able to sufficiently stabilize newly generated surfaaas fre-coalescence during the

homogenization.

Micelle Formation.The tendency of surfactants to adsorb at oil-water interfaces i

due to the fact that the presence the hydrophobic part of thetantfen either a polar
solvent is thermodynamically unfavorable. The system thus seeksntove this group
from contact with the solvent molecules. This can be achieved &rtainc point by
adsorbing the surfactant at an interface. However, eventuallyntdgréace will be fully
covered and no more space is available for additional surfactaatutes. Instead, the
surfactant molecules that are now in excess in the bulk wiihliegelf aggregate into a
variety of colloids structures known as micelles that have morpiesldlgat may range
from small spheres, disks, ellipsoids, to long cylinders [30, 38]. fiitieat concentration
above which this self-assembly process begins is known as thealcmicelle
concentration or CMC. The CMC is a key characteristic of siarfiége and depends on
the length of the hydrophobic tail, the nature of the head group, the vaténcy
counterions in the solution (in case of charged surfactants), and gerteeaBolution
environment [34, 39, 40]. For example, with decreasing number of carbore in t

hydrocarbon chain, the CMC decreases logarithmically for nonguniactants. In the
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case of oil-in-water systems, the driving force for the folwnabf aggregates is the
reduction of unfavorable water-surfactant tail interactions. Thuselimetion largely
depends on the molecular properties of the hydrophobic tail and thencdluwd the
molecular properties of the head group (size and charge) iswbigsllly quite small
[41]. Nevertheless, the CMC of nonionic surfactants is generalfpléidower than that
of ionic surfactant [34]. More importantly, the CMC of ionic surfactants maggshavith
pH and presence of ions. This is because the electrostatic didhgeionic headgroup
may be altered which influences the molecular configuration ofactarits in the

colloidal aggregate [42, 43]

The role of surfactants in food emulsioAs. mentioned, surfactants are used to

stabilize emulsions and aid in their production. The choice of acsamtais thus critical
to producing food emulsions with appropriate particle size distributibhgi$]. The
mean droplet size generated during a homogenization process is govethedljayamic
equilibrium between two phenomena, droplet breakup and coalescenoeldtmm and
processing may affect either one or both of these mechanisnbumnishfluence droplet
size. For instance, formulating emulsions with surfactants tleatmare effective in
reducing the interfacial tension (e.g. ultralow tension surfat@ain noticeably improve
the droplet disruption process [31, 47]. On the other hand, the headgroupigsopkert
surfactant e.g. nonionic, anionic, and cationic can affect coalesckrecto greater or
lesser repulsive interactions. [48-58lrfactants have also been reported to influence the
rate of Ostwald ripening, that is the process wherebgtamulsion droplets grow at the
expense of smaller one [51, 52]. Generally, increasing the surfactacgntrations up to

the CMC will lead to decreases in the droplet size of the emulsion [31].
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The stabilization effect of emulsion droplets by colloid is duth&induction of
repulsive interaction forces. In general, nonionic surfactants geltie system by steric
interaction while ionic surfactants stabilize the system b Ist¢ric and electrostatic
interactions [16]. The effectiveness of charged surfactamtgrévent droplet
coalescence is thus influenced by the particle charge. dimeentration of cationic or
anionic surfactants at oil-water interface may increase winem oharged fine solids are
present in the aqueous phase [24]. For example, the presence o&lmaulethe nature
of their cell wall may affect the stability of emulsions @ning ionic surfactants while
emulsions stabilized by nonionic surfactants are typically riett&d by the presence of

bacterial cells [19, 53].

Finally, the characteristic of surfactants may play a roleghe emulsification
process. For example, the presence of micelles has a profound affeoterfacial
processing such as foaming, wetting, emulsification and solukiizatSurfactant
micelles exist in a dynamic equilibrium with surfactant moawin the bulk solution.
With increasing numbers of micelles the flux of monomers may decrease whslatea
into less foaming, larger bubble sizes, larger emulsion droplet sizé a more rapid
solubilization of oil [54, 55]. Using binary surfactant mixtures, thean emulsion
droplet size obtained by a mixture of anionic sodium dodecyl syB&&) and nonionic
hexa(ethyleneglycol) mono-dodecylether (GE;g) was found to be lower than that
using a mixture of cationic dodecyl pyridinium chloride (DPC)hwi;E;6 at the
equivalent mole fraction of ionic surfactant at interface. Thés \vattributed to the
stronger interactions between sulphate and polyoxyethylene head gtdigsinterface

[56]. Therefore, choice of the surfactant type, concentration inclumgide of mixed
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surfactant systems such as ionic/ionic, ionic/nonionic, or nonionic/nonioinigry
mixtures may allow for a better performance in the desirdthtdogical application [54,

57].

2.1.4 Emulsion Stability

Emulsions are thermodynamically unstable systems becausestienpe of large
interfacial contact areas between polar and nonpolar molec@atlygncreases the free
energy of the system. Since any systems has the tendencgréasiethe free energy,
(second law of thermodynamics) [58, 59], emulsion droplets wilgeand eventually
phase separate to reduce the contract area between hydrophobitydroghilic
molecules. This process requires time and the technical staifilay emulsion is thus
determined by the thermodynamic driving forces and the ongoing rmaesport
processes. From a thermodynamic point of view, the formation of reviaices results

in a change in free energy that can be described as:

AGrormation = YAA —TASconrig (2.5)

where TDS is the configurational entropy of the system. Upon séication,
both the contact area and the entropy term increases since slaglesmaller but more
evenly distributed through the system. In general though, the lobks interfacial free
energy {AA) is typically much larger than the gain in the configunaéil entropy

(TASconiig) making this process thermodynamically unfavorable [60].

From a kinetic perspective, the stability of the emulsion isctdfl by their

Brownian motion, gravity, or various interaction forces. The emulsioninsmkaetically
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stable if it has an activation energyG* large enough to prevent the system from
changing to its thermodynamically favorable state. To craaefficient high activation
energy AG*, one can use appropriate surfactants or texture modifier [16]. The
destabilization of food colloids may occur by a variety of d#fermechanisms that
include creaming or sedimentation, flocculation, coalescence, |parilescence, phase

inversion, and Ostwald ripenir{§igure 2.1)

Creaming or SedimentatiofCreaming is induced by gravitational forces if the

density of the droplets is less than that of the continuous phase. Tlity ddfeyences
causes and accelerating force that results in droplets moving @pfmo#he direction of
the gravitational force, a process knowncesaming If the density of droplets is higher
than that of the continuous phase, droplets will tend to move in theticlireof the
gravitational field, a process known sadimentationGravitational separation strongly
affects on appearance and texture of food emulsions often resultingacceptable
product qualities. Moreover, the process may promote flocculationadescence since
average distances between droplets are reduced as the droplet rievédtiom or top
of the storage container. The Stokes’ law equation describes thaddepe of the

creaming rate of particles on emulsion properties

—-29712(p2—p1)
Ustokes = 9772 : (2.6)

where vspkesiS the creaming velocityy is the shear viscositys, — p1 IS the
different density between of the continuous and dispersed phaseisnide radius of
droplets. From the Stokes’ law, one can infer a number of effechpeoaches to

improve the stability of emulsions. For example, one can mininfigegtavitational

15



separation by reducing the density difference between thephases. This may be
achieved by changing the type of oil or adding a so-calldghtieg agent to the oil.
Creaming rates can also be reduced by decreasing the dsiz@lednd modifying the
continuous phase viscosity. Viscosity of the continuous phase can be excbgasdding
thickening agents, or increasing the droplet concentration, anch@lttye degree of
droplet flocculation by altering the nature of the colloidal indttoas between droplets

[16, 58].

Flocculation.Flocculation is the process whereby two or more droplets associat
with each other but maintain their individual integrities. This prockessends on the
composition of the emulsions since the composition may influence dobplaet
interactions and continuous phase viscosities. The nature of the gdnioat varies
greatly from small to large sizes and open to compact stascthat affect the overall
properties of emulsion e.g. stability, appearance, and sensory. Thengwe of
flocculation in emulsion induces a shear thinning, i.e. as the shteaincrease, the floc
structures are deformed and/or disrupted thereby decreasingetfsitive volume
fraction resulting in less friction upon flow. The rate of floetidn depends on two
factors; (1) the frequency of collisions between the droplets (2phdhe fraction of
collisions that lead to aggregation. The collision frequency dependeandvement of
droplets which may be induced by Brownian motion, gravitational fproesother
applied mechanical forces during production, storage, and transportefdenty of
droplets to remain aggregated after collision on the other hand dependke

hydrodynamic and colloidal interactions between droplets.
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Consequently, droplet flocculation may be retarded by preventingcetedating
droplet movements, by decreasing the droplet concentration, decreéhsirdisperse
phase volume fraction, decreasing the density difference betiveeoil and aqueous
phase, decreasing shear rate, increasing droplet size, ingré¢he viscosity of the
continuous phase, or narrowing the droplet size distribufiba practical way to govern
the colloidal interactions between droplets is building significaeatgr the repulsive
than attractive interaction by regulating the type of ingregdipresent, the microstructure

of the emulsion, and the prevailing environment conditions [16].

CoalescenceDroplet coalescence is the process where two or more droplets come
into close contact and then fuse into a single larger droplet. Ttieg® is irreversible
and results in a growth in the mean droplet diameter and wesually lead to complete
separation of the oil and aqueous phase. The physical processeatedsagth
coalescence are droplet deformation and film rupture. The nature emthsifier in the
system is a key to this process. For droplet coalescenceuo, after the droplets have
come into close contact, the surfactant film must first thin thed rupture. This film
stretching, and tearing causes the two interfacial membramesrge and the interfacial
tension will then rapidly result in formation of a spherical langarticle. Coalescence
can be prevented by adding a thickening agent, ensuring thag stymuision forces exist
between droplets, preventing flocculation/creaming and using amagigdrlayer that is
resistant to thinning and rupture (e.g. by crosslinking the filimfrove its rheological
properties). The probability for coalescence increases asfrélgeiency of droplet

collisions increases, e.g. as the oil phase fraction increases [29].

17



Partial coalescencelf oil droplets are composed of partially crystalline lipid,

there is an increased probability that emulsion droplets willeggde. This is because
lipid crystals protruding from the surface of the droplet prefebe surrounded by oll
molecules rather than solvent molecules. The factors that #fisgbrocess are contact
time, collision frequency, droplet separation, colloidal and hydrodiynamteractions,
interfacial tension, and membrane viscoelasticity. In additiontofacaffecting the
droplet morphology such as crystal concentration, structure, andlocdtfat crystal in
the droplets influence partial coalescence. The degree obtliration depends on the
time-temperature profiles that the emulsion has been exposed teelasas the
composition of the system. While partial coalescence is often ualdkesithere are
products where partial coalescence is required for their faoméeEor example, partial
coalescence is necessary to produce ice-cream, whipping toppings, &t margarine.
The texture and stability of these products are obtained from thi@l dat network
created through the aggregation of partially crystalline drogletsng the network

mechanical strength and rigidity [16, 61].

Phase inversionPhase inversion is the process whereby the two phases of an

emulsion invert e.g. the emulsion changes from an O/W emulsion ti®aWulsion or
vice versa. . The system may be kinetic stable or unstableskaidrafter the inversion.
Phase inversion typically occurs if the composition or environmewotadittons of a
colloidal system are altered, for example, disperse phase volume fraotigdsifier type,
emulsifier concentration, solvent conditions, temperature, or medchaagitation.
Moreover, phase inversion may be induced if the functionality o$uhfactant is altered

e.g. by changing the ionic strength or adding additional surfathahtmay alter the
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interfacial composition of the droplets. Products such as butter angarme in fact
require a controlled phase inversion to yield a product with desiapiplearance, texture,
stability, and taste. To create butter and margarine, the iemfailk/cream) is cooled
down to induce fat crystallization followed by shearing. The $hga&ause the dispersed
fat crystals to eventually phase invert to form a continuousatrgstwork that entraps

water within it [16].

Ostwald ripeningOswald ripenings the process whereby larger droplets grow at

the expense of smaller ones. It is driven by the differemdeaPlace pressure between
droplets of different sizes [52, 62-64] The rate of Ostwald rigedapends on the mean
droplet size, e.g. the smaller the droplet size, the higher thgaldstipening rate.
Ostwald ripening is driven by a molecular transport processipad through the
continuous phase (typically water). Therefore the solubility of ifnd bn water is of
critical importance. For example, the higher the solubility, #stefr the destabilization
[65-67]. Using a disperse phase which has a low solubility in théenconis phase can
retard this process. One of the few means to decrease |I@stpening is by adding
insoluble, hydrophobic carrier oils. In addition, emulsifier such as biopaly which
may resist the decreases in droplet size as smaller debplek and larger ones grow,
may help reduce Ostwald ripening [68-70]. Adding more surfactardgstems prone to
Ostwald ripening typically worsens the situation as the exsedactant micelles can act

as carriers for the lipid [68, 71, 72]

19



Phase

o

O inversion
o

@)

Kinetically
Stable

o
@)
Emulsion O
o

O
O

Oo Qo

O
O
o

O

SAL® B O()CS)
eS| T11O Jloe°

Creaming Sedimentation  Flocculation Coalescence Ostwald ripening

Figure 2.1. Overview over mechanisms that induce emulsions instability [16].

2.2 Food Antimicrobials
Foodborne illnesses have caused tremendous public health concernarfor ye

These diseases are the direct results of the indigestion ofnenatad food with
pathogenic bacteria and/or their toxins. Controlling growth of pathogentertzacan
reduce the number of outbreak and assure consumers having a safeuppbd s
Consequently, there exists a need to develop new and improved methadtdagpeatrol

the growth of pathogens in food systems. Food safety may be emsuneechanically
removing bacteria from food, inactivating bacteria through preservigaimiques such
as heat treatment, ozone treatment, high-intensity ultrasound, hggugeand others,
preventing entry of food pathogens in the food product (packaging) cadbing

compounds that can inhibit or inactivate food antimicrobials [73].
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Antimicrobial agents have been defined aschemical compounds present in or
added to foods, food packaging, food contact surfaces, or food processirum@evits
that inhibit the growth of, or inactivate pathogenic or spoilageaarganism” [5]. They
can be classified into two different types of antimicrobiatsiemically-derived
(synthetic) and naturally-occurring compounds. Examples of the farmkide weak-
acid organic (acetic, lactic, benzoic, and sorbic acid), hydropercaitechelator while
the latter compounds include small organic biomolecules from spickbeabs such as

their essential oils (menthol, carvacol, thymol, eugenol, etc.) [73, 74].

To inhibition of pathogens by antimicrobial agents is through to occua by
variety of mechanisms of action. The two principal mechanisnasitrhicrobial include
inhibition of proton transfer dynamics and the perturbation of membrartekitors of
proton transfer are for example organic acids. In their undisedcssate, the molecules
may diffuse across the cell wall into the bacteria. The intgrHain the bacterial cell
may then cause the compounds to lose their proton resulting in an aatomaf anions
and protons inside the cells [73, 75, 76]. Antimicrobials that act esmbnmane
pertubators must insert into the cell membrane and subsequently disrupembrane
structure. As a consequence, the membrane may lose the &bildgntrolling the
exchange of molecules from the inside to the outside of the ceNiamadrersa. In the
present work, we use two antimicrobial agents that are both exgechel membrane
pertubators: eugenol (an simple phenolic essential oil compoundharghtino acid-

based surfactantdNLauroyl-L-arginine ethyl ester monohydrochloride (lauric arginate).
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2.2.1 Essential Oils and Their Components (EOs)

Essential oils are aromatic oily liquids obtained from plant nasesuch as
flowers, seeds, buds, herbs, spices and roots. Compounds present in eskseinttide
phenylpropanes, terpenes, and aliphatic compounds such as alkanes, ald#ioldes)
ketones, esters, and acids [77]. EOs and their components arallyypbluble in
ethanol or ether but less than 0.01% soluble in water. For generationans have been
using herbs and spices as food and to treat ailments. Remarkablyahdrbgices have
shown strong antibacterial properties including chemo preventive pesppft, 78]. The
dominant antimicrobial compounds present in essential oils [77] ar®gblgynicals,
such as phenolics, phenolic acid, quinones, flavonoids, and terpenoids. These compounds
are synthesized by the plant as a defense against microongamsgcts, and herbivores
[74, 78]. Currently more than 300 EOs in the market are used ina®dthvorings,
perfumes, and pharmaceutical industries [79]. Due to the constengbyng discovery
of new substances in essential oils and the emergence of new previndstutilized
herbs and spices, research on the antimicrobial activity and ajplichtEOs and their

components continues to increase.

A number of effective antimicrobial EO components such as carydhywohol,
eugenol, peril aldehyde and cinnamic aldehyde are highly effeatiemts to inhibit
growth of target pathogens with minimum inhibitory concentrationg®)firanging from
as little as 0.05-5 pl.All In the case of phytophenolics, their activity has been attributed
to the hydrophobic part of the molecule facilitating access tolipihés of the cell
membrane and mitochondria, leading to leakage of cell content tieil&ydrophilic

parts result in orientation within the membrane and induce some water soluliity
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Eugenol.Eugenolis an essential oil compound found inw&o(bud), allspice
cinnamon and sagd78]. Eugenol has a simple phenolic ritigat is monhydroxylate
(Figure 2.2) The hydroxyl group has beeelated to theantimicrobial actionof the
compound [80] Eugenol has been reported to affedhe growth of Listeria
monocytogeneg9], E. coli O157:H7 [9, 81],Salmonella Typhimuriu [81, 82],

Staphylococuus aureus, Vibrio parahaemolyi [82], andClostridium botulinur [83].

CH30 7

HO

Figure 2.2. Chemical strcture of eugenol ({gH120,).

2.2.2 Amino Acid-Based Antimicrobials

Amino acidbasecsurfactants have increasingly found industapplications due
to their low toxicity and good biodegradability [84]. Interestingly, some of the:
surfactants have exhibited very strong imicrobial activities. Amin-acid based
surfactants arecompose of polar amino acids/peptides thact as the hydrophili
moieties and nopolar carbon chainsuch as fatty acids that form tlhydrophobic
moieties of the surfactants. A wide variety of amarcid and smalpeptides as well as
fatty acidsare available to synthesize surfactants \structural divesity and differen

physicochemicahnd biological propertie[84, 85]..

From a structural point of view, three princifstructures of amino id-based

surfactants exists: (Ilneal, monomeric or single chain surfactants, dimmeric or Gemir
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type surfactants and (iii) glycerolipid-like structures [86Jjgure 2.3). The linear-
structured amino-acid surfactants consist of an amino acid thegdjovith a single
hydrophobic tail. Gemini or dimeric-type surfactants are composeédaidentical or
varying linear-structured amino-acid based surfactants thdin&esl together at or near
the head groups by spacer group [87]. Glycerolipid-like structuresra®gues of
mono-, diglycerides and phospholipids and consist of one polar headgroup aad one

two hydrophobic moieties linked together via a glycerol skeleton. [86].

Of these amino-based surfactants, the cationic lipo-amino haids been found
to be the most antimicrobially active compounds [86]. These compoundsiarte &ind
to the surface of lipopolysaccharides of gram-negative baatesidting in potassium
leakage followed by cell death [88]. Derivatives of amine-basefdctants with arginine
and lysine are of particular interest as food antimicrobialscdmbat foodborne
pathogens. This is because these derivatives are in fact producednioypber of
microorganisms to protect themselves from infections by pathogergrobes. For
example, nisin ande-poly-L-lysin commercially produced by fermentation using
Steptomyces albulusas been approved as a food preservative in Japan [89]. Both of
them demonstrated strong antibacterial activity ag&astllus subtilis Bacillus cereus,
Staphylococcus aureud.isteria monocytogengsSalmonella typhimurium, Shigella

sonnei, Escherichia coD157:H7 and®seudomonas aeruginoqa5s, 88-91].
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Figure 2.3  Structure of amino acid-based surfactants. The amino acid cerstibat

polar head of surfactant [86].

Infante and coauthors studied the structure-function relationship ajrtup of
surfactants focusing on a comparison of single chain and dimaratwst of arginine-
based surfactant in terms of their self-assembly propertiedbiatapical activity. The
critical micellar concentration (CMC) was found to depend on thgtheof the linear
alkyl chain and the nature of the hydrophilic headgroup of the surfattasingle chain
surfactants, the increase in number of hydrophobic methylene grotips alkyl chain
led to a decrease in the CMC. In comparison, the dimeric amino-acid bizstesiis had
a lower CMC than the single chain surfactants because the disterctures was twice
as hydrophobic but had a similar water-solubility compared to th#teaf monomeric
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counterparts. Reductions in CMC upon linking two linear surfactantsavepacer
molecule has previously been reported for Gemini-type surfactantB@€4use of these
characteristics, a dimeric structure was found to be moretigden terms of adsorption
and diffusion into the cell wall making these compounds antimictghiabre effective

[84, 86, 87, 92].

NH,
NH,
®

cl© NH:

Figure 2.4  LAE, N-a-Lauroyl-L-arginine ethyl ester monohydrochloride, the active
compound in Mirenat-R (patented by Laboratorios Miret S.A.

‘LAMIRSA Group’, Spain)

N-o-Lauroyl-L-arginine ethyl ester monohydrochloride ( LAHjrenaf®-N is the

commercially available non-purified form LAE dispersed at 10\%A& in propylene
glycol with a density of 1.04 +/- 0.02 g/@mLAE (CooH4:N4O5Cl), a derivative of lauric
acid, L-arginine and ethanol, is a cationic amino acid-based s&antad86]. LAE has
been approved by the FDA as Generally Recognized as Safe)GIRA use as an
antimicrobial in several categories at levels up to 200 ppni'@efitember 2005. While

LAE is a synthetic compound, the nature of the ester bond and thieetglasimple
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chemical structure results in a rapid degrading into natural componnii® human
digestion system Kigure 2.5. More specifically, LAE was shown to be rapidly
hydrolyzed into L-arginine and lauric acid [12, 13]. L-arginingnentfurther hydrolyzed
into urea and C@ 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 systamused to synthesize
compounds such creatine, L-glutamate, and L-proline, or it can be caht@mgucose

and glycogen if needed. Lauric acid, which is a natural satufatey acid, is commonly
found in coconut, palm oil, and human milk. Lauric acid has shown to exhib# som
antimicrobial activity against various pathogenic bacteria su@tashylococcus aureus

[93], Clostridium perfringen$94], Listeria monocytogeneand Pseudomonas spf®5].

As mentioned above, due to the cationic character of LAE and thenpeesf
lauric acid, LAE exhibits strong antimicrobial efficacies agaia variety of organisms
[96]. For example, LAE is effective against both gram-negatiméd gram-positive
bacteria. It can act as a cell membrane solubilizer cgusiess of membrane potential
and leaking of critical cell constituents thereby causing phlsiamage to the overall
cellular structure [15]. Another advantage of Miréaltor LAE is its surface activity.
As such, it could be used to stabilize emulsions and form a variedglf-assembled
colloidal structures such as micelles that may serve agersafor other lipophilic

compounds to form so-called microemulsions.
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Figure 2.5 Proposed biotransformation pathway of LAE in rats based on o aviid

in vivo studies, following the radio label&tC of arginine [97].

2.3 Target Organisms

Microorganisms are necessary for the production of some food praxiwatisas

cheese, sour cream, yogurt, and sausages; products that areeg@rdguanicrobial

fermentation. On the other hand, uncontrolled and unwanted microbial grovdgbdn

can severely degrade food quality such as taste, appearadceutaients and in turn

cause economic loss for the producer [98]. Most importantly from asi@fety point of

view, foodborne diseases can lead to severe illnesses and evén Meéabbial

foodborne diseases are caused by pathogenic viruses, bacteriapéuagites, marine
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phytoplankton, and cyanobacteria. Foodborne diseases are classified mimategories.
Firstly, food infections may be caused by invasion and penetratiopathogenic
organisms into the intestinal mucosa. Secondly, pathogenic microongamay have
produced toxins that even after destruction of the microorganismsgbyheat or
radiation may remain active and upon ingestion of the food sevémegten health.

Thirdly, pathogenic toxins may be produced by pathogens after the ingestion.of food

Food pathogenic bacteria are generally classified into geayative and gram-
positive organisms. Gram-negative bacteria contain an outer membeadled the
lipopolysaccharide layer or LPS layer [98]. Because of this iadditmembrane, gram-
negative bacteria cells interact much differently with othertambes such as salts, acid-
base, surfactants, preservatigts.than gram-positive bacteria [19, 53, 99]. In this study,
we focus on the activity of target antimicrobials against twectg@athogenic bacteria;
Escherichia coliO157:H7 as a representative of gram-negative pathogenkisteda

monocytogeness a representative of gram-positive bacteria.

2.3.1 Escherichiacoli O157:H7

E. coli O157LH7 is one of the most dangerous infectious pathogens. It differs
from other serotypes @&. coliin the presence of the surface antigens O (somatic) and H
(flagella), and their pathogenicities. The major symptom of Endcoli O157:H7
infection is hemorrhagic colitis (bloody diarrhea). At risk grouqztude particularly the
young and elderly people. The high pathogenicity of this organismués to the
production of two types of shiga toxin (stx1 and stx2). In addition, the @masiable to

closely attach to the intestinal cell lining via a Type Jettan system. The infectious
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dose ofE.coli 1157:H7 may be as low as a 100 cells. Outbreal&s. abli O157:H7 have
occurred in ground or emulsified meat products such as hamburgersusagesaand
juices such as apple cider and carrot juice. In many cases, ésthveee linked tcE.

coli being present in irrigation water serving as a reservoir for the organism.

2.3.2 Listeria monocytogenes

L. monocytogeness a unique organism amongst foodborne pathogens. It can
grow at refrigeration temperatures, at relatively low pH, abhdow water activities.
Moreover, it is able to enter the host cells, grow inside the,&@lld pass across cellular
barriers to nearby cells. Listeriosis results in septigeaiten leading to meningitis
especially in immunocompromised individuals. In additibnmonocytogenesan cause
stillbirth or abortion in pregnant women. The relative ease afsmission ofL.
monocytogeness due to its ability to survive and grow in soil and water araking
carried asymptomatically in the feces of humans. Foods that hawealssociated with
listeriosis are cheese, fish, raw milk, deli salad, hot dags,cream, cook-and-chill
chicken, salted mushroom, and others. Ready-to-eat foods in the USAahze
tolerance level forL. monocytogenesA particular problem is that even though
monocytogenesan be controlled by pasteurization, contamination often occurs post-
processing due to the ability of the organism to reside in procesguigment resisting

traditional remediation procedures by forming biofilms.
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2.4  Emulsions as Carrier for Functional Compounds.

2.4.1 General Overview

In recent years, emulsions have received much attention as galistems for
functional components such as antioxidants, flavors and nutraceuticatsue eénigh
quality and provide good nutrition. Ingredients that have been sfidbgsscorporated
in emulsions include vitamins, probiotics, bioactive peptides, antioxidamdsbioactive
lipids. While not a lot of research has been conducted to incorpamétaicrobials in
emulsions, the antimicrobial activity of some preservatives ppozated within emulsion
systems were reported to be greater than that of free priegeradded simply to the
water phase [21, 100]. Generally, the effectiveness of functionala@omdp may be
limited by their ability to maintain their activity under condrts of processing, storage,
and digestion [101, 102]. Emulsions may allow these compounds to be delivexed
controlled fashion and maintain their activity during processingcved a prolonged

period of storage [101, 103]

Based on the previously mentioned structural diversity of emulsiomsisions
can be engineered to carry and deliver a wide variety ofsiveompounds. Here, the
characteristics of the colloidal systems play a key role taraening the functionality of
the emulsion as a carrier system. Typically, in O/W emulsitesfunctional component
is included in the hydrophobic dispersed phase, which allows the compound to be
homogeneously distributed through the aqueous phase of the food systemtidm aoldi
incorporation on conventional emulsions, the design of multiple emulsions (Oilt4erWa

in-Oil O/W/O, and Water-in-Oil-in-Water W/O/W), multilay emulsions, solid lipid
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(nano)particles, and filled hydrogel particles offers renesygabrtunities to engineer the
release of encapsulated compounds and improve their stability inecofiopld systems
[101, 103]. Ultimately, the goal of this study is to design ermonl$o be appropriate

carrier systems for lipid based or amphiphilic antimicrobials.

2.4.2 Emulsions with Functional Components in the iBpersed Phase

In many cases, functional components are mixed with the dispersed fiha
improve the dispersability of the typically water-insoluble functicc@mponents in a
water phase. For example, O/W emulsions are able to encapsulate hydrdphcimnal
compounds in the oil droplets using the interfacial layer as a puatduarrier. . For
instance,w-3fatty acid have been successfully encapsulated and incorponated/M
food emulsions including ice cream, and meat patties [104, 105].héather hand,
hydrophilic compounds could be encapsulated in water droplets of W/Oiensul$he
lipid nature of the continuous phase could lead to a reduction in the batitgilaf
reactive oxygen species since the solubility of oxygen in aibmparatively low. For
hydrophilic functional compounds such as minerals, vitamins, enzymes, ptidepge
W/O/W systems have shown to be promising candidates to éhtzap components in
the inner water phase and thereby creative an effective pootesystem. Multiple
emulsions also allow for fine control of release aroma and flamopounds [106, 107],
-carotene [108]mw-3 fatty acids [109], and vitamin B [110, 111]. Unfortunately, the
production of these multiple emulsions remains difficult as multipistability
mechanisms such as creaming, flocculation, coalescence, amaldsipening may

occur in each of the dispersion phases. Thus a key point that remainsnnedégation
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is the ability to prepare W/O/W emulsion that have a prolongabilisy [112, 113].
Finally, emulsions have also been used as base systems for thetiprodfipowders

containing functional components with the convenience of ease of transport agd.stora

2.4.3 Emulsions with Functional Components in theriterface

In addition to delivering functional components in the lipid phase, functional
components may also be incorporated in the interfacial layer aihatsiens [25, 103].
While the total concentration of components may be low in this deseptmponents are
present at the interface where reactions and mass transpogsgge occur. Thus they
may have enhanced functionalities when adsorbed at interfaces. Moreyreuelttlayer
systems have been created that consists of multiple layemsngonents adsorbed to the
surface of the emulsion droplets [25, 103]. These systems can bedcbgathoosing
appropriate emulsifiers to form single and mixed surfactamtréafollowed by addition
of compounds that adsorb on the surfactant layer (e.g. via electrostaactive
interactions). This allows for droplet-droplet interactions to beneeged and for release
of compounds to be controlled. Research has shown that this approactexsifgrle
suitable to improve the stability of emulsions to lipid oxidation dontrolling the
concentration of transition metals such as iron near the lipid pliaseexample,
positively charged interfacial layers may exhibit sufiitigepulsive interactions to
prevent the transition metals from approaching the lipid phase aalyzing the lipid
oxidation [114]. An example of suitable emulsifiers to achieve #nés the use of
proteins such ag-lactoglubulin at a pH below that of the isoelectric point ofgdiaein

where the protein contains predominantly positive charges and maythepebn from

33



the surface of the oil droplets [115, 116]. Other potential applicabnswltilayer
formation (beyond the use in emulsions) includes the incorporation @é axtitures in
yogurt by immobilization probiotic cultures in whey protein-basgdy-dried capsules
that are able to better survive the passage through gastriatestinial juices compared

to the ability of free cells [117].

o/W W/0/W Oo/W

OO 0O
O O
09 0| |p0

Conventional Multiple Multilayer
emulsion emulsion emulsion
Figure 2.6 lllustration of the principal types of emulsions that can be fabricated.

2.4.3 Control of Functionality of Emulsions as Carier Systems

The ability of emulsions to act as carriers for functional ponents depends on
the emulsion physicochemical properties. Of these droplet coatientrloading and
droplet size are of key importance. For example, encapsulationipophilic
nutraceuticals in small emulsions droplets has shown to enhancesigtaon of the
nutraceuticals either by adsorbing to the gastro-intestinalswhireby prolonging

residence time or by improving the uptake by the intestinal epithelium [101, 118]
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2.5 Conclusions

In conclusion, emulsions are extremely promising systems to délimetional
ingredients. As such, they may have substantial potential asersaror food
antimicrobials. In this case, the challenge is to create delsyestems which efficiently
allow for optimal interaction with target pathogens. The objectiVethis study is
therefore addresses this research need. We hypothesize tham wélwence the ability
of the emulsion to control the growth of pathogens by incorporatirigniarmbials in
both the lipid phase and the interfacial layer and by carefuligineering the
physicochemical properties of the emulsion droplets (i.e. surfeerge and composition,

droplet size, concentration and loading).
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CHAPTER 3

MATERIALS AND METHODS

3.1 Materials

Mirenat-N, a cationic surfactant (10.5% of odNauroyl-L-arginine ethyl ester
monohydrochloride, LAE in propylene glycol) was obtained from Group ilsam
(Terrassa Spain). Eugenol (4-allyl-2-methoxyphenol), Tween20; somonsurfactant
(polyoxyethylene 20 sorbitan monolaurate) and corn oil were purchased Sigma
Chemical Co. (St. Louis, MO). All solutions were prepared with [sidtiand deionized
water. Tryptic Soy Broth (TSB), Tryptic Soy Agar (TSAhdaYeast extract (YE) were
purchased from Difco Laboratories, Sparks, MD. Five diffekemhonocytogenestrains
were obtained from Martin Weidmann culture collection at Cornalvérsity (J1-225,
J2-020, J1-031, C1-115 and J1-1177). Four strairts. @oli O157:H7 were purchased
from ATCC (ATCC35150, ATCC4385, ATCC51658, and ATCC700599). Bacterial
cultures were stored at -75° in TSB Ercoliand TSB-YE for.. monocytogenesvith

5% glycerol.

3.2. Methods

3.2.1 Formation of Emulsions

All stock emulsions were produced by blending aqueous surfactant sodution
oil in a high-speed blender 30 seconds. The premix was then further éwizexy by
passing it through a microfluidizer at a homogenization presaired.5 kPa.

(Microfluidics 110 L, Microfluidics Corp., Newton, MA, USA). The pH wadjusted

36



using HCI or NaOH. All emulsions were produced at room temperaid stored at 20°

or 32°c.

3.2.2 Physicochemical Characterization

Surface/Interfacial Tensiometrylo characterize the interfacial properties of

emulsion droplets, the surface tension was measured at the eil-wtdrface upon
addition of the antimicrobial and stabilizing surfactants (e.g.em20). A drop shape
analysis tensiometer (Model DSA-G10 MK2, Kruss USA, Charlotte) N&s used to
determine surface tension as a function of surfactant concentutieither the single
surfactants or the binary mixtures. The tensiometer deterrtiiresurface tension from
the shape of pendant drops through numerical analysis. Experimeniitdiped surface
tension versus concentration data was used to compare CMC resHistitay models
that predict the CMC as a function of the concentration of darfee in the binary

surfactant mixture.

Particle Size Distribution Analysiéigure 3.1). The z-average particle diameter

and polydispersity index was determined using a Dynamic LighttSng (DLS)
technique (Zetasizer Nano ZS, model ZEN 3600, Malvern InstrumentseMalUK).
The instruments incorporates a non-invasive back scatter (NIBS$ tpgicmeasures the
scattered light at an angle of 173° to maximize the detectiorwatfesed light while
maintaining signal quality. The hydrodynamic radius of pasictecalculated from the
diffusion coefficient of particles that is determined from theerfierence pattern of

scattered light.
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Figure 3.1  Schematic diagram of a conventional 90° dynamic light scattering

instrument used for particle size analysis [119]

~Potential Measurementhe electrical charge (Zeta potential) on the surface of

emulsion droplets was determined using an electrophoretic technigheavapecial
folded capillary cell (Zetasizer Nano ZS, model ZEN 3600, Malviestruments,
Malvern, UK). A small amount of sample was diluted into buffethatappropriate pH.

An oscillating electric field was applied across the disperaimhthe zeta-potential was
then determined from the velocity of the droplets migrating tdwie oppositely
charged electrodd-{gure 3.2). Generally, the surface charge of droplets mainly depends
on the charge of the adsorbed emulsifier molecules as wélleasH and presence of
electrolytes in the aqueous phase. It is one of the key factodetieatmined the nature of
the colloidal interactions between the emulsion droplets and othegyechapecies and
has a major effect on the stability of droplets and the rhealbdiehavior of the

emulsion.
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Figure 3.2.  Schematic representation of zeta-potential [120]

Creaming velocity measurement§-igure 3.3). Emulsion samples were

transferred into a test tube (with a 15 mm internal diameté®. tdtal height of the
emulsions in the tubes was 7.00 cm. The test tubes were tigHty sath a plastic cap,
and then left to stand at 32°C or at room temperature. The creaafigysof emulsion
was monitored by measuring the backscattering of monochrongttic@li = 850 nm.)
from an emulsion as function of its height (Turbiscan Classic MA 2B6finulaction,
France). The backscattering of light from the emulsion wassuned 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 ogpeosNikon

microscope Eclipse E-400, Nikon Corporation, Japan). The images of thetsraple
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acquired using a CCD camera (C-300T-RC, DagMT]I., Michigan City, IN) coinected
to Digital Image Processing Software (MVI/MicroVmdnstruments Inc., Avon, MA
installed on computer. Emulsions were agitated tast tube before analysis. A drog

emulsion was placed between icroscope slide and cover slip and images \taken.

1/ Positionning
Fositionnement

@ (—
——

Figure 3.3  Photograph oTurbiscan and Schematic scan mod@lee Turbiscan M#
2000 reads transmission and backscattering datay ed@m while

reading head move along tcell height [121].

3.2.3 Microbial Protocols

Bacterial cultures Bacterial cultures were stored at-75ifCTryptic Soy Brotl

TSB with 5% glycerol. Working cultures were maimia on slants TSA fcE. coli and
TSA-YE for L. monocytogen: stored at 4°CPrior to each experiment, Two cycles ¢
loopful of theE. colislant culture was transferred to TSL. monocytogeneto TSB-YE,

added 0.6% yeast extract), incubated at 32°C fh!

Spot Inoculation Ass.. Petri dishes were prepared by adding ml of the

emulsion diluted to the desired antimicrd concentration in 10nl of 45-50°C double
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strain TSA-YE. Control plates with water were prepared. The &iehes were dried and
added 10l drops 24h. growth with a final concentration of GFU/mI. The Petri dishes

were incubated at 32°C for 24 h. All experiments were duplicated.

Growth curves.Bacterial cultures were maintained on slants stored at 4°C. A

loopful of the culture was transferred to Tryptic Soy Broth (8B E. coli O157:H7
and Tryptic Soy Broth supplemented with 0.6% of yeast extradt.fononocytogenes
and incubated at 32°C for 24 h. Prior to exposure to antimicrobials, ealchveas sub-
cultured in TSB for 24 h. Based on the MICs determined previouglythé above
described spot inoculation assay, the growth inhibition in the pres#naespecific
concentration of antimicrobial compounds in their emulsified formtested. Emulsions
with different ratios of antimicrobial agents were prepared ditdted to obtain
concentrations of the antimicrobial at the previously measurédl iNithe 9 ml broth.
Culture dilution and plating was performed using a spiral pléEpiral Biotech.
Norwood, Mass. Positive controls consisted of plating in the absenaetioficrobial.
Plates were enumerated at 0, 3, 6, 12, 24, and 48 h. All experimentsondreted with
duplicate samples of each treatment and the entire study was repl@ait@al plating is a
convenient method to determine the bacterial growth by depositingadany cell
number concentrations on a rotating agar plate (Archimedes spital).the sample has
been incubated, different colony densities are apparent on the sofftloe plate. A
modified counting grid is used to relate the area of the plateetealume of sample. By
counting an appropriate area on the plate, the number of bacteriangroam be

estimated [122].

41



CHAPTER 4
EMULSIONS AS ANTIMICROBIAL DELIVERY SYSTEMS: PART | . THE

ANTIMICROBIAL AS PART OF THE LIPID PHASE

4.1 Abstract

The stability and antimicrobial efficacy of oil-in-water esiohs formulated with
the phytophenol eugenol and other lipids was evaluated. Eugenol andHgdslecane,
dodecane, tetradecane or corn oil) were mixed at eugenol: lippd vairying from 0:1 to
1:0. Oil-in-water emulsions were prepared by homogenizing% eitthe lipid mixture
with 95 wt% of a 0.5 wt% aqueous solution of Tween 20. The parttedsstribution
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 meadinengbsorbance at
282 nm. Stable emulsions were tested for their antimicrobiitsgcagainst four strains
of E. coliO157:H7 and.. monocytogenessing a spot inoculation test and growth curves
by plate counting. Formulation of oil-in-water emulsions was foundetohallenging as
emulsions composed of phytophenols above a critical loading ratio brokeiddess
than 1 hour. The appreciable water solubility of the antimicrobiatsnpted rapid
breakdown by Ostwald ripening. Below this critical concentratiate of emulsion
particle size increase varied depending on type of carrier dipal concentration of
eugenol. Corn-oil emulsions loaded with eugenol were inhibitory ag&nstoli
0157:H7 andL. monocytogenestrains depending on loading ratio. Direct addition of
eugenol to the aqueous at concentrations similar to the lowest loaddsioah was
inhibitory against all strains of both pathogens. Results suggesidinaty of eugenol-

loaded emulsions depends on partitioning of eugenol in the water pHesetihan direct
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interaction between emulsion droplets and pathogens. Results have important
implications for formulation of antimicrobial emulsions or partitionwighydrophobic

antimicrobials into available lipid phases in foods.

4.2 Introduction

Phytophenols such as eugenol, carvacrol, and thymol are phenolic conspoine
essential oils that may exhibit antimicrobial activity [123]. &ugl is a partially
hydrophobic compound of low molecular weight that is able to reducgrtveth of
pathogens in food systems thereby improving microbial safety optbeéuct [124].
Emulsions are an important class of food products that are defirt@spassions of two
or more partially or completely immiscible liquids in each other. oil-in-water [125].
Emulsions have been used as carrier systems for flavors, antitsxidad other
functional ingredients. Emulsions could therefore be a promising caystem for
phytophenols such as eugenol, thymol, carvarol, cinnamic aldehyde andesdbatial
oil components. They may simultaneously provide an insight into the rherdal

mechanisms that govern the activity of phytophenols in lipid-containing foods.

Emulsions are thermodynamically unstable systems that tdm@a®& down over
time [126],[125]. Destabilization of emulsions is driven by the ¢gieg of the system to
minimize the interfacial area between the dispersed and thenwons medium in order
to decrease the unfavorable interactions between the differentuteslg127]. Several
different mechanisms may be involved in the break-down of emulsiohsdimg
flocculation, gravitational separation, coalescence, creaming, pinasesion, and

Ostwald ripening [126], [128]. Ostwald ripening is defined as thelugdagrowth of
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larger particle at the expense of small ones and is of partioyertance for emulsions
containing lipids with appreciable water solubility (e.g. flavdi27], [128], [129].

These often small molecular weight compounds rapidly partition inferelift phases
that may be present in the food matrix depending on their affindveartl these phases

[130], [131].

In oil-in-water emulsions, the kinetics of Ostwald ripening deiseon the
diffusion of the oil molecules across the aqueous phase separatpigtsirdhus, the
Ostwald ripening rate generally increases with increasohgpility of the oil phase in the
water phase, [132], [126], [133], [134], [135]. Ostwald ripening has sisxwn to
increase in emulsions that contain excess surfactant, werdesiican serve as carrier
vehicles. One On the other hand, emulsions possessing a thick iatenfi@enbrane
resistant to molecular transport and deformation [134], [136], [13%¢ faown to
exhibit lower rates of Ostwald ripening. The properties of therfadal layer
surrounding the oil droplet can be manipulated by changing the comppsitickness,
rheology and electrical charge of the emulsifier membrane [13&je Mnhportantly, rates
of increase in droplet size due to Ostwald ripening may be suladiyanmeduced if
emulsions are formulated with a second (carrier) lipid [137]. & ¢hse, compositional
ripening may occur rather than Ostwald ripening resultingaghaamge in composition of

the individual droplets rather than their size.

Little is known about the antimicrobial activity of emulsions cantej different
concentrations of phytophenols. Marinating is a technique that has segmuhe meat
industry to enrich flavor, increase moisture and tenderness andveresdor has also

been known to increase shelf life of products [138],[139] Marinadestygically
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emulsions containing salt, sugars, spices, stabilizers (gums) reimticeobial agents
(sorbate or benzoates). The pH is usually acidic, less than 5 [f38hny cases, spices
and their extracts are added to the marinate not just to irflpadr but also as a
preservation technique contributing to the long term microbial dtabilidifferent meat
products such as jerky [140], [141]. Amount of marinades are usuddigdaon meat

product at different concentrations varying from 20 to 30 wt%[139].

We hypothesize that emulsions composed of antimicrobially-actsengal oil
components may rapidly increase in size because of appreciatde swdubility of
antimicrobials. Consequently, formulation of such emulsions could bkemtiag.
Combination with less water-soluble lipids may help stabilizeglsmulsions. Secondly,
we hypothesize that the antimicrobial activity of phytophenol loasi®disions may
depend on partitioning of the phytophenol in the solvent phase. Thus emulsibns wit
increasing loading ratios may exhibit higher antimicrobialvagt This study was
designed to test these two hypotheses by investigating thetiooedrequired to
formulate stable eugenol-containing oil-in-water emulsions ancestigating their

antimicrobial activity against selected food pathogens.

4.3 Materials and Methods

4.3.1 Materials

Eugenol (4-allyl-2-methoxyphenol), hexadecane (<99%), tetradeca@o}98-
dodecane, corn oil and Tween 20 (polyoxyethylene 20 sorbitan monolaurate)

purchased from Sigma Chemical Co. (St. Louis, MO) and used withouterfurt
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purification. All solutions were prepared with distilled and deionizetew Tryptic Soy
Broth (TSB), Tryptic Soy Agar (TSA), and Yeast extract (Mi@re purchased from

Difco Laboratories (Sparks, MD).

4.3.2 Bacterial Cultures

Four different L. monocytogenesstrains were obtained from the Martin
Weidmann culture collection at Cornell University (J1-225, J2-020, Gldrid J1-030).
In addition, four strains dt. coliO157:H7 were purchased from ATCC® (ATCC 35150,
ATCC 43895, ATCC 51658, and ATCC 700559). Bacterial cultures were stored at -75 °C
in 5% glycerol with Tryptic Soy Broth (TSB) fd&. coliO157:H7and Tryptic Soy Broth
Yeast Extract (TSBYE) forL. monocytogenegDifco Laboratories, Sparks, MD).
Working cultures were maintained on slants stored at 4°C. A loopflieofulture was
transferred to liquid media and incubated at 32°C for 24 hr. Prior to @epds

antimicrobials, each strain was sub-cultured in TSB for 24 hr.

4.3.3 Physicochemical Characterization

Preparation of Emulsions Containing Eugenbieen 20 was dispersed in water

at 0.5 % v/v to prepare the aqueous phase of the emulsion. The lipiccphasted of 5

% v/v of hydrocarbon (hexadecane, dodecane, or tetradecane) lysérea 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 irspd@gh
blender for 30 seconds to form an emulsion premix. The emulsion pveasixXurther

homogenized by passing the emulsion three times through a midizér at 9 kPa
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(Microfluidics 110L, Microfluidics Corp., Newton, MA, USA) to furtheeduce the

droplet size.

Particle SizeDetermination A static light scattering technique (Horiba LA-9000,
Horiba Instruments Inc., Irving, CA) was used to measure the dropdetlistribution of
emulsions. This technique measures the angular dependence diglasscattered by
the droplets in an emulsion. A relative refractive index of 1.1usad by the instrument
to calculate the droplet-size distributions. The mean droplet tkamkthe emulsions is
reported as the mean diameteg =X nid;, / Z n;, where nis the number of droplets with
diameter d The light scattering instrument used in this study could detetitipa with
diameters between 0.04 to 268, 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 ancard®devas
determined spectrophotometrically (Shimitzu UV-2101PC, Shimitdzu nfiote
Intrument Inc., Columbia, MD, USA) by measuring the absorbance inegmective
phase at 282 nm after equilibration for a minimum of 48 hours. Due tonpeesdé
interfering compounds in commercial corn oil (e.g. tocopherols), cdriwas first
stripped of its minor polar components using column chromatography akithina
(Al03; modified from Wang et al48). The partition coefficienK of the lipophilic
antimicrobial was determined by dividing the equilibrium concentratfadhe compound
in the oil phase&, by the equilibrium concentration of the compound in the water phase

Cu-
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4.3.4 Antimicrobial Test Protocols

Emulsion Preparation for Antimicrobial Assays. 10% oil-in-water emulsion
was prepared by homogenizing 90% of a 1% aqueous surfactant solutidkOwWiv/v of
a lipid mixture containing corn oil or corn oil mixed with eugenddifferent ratios (9:1,
7:3, and 5:5). As previously described, the lipid-surfactant solutioturesxwas blended
in high-speed blender for 30 seconds to form a premix and the emulsioix pras then
further homogenized by passing the emulsion three times througtrafloidizer at 9
kPa (Microfluidics 110L, Microfluidics Corp., Newton, MA, USA) to foer reduce the
particle size. Emulsions were filtered sterilized using a Qu#b polyethersulfone
membrane filters (PuradiS¢ 25, Whatmafi Inc. Florham Park, NJ ). After filter
sterilization, emulsions were diluted with sterile water toawbt 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 emulsioraion,
samples were incubated at 32°C for 24h. Emulsions prepared under ctediéons

showed no growth.

Spot Inoculation AssayBacterial cultures were maintained on slants stored at

4°C. A loopful of the culture was transferred to Tryptic Soy Bi@8B) for E. coli
0157:H7 and Tryptic Soy Broth Yeast Extract (TSB-YE) for monocytogenesand
incubated at 32°C for 24 hr. Prior to exposure to antimicrobials, esh stas sub-

cultured in liquid media for 24 hr. Petri dishes were prepared by adding of the
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emulsion previously diluted to the desired antimicrobial concentratid@@rnm at 50°C of
double strain Tryptic Soy Agar with 0.6% of yeast extract. Comtietes with only the
surfactant and without both surfactant and eugenol were prepared. etinediBhes
containing were dried over night at 32°C andul@rops of the inoculums were plated to
give a final concentration of 10CFU/mI. Eugenol and pure micelles were used as
control. The Petri dishes were incubated at32°C for 24h. All expatswere duplicated

and replicated.

Growth Curves.Bacterial cultures were maintained on slants stored at 4°C. A

loopful of the culture was transferred to Tryptic Soy Broth (8B E. coli O157:H7
and Tryptic Soy Broth supplemented with 0.6% of yeast extradt.fenonocytogenes
and incubated at 32°C for 24h. Prior to exposure to antimicrobials, gachwas sub-
cultured in TSB for 24 hr. After MIC determination by spot inoculatijeee above),
inhibition of growth in the presence of a specific concentration gemal (0.01%)
present in emulsions was tested. Emulsions were prepared abalabove. Emulsions
with different ratios of corn oil and eugenol (9:1, 7:3 and 5:5) were meé@and diluted
to obtain a eugenol concentration of 0.01% in the plate. Culture dilutioplatiy was
performed using a spiral plater (Spiral Biotech. Norwood, Mass).r@srtonsisted of
eugenol simply dispersed in water, corn oil emulsions without eugenolewgehol
dispersed in 1% of ethanol. All experiments were conducted with dtglgamples of

each treatment and the entire study was replicated.
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4.4 Results

Partition Coefficient The partition coefficient of eugenol was determined in the

various lipids by analyzing their concentration in the oil and theemphases after
equilibrium was reached. The partition coefficients between ail water were
calculated as 15 * 1 in hexadecane/water, 11 + 3 in tetradectare/®h + 5 in
dodecane/water,. Partitioning experiment of eugenol in hexadecamateawithat for
every 20 molecules of eugenol in the lipid there was one in wiberresults confirm
that eugenol has an appreciable affinity towards water thay contribute to
destabilization of pure eugenol emulsions by Ostwald ripening {gk®v). Partition

coefficient of eugenol in stripped corn oil was 51.11 + 2.

Particle Diameter and Ostwald Ripening Rat@&article size distributions of

emulsions composed of the different lipids containing various concentratiasgenol

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 comtiemrof eugenol.
Particle size of an emulsion without eugenol at time zero usixadeeane (0.246m),
tetradecane (0.17Zm), dodecane (0.1)6m), and corn oil (0.28m) increased to 0.26m,

0.30 um, 0.60um, and 0.29um after 504 hours (21 days) of storage at 20 = 2 °C,
respectively. Ostwald ripening rates were calculated fronmeben droplet diameter data

as a function of time as

W= (d _tdo) )
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Table 4.1shows the patrticle size of a 1:1 lipid-eugenol emulsions asctidn 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 drdipleteter with time
decreased with increasing alkane chain, e.g. dodecane > teimade hexadecane, corn
oil. Interestingly, loading emulsions with eugenol below a critioaicentration reduced
Ostwald ripening rates for emulsions composed of alkanes withHesnaditane chain
lengths such as tetradecane and dodecane. For example, Ostwaldgripates of
dodecane and tetradecane emulsions decreased by nearly twaslogsgenol was
introduced into these emulsions. Mean droplet size of emulsions contamingoil,
hexadecane remained unchanged over 21 days of storage. Howewuatidh&roplet
diameter of emulsions manufactured under the same homogenization arenditi
containing eugenol and a carrier lipid was larger than the drdigleteter of emulsions

composed of only the carrier lipid.

Above a certain critical loading ratio, the emulsion becamedisagwithin
seconds) unstable and phase separation occurred. The specific migendl and lipid
at which destabilization occurred was referred to as thieadrlbading ratio or CR i.e.
emulsions carrying less eugenol than the CR were stable weldsions carrying
eugenol above the CR were unstable. Emulsions composed of eugenol onlgatdegd

manufactured at all able 4.2shows the CRs for the different oils and ratios.

Depending on the hydrocarbon solubility, the critical ratio varied.ebade and
hexadecane were stable up to a ratio of 60:40 (eugenol: hydroc&igong 4.1: 1A,
1B, 1C and 1D shows the particle size distribution over time. indid all alkanes and

corn oil, are mixed with eugenol at a ratio 40:60 alkane: eugenol. Flgurshows
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hexadecane and eugenol used to demonstrate a slow Ostwald riggeiafier 264h (11
days). The size changes from 0.4® at time zero to 9.am after 264h. Figure 1B
shows tetradecane with eugenol to illustrate an example ohirataulsion breakdown
after time zero where larger particle formed. In figl®, dodecane and eugenol are
shown. In this case Ostwald ripening destabilization can be sexmah (2days). The
particle size change was of 5.8 after time zero to 12.\@m after 48h. Figure 1D,
shows corn oil and eugenol emulsions where no Ostwald ripening octersS5@fh

(21days) having a particle size of (b after time zero and 0.5{ih after 21 days..

Antimicrobial Efficiency.The antimicrobial efficacy of emulsions composed of

corn oil loaded with eugenol at three different loading ratios tgated using spot
inoculation. Each emulsion was diluted to get obtain a range ette# 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 inhibitedtig of E. coli
0157:H7 andL. monocytogenestrains. Emulsions formulated with high corn oll
concentrations and required higher overall concentrations of eugerma gystem than
emulsions carrying higher concentrations of eugenol. For example otoemulsions
formulated at a 9:1 ratio of corn oil: eugenol did not inhibit growthany of the eugenol
concentrations tested (0.01-0.5%). However, as the relative concenthgoigenol in
corn oil was increased,. coliO157:H7 strains were inhibited. Form the spot inoculation
assay, alL. monocytogenestrains were more resistant toward the emulsionsEhanli
0157:H7 strains. Eugenol simply dispersed in water at a coatientof 0.5% inhibited
growth of all organism and all strains excé&tcoli 0157:H7 ATCCE 700599 and..

monocytogened1031 which were inhibited at 0.1% of eugenol. For comparison, the
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effectiveness of eugenol in the presence of a solubilizer suethasol was tested as
well (data not shown). Eugenol dispersed in 1% ethanol inhibited growkh obli
0O157:H7 andL. monocytogeneat 0.1%. It should be noted that the solubilizer (1%
ethanol) did not contribute to the inhibition, i.e. ethanol did not inhibit grosfth

pathogens at the 1% level.

Based on the eugenol spot inoculation results, a concentration of 0.1% wobleuge
in corn oil emulsions was selected for growth over time studiles. emulsions were
prepared at the three different loading ratios of corn oil: eugembMdiluted until a final
concentration of eugenol of 0.1% was obtainéidure 4.2: 2 A and 2 B shows the
growth curves of the most resistant (ATC85150) and most sensitive (ATEZ00599)
strain of E. coli O157:H7 whileFigure 4.3: 3A and 3B show the growth curves of the
most resistant (J1225) and most sensitive (J1031) strain wionocytogene<. coli
0O157:H7 was grown in TSB and monocytogenewas grown in TSB YE as positive
controls. Emulsions without inoculation were used as controls to aslatethe
emulsions were not contaminated after preparation and filtrationingtance, at a corn
oil: eugenol ratio of 9:1, the corn oil concentration was 0.9% while ethgenol
concentration was 0.1%. At a corn oil: eugenol ratio of 7:3, the corrondentration
was 0.233% and eugenol concentration was 0.1%, and for a ratio of 5:5 ohel:1, t
concentrations for both were 0.1%Figure 4.2 and 4.3demonstrate that after 48h
eugenol dispersed in water had a bactericidal effect againstshmains of E. coli
0157:H7andL. monocytogenesE. coli 0157:H7 ATCC 35150 was reduced below
detectable levels after 6tFigure4.2: 2A and 2B indicate that the amount of corn oil in

the emulsions plays a critical role in the antimicrobialceffy of the emulsions against
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E. coliO157:H7. The more corn oil is present in the system, the |l&ss #te eugenol
becomes. The 1:1 corn oil: eugenol emulsions were more active fdlld®yethe
emulsions composed of a 7:3 ratio. The corn oil emulsions composed of ai®:did

not show any antimicrobial activity. Emulsions were least #@ffec against L.
monocytogeneshowing almost no antimicrobial activitifziQure 4.3). However, the lag
phase oL.. monocytogene31031 (Figure 3B) was delayed. This effect was dependent on
the corn oil concentration in the emulsion. As the corn oil condemtravas decreased,
the lag phase was increased. In gendfalcoli O157:H7 was more sensitive against

emulsions and eugenol thanmonocytogenes.

4.5 DISCUSSION

Emulsion Stability. The objective of this research was to create stable

phytophenol-containing emulsions that exhibit antimicrobial activitgefol has shown

to exhibit strong antimicrobial activity against foodborne pathogen$ aslL.
monocytogeneand E. coli O157:H7. However, eugenol is a small molecular weight,
partially hydrophilic essential oil component with appreciable mwatdubility (0.01%
(Merk Index) Formulation of emulsions with flavor compounds of similar solubility and
molecular weight as eugenol has previously been shown to be challesyi@gtwald
ripening, the growth of larger droplets at the expense of snmaikes, may proceed very
rapidly and lead to a breakdown of the emulsions[129, 135, 143], [144, 145]. Fimilar
this study we found that homogenization of eugenol with Tween 20 did ndt oes
formation of a stable emulsions. Different methodologies have beggested to
decrease Ostwald ripening rates. These include for examaleg the emulsion droplet

with a thicker layer by electrostatically depositioning eoselary biopolymer around the
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emulsion droplet [135], changing the emulsifier to form a thic&gen surrounding the
droplet [131], and eliminating solubility-enhancing compounds such as etli2&)ldr

micelles [125], [146]

In this study, emulsions were instead prepared by addingiardgid to eugenol
to decrease the rate of Ostwald ripening. It has been sudgdste in binary lipid
mixtures compositional ripening rather than Ostwald ripening ocdc@iosnpositional
ripening is the gradual change in composition of droplets with diffeseags. For
example, the compound with the higher water solubility tends to taignaough the

agueous phase from smaller into larger droplets [132]:

o=¢lo+e,lo, (3)

where is the Ostwald ripening rate of component 1 and 2 @igdthe molar

fraction of component 1 and 2.

In binary lipid emulsions, growth of droplets by Ostwald ripeningagerned by
the compound with the lowest water solubility. The bulk lipids usedim gtudy as
carrier lipid consisted of alkanes with varying chain lengt 2, C14 and C16) and
corn oil. Addition of any of these lipids to eugenol above a criioatentration resulted
in emulsions with a mean particle diameter that remained Wrtuachanged over the
504 h of storage. Interestingly, growth of dodecane-eugenol emulsesslso slower

than growth of dodecane emulsions.

Above a critical concentration, emulsions formulated with the calipal and

eugenol destabilized within a matter of minutes. This criticateotmation depended on
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the carrier lipid used to formulate the emulsions. We hypothélsaethe partitioning
coefficient of eugenol between the aqueous phase and the carriemfipghce this
process. This is because the concentration of eugenol in the aqueous pghelke, w
governs Ostwald ripening, depends on the partitioning of eugenol frorentkision
droplet into the aqueous phase unless that concentration exceeds thiysofudailgenol

in which case the concentration is equal to the solubility. Howéeecompounds that
are substantially water soluble, the solubility in the agqueous phagenat have been
reached and the effective concentration driving Ostwald ripenitigus a function of the
initial concentration of eugenol used to formulate the emulsions and thgoping

coefficient.

We therefore determined the partition coefficients betweenipice dnd water
phase. Partitioning coefficients of eugenol between lipids and the plaése ranged
between 11 and 31. Huang et al. (1997) [130] reported the partitioning =oeffiof
several hydrophilic and lipophilic antioxidants. Partition coeffigeloétween oil (corn
oil) and water were reported as 23.4 for methyl carnosate, 18sch and 10.2 for

carnosic acid.

Our results also show that the higher molecular weights of th#heimore stable
the emulsion became with corn oil being the most stable emulsalwvéd by
hexadecane, tetradecane and dodecane. Egger and McGrath (2006) [125] Hellow t
destabilization of oil-in-water emulsions prepared with watalane/Triton X-100 as a
function of time to determine the influence of the oil moleculagkteon the mechanism

of destabilization. By increasing the chain length of thdroilh hexane to tetradecane,
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they found an almost five orders of magnitude increase in emulsamiitgt while

maintaining all other chemical and physical aspects of the emulsions.

Emulsions are required to have a long shelf life. Our resufigesti that stable
emulsions can be produced that carry a phytophenolic antimicrobparasf the lipid
droplet. Oswald ripening, the major problem of destabilization of emulsions
composed of aromatic compounds can be avoided by formulating the emuigiorzs
water-insoluble lipid carrier. However, the affinity of the garlipid for the phytophenol
will influence the maximum concentration of phytophenol that can b@pocated into

the emulsion.

Antimicrobial activity of emulsionsThe most stable emulsion was the one

prepared with corn oil. Moreover, corn oil is a good example obd firade emulsion.
Hence, corn oil emulsions were selected to evaluate the antinaiceflicacy at different
loading ratios. Eugenol, an essential oil component extracted from[tk¥g [148]. has
been shown to inhibit. monocytogenefl49] andE. coli O157:H7 [149], [150] at
concentrations ranging from 0.05-0.1% [10]. Since eugenol is spasalyple in water,
researchers regularly use ethanol [147] or emulsifiers [151] perdis 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 insteadorirte cases, at
sufficiently high emulsifier concentrations, inclusion of eugenomicelles may occur
which aids in the transport mechanism of these compounds through drephase quite
to the bacterial surface [143]. To date, only a few studies have dm&lucted using
emulsions as essential oil component delivery systems. A numbertudfess

demonstrated the antimicrobial efficiency of a variety of nates in meat products
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[139], [140], [138]. For example, the antimicrobial efficiency of pieeleaf oil and
clove oleroresins in marinades was reported. Authors statedithd.&wt% of pimento
leaf oil or clove oleoresin, growth éfseudomonaswvas inhibited and yeast counts were
significantly reduced [138]. In our study, we found that eugenol eomgdswith 0.1% of

eugenol were more efficient agaistcoliO157:H7 tharL.. monocytogenes.

Results indicate that the level of corn oil in the oil phase inflas the activity of
emulsions. This suggests that antimicrobial efficiency of @onasis influenced by the
partitioning coefficient. While it is generally assumed thaeasal oil components have
a low solubility in water and have a high preference for hydrophobgeghar interfaces
[152], partitioning coefficients between 11 and 30 indicate that eugeasl an
appreciable affinity for the water phase. Consequently, with higheceatrations of
lipid in the emulsion, the concentration of eugenol (while constamieimyerall system)
will decrease in the aqueous phase. The results also suggebkethaahanism of action
of eugenol in emulsions is governed by the transport of eugenol througlgukbeus
phase to the bacterial surface rather than a direct intarastiemulsion droplets with
pathogens. In case of a direct interaction, the concentration of eygerdoplet should
be the determining factor. Clearly more studies need to be dohécida¢e the precise
mechanism of action. Inhibition studies using a membrane systdnthei emulsion on
one side of a membrane and the pathogens on the other side of theaneeodard give

more insights into the process.

Eugenol at 0.5% inhibited the growth of all strains testef. afoli 0157:H7 and
L. monocytogenesSince eugenol is not soluble in water, many research groups dispers

it in ethanol [153], [154]. In this study we dispersed eugenol in agdBeugenol in 1%
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of ethanol and the added to TSB. Our results showed that mixing ewgémathanol
decrease its activity. This could be due increased evaporation afotwgeen mixed

with ethanol, during incubation.

In summary, the stability and antimicrobial activity of eugeawiulsions were
evaluated. Eugenol-containing emulsions were formed by mixing treneligith other
hydrocarbons in the oil phase of the emulsion. Stability of emulsiassmproved when
the alkanes chain length or the molecular weight increased [143}. é&ugenol
inactivated or inhibited bacteria after 24h of exposure but at 48chvation occurred.
In generalL. monocytogenewas more resistant thdh coli O157:H7. Emulsions with
higher ratios of corn oil were less efficient than emulsionk witL:1 corn oil: eugenol
ratio. Results yield important new insights into the processé®tlear when eugenol is
used in the presence of another lipid phase. If emulsions arelynibalded with
antimicrobial, the concentration in the aqueous after partitioningganvern the overall
activity. If eugenol is in the aqueous phase and lipid emulsionsi@oeluced, eugenol
may partition into the lipid phase and activity would again be oted by the
equilibrium concentration of remaining eugenol in the water phase sitdg highlights
the importance of understanding fundamental physicochemical procegses

developing a preservation system in compositionally complex foods.
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Table 4.1. Mean particle diameter of emulsions without eugenol and emulsionsiloade
at a ratio of 1:1 and Ostwald ripening rates of emulsions.

Mean Particle Diameter m
Lipid ok @=Ad’t
3
m°/h
{=0h t=24h t=48h t=168h t=336h t=504h| MM
Corn oil- 042 042 043 040 039 042 2.05E-09
eugenol
Comn ol 028 029 029 027 028 029 1.28E-09
Hexadecane- | 443 34 (33 033 034 034 1.59E-09
eugenol
Hexadecane | 0.24 024 024 025 026  0.26 1.06E-08
Tetradecane- | oo 59 050 052 053 0.5 6.32E-08
eugenol
Tetradecane | 0.17 018 024 027 029  0.3( 4.54E-06
Dodecane- | o3 48 050 056 063 0.6 4.37E-06
eugenol
Dodecane | 0.16 030 032 053 054 0.6 1.70E-04
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Table 4.2. Critical loading ratios for emulsions containing eugenol and a carridr lipi

Critical Loading Ratio

E:.C E:H ET E:D
Ratio 1:0.43 | 1:0.66 11 1:0.66
Concentration 70:30 | 60:40| 50:50, 60:40
Mean Droplet Size um) 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 oE. coliO157:H7 and.. monocytogenesgainst eugenol —corn oil containing emulsions after

incubation for 24h at 32° C.

Emulsion Ratio (CO:E) MIC MIC
9:1 7:3 5:5 (%VIV) | (%VIV)
of 1% of 1%
MIC | %v/vdroplet | MIC | %v/vdroplet | MIC | %v/v droplet | Eugenol | Eugenol
(%v/v) | concentration | (%v/v) | concentration | (%v/v) | concentration | In Water | in 1%
Ethanol
®
QST%% >0.500 > 5.000 0.100 0.333 0.10D 0.200 0.500 0.1
®
c 4A;§5C >0.500 >5.000 0.100 0.333 0.100 0.200 0.50D 0.1
. ®
O157:H7 ’;L%%S >0.500 >5.000 0.100 0.333 0.100 0.200 0.500 0.1
®
’;g(%%g >0.500 >5.000 0.100 0.333 0.10D 0.200 0.100 0.1
J1225 >0.500 >5.000 0.200 0.667 0.20D 0.400 0.50D 0.1
L. J2020 >0.500 >5.000 0.200 0.667 0.200 0.400 0.10D 0.1
monocytogenes | 31031 >0.500 >5.000 0.200 0.667 0.20D 0.400 0.50D 0.1
C1115 >0.500 >5.000 0.200 0.667 0.20D 0.400 0.50D 0.1

00

00

00

00

00
00
00
00

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

CO=corn oil and E= eugenol.

62



Figure 4.1  Figure 1A, 1B, 1Cand 1D shows the patrticle size distributiontower In
figure 1 all alkanes and corn oil, are mixed with eugenol atia 48:60
alkane: eugenol. Figure 1A, shows hexadecane and eugenol used to
demonstrate a slow Ostwald ripening rate after 264h (11 daysyeFi@
shows tetradecane with eugenol to illustrate an example ofninsta
emulsion breakdown after time zero. In figure 1C, dodecane and eugenol
are shown. In this case Ostwald ripening destabilization can heaftee
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 (AT@&150) while Figure 2B shows the most sensitive
strain (ATCC 700599) ofE. coli O157:H7 against emulsions at different corn oil —eugenol ratioeditot 0.1% of
eugenol in the system.
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Figure 4.3. Figure 3A shows the growth curve of the resistant strain (J122%¢ Wigure 3B shows the most sensitive strain
(J1031) ofL. monocytogeneagainst emulsions at different corn oil —eugenol ratios diluted to 6fl&agenol in the

system.
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CHAPTER 5
EMULSIONS AS ANTIMICROBIAL DELIVERY SYSTEMS: PART | . THE

ANTIMICROBIAL AS PART OF THE INTERFACIAL PHASE

5.1 Abstract

Physical stability and antimicrobial activity of corn oil-ireter emulsion
formulated with lauric arginate, a cationic antimicrobial sudat; was evaluated.
Emulsions were produced by homogenizing corn oil with lauric arginate andémmr20
using a microfluidizer. Emulsions were formulated at pH valuegimgnfrom 4 to 7.
Particle size analysis, creaming index determination and opticabscopy was used to
assess stability of emulsions during storage. Minimum inhibitory concentréititv@3 of
emulsions against strains Bbcherichia coliO157:H7 and.isteria monocytogenesas
determined using a spot inoculation assay. Control emulsions formuldked@ween 20
as controls were stable and neither flocculation nor change ingavdraplet size was
observed during storage. Emulsions formulated with only lauric aegimatre rapidly
broke down after manufacturing at pH>5 i.e. the corn oil phase segdiam the
emulsion: Emulsions formulated with both lauric arginate and Tweeat 201:1 ratio
were stable to aggregation and coalescence even at plj.The droplet size of the
emulsion stabilized by the binary surfactant mixture remained 165 CAmotential
measurements suggested that the interfacial layer consistddnpnantly of lauric
arginate. Emulsions containing lauric arginate were both higfictive in inhibiting
growth of bothE. coli O157:H7andL. monocytogene®.g.the MIC of lauric arginate

againstt.coliwas 0.005%v/v and 0.0025%v/v for monocytogenes
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5.2 Introduction

Antimicrobials are often added to foods to improve their quality rar@tobial
safety. Antimicrobials are compounds that when added to a food imhilmiactivate
spoilage or pathogenic microorganisms [155]. Antimicrobials varytlgrea their
chemical properties, e.g. they may be hydrophilic, partigtigphilic and completely
hydrophobic [78, 156]. In many applications, the antimicrobials are jirdispersed in
the target system (sometimes with the help of a dispersieigtsaguch as alcohol or a
surfactants), with the result that the antimicrobial efficaciten dramatically decrease
compared to those observed in microbiological model system. Thigdause the
antimicrobials may partition from the water phase into hydrophpbases or interact
with interfering compounds reducing the interaction with targetranrganisms [91,
157]. In general, there is still a considerable lack of knowledg® the role that mass
transport processes resulting in an altered non-homogeneous dis#tialition plays in
the activity of antimicrobials although recent research has stegfjehat design of
encapsulation systems that provide for a more homogeneous distritoutie aqueous
phase of foods can improve the efficiency of antimicrobials. Theajahis study is to

evaluate the feasibility of using emulsions as potential carrier sygtegrantimicrobials.

Food emulsions are an important class of products that are widely used in the food
industry, e.g. to formulate products such as mayonnaise, salathgsespreads, soups
and others. Emulsions are liquid-liquid dispersions with one liquid besmgpidied in the
other in the form of droplets. The properties of emulsions arergiéyngoverned by both
the properties of the droplets such as droplet concentration, dropetrsiz droplet

interfacial composition and the properties of the continuous phase susk@sty, ionic
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strength and pH [45]. Of these properties, the droplet interfaces playajor role in
determining many bulk physicochemical and organoleptic properties ofefmotsions
[158]. For example, droplet-droplet interactions of importance to thesigatyand
chemical stability of the emulsion depend on the composition and wstuof the
interfacial membrane which in turn is controlled by the type amttentration of the
surface-active species present in the system [16, 29, 45, 159]. Wrhilsiens could
potentially be formulated as antimicrobial carrier systebys (a) including the
antimicrobial in the droplets or (b) using an antimicrobial thay mddsorb at the interface
of droplets, in the context of this study, we are focusing on fatmgl emulsions with

an antimicrobial at the interface.

Lauric arginate (Nx-lauroyl-L-arginine ethyl ester monohydrochloride; LAE),
commercially available as Mirenat®Nis a novel antimicrobial that has been Generally
Recognized as Safe (GRAS) by the FDA for use in a vagkfpods, due to it being
easily metabolized in the human body [14]. Lauric arginate has shove highly
effective against a great variety of microorganisms including lgoéim-positive and
gram-negative bacteria such &taphylococuus aureug93], Clostridium perfringens
[94], Listeria monocytogeneand Pseudomonas spf®5]. Its antimicrobial activity has
been attributed to its ability to insert and disrupt the nitegf bacterial cell walls
resulting in the inability of microorganisms to maintain homeast§$5]. Most
importantly, lauric arginate is a cationic surfactant, i.eag shown to lower surface and
interfacial tension upon addition and it self-assembles into a yafiettructures such as

micelles above a critical concentration. As such, we hypothesize thatdaginate could
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be used to stabilize emulsions and simultaneously induce antimiceativty in the

emulsion.

The objective of this study was to test this hypothesis bycttbrg oil-in-water
emulsions stabilized by lauric arginate and to test their I$yalaind antimicrobial
efficacy. Based on previous studies conducted in our lab, we also uset P@ - lauric
arginate mixtures to stabilize emulsions, since studies on thsicphystability of
dispersions of lauric arginate had shown that the compound may becsohgbie at

higher pH but remain soluble upon addition of Tween 20.

5.3 Materials and Methods

5.3.1 Materials

Mirenat-N® (10.5% of Ne-lauroyl-L-arginine ethyl ester monohydrochloride in
propylene glycol) was obtained from Grupo Lamirsa (Barcelona, Ssar&pain). Tween
20 (polyoxyethylene 20 sorbitan monolaurate) and corn oil were puctifrase Sigma
Chemical Co. (St. Louis, MO). All solutions were prepared with [sidtiand deionized
water. Tryptic Soy Broth (TSB), Tryptic Soy Agar (TSAhdaYeast extract (YE) were

purchased from Difco Laboratories (Sparks, MD).

5.3.2 Bacterial Cultures

Four different L. monocytogenesstrains were obtained from the Martin
Weidmann culture collection at Cornell University (J1-225, J2-020, J1-&3d,J1-

1177). Four strains oE.coli O157:H7 were purchased from ATCC (ATCC35150,
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ATCCA4385, ATCC51658, and ATCC700599). Bacterial cultures were stor@d°at in

TSB for E. coli O157:H7 and TSBYE foL. monocytogenewith 5% glycerol. Working
cultures were maintained on slants stored at 4°C. A loopful of thaewas transferred
to liquid media and incubated at 32°C for 24 hr. Prior to exposure toiargbials, each

strain was sub-cultured in TSB for 24 hr.

5.3.3 Physicochemical Characterization

Emulsion preparationFirst, solutions of single and binary surfactant systems
were prepared by dispersing the single or the two surfactamisfier (100 mM acetate
buffer) to obtain an overall surfactant concentration of 0.5% (v/v). Theybsuafactant
system consisted of a mixture of 0.25% of Tween20 and 0.25% of Langiitate. The
surfactant solution was then blended with 5% (v/v) of corn oil usimgltaspeed blender
(Warring, Inc. New Hartford, CT) to produce a coarse emulsion grérhird, the coarse
premix was then passed through a microfluidizer (Microfluidics 110/icrofluidics
Corp., Newton, MA, USA) at 9 kPa to produce a fine-disperse emulsidn maan
particle sizes of 150-200 nm. Finally, the pH of the emulsions wastad]to between 2
and 7 using HCI or NaOH. The emulsions were then stored at 32°Caamules

withdrawn for analysis in regular intervals.

Droplet size determinationThe z-average particle diameter and polydispersity

index was determine by using Dynamic Light Scattering (Ddi&yr (Zetasizer Nano ZS,
model ZEN 3600, Malvern Instruments, Malvern, UK). The instruments incGigsa
non-invasive back scatter (NIBS) optics that measures therscalight at an angle of

90° to maximize the detection of scattered light while maintaisiggal quality. The
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hydrodynamic radius of particles is calculated from the difusioefficient of particles

that is determined from the interference pattern of scattered light.

{-Potential MeasuremenfThe electrical chargel{potential) on the surface of

emulsion droplets was determined using an electrophoretic technigheavapecial
folded capillary cell (Zetasizer Nano ZS, model ZEN 3600, Malviestruments,
Malvern, UK). A small amount of sample was diluted into buffethatappropriate pH.
An oscillating electric field was applied across the disperammhthe zetapotential was
then determined from the velocity of the droplets migrating tdwie oppositely

charged electrode.

Creaming measurement&mulsion samples were transferred into a test tube
(with 15 mm internal diameter). The total height of the emulsiorike tubes was 7 cm.
Tubes were tightly sealed with a plastic cap, and then lstatad at 32°C. The creaming
stability of emulsion was monitored by measuring the backsicajtef monochromatic
light (\ = 850 nm) from the test tube as function of its height (Turhisglassic 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 ogpesNikon
microscope Eclipse E-400, Nikon Corporation, Japan). The images of thetsraple
acquired using a CCD camera (CCD-300T-RC, Dag-MT]I., Michigay ON) connected
to Digital Image Processing Software (MVI/MicroVideo Instents Inc., Avon, MA)
installed on computer. Emulsions were agitated in a test tubeekafalysis. A drop of

emulsion was placed between a microscope slide and cover slip and images evere tak
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Interfacial tensiometry To characterize the interfacial properties of emulsion

droplets, the surface tension was measured at the oil-watdaaeterpon addition of the
antimicrobial and stabilizing surfactant (e.g. Tween 20). A droppeshanalysis
tensiometer (Model DSA-G10 MK2, Kruss USA, Charlotte, NC) waiue determine
surface tension as a function of surfactant concentration of diairtgle surfactants or
the binary mixtures. The tensiometer determines the surfas®mtefrom the shape of
pendant drops through numerical analysis. Experimentally obtainedcsuténsion
versus concentration data was used to compare CMC results tmgexiwdels that
predict the CMC as a function of the concentration of surfactariteeibinary surfactant

mixture. The density of corn oil at 22°C was 0.9198 gicm

5.3.3 Antimicrobial Test Protocols

Emulsion preparation for antimicrobial assayEmulsions were prepared as

described above and filtered-sterilized using a Qi0polyethersulfone membrane filter
(Puradis” 25, Whatman® Inc. Florham Park, NJ). After filter sterilizatiemulsions
were diluted with sterile water to obtain a series of emulsemmaining oil droplet

concentrations of 0.005-0.500 % (v/v) per plate.

Spot Inoculation Assaylwo cycles of a loopful of th&. coli slant cultures was

transferred to TSBL({ monocytogene® TSB-YE, added 0.6% yeast extract), incubated
at 32°C for 24h before exposure to the antimicrobial emulsion. Petrsdisre prepared
by adding 2 ml of the emulsion diluted to the desired antimicrobialecaration in 20

ml of TSAYE. Control plates with water were prepared. Thei Bethes containing were

dried over night at 32°C and @l0drops of the inoculums were plated to give a final
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concentration of TOCFU/mI. The Petri dishes were incubated at 32°C for 24 h. All

experiments were replicated and duplicated.

5.4 Result and Discussion

Emulsion droplet sizeCorn oil-in-water emulsions were produced with three

different surfactant systems that are two single surfastgstems (0.5% v/v LAE and
0.5% v/v Tween 20) and one binary surfactant system consisting of 0.25%\k/and
0.25% v/v Tween 20. Emulsions manufactured with the three differdattant systems
had noticeably differences in z-average droplet diameter asi@idn of pH when
measured within 1 hour after manufacturifgg(re 5.2). At pH 2-5, the droplet size of
emulsions manufactured with 0.5 % v/v LAE was the lowest withtlesn 145 nm while
emulsions manufactured with Tween 20 or Tween 20 — LAE had sliigintygr droplets
I.e. &b Tween20-175 nm and gryeen20+.a=165 nm. This could be due to LAE (a) inducing
higher repulsive interaction forces between newly formed drogbetamore rapidly
covering newly formed droplet interfaces or (c) more strongtucing the interfacial
tension during the homogenization process. Based on the fact thatxéa system has
droplet sizes larger than that of pure LAE but smaller tharofffaire Tween 20 is a first
indication that the droplets are possibly being covered by both sanfsciAt pH>5,
emulsions formed with LAE in the had large droplet sizggaétht-5 > 500 nm) while
emulsions manufactured with Tween 20 system remained smhllzvéaterage droplet

sizes ranging between 165 and 185 nm.

Interfacial and surface tensio.o gain a better insight into the properties of the

interfacial layer in the presence of the surfactant systédmasjnterfacial tension was
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measured at a corn aMater interface and the surface tension was meastréheair-
water interface as a funcn of pH (Figure 5.3. LAE hadthe lowest the surface al
interfacial tensiorsuggesting that LA is possibly moresurface active than Twe 20.
LAE and Tween 20 differ greatly in their molecular petties. For example, LA has a
molecular weight of apprimately 421 g/moivhile Tween 20 has a molecular weight
1227 g/mol.The two molecules do not vary significantly in thieydrocarbon tail lengt
with both tails consisting of lauric ac however they differ greatly in their headgp

composition.

Cl NH,

a) b)

Figure 5.1 a) N-o-lauroy-L-arginine ethyl ester monohydrochloride (LA
Co0H41N4O3Cl: the active compound in Mirenat N [1) polyoxyethylene

(20) sorbitan monolaure (Tween20) GsH114026 [2]

Tween 20 consists of a large headgroup compospdlginerized ethyleneoxide

linked to the fatty acid by a sugar ohol while the lauric arginateeadgroup consist «
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simply arginine. Typically, surfactants with smaller headgrdugssimilar hydrophobic
chain length will absorb more rapidly at interfaces comparesuitiactants with larger
headgroup [31]. Both the interfacial and surface tension of Tw@ewontaining
surfaces or interfaces changed little with pH, but surfacesterfaces containing only
LAE were strongly influenced by the pHResults suggest that the surface activity of
LAE is strongly influenced by pH, making the environmental conditinriee emulsion

a key factor for the suitability of LAE as an emulsifier.

-Potential. While the determination of the interfacial and surface tensies@
first insight into the possible configuration at the droplet interfanterfacial tensiometry
is not completely representative of the situation encountered innthisiBed system.
This is firstly because the total surface area is mucledatys leading to a greater
decrease in the amount of surfactant adsorbed at interfaces, getoadensiometry is
done on a single, large droplet where curvatures are much sthatein emulsions
composed of fine disperse droplets. Therefore, to further elucitiateinterfacial
membrane composition in emulsions, dwpotential of emulsions stabilized by LAE,
Tween 20 or their mixtures was measured as a function ofFaiireé 5.4). Droplets
stabilized by lauric arginate were strongly positive wita z-potential being 52-63 mV,
but the surface charge decreased at pH>7 to below 35 mV. Emulsietdrstabilized
were slightly negative with z-potentials of -41+3 mV, which is good agreement with
values reported in the literature. In the mixed surfactantraystee zeta-potential was
between the measured for the Tween 20 — stabilized emulsions ananti&or
stabilized by LAE, i.e. z=+10 mV. Moreover, the surface chargiaplets stabilized by

the mixed surfactant system did not noticeably vary with pH.r&kelts suggest that the
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interface was indeed composed of both surfactants and that theceredefween 20
mediated the pH-dependent decrease typically observed in pure@mfBSions(Figure

5.5)

Emulsion StabilityThe stability of the emulsions during storage for up to 64 days

was determined by measuring the creaming profile of emulstonsdsin test tubes and
by taking photographic images of test tubes periodically duringttrage testHigure
5.6). Emulsions stabilized by Tween 20 were stable to coalescentey digt days of
storage at 32°C, e.g. the backscattering intensity measutieel test tubes containing the
emulsion remained constant during the storage period and photognayalgiesi of test
tubes suggest absence of a coalesced oil layer. However, emuisibitizged by lauric
arginate were unstable at pH 6 and 7, e.g. the emulsion creantedbagkscattering
intensities being greatly decreased due to the formation of antoateel emulsion
droplet layer and coalesced oil layer on the top of the test tumelsions composed of
the surfactant mixture were much more stable to creaming abeiscence then emulsion
stabilized by Tween 20 alone, that is backscattering intensitiese slightly lower but
remained constant during the storage time. It should be noted though pih¥ after 64

days of storage, some coalescence at the surface of the test tube eeadblwoti

The results further confirm that the ability of LAE to stataliemulsion is highly
pH dependent. At pH above 5, the repulsive interaction forces no louffierest to
prevent droplet coalescence. As a result, droplets rapidly ceatest cream. Similar
results have previously been reported with ionic emulsifiers [25]. ifstiance, in
emulsions were stabilization occurs predominantly by electrostapulsion, the

emulsion stability was found to strongly depend on the conditions ofi¢keim e.g. pH,
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ionic strength and temperature [25]. Moreover, droplet interfatzdslizsed by lauric
arginate have lower interfacial tensiorfsigire 5.3), which makes deformation and
merging of the interfaces of two droplets that have come ioge contact more likely
[27]. Table 5.1further shows the increase in droplet size at pH 6 and 7 in thasiemul
stabilized by LAE during the course of the storage. Tween 20 areeM\R0 — LAE
emulsions however were quite stable throughout the stability exp@smThe results
demonstrate that addition of Tween 20 can help improve the physibditystaf an

emulsions containing LAE.

Optical microscopyFigure 5.8 shows microscopy images of emulsions that were

manufactured with the three different surfactant systems a2 pH after 50 days of
storage. Emulsion droplets stabilized by only lauric arginate netieeable affected by
pH e.g.the droplets grew to significantly larger sizes at pH 5 - 7paoed to all other
emulsions. Emulsions stabilized by Tween 20 were little aftedly pH that is the
droplets did not coalesce into larger ones. Finally, in the binarfactant system
composed of lauric arginate and Tween 20 at pH 5- 7 droplets béhilg larger than at
pH 2 - 4 were noticeably smaller than droplet of the emulsion igedbiby only lauric
arginate. This suggests that Tween 20 improved the stabilityiaot larginate containing

emulsions.

Antimicrobial activity. The antimicrobial activity of the three emulsions was

tested against four strains &.coli O 157:H7 andL. monocytogenesising a spot
inoculation assay.Table 5.2 shows the minimum inhibitory concentrations (the
concentration at which growth was completely inhibited for 24h) obtdnoead the spot

inoculation tests both based in the active ingredient concentratimic (kxginate) and
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the droplet concentration. A positive control consisted of cultures grown in the ab$ence
antimicrobial and a negative control consisted of cultures grown iprésence of lauric
arginate dispersed in water. All strains of both cultures wereptetely inhibited in
systems that contained lauric arginate viithmonocytogenedseing more sensitive to the
presence of lauric arginate thah coli O157:H7, e.g. MI€¢ = 0.005%v/v and
MIC L monocytoegers 0.0025%v/v. Because of the presence of the lipopolysaccharide layer,
gram-negative bacteria may effectively obstruct the irsertif membrane-pertubating
antimicrobial agents thus making them less susceptible. Intgylgston a active
ingredient basis, there was no difference between the MIC of-disfgersed LAE and
the MIC of emulsions containing LAE. On a droplet concentration besiever, twice

the number of droplets were required for the emulsions stabiliz8tebyixed surfactant
layer than the emulsion stabilized by LAE only. At this pointimet we are not clear
about the mechanisms that are involved in the inactivation. Théh&tato differences in
the activity were observed between the water and the emulssteansygould suggest a
direct interaction between the emulsion droplets and the bactetlageas that is

similar to that found for the molecularly-dispersed LAE.

5.5 Conclusion

Results demonstrate that the formulation of antimicrobiallywaemulsions with
lauric arginate is feasible. Adsorption of lauric arginatehat gurface of oil droplets
appears to have no negative effect on the antimicrobial activélolild be noted though
that emulsion droplets similar to molecularly-dispersed laurginate will bind to
oppositely charged compounds such as for example carrageenan iorgoegtotein

above their pKa, which could lead to a reduction in antimicrolgid@ity. Nevertheless,
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results are promising as they suggest that LAE may sanam &ffective emulsifier in
combination with Tween 20 at pH 2-7. More importantly, the positive ehafd AE

containing emulsion droplets could simultaneously repel positivel\getdaons such as
iron that may promote lipid oxidation. Thus lauric arginate stadgliemulsions may
offer antimicrobial and antioxidant functionalities, a subject th#itbei further explored
in a subsequent study. Overall results may be of substantial interest to foodatumarga
looking towards a novel way to improve the antimicrobial activityysteans containing

dispersed lipid phases.
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Table 5.1

Z-average droplet diameters of emulsions as a function of stinagend
pH formulated using the three different surfactant systems:VOVSRAE,

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

15

22

29

36

43

50

57

64

0.5%LAE

140.8

144.4

142.3

140.9

140.7| 141.6

143.4

141.6

139.7

141.2

145.7

141.0

141.6

143.1

141.2

140.5| 142.3

142.5

143.6

141.3

141.4

141.2

146.0

158.2

144.6

138.8

142.1] 142.7

142.7

142.8

141.9

144.5

143.5

151.0

142.7

142.6

140.9

143.4| 142.3

146.4

144.3

145.8

146.1

148.1

163.6

143.2

144.6

144.3

156.5| 208.9

349.7

618.6

1465.0

N OO WIN

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

150.2

151.3

152.5

148.1

152.2] 153.6

153.7

151.9

152.8

151.7

151.5

152.6

153.8

154.0

150.3

153.9| 153.9

155.5

151.8

152.8

157.7

153.3

154.1

149.9

153.7

150.2

152.6] 153.5

153.0

151.0

153.2

152.8

156.8

166.4

151.7

152.7

149.8

152.4| 152.5

153.3

151.5

153.0

153.8

162.5

163.4

163.7

176.2

155.6

159.2] 173.8

176.7

238.2

235.9

214.]

313.1

~N OO WIN

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

175.5

172.4

171.0

168.5

172.0/173.0

173.9

175.5

172.4

174.7

175.9

172.0

172.2

187.4

178.4

174.1] 172.6

183.1

174.6

170.7

170.8

170.0

180.8

171.7

178.1

170.9

180.4| 173.5

171.9

172.2

170.0

171.5

168.0

182.4

174.1

171.1

175.1

171.0| 170.7

184.2

170.7

160.6

171.7

168.3

177.0

171.7

221.5

170.3

173.5| 172.0

172.7

175.3

174.0

178.9

170.0

N[OOI WIN

173.2

173.5

194.9

171.1

223.11172.9

175.4

171.6

173.1

170.6

174.2
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Table 5.2

0157:H7 and.. monocytogeneafter incubation for 24 h at 32°C.

Minimum inhibitory concentration of emulsions in terms of their active coratént against four strains & coli

Surfactant System Composition

0.25%LAE 1
0 )
0.5% LAE +0.25%Tween20 0.5%Tween20 | o | AEin H,0
MIC %v/v droplet MIC %v/v droplet MIC %v/v droplet MIC (%V/v)
(%v/v) | concentration | (%v/v) | concentration | (%v/v) | concentration 0
®
figo | 0.005 0.05 0.005 0.100 >0.05 >0.500 0.005
ATCC® _
c o 3e% | 0.005 0.05 0.005 0.100 >0.05 >0.500 0.005
. ®
O AT | 0.005 0.05 0.005 0.100 >0.06  >0.500 0.005
ATCC® _
seg| 0-005 0.05 0.005 0.100 >0.05 >0.500 0.005
1225 | 0 0025 0.025 0.0025 0.050 >0.05 >0.500 0.0025
] J2020 10,0025 0.025 | 00025  0.050 >0.05  >0.500 0.0025
monocytogenes | J1031 1 0025 0.025 0.0025 0.050 >0.05  >0.500 0.0025
L7 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 wasedlse >0.05.
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Figure 5.2  Effect of pH on z-average diameter of 5 % v/v corn oil-inewamulsions

formulated with 0.5 % v/v of surfactant (Tween 20, LAE, and 1:1 Tween

20-LAE).
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Figure 5.3  (A) Interfacial and (B) surface tension at the corn oil-watterface 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.
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Figure 5.4  Effect of pH on{-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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Schematic of the interfaciicomposition of droplets stabilized 0.5 %

Figure 5.5

LAE, 0.5 %v/v Tween 20 and 0.25%v/v Tween-0.25 %v/v LAE
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Figure 5.6  Stability of (A) LAE (B) Tween 20 and (C) LA Tween 20 stabilize
emulsionsafter 64 days of storage at 3288 a function of pras shown

by photographic images of the test tuk
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Figure 5.7  Effect of pH on the backscattering intensity of test tubes staaning
height of 35 mm containing emulsions that were stabilized by lauric

arginate, Tween 20 and Tween 20 — lauric arginate.
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Figure 5.8  Microscopy images (200x magnification) of emulsion droplet stabilized by
(A) lauric arginate (B) Tween 20 and (C) lauric arginate -edw20 after

50 days of storage at 32°C.
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CHAPTER 6
EMULSIONS AS ANTIMICROBIAL DELIVERY SYSTEMS: PART | Il. THE
ANTIMICROBIALS AT THE INTERFACE AND AS PART OF THE LIPID

PHASE

6.1 Abstract

Corn oil-in-water emulsions were formulated that were compadsaataneously
of two active antimicrobials; one at the interface (laurgireate) and one in the lipid
phase (eugenol). The physicochemical properties of the emulsionscl¢pasize
distribution, particle charge, creaming stability) and theimantobial activities against
two pathogenic microorganism&.(coli O157:H7 and Listeria monocytogengsvere
measured to determine suitable compositions that allow for maxipmysical stability
while simultaneously exhibiting high antimicrobial activity. Wgpbhthesize that the
attractive electrostatic interaction of lauric arginatehvmiticrobial surfaces may enhance
the delivery of emulsion droplets containing encapsulated eugenol. rdhdts
demonstrated that the composition of interface affected the phbkgsicocal and
antimicrobial activities of emulsions. Oil-in-water emulsiomsre prepared using corn
oil with or without eugenol as the dispersed phase (5 %v/v) and Twesdonridor in the
combination with lauric arginate as emulsifiers (0.5 %v/v). Comatahs 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 @20 pm.
Emulsion droplet size increased with addition of lauric arginatalppshie to decreased

steric repulsive interactions that prevent recoalescence dtin@ghomogenization
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process. Increasing the ratio of lauric arginate also inetdedsoplet 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. Emulsioke down above
critical eugenol loading concentrations. These critical loadongentrations generally
increased in emulsions that contained higher concentration of lauginate.
Surprisingly, at the same loading concentration of eugenol thesemuwkith a higher
lauric arginate composition had a better stability than emuldiogis contain higher
Tween 20 concentrations. With addition of eugenol to the emulsion belowritilcal c
loading concentrations, the droplet size slightly decreased anddaplketdcharge didn’t
changed compared to eugenol-free emulsions. The antimicrobial iastiwitemulsions
were generally high. When LAE was used as the only antimicrabitle emulsions,
MICg i = 0.003-0.007%v/v except at a ratio of 0.046%:0.454% where the MIC
increased to 0.02%v/v and MlGonocytogenes= 0.002-0.003%v/v were obtained. When
eugenol was the only antimicrobial in the emulsion (e.g. the emulsasrstabilized by
0.5%v/v Tween20), MI€c = 0.02%v/v and MICmonocytogenes= 0.03%vV/v were
obtained. In comparison, the double antimicrobial emulsions containing &AdE
eugenol, had the lowest MICs as MIgi of 0.001-0.008%v/v and MIGnonocytogenes
0.001-0.002%v/v except at a ratio of 0.046%:0.454% where the: MiCincreased to
0.02-0.03%v/v. The MIC of the double antimicrobials was strongly influencethdoy
concentration of lauric arginate. The results suggest that fatiol of a double
antimicrobial emulsions leads to a highly effective systerhrtieey improve food safety

and stability.
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6.2 Introduction

Each year foodborne illnesses cause significant economic damadyéisreaten
the health and safety of US consumers. Therefore additional measucestrol the
growth of foodborne pathogens are urgently required. Bacterial pathogiech as
Campylobacter, Salmonella, Clostridium, Escherichiand others are the most
commonly identified cause of foodborne illness that occur in a yaoétfood
(FDA/CFSAN 2005). The principle method used to preserve the gaaldyenhance the
safety of food is by thermally inactivating, aseptically mssing or mechanically
removing microorganisms. Alternatively, antimicrobials, chemicammounds that
inhibit the growth of or inactivate microorganisms may be addddads [73]. A key
requirement of antimicrobials is that they fulfill their inhibitory ordti@ating function in
the target food system without significantly affecting appeaeataste, color and aroma
of foods so as to not negatively impact consumer preferences. iifhisaa be very
difficult to fulfill, since antimicrobials may have to be addedhigh concentrations to be
effective. The objective of this study was to evaluate thebiésof formulating novel
double antimicrobial emulsions that have higher efficiencies thansingle component
counterparts. Double antimicrobial emulsions are defined as emul8iahscontain
simultaneously two antimicrobial agents, either both in the lipid gghbeth at the
interface or one at the interface and one in the droplet phasasIstudy, we focus on
the formulation of an emulsion with an antimicrobial at the interfaand one
antimicrobial in the lipid phase. This study is based on the resalts two previous
studies in which we showed that formulation of an emulsion contamgiglevels of a

lipophilic antimicrobial (eugenol or carvacrol) is feasible asgl as a critical loading
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concentration is not surpassed. In the second study, we demonstratedribatrginate,
a cationic surfactant antimicrobial, can be used to manufachgrestabilize emulsions

without sacrificing antimicrobial activity [160].

Antimicrobials that are emulsifiersSurfactants are amphiphilic molecules that
are able to accumulate at surfaces or interfaces by ititeyadth both the lipophilic and
hydrophilic phases. Their main function is to enable the formati@mail drops during
the emulsification step and to provide long-term stability dfteir preparation [31, 46].
Selection of appropriate surfactants is a key step in the ptepaof stable emulsions as
the presence of emulsifiers will greatly reduce the int@afdension thereby facilitating
droplet disruption. More importantly, emulsifiers form a membranehat interface
between the oil and water phase that provides a barrier to ceabesand flocculation by
inducing repulsive interactions between two colliding droplets [ZHje ethyl ester of
the lauramide of the arginine monohydrochloride-LAE, Mirenat-hbHGiN4OsCl) is a
novel synthetic cationic surfactant (Belton, United States Patieait)was approved as
‘Generally Recognized as Safe’ (GRAS) by US FDA and ASH is rapidly
metabolized in the human digestive system to the amino acid argmihkauroyl amides
[14]. Lauric arginate has shown to display high antimicrobiat&tfes which has been
attributed to its action on the cytoplasmic membranes of micrommawhere it alters
the membrane potential leading to a loss of homeostasis [15]p@uious studies
showed that formulation of emulsions with LAE alone is not feasiblthea emulsions
rapidly destabilize and hence an additional emulsifier such agm&8 needs to be

added.
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Antimicrobial that is part of the dispersed phas&ssential 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 lochki® the presence of
phytophenols such as eugenol, carvacol, and thymol. Phytophenols inseithent
cytoplasmic membrane of microorganisms where they rapidly iassagith membrane-
bound protein complexes disrupting their functionality leading to adbske proton
motive force [6, 152, 161, 162]. In this study, we used eugenol as a modeateotiiat
compound due to its ability to inhibit both Gram-positive and Gram-negatcteria

[124].

Our previous results suggested that the major problem of for@wgemulsions
with aromatic compounds is destabilization of the emulsions by albtwpening.
However, stable emulsions could be produced by including a carriérttiat is highly
insoluble (e.g. corn oil) and combining it with the phytophenolic antobiet as part of
the lipid droplet. Based on these results, we suggest that emutsigdsbe formulated
that are composed of antimicrobially-active essential oils, asdhrm example eugenol,
as part of oil phase (with corn oil) and an antimicrobial-activéastant such as LAE to
produce an emulsion that can be easily added to a food product to enhasafetthand
quality of the product. To this purpose, we investigated the physicocdigpnoperties

and antimicrobial activity of emulsions that were composed of these two@otinls.
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6.3 Materials and Methods

6.3.1 Materials

Mirenat-N® (10.5% of Ne-lauroyl-L-arginine ethyl ester monohydrochloride in
propylene glycol) was obtained from Grupo Lamirsa (Barcelona, Ba;r&pain). Tween
20 (polyoxyethylene 20 sorbitan monolaurate) and corn oil were puctifrase Sigma
Chemical Co. (St. Louis, MO). All solutions were prepared with [tidtiand deionized
water. Tryptic Soy Broth (TSB), Tryptic Soy Agar (TSAhdaYeast extract (YE) were

purchased from Difco Laboratories (Sparks, MD).

6.3.2 Bacterial Cultures

Four different L. monocytogenesstrains were obtained from the Martin
Weidmann culture collection at Cornell University (J1-225, J2-020, J1&%d,J1-
1177). Four strains oE.coli O157:H7 were purchased from ATCC (ATCC35150,
ATCC4385, ATCC51658, and ATCC700599). Bacterial cultures were storéé°at in
TSB forE. coli O157:H7 and TSBYE fotL. monocytogenewith 5% glycerol. Working
cultures were maintained on slants stored at 4°C. A loopful of therewas transferred
to liquid media and incubated at 32°C for 24 hr. Prior to exposure toiardbials, each

strain was sub-cultured in TSB for 24 hr.

6.3.3 Physicochemical Characterization

Emulsion preparationAqueous solutions of mixtures of Tween 20 and LAE were

be prepared by dispersing the two surfactants in buffer (100 midtad=muffer pH7) to
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obtain a solution that had an overall surfactant concentration of 0.5% bwwvith
varying ratios of Tween 20 and LAHO0.5%: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 blendiof &%
lipid phase that was composed of corn oil and eugenol at various madiog r.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). Ashiegd blender was
used (Warring, Inc. New Hartford, CT) to produce this coarse somulpremix. The
coarse premix was then passed through a microfluidizer (Micdafki 110 L,
Microfluidics Corp., Newton, MA, USA) at 9 kPa to produce a fine-dspeamulsion.
Finally, the pH of the emulsions was adjusted to 7 using HCI or Na@el emulsions

were stored at 32°C and samples were withdrawn for analysis in regular s;iterval

Droplet size determinationA static light scattering technique (Horiba LA-9000,

Horiba Instruments Inc., Irving, CA) was used to measure the dropdetlistribution of

emulsions. This techniqgue measures the angular dependence diglasscattered by
the droplets in an emulsion. A relative refractive index of 1.1usad by the instrument
to calculate the droplet-size distributions. The mean droplet tkamkthe emulsions is
reported as the mean diametds= > nd¥/ 2 n* wheren; is the number of droplets with

diameterd;.

{-potential measuremeniThe electrical chargel{potential) on the surface of

emulsion droplets was determined using an electrophoretic technigoeawilded
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capillary cell (Zetasizer Nano ZS, model ZEN 3600, Malvern Instrumerghvh, UK).
A small amount of sample was diluted into acetate buffer a.pkh oscillating electric
field was applied across the dispersion and_thmotential was then determined from the

velocity of the droplets migrating toward the oppositely charged electrod

6.3.4 Antimicrobial Test Protocols

Emulsion preparation for antimicrobial assayEmulsions were prepared as

described above and filtered-sterilized using a Q#5olyethersulfone membrane filter
(Puradis” 25, Whatman® Inc. Florham Park, NJ). After filter sterilizatiemulsions
were diluted with sterile water to obtain a series of emulsemmaining oil droplet

concentrations of 0.00025-2.5%v/v per plate.

Spot Inoculation Assaylwo cycles of a loopful of th&. coli slant cultures was

transferred to TSBL({ monocytogeneso TSB-YE, added 0.6% yeast extract), and
incubated at 32°C for 24h prior to exposure to the antimicrobial emulsstm.dizhes
were prepared by adding 10 ml of the emulsion diluted to the desmaaicrobial
concentration into 10 ml of double strength TSA or TSAYE. Control pladesisted of
plates where water was added instead of the emulsion. Petrs dvgine then dried and
10 pl drops of the inoculums were plated to give a final concentratickhd® CFU/m.
The Petri dishes were incubated at 32°C for 24 h. All experimesres duplicated and

replicated.
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6.4 Results and Discussion

Emulsion droplet sizeEmulsions were produced that were composed of

seven different surfactant combinations at an overall surfactanématon 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 Tabl¢ 6.1) When LAE

was added as a co-surfactant, smaller mean droplet sizesobtaiaed 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 resultprEhvdous study, in which

the ability of LAE to stabilize emulsion droplets was decréateH 7 and an additional
emulsifier (Tween 20) needed to be added to stabilize the syFigore 6.1). The
droplet sizes of emulsions containing eugenol at day 0 were dgraralller than those

with no eugenol except the emulsions stabilized by Tween 20: LAE :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 eugenoterdration was

above the critical loading as previous described.

-Potential. The seven emulsions composed of the respective surfactant systems
were then manufactured with a disperse phase that contained vatiogsof eugenol.
The {-potential was measured immediately and after one day of incnbat 32°C

(Figure 6.1) The {-potential on emulsion droplet depended predominantly on the
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surfactant composition. When the concentration of LAE was increast isurfactant
mixture, emulsion droplets became increasingly positively chacge 2 mV for pure
Tween 20 to +36 mV for emulsions containing pure lauric argiridtpife 6.2a) The

addition of increasing concentration of eugenol had little effe¢hercharge of emulsion
droplets, suggesting that the concentration of Tween 20 and lauritatergn 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 diam@&gure 6.3) and by taking
photographic images of test tubes periodically during the storagéiatugigure 6.4).

From the photographic images it can be seen that the emulsionscwntadrious ratio

of LAE in the absence of eugenol were increasingly lessestabinore LAE was present

in the interface, i.e. more coalescence was observed. As prgvioesitioned, lauric
arginate is not as effective a surfactant as Tween 20,yartcat pH 7 where repulsive
charges are reduced. Moreover at a surfactant ratio of 0.046%:0.45%%eeh 20 to

LAE emulsions rapidly destabilized after storage of as lade3 days. Interestingly
emulsions containing higher concentrations of LAE could be loaded witherig
concentrations of eugenol. For example, increasing the LAE concentiatiohe
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 destailiBelow the critical
loading concentration, emulsions stabilized by all surfactanesgsshowed little change

with respect to their mean droplet size during 14 days of st@tag2 °C(Figure 6.3).

However, photographic images of emulsions composed of Tween20:LAE 0.5%:0% and
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0.495%:0.005% and eugenol 0.5, 0.75, and 1Eigufe 6.4a, b)show that addition of
increasing concentrations of either Tween 20 or eugenol presehtee deme oiling off
on top of the test tubes even after storage for just one day. Afpple mean droplet size
versus storage timeFigure 6.5) further suggests that emulsions formulated with
increasing concentrations of LAE after 10 days of storage umdérless increase in
mean droplet diameter than emulsions composed of more Tween 20. Henessult
suggests that LAE was more effective in stabilizing emulsibat contain an essential
oil component. This is surprising since the destabilization mechaafsemulsions
containing eugenol occurs predominantly by Ostwald ripening, which chuatl be
influenced by the surfactant composition and rather only by thubistt of eugenol in
the aqueous phase. MoreovEéigure 6.6 shows that emulsions composed of higher
Tween 20 concentrations in the absence of eugenol better maintaeie droplet size
throughout 14 days of storage than emulsions containing increasing catioastiof
LAE (Fig 6.6 a, ¢. Upon addition of 1% v/v eugenol to the emulsions, at higher LAE
concentrations in the interface, emulsions were more stable thalsiens containing
similar concentrations of eugenol but that were stabilized by predatty Tween 20

(Fig 6.6.b, d).

Antimicrobial activity. The antimicrobial activity of the emulsion was tested

against four strains oE.coli O157:H7 andL.monocytogenes using a spot inoculation
assay.Table 6.2 and 6.33how the minimum inhibitory concentrations obtained from the
spot inoculation assays both based on the active ingredient concen(iratiynand the
droplet concentration. A positive control consisted of cultures grown ialikence of

either antimicrobial and a negative control consisted of cultumgngin the presence of

102



LAE dispersed in 100mM acetate buffefable 6.2 o eugenoldemonstrates thatl
strains of both cultures were completely inhibited by the emulstomsaining LAE
except at the ratio of Tween20:LAE 0.495%:0.005% and pure Tween 20. Bexfause
their gram-negative cell walk.coli O157:H7 were more resistant to the presence of LAE
thanL.monocytogeng88, 163] Moreover, the MIC of the negative control system (pure
LAE, no emulsions) was slightly lower than that of the emulsiaetaystem. At a ratio

of 0.046%: 0.454% Tween 20: LAE, the Ml was 0.02 %v/v which is much higher
than any other emulsion and the negative control while the Mkocytogene¥vith 0.003%

vliv was not significantly different. We are not sure what the reason for this decrease in
activity is. Table 6.3shows the MIC of eugenol: corn oil emulsions at a loading of 1%
eugenol. The data indicates that the MIC of both cultures were nefieigted by the
concentration of LAE. However, the MICnonocytogenedvas lower than if eugenol was
present Table 6.2. We therefore attribute this increased activity to the piasef
eugenol. At surfactant ratios of 0.495%:0.005% and 0.454%:0.046% Tween20: LAE in
the presence of eugenol, M and MIC | monocytogene¥vere significantly smaller than in
the absence of eugendigble 6.2. There could be multiple reasons for the increased
activity. For example, the LAE may have increased attradtiteractions with the
bacterial surfaces thereby delivering both antimicrobialdebeo the interface of
microorganisms. Secondly, emulsions were more stable which maycbatréduted to

the increased antimicrobial activity. Conversely, in the pesef only eugenol (e.g.
Tween 20: LAE 0.5%:0%) the MIC was greatly increased el@: dMoii andL.monocytogenes®

0.25%v/v.
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6.5 Conclusion

Our results demonstrate that double antimicrobial emulsions coulorrbelated
using LAE as emulsifier and eugenol as the lipid phase. Compositibe ofterface and
the droplet phase influenced both physicochemical properties andcaokiial activity
of oil-in-water emulsions. To improve the stability of emulsiahat contained the
cationic surfactant LAE, incorporation of Tween 20 was requiredh Witreasing
concentrations of LAE in the emulsions, the positive charge on the diotdeface
increased and the droplet size decreased. Most importantly, tibael ddading ratio, that
is the concentration of eugenol with which the lipid dispersed pteasde maximally
loaded increased with increasing concentration of LAE in thafam® This is an
interesting observation for which we generally have no good explandtioa te
principal breakdown mechanism of emulsions that are loaded with tolo eugenol is
due to Ostwald ripening. This would indicate that the presence at langinate
influences compositional ripening. Antimicrobial activity was higher double
antimicrobial emulsions than in single antimicrobial emulsions. U&a@n of the
minimum inhibitory concentrations suggests strong synergisticittes between the two
antimicrobials possibly due to an enhanced mass transport of drapkeis surface of
microorganisms, where release of eugenol is more effectivimatkly, more
experiments as to the exact mechanism will be needed tolyexaatidate this

phenomenon.
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Table 6.1 Diameterdroplet (um) of emulsions after manufacturing as the function of the ratio of eugeeaidilsions
formulated with seven different surfactant systems.

105

Surfactant system composition Tween20 : LAE

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

Eu(z;:a-nol diameter (um.) | SD. | diameter (um.)] SD.| diameter (um.[ SD. | diameter (um.)| 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 1.08 0.280 0.028

Surfactant system composition Tween20 : LAE

qun 0.046%:0.454% 0.005%:0.495% 0%:0.5%

Eu(z;:a-nol diameter (um.) | SD. | diameter (um.)] SD.| diameter (ui.[ SD.
100:0 0.270 0.014 0.260 0.010 0.280 0.00d
95:5 0.245 0.007 0.240 0.017 0.220 0.00d
90:10 0.200 0.014 0.187 0.006 0.190 0.00d
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 0.00d
75:25 0.190 0.000 0.190 0.01d 0.200 0.00d
70:30 0.210 0.014 0.180 0.00d 0.180 0.00d



Table 6.2 Minimum inhibitory concentration of emulsions in the absence of eugenol againstréms sfE. coliO157:H7 and
L. monocytogeneafter incubation for 24 h at 32°C.

Surfactant System Composition Tween20:LAE
100:0 100:1 10:1 1:1
MIC MIC MIC
(% %v/v droplet MIC (% %v/v droplet (% %v/v droplet (% %v/v droplet
V/IV) concentration V/v) concentration V/IV) concentration V/V) concentration
ATCC® 35150 | >25 >2.50 >(0.0025 >2.50 0.00p 0.66 0.0p6 0.12
E. coli ATCC® 4385 >25 >2.50 >0.0025 >2.50 0.00b 0.55 0.0p5 0.10
0157:H7 ATCC® 516858 >25 >2.50 >0.0025 >2.50 0.006 0.55 0.0p5 0.10
ATCC® 700599 >25 >2.50 >0.0025 >2.50 0.00b 0.55 0.0p5 0.10
J1225 >25 >2.50 >0.0025 >2.50 0.008 0.33 0.0p3 0.06
L. J2020 >25 >2.50 >0.0025 >2.50 0.008 0.33 0.0p3 0.06
monocytogenes J1031 >25 >2.50 >0.0025 >2.50 0.008 0.33 0.0p3 0.06
J1-1177 >25 >2.50 >0.0025 >2.50 0.008 0.33 0.0p3 0.06
Surfactant System Composition Tween20:LAE LAE in 100mM.
0.1:1 0.01:1 0:1 Acetate buffer
MIC MIC
(% %v/v droplet MIC (% %v/v droplet (% %v/v droplet
VIV) concentration V/v) concentration VIV) concentration MIC (% v/v)
ATCC® 35150 [ 0.020 0.220 0.007 0.07075 0.007 0.07 0.004
E. coli ATCC® 4385 | 0.020 0.220 0.007 0.07075 0.006 0.06 0.004
0157:H7 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
J1225 0.003 0.033 0.003 0.03025 0.003 0.03 0.002
L. J2020 0.003 0.033 0.003 0.03025 0.003 0.03 0.002
monocytogenes 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
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Table 6.3 Minimum inhibitory concentration of emulsions containing 1% eugenol against founsstf&.coli O157:H7 and..

monocytogeneafter incubation for 24 h at 32°C.

Surfactant System Composition LAE:Tween20: Loading80:20 Corn oil : Eugenol
100:0 100:1 10:1 1:1
MIC (% | %v/v droplet | MIC (% [ %v/v droplet | MIC (% | %v/v droplet MIC %v/v droplet
VIV) concentration vIv) concentration VIV) concentration | (% v/v) | concentration
ATCC® 35150 0.2 1.00 0.001 1.01 0.003 0.33 0.0Q8 0.16
E. coli ATCC® 4385 0.2 1.00 0.001 1.01 0.003 0.33 0.0Q7 0.14
O157:H7 ATCC® 516858 0.2 1.00 0.001 1.01 0.003 0.33 0.0Q7 0.14
ATCC® 700599 0.2 1.00 0.001 1.01 0.003 0.33 0.006 0.12
J1225 0.3 1.50 0.001 1.01 0.001 0.11 0.002 0.04
L. J2020 0.3 1.50 0.001 1.01 0.001 0.11 0.002 0.04
monocytogenes 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 droplet | MIC (% | %v/v droplet | MIC (% | %v/v droplet
V/IV) concentration V/V) concentration V/IV) concentration
ATCC® 35150 0.030 0.330 0.007 0.07075 0.00p 0.06
E. coli ATCC® 4385 0.020 0.220 0.006 0.0605 0.00b 0.06
0O157:H7 ATCC® 516858 | 0.020 0.220 0.006 0.0605 0.00b 0.06
ATCC® 700599 | 0.020 0.220 0.006 0.0605 0.00b 0.06
J1225 0.002 0.022 0.002 0.02025 0.00p 0.02
L. J2020 0.002 0.022 0.002 0.02025 0.00p 0.02
monocytogenes J1031 0.002 0.022 0.002 0.02025 0.00p 0.02
J1-1177 0.002 0.022 0.002 0.02025 0.00p 0.02
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Figure 6.1  Effect of 0.5%v/v surfactant system on average diameter of 5% wv cor

oil-in-water emulsions on dayl of storage at 32C°.
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Figure 6.2
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Figure 6.3

Stability of 5%v/v oil-in-water emulsion by influence of swtint
composition (Tween 20 and LAE) onday 0. 0.5, 1, 2, 3, 5, 7, 10, and 14 of

storage at 32C° as a function of droplet size d

(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 comipios
(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 tstalbiiayl.

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 frontolefght by ratio

of eugenol: corn oil, 0:100, 5:95, 10:90, 15: &,

(A)
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Figure 6.5 Particle size distributions of Eugenol: Corn oil 20:80 emulsion peepa

with 0.5% v/v surfactant on day 10 of storage at 32C°
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Figure 6.6

Particle size distributions of 5%v/v oil phase (0% and 1% eugeamal)
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

CONCLUSIONS

Oil-in-water food emulsions are thermodynamically unstable dsgpes of oil
droplets in water coated by a monolayer of adsorbed surfactastclBss of products
has found widespread use in the food industry as ingredients, predorgocsiucts or
actual products. This thesis was designed to evaluate thg abitiil-in-water emulsions
to become antimicrobial active to improve the stability and quefiia variety of foods.
Two antimicrobials were used as model active compounds to fornthkatemulsions:
eugenol as a lipid phase, and lauric arginate as an emulsifidns Ithésis we showed
that formulation of single antimicrobial emulsions with either eugenol orclauginate if
feasible, but that particular attention needs to be paid to botlotmgosition of the lipid
phase and the interface as formulation of emulsions with only theniertbial (e.g.
eugenol as lipid phase or lauric arginate as emulsifier) idaasible. Instead, a lipid
carrier such as corn oil needs to be added to the lipid phasebibzstaugenol-
containing emulsions and a nonionic surfactant such as Tween 20 needsditetdeo
provide sufficient repulsive interactions for lauric arginate domtg droplets interfaces.
Finally, emulsions containing both antimicrobials need to again beatelyaformulated
as the presence of lauric arginate in the interface influgheesiaximum concentration
of eugenol with which the emulsion can be loaded. However, these dgmiiniecrobial
emulsions have superior antimicrobial functionality compared to sigte component
counterpart, possibly suggesting an improved mass transport process obemapiets
to the surface of microorganisms, which may induce the observedgsymeiThus a

good knowledge of the structure and biophysical behavior of antimicrabigkens is
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needed to properly formulate such systems for subsequent applicatiovidaravariety

of food systems by the food industry.
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