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Abstract

Numerous compounds exist in nature that can scavieag radicals and thus have the potential
to act as antioxidants in foods. Interest in radtfree radical scavengers has resulted in tens of
thousands of publications on various moleculesextichcts but only an extremely small number
have actually been used in commercial applicatidrige gap between research interest and
commercial application is mainly due to the laclbehch top methods that can predict the
efficacy of antioxidants in complex food matricéghis disconnection seems to be due to the
extremely complex nature of lipid oxidation andiaxiiant activity in even relatively simple
food systems such as oil-in-water emulsions. Téwgew highlights a number of areas where
lack of knowledge is currently holding back ourlipito predict which free radical scavengers
will be good antioxidants in emulsions: non-fredical scavenging reactions of antioxidants; the
existence of different types of oil-water interfacdifficulties in characterizing lipid droplet
surfaces; and differences in oxidation kineticdifferent lipid droplets. Further research is
needed to identify the key factors that determmigaidant efficacy in complex heterogeneous
systems. This knowledge would then increase ollityato predict how antioxidant structure

and properties relate to their activity in food dsmns.
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I ntroduction

Lipid oxidation continues to be a major challengethe food industry’s efforts to
minimize food spoilage and waste, and thereforeravgp the sustainability of the food supply.
Much of the early research focused on chemical sx@sims of lipid oxidation in bulk oils.
More recently, research has focused on understgndipid oxidation mechanisms in
heterogeneous lipid dispersions, which often h#ferdnt factors influencing oxidation kinetics
than in bulk oils (for reviews see Warahival., 2011; Berton-Carabiret al., 2014). Studying
lipid oxidation in dispersed food systems is paitacly important from a commercial point of
view because most oils are not consumed in thelk floum but are instead dispersed into foods
as colloidal particles in products such as dairpd) processed meats, dressings, dips,
beverages, desserts, yogurts, and sauces. Whids kpe dispersed as small particles in

aqueous-based food products, there is a huge seneathe lipid-water surface area. The

specific surface area {Aarea per unit mass) of a spherical lipid partisleslated to its particle

size by the following relationship: A= 6/pd, wherep is the particle density ardlis the particle
diameter. This expression shows that the specifiiase area is proportional to the reciprocal of
the particle size. The size of the lipid partidiesnany food dispersions can be very small (less
than a micron), which means that the surface araa emulsified lipid is much greater than that
of a bulk lipid. For example, the specific surfacea of lipid particles with diameters of 100 nm,
1 pm, 10pm and 100um are 65,220, 6,522, 652, and 65.2ky, respectively. The impact of
increased lipid surface area on lipid oxidatiomighlighted inFigure 1, which shows that the
oxidation of an algae oil-in-water emulsion statgti by Tween 20 is much faster than algae oil

in its bulk form.
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Reducing the dimensions of the lipid particlesands may also promote lipid oxidation
because reactants such as hydroperoxides areesadtice molecules that tend to accumulate at
oil-water interfacesKigure 2). The surface activity of hydroperoxides is deperidon their
molecular structure, with hydroperoxides on fregyfacids being more surface active than those
on methylated fatty acids or triacylglycerols (Nuehal., 2002). Lipid hydroperoxides at the
surfaces of lipid droplets can interact with traiosi metals in the surrounding aqueous phase,
causing them to decompose into free radicals thatggate the lipid oxidation reaction. The
importance of transition metals in this reactiohesoe is demonstrated by the ability of metal
ion chelators to strongly inhibit oxidation in @il-water emulsions (Mancusca al., 1999;
Frankelet al., 2002). The importance of the interface of théliparticles in emulsions is further
supported by the fact that particle characterisdiltsr the ability of hydroperoxides to interact
with transition metals at the droplet surfacesedbgraltering lipid oxidation reactions. In simple
oil-in-water emulsions, factors that increase ne#dlthe interface increase oxidation rates (e.g.
negatively charged emulsifiers) and factors thatawe metals from the interface (e.g. positively
charged emulsifiers and metal chelators) decrersiatoon rates (for review see Waraéioal .,
2011). However, transition metals associated wifhd| droplet surfaces are not always
prooxidative. For example, studies with mayonnabkewed that transition metals bound to
adsorbed proteins did not promote lipid oxidati@eduise binding inactivated them (Jacoleen
al., 2001). However, when solution conditions wetterald so as to release the protein-bound
metals €.g. pH reduction or ascorbic acid addition) the reattiof the metal ions increased

thereby promoting lipid oxidation.

The important role of free transition metals inrpating lipid oxidation in emulsions,

means that metal chelators are particularly effectit controlling oxidation. Indeed, EDTA is a
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highly effective, low cost, and flavorless secondantioxidant that is widely used in the food
industry. However, the synthetic nature of EDTAs hed to some consumer concerns, which
have led the food industry to search for altermatietal chelators. Potential alternatives include
proteins/peptides, anionic polysaccharides, organids and certain phenolics (for reviews see
Eliaset al., 2008; Jacobsen, 2015; Shahidi and Zhong, 20X1gsd compounds all have lower
binding constants than EDTA and more importantlielofhave pK values that are generally
greater than pH 3.0-4.0 making them protonatedthusl ineffective chelators in low pH foods,
such as salad dressings and beverages. Recentlgl bieding packaging has shown to be
another promising EDTA replacement but commeradiatpction of such packaging is currently

not feasible (Tiaret al., 2013).

Efficacy of freeradical scavenging antioxidantsin oil-in-water emulsions

Lack of consumer acceptable and effective metalatbres has required food manufacturers to
utilize free radical scavenging antioxidants to tooinlipid oxidation in oil-in-water emulsions
(Warahoet al., 2011). Free radical scavengers inhibit lipiddagtion by rapidly reacting with
lipid radicals and forming low energy antioxidaadicals which are ineffective at promoting
fatty acid oxidation. However, free radical scayieg activity is not always a predictor of the
efficacy of an antioxidant in foods. For exampMamed and coworkers reported that ascorbic
acid was twice as effective at scavenging percagicals as propyl gallate in the oxygen radical
absorbance capacity assay while propyl gallate avasuch better antioxidant in oil-in-water
emulsions (Alamedt al., 2009). This highlights the issue of antioxidkgation in a food and

its ability to inhibit lipid oxidation.
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In 1980, Porter proposed the antioxidant polar gaxa which stated that polar
antioxidants work best in bulk oils while non-pokantioxidants work best in lipid dispersions
such as oil-in-water emulsions and liposomes (Pot@80). The explanation for the antioxidant
polar paradox in lipid dispersions was attributed the fact that polar antioxidants with
significant water solubility would partition intdhé¢ aqueous phase of oil-in-water emulsions
where they cannot interact with non-polar fattyda@idicals, while non-polar antioxidants would
be retained in the emulsion droplet where theysmavenge lipid soluble free radicals. Porter’s
hypothesis went further than proposing that the-palar antioxidants just needed to be retained
in the lipid but instead need to be at the intexfaien he stated that “the action again appears to
be at the surface, but here the surface is nelaglymhole phase”. Therefore he suggested that
oxidation chemistry is at the lipid droplets intré and that antioxidants that reside there would
be the most effective. Porter and Frankel both plasized the importance of the interface in
lipid oxidation chemistry in the late 1980’s andlgd990’s (Porteret al., 1989; Frankekt al.
1994). As discussed above, research, since thegabpf the antioxidant polar paradox, have
supported the hypothesis that oxidation occurdatsurface of lipid droplets where both lipid
hydroperoxides and transition metals can accumalatecome into close proximity (for review

see Warahet al., 2011, Laguerret al., 2015).

Evidence has continued to mount that effective polar antioxidants in oil-in-water
emulsions not only need to be retained in the etspbut also must be surface active. Most
initial studies utilized antioxidants of varying lpdties (for review see Frankel, 2005).
However, these studies were hampered by the fatthle antioxidants had potentially different
free radical scavenging activity and thus it waSidailt to tell if differences in antioxidant

effectiveness was due to differences in antioxidaattitioning or differences in chemical



127

128

129

130

131

132

133

134

135

136

137

138

139

140

141
142

143

144

145

146

147

148

149

reactivity. To overcome this problem, research wasducted with antioxidants esterified to
fatty acids ranging from 2-20 carbons (Lagueeteal., 2015). This strategy allowed the
comparison of a single antioxidant (e.g. chlorogearirosmarinic acid) with different polarities
with the advantage of all the esters having sinfilee radical scavenging activity. This research
showed that antioxidant esters had maximal actiwitthe 8-12 carbon chain length with esters
with shorter and longer hydrocarbon chains beisg leffective (Laguerret al., 2009, 2010).
Antioxidants with shorter hydrocarbon chains arerenwater soluble and therefore primarily
partition into the continuous phase where they oanmteract with lipid radicals, but could
interact with radicals generated in the aqueouss@h&onversely, antioxidants with longer
hydrocarbon chains are more lipid soluble and $esface active and therefore tend to be located
in the interior of the lipid droplets. Consequgntthere is a relatively low antioxidant
concentration at the oil-water interface wheredlipydroperoxides are decomposing into free

radicals.

Complicationswith using the antioxidant polar paradox to predict antioxidant
efficacy

The Antioxidant Polar Paradox was originally thougghhave greater promise for predicting the
efficacy of antioxidants in complex food systemsifddtunately, it has turned out to be more
limited in its range of application because antiaxits can impact lipid oxidation kinetics in

multiple ways and so knowledge of only their phgbitocation is not always an accurate
predictor of their efficacy. For example, hydrophiantioxidants such as ascorbic and gallic
acids are strong free radical scavengers that beee observed to be prooxidative in emulsions.
This is thought to be due to their ability to redunetals into their more prooxidative state thus

accelerating hydroperoxide decomposition into fisticals. Increasing the hydrophobicity and

7
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thus surface activity of these antioxidants by r#fstation to palmitic acid (ascorbyl palmitate)
has mixed results on increasing their antioxidastivily. For example, ascorbyl palmitate is
strongly prooxidative in mayonnaise, but antioxigatin milk (Jacobsen, 2015). This suggests
that the ascorbyl group may still promote lipiddation in some instances, even when is located
at the droplet surfaces. The ability of ascorbyipate to be antioxidative in some food systems
could be due to the low reactivity of metals as ldoaccur in milk where casein is a strong
metal chelator. Gallic acid can also reduce metald be prooxidative especially at pH 3.0
(Gonzalez-Mariaet al., 2015; Schwarzt al., 2000; Meiet al., 1999; Aroumaet al., 1993).
Gonzalez-Maria and coworkers (2015) reported thtdrdication to increase the hydrophobicity
and surface activity of gallic acid increased nf@idant activity suggesting that it was not able
to reduce metals when it is associated with thiel lgyoplets. However, Barreiret al. (2013)
found that gallic acid and propyl gallate were &e#intioxidants than C8 and C12 esters in olive
oil-in-water emulsions even though the C8 and Cst2re were more highly associated with the
lipid droplet. Not all antioxidants will reduce naét equally and it is unknown how this metal
reducing activity is influenced by physical locatioSince several factors can potentially
influence the metal reducing/prooxidant activityawitioxidants, this again makes it hard to just

use physical location as an indicator of antioxtdsficacy.

The need for antioxidants to be associated witHigie: droplets is also not entirely clear.
For example, some highly polar antioxidants, sushcatechins, are effective in oil-in-water
emulsions even though their lipid solubility is ydow (Liu et al., 2016; Yinet al., 2012; Zhou
and Elias, 2012; Di Mattiet al., 2009; Kahkonen and Heinonen, 2003; Shibusavea, 2005).
It is unclear how these polar antioxidants arequtitg the lipids. One possibility is that the

agueous phase antioxidants are still able to sggvéee radicals at the interface assuming that
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the fatty acid radicals are surface active. Howgetres seems like it would be inefficient since
most emulsions used in these studies only contdifi% lipid and thus >90% aqueous phase
meaning that any water-soluble antioxidants tendetdairly dilute in the continuous phase and
thus their reactivity could be limited by molecuthffusion processes. Another possibility is that
agueous phase antioxidants could regenerate odidizBoxidants at the lipid droplet surfaces.
However, this again seems unlikely since most plerantioxidants do not have reduction
potentials low enough to regenerate antioxidanth &1 tocopherols (Decket al., 2010), and
since antioxidants like catechin also work in enauns with methyl linoleate which does not
contain lipid phase antioxidants. Another posgipils those polar antioxidants are scavenging
free radicals generated in the aqueous phase.xXaonpe, hydrogen peroxide can be generated
by metal promoted oxidation of polyphenols and degosition of hydroperoxide can produce
highly reactive hydroxyl radicals in the aqueousig# (Zhou and Elias, 2012). Aqueous phase
hydroperoxides could also originate from surfactanich as Tweens and phospholipids that are
not at the interface of the lipid droplets but clatompose into free radicals and promote lipid
oxidation (Nuchiet al., 2001; Mancusaet al., 1999). Finally, some of these hydrophilic

antioxidants may be able to chelate transition leetand therefore retard lipid oxidation.

Knowledge of the polarity of an antioxidant miglat toe sufficient to predict its physical
location in an oil-in-water emulsion. As mentioreyiously, catechin has very low solubility in
oil (Shibusaweet al., 2005). However, Martinez-Aranda and coworke@L@ reported that a
large majority of catechins in Tween 20-stabiliz#tin-water emulsions react with a surface
active probe (4-hexadecylbenzenediazonium) suggesiat catechin is associated with the lipid
droplet interfaces which could help explain its ligpoito be an effective antioxidant.

Unfortunately, interactions with surface active s do not always predict antioxidant efficacy
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as this same group found that gallic acid and drgpifate were more effective antioxidants in
oil-in-water emulsions than 8 and 12 carbon esiegallic acid even though the 8 and 12 carbon

esters interacted more strongly with the surfate@probe.

To provide some insight into the importance of pigsical location of antioxidants on
inhibiting lipid oxidation in emulsions, the fraeti of lipid droplet surfaces potentially occupied
by antioxidant molecules was predicted theoretycals mentioned previously, the surface area
of food emulsions is relatively large ranging fr&® to 65,000 rfikg for droplet diameters of
0.1 to 100 pm. To determine the fractional coverafj@ntioxidants in food emulsions, we
reviewed 180 publications from the Web of Sciertes studied purified antioxidants in oil-in-
water emulsions and that reported droplet sizejd ligoncentration, and antioxidant
concentration. First, the total surface area eflibid droplets in the emulsions was calculated.
Next, maximal antioxidant size was determined usfi@D/ChemSketch 2015.2.5 software
assuming that the antioxidant is a sphere and wiherenaximal molecular surface area of the
antioxidant wasnr® x n x Na; with r being the molecular radius; n being theoant of
antioxidant present (moles); amk, being Avogadro’s constant. It was then assumet! dh
antioxidant would be present at the lipid droplatfaces. Thus, this would allow for the
determination of the maximal antioxidant coveraféhe droplet interface. In this exercise, only
antioxidant concentrations that were shown to #ffely inhibit lipid oxidation were used.
These calculations showed that antioxidant coveragged from 0.04 to 344 % but with 76 %

of the examples presenting antioxidant coveragetdhan 11 % (Table 1).

Antioxidant coverage greater than 100% where obthfor the research of Abdalla and
Roozen (1999) and Di Mattit al. (2009). The emulsion droplets in these papers ®éreand

17.6 um, respectively, and thus their smaller searfareas resulted in calculations of surface
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coverage from 70 to 438%. Obviously the surfaceecage cannot be > 100%, so in these
emulsions much of the antioxidant would partitiatoithe lipid or aqueous phase. Other papers
with high emulsion droplet surface coverage usgt hntioxidant concentrations (e.g. Huahg
al., 1996 a, b and ¢ ; Met al., 1999; Riberioet al., 2003). However, there were a series of
papers where maximal emulsion droplet coverage ohrgety of antioxidants (tocopherols,
Trolox, gallic acid and derivatives, hydroxytyros®BHQ, BHT, carnosic acid and derivatives,
rosmarinic acid and quercetin) was less than 10%lgdsagne, and Roozen, 1999; Alareed
al., 2009; Huangt al., 1996a, b and c; Met al., 1999; Richardst al., 2002; Chaiyasi¢t al.,
2005; Letet al., 2007; Medinaet al., 2009; Belhajet al., 2010). In these studies, noticeable
antioxidant activity was observed even though s@rfeoverage was less than 10% and in some
cases <1%. Calculations used in this exercise dvbalfor the maximum potential coverage of
an antioxidant in an emulsion droplet. In reathyg coverage would be lower since molecular
sizes could be smaller, the antioxidants would drapeting for the surface with the surfactants
used in these studies to stabilize the oil in wataulsion and the antioxidants would also have
solubility in the oil and aqueous phases. The taat such low levels of antioxidant coverage on
the emulsion droplet interface calculated in thisreise can still provide substantial inhibition of
lipid oxidation is somewhat surprising because fiagdical lifetime is very short (e.g. hydroxyl
radicals % life = 10-6 to 10 -9 sec, Karogodinalet2009) and the antioxidants would have to
diffuse and react with the free radical beforexid@es fatty acids. While this could be possible
if the majority of free radical production is aetbmulsion droplet interface, it is also likelyttha
inhibition of lipid oxidation is due to the abilitgf the remaining antioxidants to scavenge free

radicals at other locations (e.qg. lipid and/or wateases).
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Partitioning of antioxidantsin oil-in-water emulsions

Further insights into the impact of antioxidant gedies on their efficacy can be obtained by
considering emulsion composition and structure.tdrsimplest view, an oil-in-water emulsion
can be considered to consist of at least threegghad, aqueous, and interfacial phases. The oll
phase consists predominantly of hydrophobic moéscifsuch as triacylglycerols, cholesterol,
and oil-soluble vitamins), whereas the aqueous eltasisists mainly of water molecules and
some polar solutes (such as hydrophilic salts,sadidses, carbohydrates, or proteins). The
interfacial layer mainly consists of surface-actiaelecules such as emulsifiers, which includes
surfactants, proteins, polysaccharides, and phdigpd® (McClements, 2015). In some systems
the interfacial layer is predominantly located ¢ surface of the oil dropletsg., for protein
and polysaccharide emulsifiers. For other systéhesjnterfacial layer may be partly at the oil
droplet surfaces but also partly in micelles oosipmes dispersed in the aqueous or lipid phases,
e.g., for surfactant or phospholipid emulsifieSigure 3). The partitioning of an antioxidant
between water and lipid phases is described bygailileium partition coefficient ), which
depends on the thermodynamic affinity of the mdesuor the two different phases. At
relatively low antioxidant concentrations, the water partition coefficient can conveniently be
expressed a¥ow = Co/Cw, Whereco is the concentration of the antioxidant in thepdibse and
cw Is the concentration in the water phase (McCleme&@15). The thermodynamic affinity of
an antioxidant for the two phases depends on bafogy and enthalpy effects (Israelachvili,
2011). The entropy of mixing of an antioxidant dev an even distribution of the molecule
throughout the system. On the other hand, anjad#tat may preferentially accumulate in a
particular phase if there is a sufficiently largairgin the free energy associated with the
molecular interactions in the system (i.e., reducin unfavorable interactions and increase in

favorable interactions). In emulsions, the mospaonant type of molecular interaction is the
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hydrophobic effect, which is associated with thet fthat water-water interactions are much
stronger than water-oil or oil-oil interactions (Mlements, 2015). The system will try to adopt a
configuration that minimizes the number of unfa\adeacontacts between non-polar groups and
water molecules. If the magnitude of the hydropbadffect is large enough to overcome the
entropy of mixing effect, then the antioxidant m@aftition into a particular phase (such as the
interface or oil phase). However, these simplewaiter partitioning tendencies are limited in

emulsions because they do not account for the elraperface.

The fraction of an antioxidant that accumulatethatoil-water interface in an emulsion
can be described by the following equations, whach derived from a mass balance of the

system:

(40,)/[A07] = o @)

Kiweo+KiwKio@r+Kioew

or, after rearrangement:

(40,)/[A07] = Fiw )

Kow®otKiwer+ew

Here, (AQ) is the interfacial antioxidant concentration (s\@&r unit volume of interface), and
[AO1] is the total antioxidant concentration (mass et volume of emulsion)K, Ko and
Kow are the interface-water, interface-oil and oil-evagquilibrium partition coefficients, ang,

Qv andq are the oil, water, and interfacial volume fraoidg + @y + @ = 1). It should be
noted that the oil-water partition coefficient isen by:Kow = Kyw / Kio. Here it is assumed that
the molecular species partitioning between theetkfit phases are in a monomer form (rather
than micelles). This equation predicts that thecgtage of the antioxidant located at the

interface will increase as the total antioxidannamntration increases, the interface-water
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partition coefficient increases, or the volume fi@c of the interface increases. As an example,
the percentage of antioxidant located at the otewanterface is predicted for a system that
contains 10% oil, 1% interface, and 89% water, &g antioxidants with different interface-
water and oil-water partition coefficient&igure 4A). The percentage of antioxidant at the
interface was calculated using the expression: é&fede = (AQ/[AOt] x @ x 100. As
expected, the predictions show that the fractiomardgfoxidant at the interface increasekag
increases. In addition, they show that at a fikgg value the amount of antioxidant at the
interface decreases as tkew value increases, which is because the antioxidasta stronger
tendency to go into the oil phase. In reality, Khg andKow values will both depend on the
molecular structure of the antioxidant (and itsdamcy to form micelles), and therefore they are
likely to be related. For a surface-active antiaxit, the concentration of antioxidant in the
interfacial region (expressed as mass of antioxidathe interfacial region per unit volume of
interface) will decrease as the volume fractiothefinterfacial region increases, even though the
overall fraction of antioxidant in the system thatpresent in the interfacial region increases

(expressed as mass of antioxidant in the intetfaegaon per unit volume of emulsion).

Experimentally, the oil-water partition coefficieat an antioxidant can be estimated by
measuring the concentration of antioxidant in &lmil phase ¢o) and a bulk water phasey()
that have been left in contact for an extendedoperiOn the other hand, the interfacial partition
coefficients in the above equation are usually nuiffcult to measure directly because it is
difficult to accurately determine the amount in the interfacial layer. Nevertheless, they can
sometimes be measured using appropriate radioa(Beegupta and Damodaran, 1998) or
spectrophotometric active interfacial probes usimg pseudo phase model (Losada-Barreiro

al., 2015; Romsted and Bravo-Diaz, 2013). An alteweaapproach is to use the expression
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Kiw=_—="=—+= 3)

Where, ¢ (=(AQO))) is the antioxidant concentration in the inteid&cegion (expressed as mass
per unit volume of interface)cis the antioxidant concentration in the water ph@xpressed
as mass per unit volume of water phaBg)s the antioxidant concentration per unit surfacea
(surface load) and, is the thickness of the interface (approximatejyad to the length of the
emulsifier molecules). The value 6f can be estimated by measuring the interfacialidans
versus bulk antioxidant concentration curvEigure 4B) (McClements, 2015). Nevertheless,
this may be difficult to do in the presence of amnusifier because then the antioxidant may have
little impact on the measured interfacial tensi@tduse the emulsifier is much more surface

active.

Adsorption of Antioxidantsto Interfaces

An alternative approach to describing the adsonptb antioxidants to interfaces is to
consider that there is an equilibrium between tbsoebed and non-adsorbed states of an
antioxidant. Consider a system that consistshaflla liquid phase in contact with a surface. The
antioxidant may adsorb to the surface or it magispersed within the bulk liquid phadedure
4B). When the antioxidant level in the bulk liquidingreased, so does its surface concentration,
which causes a decrease in interfacial tensione fdresence of an antioxidant at the surface
decreases the interfacial tension by reducing tierntodynamically unfavorable contacts
between the surface and bulk liquid molecules (Hpr2011). As the antioxidant level is
increased, the interfacial tension decreases iimglaches a constant value because the surface
becomes saturated with antioxidant molecules. t&hdency for a surface-active molecule (such

as some antioxidants) to adsorb to surfaces cateseribed using thermodynamic approaches,
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such as thd.angmuir Adsorption Isotherm (Hunter, 1986; Hiemenz and Rajagopalan, 1997,
Norde, 2011). Thdangmuir adsorption isotherm relates the level of a surface active species
present at a surface to its concentration in thie laquid:

Q:L :& (4)
r, 1l+cl/cy,

where,0 is the fraction of adsorption sites for the antiaxts at the surface that are occupied,
. is the surface excess concentration of the amt@omi when the surface is completely
saturated, andy, is the antioxidant level in the bulk liquid whealhthe adsorption sites are
occupied, i.e.,0 = %. The equilibrium constant for adsorpti&= 1/c.;) provides a convenient
indication of thesurface activity or binding affinity of an antioxidant to a surface: the greater
1/cy, the higher the binding affinity. The surface waityi of an antioxidant is related to the free
energy of adsorption (McClements, 2015):

K=t = ex{—%} )

where AGaq4s corresponds to the free energy change associatéd exchanging a solvent
molecule with an antioxidant molecule at the swefacThe more negative is the free energy
change associated with antioxidant adsorpt®.§J, the higher is the affinity of the antioxidant
for the surface. The adsorption free energy isnlpasomprised of molecular interaction and
entropy of mixing contributions. The molecularargction contributions are associated with net
changes in the overall magnitude of the interactioergies associated with adsorptieg,, van
der Waals, electrostatic, steric, hydrogen bondamgl, hydrophobic interactions. The entropy of

mixing contributions are mainly due to changeshimm mumber of ways the antioxidant molecules
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can be arranged in the system in the non-adsonbéddsorbed statesg., configuration and

orientation entropies (Norde, 2011). Typicallye tentropy of mixing effect opposes the
adsorption of an antioxidant to a surface, sinég tbduces the number of configurations it can
have in the system. Hence, a compensating moleautleraction (such as the hydrophobic

effect) is needed to overcome this effect.

Predictions made using the Langmuir adsorption @oudor antioxidants with low and
high binding affinities (surface activities) areosim in Figure 5A. Initially, the amount of
adsorbed antioxidanf'} increases with increasing antioxidant concerdrain the bulk solution
(c), but then reaches a constant level])(when the surface becomes saturated with antiokida
In practice, saturation may not occur because tisemet enough antioxidant present, or it is not
surface-active enough. These predictions showahi@bxidants vary in their tendency to adsorb

to surfaces depending on their molecular charatiesi such as molecular weight and polarity.

An advantage of this approach is that the surfateity (1/c,) of an antioxidant can
often be determined from measurements of the &didf tension versus antioxidant
concentration in the bulk phasEigure 5A). These values are then converted into a plot of
surface pressure versus antioxidant concentratubvere surface pressure is the difference in
interfacial tension in the absence and presenantibxidant. The ¢ value is taken to be the

antioxidant concentration where the surface presisunalf of its value at the saturation level.

Using this approach an antioxidant can be descryethree parameters: (i) the surface
activity; (i) the surface pressure at saturatiand, (iii) the surface load. The surface activsty
an indication of how strongly the antioxidant bindshe surface, whereas the surface pressure at

saturation is a measure of how effective the aidant is at reducing the interfacial tension.
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The surface load is a measure of the mass of atiinkper unit surface area, and can be derived

from measurements of the interfacial tension vebslis antioxidant concentratiofrigur e 5A).

Competitive Adsor ption of Antioxidants and Emulsifiers

One of the problems with predicting the amount mticxidant that is present at an oil-water
interface is that there may be numerous differemtik of surface-active species present in an
emulsion that all compete for the same interfanethls case, the interfacial composition will
depend on the relative concentrations and surfetpatees of the different species. In particular,
a surface-active antioxidant may compete at thavater interface with an emulsifier. If it is
assumed that the antioxidant and emulsifier moescgbmpete for the interface, and that they
both have similar molecular dimensions, then thatikee concentrations of the antioxidant and

emulsifier can be given by the following expressi¢gkicClements, 2015):

rl — C.I. / C:Ll/ 2 (68.)
rTOT Cl/Cll/Z + CZ/CZ,l/Z
r2 _ C2 /CZ,l/Z (Gb)

Mo ) C/Cy G Coy 0
Herec; andc, are the concentrations of the antioxidant and stfireris in the bulk solution; ;
andrl; are the surface excess concentrations of thexghdiots and emulsifiers at the interface,
N and M. are the surface excess concentrations at saturditigr is the surface excess
concentration (antioxidants + emulsifiers) at theeiface, and; ., andc,, are the antioxidant
and emulsifier concentrations whefe/l'1. and N)/I2 = %. It is assumed that solvent,
antioxidant, and emulsifier molecules have the sdimensions in deriving these expressions.
The above equations predict that the concentratiothe antioxidant at the interface will
decrease as its concentration and surface actiMgtyease relative to that of the emulsifier
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molecules. An example of this effect is showrFigure 5B. As more emulsifier is added to
the system the amount of antioxidant present aintieeface decreases.

In reality, the solvent, antioxidant, and emulsifimolecules do not have similar
molecular dimensions, and so the above equatiofisneti be accurate. In particular, small
antioxidant molecules may be able to penetrate dmtwthe head or tail groups of the emulsifier
molecules, and therefore not directly compete i emulsifiers. Moreover, the presence of
the antioxidants may change the optimum curvature aterfacial tension of the droplet
surfaces. This competition between antioxidants emulsifiers is currently poorly understood,
and often ignored in studies of the role of antiaxits in emulsions. This is an important area of
research for future studies.

Another factor that may influence the level of axritlants at the surfaces of the droplets
in emulsions is when an antioxidant can bind teptholecules in the system, such as proteins
or polysaccharides. This binding can either ineeear decrease the concentration of the
antioxidant at the interface depending on whether groteins or polysaccharides are at the

interface or in the agueous phase.

Areall emulson interfaces equal?

Lipid droplet surfaces

Little is actually known about the composition asttuctural organization of the
interfacial regions surrounding most lipid droplef®xtbook representations of an emulsion
droplet interface show a very simple monolayer wifactants surrounding the lipid phase.
However, in commercial food oils there are manyfaig active component&.§. proteins,
polysaccharides, phospholipids, free fatty acidenoa and diacylglycerols, plant sterols and

antioxidants) and all of these surface active campts will compete for the lipid droplet
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interface. This could mean that while an antioxtdarassociated with the interface, its location
and properties may vary considerably dependinghennature of the emulsifiers and other
surface active components present. For exampéeantioxidants could be located on the oil
side, the water side, or within the emulsifier laiyself depending on emulsifier type. Moreover,
the chemical reactivity of the antioxidant may Iiterad depending on the precise nature of its
local molecular environment. The physiochemicabperties of the interfacial region, and
therefore the activity of an antioxidant locatedrd) may therefore vary appreciably depending
on the type of emulsifiers used. As an exampleygmrbates have large neutral hydrophilic head
groups, phospholipids have zwitterionic head groapsl proteins contain a variety of positive,
negative, and neutral amino acids (some of whicle lentioxidant properties). The impact of
emulsifier type on antioxidant efficacy is furthesmplicated by the fact that emulsifiers also
impact the activity of prooxidants. For instanoegative emulsifiers can bind and increase the
reactivity of transition metals (Mancusebal., 1999) and emulsifiers that create thick intedhci
layers can decrease lipid oxidation rates by fogrsteric barriers (Silvestret al., 2000). By
altering the activity of prooxidants, emulsifiersutd also impact the activity of antioxidants by
decreasing the ability of an antioxidant to reduooetals or by changing the location of where
lipid hydroperoxides decompose thus altering thiitplof an antioxidant to scavenge free
radicals. Mei and coworkers (1999) found that gell#erivatives were less effective at inhibiting
lipid oxidation in SDS- than Brij-stabilized emudsis, presumably due to the higher reactivity of
iron in the anionic SDS-stabilized emulsions. Stoaket al. (2000) found that both the charge
of the emulsifier and the ability of the emulsifterbind to methyl gallate and gallic acid altered
antioxidant partitioning in oil-in-water emulsionBi Mattia and coworkers (2011) found that

syringic acid, tyrosol and oleuropein had similbility to inhibit lipid hydroperoxide formation
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in Tween 20 or whey protein concentrate (WPC) 8tadd emulsions while these antioxidant
were more effective in WPC stabilized emulsionsnatbiting the formation of thiobartiburic
acid reactive substances. Further work is cleaglgded to systematically study how emulsifier

type impacts interfacial properties and antioxidzfficacy.

Micelles

Another complicating factor to using the antioxitdpolar paradox and the pseudo phase model
to predict antioxidant efficacy in emulsions is ihgact of surfactant micelles on antioxidant
activity. Emulsions formed using small moleculefaatants often contain a considerable amount
of non-adsorbed surfactants in the aqueous phasethase can assemble into small colloidal
particles (micelles) when their concentration exisea critical valueKigure 3). The surfactant
molecules in micelles organize so that their nolaptails are located in the interior (away from
water) and their polar head groups are locatedhat exterior (in contact with water).
Amphiphilic or non-polar antioxidants can be solizedd within surfactant micelles due to the
hydrophobic effect. Micelles are highly dynamic ustures that can rapidly exchange
components (such as lipid hydroperoxides or ardiemxi molecules) in an oil-in-water emulsion
by interacting with other micelles, the aqueoussghar the lipid droplets (McClements, 2015).
The rates of these exchanges are fast (secondsates) when compared to the time it takes
most foods to oxidize (days). Interdroplet molecwgachanges have been evaluated using 2
different Tween 20-stabilized emulsions made wittadecane and hexadecane. Upon mixing of
the two different emulsions, surfactant micellesavable to transport hydrocarbon molecules
between droplets with mixing observed after 24 motibation (McClements et al., 1992). Even
more rapid exchanges (<10 min) have been observdd hydrophobic fluorescent dyes in

toluene or octane emulsions stabilized by Tritord00 (Malassagne-Bulgarelli and McGrath
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2013). However, not all lipids can be transferretideen lipid droplets. Couplamtial. (1996)
found that while hydrocarbons (hexadecane or octat® can be transferred between lipid
droplets by surfactant micelles, triacylglyceratsrf oil) cannot, presumably because the larger
molecular dimensions of triacylglycerols do noballthem to be incorporated into micelles. In
addition, saturated and unsaturated oils did not together in mayonnaises containing
surfactant micelles (Raudseppal., 2014), confirming the fact that triacylglycerolohacules
cannot be rapidly transferred from one dropletriother. However, the ability of micelles to

solubilize non-polar components would be dependarthe system being studied.

The ability of surfactant micelles to transfer campnts between lipid droplets could
theoretically both increase and decrease lipid atiod rates. Increased oxidation rates could be
caused by surfactant micelle transfer of prooxidafiactors between droplets. For example
Raudseppet al. (2014) showed that radicals generated in the iontesf lipid droplets can
contribute to the initiation of autoxidation in ghboring droplets in the presence of surfactant
micelles. In addition, surfactant micelles can bdize lipid hydroperoxides (Nuclat al., 2002)
and metals (Chet al., 2002) out of lipid droplets. Solubilization ofgmxidants out of lipid
droplets could inhibit lipid oxidation by partitiorg them away from the unsaturated fatty acids
or it could promote oxidation by allowing an indiuial lipid droplet that is undergoing oxidation

to transfer prooxidative factors to a second ditople

Surfactant micelles can also impact antioxidaniagt Rosmarinic acid esters have been
reported to have maximal antioxidant activity ird-iaiwater emulsions when attached to a
hydrocarbon tail with 8 carbons (Lagueetal., 2010). The 18 and 20 carbon esters have
almost no antioxidant activity despite having esisfly the same partitioning in the lipid

droplets as the 8 carbon ester (Padyal., 2012). Since all the esters have similar freecedd
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scavenging activities due to having the same rasioaacid head group, this suggested that the
most non-polar esters where not partitioning in shene location as the 8 carbon ester thus
decreasing their efficacy (Lagueret al., 2010). When excess surfactant was added to the
emulsion to produce aqueous phase surfactant escethe concentration of all esters in the
agueous phase increased indicating that the nsce#ge able to solubilize the esters out of the
lipid droplets (Panyat al., 2012). One would expect this to decrease antaoidctivity as the
antioxidants would be partitioning away from thesaturated triacylgycerols which are thought
to be the source of free radical formation. Howewden surfactant micelles were added to an
emulsion containing 20 carbon esters, the agquebasepC20 ester concentrations increased as
expected but unexpectedly antioxidant activity datioally increased even though less
antioxidant was in the lipid droplets (Pamgtaal., 2012). Similar trends were also observed for
tocopherols with increasing Tween 20 concentratimigcyeasing aqueous phase tocopherol
concentrations and antioxidant activity (Kiraleh al., 2014). Increasing surfactant micelle
concentrations in oil-in-water emulsions, where tiehad been stripped of its endogenous
antioxidants, had minimal impact on lipid oxidaticates. Oehlke and coworkers (2010) also
found that partitioning of ferulic acid and isofecuacid into surfactant micelles seemed to
increase antioxidant activity in oil-in-water emolss produced with SDS and Brij 58. Earlier
research showed that the addition of Brij miceliesoil-in-water emulsions decreased lipid
oxidation rates (Richardat al., 2002). Originally, this was thought to be doer¢moval of
prooxidant factors such as hydroperoxides (Nwethal., 2002) and metals (Chet al., 2002)
from the lipid droplets but in hindsight, this wiileely due to solubilization of tocopherols into
the aqueous phase micelles since the oils in #isisarch were not stripped of their tocopherols.

While antioxidants could be at the interface oeiiitr of a micelle, it is unclear how this would
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improve their activity compared to when they aretipaned into the lipid droplets. One
potential hypothesis is that the antioxidants ie thicelles could act as a reservoir to replace
oxidized antioxidants in the lipid droplets sinceefles can rapidly exchange their contents with
lipid droplets (Laguerreet al., 2015). Another possibility is that antioxidants $urfactant
micelles could inactivate aqueous phase free ridimaginating from hydrogen peroxide or
surfactant peroxides. However, very little is kmoabout the exact structure of micelles and
other physical structures that reside outside @ftimulsion droplets. More work is need to study
these structures by isolation via molecular siewa@hniques or noninvasive techniques such as

NMR and fluorescent probes.

Reverse Micelles

Refined oils contain surface active compounds stsscphospholipids, free fatty acids, mono- and
diacylglycerols, sterols and antioxidants. Thasg#astants in combination with water have been
shown to form association colloids in bulk oils¢ckilas reverse micelles and bilayers (for review
see Cheret al., 2011; Chaiyasiét al., 2007). These structures have a water-lipid fater that
can influence the partitioning and activity of b@itooxidants and antioxidants in bulk oils. For
example, the more polar Trolox can partition ingsaciation colloids more thamtocopherol

which could explain its strong antioxidant efficanybulk oils (Chen et al., 2011).

It is unknown if association colloids maintain thsfructure once the oil is converted to an oil-
in-water emulsion. In oil-in-water emulsions, tresaciation colloids could be lost as the surface
active compounds migrate to the surfaces of thd tpoplets, conversely they could persist and
change their structures if the emulsifier used todpce the emulsion prevents them from
migrating to the lipid droplet surfaces or if somethe emulsifier and water migrate to the

interior of the lipid droplets. Almost nothing isxéwn about the existence and influence of
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association colloids on antioxidant activity in -mitwater emulsions but theoretically,
association colloids could change the physical tlonaof antioxidants thereby altering their

efficacy.

Droplet size effects

An additional factor that has not been widely stddin lipid oxidation is the fact that not all
emulsion droplets are the same in food dispersi@asnmercially and experimentally, oil-in-
water emulsions are made by a variety of techniquelsiding high pressure homogenizers,
microfluidizers, sonicators, colloidal mills andrgle blenders (McClements, 2015). These
different homogenizers, how they are operated (@apsure, time) and variations in emulsifier
type and concentrations can produce emulsions witivide variety of droplet sizes and
polydisperities Figure 6). Most studies have shown that lipid droplet ipdy has a minimal
impact on lipid oxidation rates (Gohtaeti al., 1999; Hegenauest al., 1979; Lethuautt al.,
2002, Nakayeet al., 2005, Imaiet al., 2008; Couplanct al., 1996; Osborn and Akoh, 2004;
Dimakouet al., 2007; Kiokiaset al., 2007; Paraskevopoulat al., 2007; Sun and Gunasekaran,
2009). However, the majority of these papers useshdgenization techniques that produce
polydisperse emulsions and thus contain both lamgd small droplets. In polydisperse
emulsions, the heterogeneity of the droplets camlgiact lipid oxidation differently. Since the
small droplets have much larger surface area,pbssible that they could oxidize faster than the
large droplets if surface area is limiting the ipibf reacts (e.g. hydroperoxides and transition
metals) to interact. However, one of the aboveepapised a membrane homogenizer which
produces very monodisperse emulsion droplets (Nalhyal., 2005). Interestingly, in this
research the small droplets (0.83 and 1.1 um) weoes oxidatively stable than the large

droplets (9.8 um) suggesting that surface areansathe predominant factor in determining
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oxidative stability. The increased oxidative stiipibf the small droplets could be due to factors
such as different interfacial properties than theeé droplets as the curvature of the droplet
surface and the surfactant packing could be difter&his could impact the ability of

antioxidants and hydroperoxides to partition at ititerface thus either increasing antioxidant
efficacy or decreasing prooxidant activity. Altetiwaly, there may have been less prooxidants
per droplet in the smaller droplets or the largfame area could dilute the concentration of
reactants at the interface making interactions eetwhydroperoxides and metals less likely.
Consequently, once oxidation starts in one drapleiy rapidly propagate through an emulsion
containing fewer larger droplets, but not througte @ontaining many smaller droplets. More
research is required to establish the potentidémdihces in the physicochemical properties of
small versus large emulsions and to determine wenetthis is an important factor in lipid

oxidation and antioxidant effectiveness.

Conclusions

In the antioxidant polar paradox approach, an eionls considered as having a lipid core (1),
surfactant interface (2) and aqueous phase (3h@srsin Figure 3. This approach does not
consider differences that might impact antioxidactivity if oxidation mechanisms are different

in droplets of different sizes (1 vs 4) or if axidants partition into other interfacial structures
such as aqueous phase surfactant micelles (5)ipiddphase association colloids (6). In an
attempt to improve upon the antioxidant polar pera pseudo phase approach has been taken
to directly measure antioxidants location and th&empt to link the location to antioxidant
efficacy (Romsted and Bravo-Diaz, 2013; Costa e&l16; 2017; Almeida et al., 2016). This is
an interesting technique to measure the locatioudiféérent antioxidants in emulsions since
measurement can be made directly in an opaque iemwghout need to physically separate the
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578 lipid droplets and aqueous phases, which could dteplet properties. However, this technique
579 is limited in that it cannot exactly determine et antioxidant is embedded in the droplet
580 interface (2) or could be in other locations sushjwst below the water-droplet interface or
581 physically absorbed to the surface of the emulsiooplet interface. In addition, it cannot
582 differentiate antioxidants in the interfacial lay@®) of an emulsion droplet or in lipid phase
583 aqueous phase surfactant micelles (5) or lipid @leasociation colloids (6) since the probe will
584 partition in all emulsion phases that form phys&alictures. The pseudophase method is a large
585 improvement over other methods in that direct mesmant of antioxidants associated with
586 surfactants can be made. However, as suggestedebgt G2015), it must be correlated with
587 antioxidant efficacy in interfaces with differentoperties (e.g. mixed emulsifiers, interfacial
588 layers of different thicknesses and viscosity, riatgal layers in small vs large emulsion
589 droplets). In addition, more work is need to deieemwhere interfacial antioxidant
590 concentrations determined by the pseudophase metroslate with antioxidant efficacy. If the
591 method is versatile enough to measure antioxiagdeatfacial location in real food emulsions, this
592 could provide important information of how complemulsion droplet interfaces with multiple

593 emulsifiers impact antioxidant efficacy.

594

595 While compounds with potential antioxidant activétse widespread in nature, it continues to be
596 surprising that many more natural solutions to k@rgpoilage by rancidity are not available. To
597 successfully identify effective antioxidants thande commercialized, knowledge is needed on
598 their free radical scavenging activity and physigattitioning in addition to other factors that
599 impact lipid oxidation kinetics and antioxidantiefficy. Thus more research is needed in areas

600 such as:
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1. How do surfactant micelles alter the effectivemef antioxidants?

2. Do reverse micelles/association colloids exighe lipid phase of oil-in-water emulsions, and

if they do what is their structure and how do tirapact antioxidant efficacy?

3. How do different emulsifiers and emulsifier candiions impact the physiochemical
properties of the lipid droplet interface and how tthese properties impact the location and

reactivity of both prooxidants and antioxidants?

4. In polydisperse oil-in-water emulsions, do snaatiplets oxidize at a different rate than large
droplets? Also, do small droplets have differenygicochemical properties that can alter the

ability of antioxidants and prooxidants to impaptd oxidation kinetics?

5. It would seem unlikely that lipid oxidation walubccur simultaneously in all droplets. If this
is true, is rancidity due to the oxidation of a setbof the entire emulsion droplet population?
Alternately, when oxidation occurs in one droptztn these reaction products be transferred to
other droplets eventually causing oxidation ineéhére population? Depending on which occurs,
can antioxidants be targeted to the most susceptitdplet population or can the transfer of

oxidation products between droplets be inhibitedloov oxidation?

Due to the complex nature of lipid oxidation in dsmons, it is highly unlikely that one free
radical scavenging antioxidant will be effectiveal foods. With expanded knowledge of the
factors that influence lipid oxidation and anticed activity in research areas such as those
describe above, it will be easier to predict whighe of antioxidant properties relate to efficacy
in real food systems. This in turn could providerenopportunities to utilize natural antioxidants

to prevent spoilage in foods.
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Table 1. Calculated surface coverages of antioxidants (AO) in oil droplets in oil-in-water emulsions using
examples from the literature.

AOC Particle size Size AO Atgt/lgil
AO name concentration Fat content (wt %) molecule f References
(uM) (um) (nm2) surface
(%)
hydroxytyrosol acetate 5 0.1-0.25 0.1 0.82 0.07 Medina et al. (2009)
octyl gallate 4 0.1-0.25 0.1 0.43 0.04 Medina et al. (2009)
hydroxytyrosol acetate 51 0.1-0.25 0.1 0.43 0.59 Medina et al. (2009)
octyl gallate 35 0.1-0.25 0.1 0.43 0.41 Medina et al. (2009)
hydroxytyrosol acetate 102 0.1-0.25 0.1 0.43 1.19 Medina et al. (2009)
octyl gallate 71 0.1-0.25 0.1 0.43 0.83 Medina et al. (2009)
a-tocopherol 151 0.1-0.25 10 0.66 1.74 Huang et al. (1996a)
trolox 15 0.1-0.25 10 0.66 0.18 Huang et al. (1996a)
a-tocopherol 302 0.1-0.25 10 0.66 3.49 Huang et al. (1996a)
trolox 30 0.1-0.25 10 0.66 0.35 Huang et al. (1996a)
a-tocopherol 302 0.17-0.25 10 1.65 10.50 Huang et al. (1996b)
trolox 304 0.17-0.25 10 1.65 10.56 Huang et al. (1996b)
a-tocopherol 1161 0.17-0.25 10 1.65 40.37 Huang et al. (1996b)
trolox 1175 0.17-0.25 10 1.65 40.85 Huang et al. (1996b)
quercetin 331 0.2 10 1.09 7.46 Belhaj et al. (2010)
methyl carnosate 144 0.2-0.25 10 0.70 1.67 Huang et al. (1996c¢)
a-tocopherol 151 0.2-0.25 10 1.65 8.20 Huang et al. (1996c¢)
carnosic acid 301 0.2-0.25 10 1.26 6.25 Huang et al. (1996¢)
methyl carnosate 289 0.2-0.25 10 0.70 3.48 Huang et al. (1996c¢)
a-tocopherol 302 0.2-0.25 10 1.65 8.20 Huang et al. (1996c¢)
alpha or delta tocopherol 25 d3,2=0.26-0.28 5 1.65 1.12 Chaiyasit et al. (2005)
butylated hydroxyltoluene
(BHT) 25 d3,2=0.26-0.28 5 0.43 0.29 Chaiyasit et al. (2005)
alpha or delta tocopherol 140 d3,2=0.26-0.28 5 1.65 6.26 Chaiyasit et al. (2005)
butylated hydroxyltoluene
(BHT) 140 d3,2=0.26-0.28 5 0.43 1.63 Chaiyasit et al. (2005)
tertiary butylhydroquinone
(TBHQ) 116 diameter 0.3-0.4 0.28 1.14 Richards et al. (2002)
gallic acid 50 d43=0.38 £+ 0.1 0.33 1.24 Alamed et al. (2009)
propyl gallate 50 d43=0.38 + 0.1 0.64 2.43 Alamed et al. (2009)
tertiary butylhydroquinone
(TBHQ) 50 d43=0.38 + 0.1 5 0.28 1.06 Alamed et al. (2009)
rosmarinic acid 50 d43=0.38 + 0.1 5 241 9.18 Alamed et al. (2009)
1 wt % milk fat; 0.5
propyl gallate 20 d[3,2]=0.48-1.36 wt % fish oil 0.64 2.42 Let et al. (2007)
gallic acid 5 0.94-1.01 2 0.33 7.95 Mei et al. (1999)
methyl gallate 5 0.94-1.01 2 0.40 9.71 Mei et al. (1999)




gallamide (3,4,5-
trihydroxybenzamide)

Gallic acid

Methyl gallate
gallamide (3,4,5-
trihydroxybenzamide)

tocopherols
ascorbyl palmitate
lecithin
tocopherols
ascorbyl palmitate
lecithin

500
500

500
232
241
136
2322
2412
1362

0.94-1.01
0.94-1.01
0.94-1.01

0.94-1.01

Various Oil
droplet size, 50th
percentile max
toco=1.42

18
18
18
18
18
18

0.35
0.33
0.40

0.35
1.65
1.80
0.56
1.65
1.80
0.56

8.60
79.51
97.07

89.05
30.33
34.45
6.04
303.33
344.52
60.39

Mei et al. (1999)
Mei et al. (1999)
Mei et al. (1999)

Mei et al. (1999)
Serfert et al. (2009)
Serfert et al. (2009)
Serfert et al. (2009)
Serfert et al. (2009)
Serfert et al. (2009)
Serfert et al. (2009)




Figure Legends:

Figure 1. Differences in propanal formation (mmol/kg lipid) in emulsified and bulk algae oil.

Figure 2. Proposed lipid oxidation mechanism in oil-in-water emulsions consisting of an oil phase, water
phase, and interfacial region (which is usually covered with emulsifier).

Figure 3. The physical location of water-oil interfaces in an oil-in-water emulsion. 1 = oil phase; 2 =
emulsion droplet interface; 3 = aqueous phase; 4= small emulsion droplet; 5 = aqueous phase surfactant
micelles; 6 = lipid phase surfactant reverse micelles.

Figure 4. A: The calculated amount of antioxidant at a surface for emulsions containing 10% oil, 1%
interface, and 89% water as a function of interface-water and oil-water interface. B: Schematic diagram
of the change in interfacial tension with increasing concentration of a surface-active antioxidant or
emulsifier.

Figure 5. A: Comparison of the change in fractional surface coverage with the concentration of a highly
surface active (c/, =0.25) and weakly surface active (c¥% =10) substance. B: Schematic diagram of the
change in interfacial composition at the oil-water interface when two different surface-active
substances at present at different levels.

Figure 6. An example of an oil-in-water emulsion consisting of oil droplets (red) dispersed in an aqueous
medium (black).
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Figure 5
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Figure 6




Highlights for “Hurdles in Predicting Antioxidant Efficacy in Oil-in-Water Emulsions”

1. Despite thousands of published papers on antioxidants, very few new antioxidants have actually be
commercialized. This is because many research protocols evaluate antioxidants in manners that do not
predict their efficacy in foods.

2. Discussion on factors besides free radical scavenging that can impact the efficacy of antioxidant in
foods emulsions. For example, interfacial coverage of antioxidants, antioxidant interaction with other
food components and antioxidant partitioning into multiple physical locations.

3. Knowledge gaps were identified and presented as future research directions including oxidation of
different sized droplet in multidisperse emulsions, transfer of antioxidants and prooxidant between
emulsion droplets, role of surfactant micelles on antioxidant activity and impact of emulsifiers on
antioxidant location and prooxidant activity.



