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Abstract: The consumption of omega-3 fatty acids provides a wide range of health benefits. However, the incorporation
of these fatty acids in foods is limited because of their high oxidative instability. A new paradigm has emerged to better
explain the oxidation mechanism of polyunsaturated fatty acids, which will be discussed here with reference to bulk lipids
considered a special case of water in oil microemulsion. This paradigm suggests that lipid oxidation reactions are initiated
by heterogeneous catalysis by metal oxides followed by the formation of micelles containing initial hydroperoxides,
water, and other amphiphilic compounds. The induction period comes to the end when the formed micelles reach a
critical micelle concentration and start to decompose opening the way to intense free radical reactions. Antioxidants
and synergists extend the induction period not only by scavenging free radicals but also by stabilizing the micelles. With
better understanding of the lipid oxidation mechanism, a tailored choice of antioxidants and synergistic combinations, and
efficient encapsulation methods may be optimized to provide stable encapsulates containing highly n-3 polyunsaturated
fatty acids. Smart processing and encapsulation technologies utilizing properly stabilized oils as well as optimized packaging
parameters aiming to enhance n-3 fatty acid stability by smart selection/design of antioxidants, control of the interfacial
physics and chemistry, and elimination of surface oil are needed for this purpose.
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General Introduction to the Challenges Facing the
Incorporation of Omega-3 Polyunsaturated Fatty
Acids in Foods

Omega-3 polyunsaturated fatty acids (n-3 PUFA), especially
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA),
have been shown to provide several health benefits to humans,
for example against rheumatism, inflammation, psychiatric and
neurodegenerative illnesses, dyslexia, depression, schizophrenia,
autism, type 2 diabetes, coronary heart disease, atherosclerosis,
cancer, and Alzheimer’s disease (Calder 2013). However, the in-
corporation of n-3 PUFA isolated from fish tissues into foods is
challenged by their extreme instability toward oxidation, which
is caused by the high number of double bonds in their chemical
structures. The inhibition of lipid oxidation reactions, especially
for highly unsaturated fatty acids such as EPA and DHA, has been
a challenge throughout the past century. Efforts made during the
past decades to use primary antioxidants (mainly tocopherols) to-
gether with certain synergists to stabilize n-3 PUFA for utilization
in foods were not very successful.
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Jacobsen (2015) reviewed the strategies used for the stabilization
of foods enriched in n-3 PUFA and addressed the importance of
optimization of antioxidant addition and processing parameters.
It was suggested that the use of multiple antioxidants with mul-
tifunction properties (radical scavenging, metal chelating, oxygen
scavenging, singlet oxygen quenching, and antioxidant regenera-
tion) may provide better protection than monocompound antiox-
idants. However, despite a general agreement about these strate-
gies, a convincing understanding of the antioxidant cooperation
mechanism(s), known as synergism, is not yet attained. To reach a
practical solution to the lipid oxidation challenge, a better under-
standing of the chemistry and physics of the reactions involved,
especially at the initial stages of the transformations, is required.

Besides antioxidant addition, encapsulation was employed as a
secondary approach to further protect n-3 PUFA against oxidation
and to facilitate their incorporation in food products such as bread,
yoghurt, milk, and infant formulae (Barrow and others 2013). En-
capsulation, referring to the embedding of the oil in a matrix of
proteins and/or carbohydrates, can be achieved through a variety
of processing techniques including for instance spray granulation,
spray drying, and freeze drying. The stability of the encapsulated
n-3 PUFA depends on several parameters including oil quality,
stabilizing antioxidants and synergists, oil distribution within the
particle, particle size and surface area, particle density, wall ma-
terial, moisture content, and water activity. A major challenge
facing encapsulation processes is related to the small percentage of
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Initiation 
LH  +   X•   L•  +  XH            (1) 
L• +   O2   LOO•             (2) 
Antioxidation
LOO• +   AH   LOOH  +   A•            (3) 
LOO• +   A•   LOOA             (4) 
Propagation
LOO• +   LH   LOOH  +   L•            (5) 
Chain Branching 
LOOH +   LH     LOO•  +   L•   +  H2O (Momomolecular)     (6) 
LOOH +   LOOH       LOO•  +   LO•   +  H2O   (Bimolecular)     (7) 
Termination 
LOO•  +   LOO•     non-radical secondary oxidation products     (8) 
LOO•  +   LOO•     non-radical secondary oxidation products     (9) 
LOO•  +   LOO•     non-radical secondary oxidation products     (10) 

Figure 1–Schematic description of the accepted mechanism of the important free radical reactions during the initiation, propagation, and termination
of lipid oxidation chain reactions.

surface oil spread as a thin layer over the surface of the capsule,
which makes it quite vulnerable to oxidation (Velasco and oth-
ers 2006; Ruiz-Ruiz and others 2017). If processing conditions
and ingredients are selected appropriately, it would be possible to
prepare highly stable n-3 PUFA encapsulates.

It is well known that lipid oxidation reactions start by the trans-
formation of lipids, especially those containing unsaturated dou-
ble bonds, to lipid hydroperoxides via the free radical mechanism.
These hydroperoxides degrade to a wide variety of secondary oxi-
dation products (including alcohols, aldehydes, ketones, epoxides,
dimers, and polymers) leading to organoleptic changes and ran-
cidity (Schaich 2012). It became apparent in the last 2 decades that
interfacial phenomena, to be discussed in detail later, play an im-
portant role in lipid oxidation reactions, which led to this change
of paradigm. Thus, understanding of the physical chemistry of
the oxidation reactions is necessary with particular reference to
heterogeneous catalysis by metal oxides (Cheng and Li 2007) and
the role played by micelles (Brimberg 1993). The combination of
free radical chemistry with heterogeneous catalysis by trace metal
ions and micelles provides satisfactory explanation for many of the
phenomena that cannot be explained on the mere basis of the
free radical mechanism (Budilarto and Kamal-Eldin 2015a). The
involvement of the interfacial layer in lipid oxidation in emulsions
and multiphase systems has been reviewed (Berton-Carabin and
others 2014).

In this article, we review the new concepts focusing on the
multidimensional characteristics of lipid oxidation and the im-
portant role of hydrophilic–lipophilic properties of the different
molecular species present in an oxidizing system. Although this
paradigm will apply to the general case of lipid oxidation (in bulk
lipids, water-in-oil emulsions, and oil-in-water emulsions), this
review will focus on oxidation in bulk lipids as a special case
of water-in-oil microemulsion (Chaiyasit and others 2007, 2008;
Chen and others 2010, 2011a, 2011b). We shortly present lipid
oxidation reactions as explained by the free radical mechanisms
and then link the roles played by heterogeneous catalysis with the
chemical reactions occurring during the initiation, propagation,
and termination steps of the lipid oxidation reactions. After laying
these foundations, we review knowledge pertinent to how lipid
oxidation is affected by the degree of unsaturation, humidity, an-
tioxidants, and synergists and antagonists. Finally, we discuss how

this new knowledge may provide opportunities for tailored choice
of antioxidant and synergistic combinations and preparation meth-
ods to provide stable nano- and microencapsulates containing n-3
PUFA. The understanding of this extended model is vital for food
engineers and processing technologists interested in preparation of
stable n-3 PUFA ingredient formulations.

Lipid Oxidation as Explained by the Free Radical
Mechanism

The current knowledge about the lipid oxidation mechanism
is gathered by analysis of oxidation products and kinetic studies.
During the 1940s, lipid hydroperoxides (LOOH) were identified
as the primary lipid oxidation products (Farmer and Sundralingam
1942; Farmer and Sutton 1943, 1946) and the free radical mecha-
nism of lipid oxidation was proposed (Bolland 1946, 1950; Bolland
and Gee 1946a, 1946b). It is largely accepted that lipid oxidation
reactions are explained by the classical free radical chain mecha-
nism presented in Figure 1. The sequence of reactions is accepted
to include 3 stages identified as initiation, propagation, and termi-
nation periods.

(i) The initiation phase (or induction period IP) comprising
the monomolecular phase of hydroperoxide formation and
peroxyl radical scavenging by antioxidants,

(ii) The propagation phase (or exponential stage) including the
autocatalytic and the monomolecular and bimolecular or
branching reactions, and

(iii) The termination stage mainly characterized by hydroper-
oxide decomposition and increased formation of secondary
oxidation products.

Kinetically, the lipid oxidation reactions show the features of
chain reactions autocatalyzed by its products, the peroxyl radi-
cals as shown in Figure 1. The chemistry explaining the different
products observed during lipid oxidation reactions is elegantly pre-
sented by Schaich (2012). During the cascade of the reaction, lipid
hydroperoxides degrade to secondary oxidation products includ-
ing lipid alcohols, ketones, epoxides, oligomers, and β-scission
released volatiles. The formation of these compounds is mini-
mal during the initiation phase but increases exponentially during
the propagation and termination phases. When phenolic antioxi-
dants are present, they act as hydrogen donors (AH) and scavenge
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chain-propagating peroxyl radicals and, thereby inhibit the oxida-
tion reactions (Porter 1993; Kamal-Eldin and Appelqvist 1996).

Although the very initial stage(s) of lipid oxidation are the most
important when it comes to impact and consequences, scientific
investigations have mainly focused on the propagation and chain
branching reactions describing the exponential increase in the
concentration of hydroperoxides after the initial period of slow
reaction known as the induction period (IP). It is important to
note here that this approach often gave paradoxical results and
inconsistencies. The main paradoxical features that are not ex-
plained by the free radical mechanism are those related to critical
phenomena manifested in the oxidation of fatty acid substrates and
its inhibition by antioxidants (Kamal-Eldin and Budilarto 2015a)
such as;

(i) The criticality governing the sudden change from the initial
reaction phase (induction period) to the exponential prop-
agation phase. This sudden change in reaction rates of the
same chemical reactions can only be explained by a critical
change in the reaction microenvironment, the organization
of molecular species, and proximity of interacting species
(Laguerre and others 2017),

(ii) The loss of antioxidant efficacy with increased antioxidant
concentrations. With α-tocopherol taken as a typical ex-
ample, the rate of oxidation during the IP increases with
increased antioxidant concentration (see explanation in Sec-
tion “Antioxidants”). and

(iii) The unexplained synergistic interactions between primary
antioxidants (phenolic type) and secondary antioxidants
(examples phospholipids and amino acids).

Thus, the free radical mechanism alone does not unequivocally
provide a detailed and circumstantial description of the physical
and chemical changes of reactants to products, including the char-
acterization of the composition, structure, energy, and other prop-
erties of reaction intermediates, products, and transition state(s).
Gradually, a change in paradigm occurred in relation to these criti-
calities. Several breakthroughs have led to this change starting with
the publication of Porter’s (1993) treatise on the antioxidant para-
dox, Frankel and others (1994) suggestion of the interfacial phe-
nomenon, and its refining by Decker’s group to include association
colloids (Chaiyasit and others 2007, 2008; Chen and others 2011a,
2011b); the cut-off theory (Laguerre and others 2009, 2015), and
the involvement of micelles (Brimberg and Kamal-Eldin 2003;
Budilarto and Kamal-Eldin 2015a, 2015b).

Heterogeneous Catalysis and Lipid Oxidation in Bulk
Oils

Previously, lipid oxidation reactions in bulk oils were considered
to occur in homogeneous solutions by the free radical mechanism.
Currently, it is well accepted that bulk oils have colloidal structures
based on reversed micelles and/or lamellar dispersions known as
association colloids (Chaiyasit and others 2007, 2008; Chen and
others 2010; Xenakis and others 2010). This type of structure
supports heterogeneous rather than homogeneous catalysis. Het-
erogeneous catalysts have multiple types of active sites, which qual-
ifies dispersible colloids and nanoclusters as heterogeneous catalysts
(Astruc and others 2005). In the new understanding, the colloidal
structure and the different catalytic surfaces play an important role
and may explain many of the paradoxes associated with mecha-
nisms solely based on the free radical mechanism.

The very initial phase of lipid oxidation
In literature, the initiation phase of lipid oxidation is generally

represented by the general equation (1) where neither the type of
the hydrogen acceptor X• nor of the nature of the reaction(s) is
precisely described. Actually, Privett and Plank (1962) published
an important investigation on the initial stages of autoxidation
and concluded that “the oxidation of polyunsaturated lipids is
initiated by a discrete reaction occurring prior to the formation
of stable hydroperoxides.” These authors recognized that the re-
action(s) involved are very slow and irreproducible, which is in
agreement with the nature of heterogeneously-catalyzed reactions
(Mikhailov 1999). Irregular shapes of oxidation curves during the
very early stage of lipid oxidation were obtained by different au-
thors (Spranger and others 1998). However, the importance and
contribution of this very initial phase to the autocatalytic lipid
oxidation reaction driven by peroxyl radicals is seldom discussed.
Nevertheless, it seems to be the most important and most difficult
to control.

It is well agreed that lipid oxidation is initiated by interactions
of PUFA with energy (temperature or light) in the presence of
catalytic amounts of transition metals leading to the abstraction
of a hydrogen atom from PUFA and the generation of first free
radicals. This oxidative dehydrogenation, by heterogeneous catal-
ysis, provides a convincing explanation to the initiation of lipid
oxidation. It is well known that transition metal ions catalyze the
initiation of lipid oxidation and that the rate of initiation is pro-
portional to the concentration of trace metal ions (for example,
cobalt, copper, iron) in their low or high transition states (Schaich
1992). Since the C–H bonds of hydrocarbons are very weakly
acidic, the surface sites capable of the deprotonation of hydrocar-
bons must be basic (Burch and others 1999) and metal oxides can
provide such catalysts in the nanoscale. The following equations
explain the mechanism of catalysis by metal oxides,

LH + M(n+1)+-OH → L• + Mn+-OH2 (1)

LOOH + Mn+-OH2 → LO• + M(n+1)+-OH + H2O (2)

According to this mechanism, metal oxides are able to form hy-
drogen bonds with the labile hydrogens of unsaturated fatty acids
in a similar way to lipoxygenase and cyclooxygenase enzymes and
initiate oxidation by hydrogen abstraction (Schneider and others
2007). The only difference between the enzymatic and nonenzy-
matic metal-catalyzed oxidation pertains to the regio- and stereo-
specificity of the enzymes, which are determined by the space and
the structural features of the proteins at their active sites (Liavon-
chanka and Feussner 2006). In the catalytic oxidation of an olefin,
R1–CH = CH–CH2–R2 by transition metal oxides, the olefin is
adsorbed on the surface of the metal and a hydrogen atom is ab-
sorbed leaving a R1–CH = CH–CH•–R2, which will react with
oxygen to produce the initial hydroperoxides. The mechanism of
“oxidation by dehydrogenation” may explain some observations
that are not yet understood. For example, that compounds with
trans double bonds oxidize at lower rate than compounds with cis
double bonds and that oxidation of saturated lipids is also possible
at high temperature (Brodnitz 1968). Depending on the degree
of refining, vegetable oils may contain up to 800 ppb of iron and
copper (Llorent-Martinez and others 2011).

The role of transition metal contaminants and catalytic surfaces
may be described to resemble in essence the role of oxygenases,
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particularly lipoxygenases. It is agreed that the first step in the
enzymatic catalysis of lipid oxidation is the activation of the fatty
acid substrates by iron in the active site of the enzyme and that the
Fe(III) to Fe(II) redox state is absolutely essential for enzyme activ-
ity. It was shown that in reactions initiated with Fe(II) lipoxygenase
that there is a kinetic lag phase or “induction period”, which is
inversely proportional to the lipoxygenase concentration (Veldink
1994). The initial reaction produces hydroperoxides, which reduce
the ferric to ferrous and reactivate the enzymatic catalysis. This
initial reaction is highly nonlinear but it will eventually approach a
steady state where the oxygen consumption becomes a linear func-
tion of time (Schilstra and others 1993; Wang and others 1993;
Glickman and Klinman 1995). The active sites of lipoxygenases
were shown to be inhibited by secondary oxidation products and
corresponding alcohols (Waller and others 2008). On the other
hand, phenolic antioxidants, such as α-tocopherol, seem not able
to inhibit reactions in the lipoxygenase catalytic pocket but can
inhibit the subsequent free radical reactions catalyzed by hydroper-
oxides (Noguchi and others 2005). In other metal oxide-catalyzed
oxidations, it is possible that phenolic antioxidants present some
competitive inhibition to the dehydrogenation of unsaturated fatty
acids but this will depend on their structures and concentrations.

In another complication, iron and other transition metal ions can
catalyze the production of highly reactive oxygen species through
Haber Weiss reaction (Gülçin 2006):

O•−
2 + H2O2 → O2 + OH− + OH• (3)

Where in the presence of Fe2+ or Cu2+, H2O2 can form OH•

by the Fenton reaction (Gülçin 2006). Many antioxidants are
known to form chelates with Fe2+, which is the most powerful
pro-oxidant among the various species of metal ions. Flavonoids,
for instance, are not only known for their scavenging of radical
activities (Silva and others 2002) but also for their metal chelating
activities (Hall 2001). The flavonoids binding sites for metals are
also related to the phenolic groups responsible for radical scav-
enging (Amić and others 2007). All of these intervening aspects
deserve new investigations that will push forward the understand-
ing of induction period and the role of metal chelating activities
of antioxidants.

The induction period (the steady state oxidation)
After the initial heterogeneous catalysis of oxidation by dehy-

drogenation reactions, a period of slow steady state formation of
hydroperoxides commences and the initial hydroperoxides formed
will start to disperse in the continuous phase of lipids. In the
absence of inhibitors, the rate of oxidation during this period,
commonly known as the induction period (IP) shows a linear
(zero order or pseudo-first order) dependence on the concentra-
tion of unsaturated lipids and hydroperoxides (Sullivan and others
2011). It was shown that during the induction period, the initi-
ation reactions are dominated by monomolecular decomposition
of hydroperoxides (Bateman and others 1953),

LOOH → LO• + OH• (4)

However, this reaction may be facilitated by a reducing agent
(X-H), such as a highly reactive PUFA

LO-OH → LO• + X• + H-OH
...

X-H (Reducing agent)

(5)

It is also well known that the rate of lipid oxidation in bulk
oils increases when hydroperoxides are generated or added to a
substrate (Kern and Willersinn 1955). Lipid hydroperoxides are
amphiphilic molecules with the dual characteristics of lipophilic
and lipophobic domains, that is lipophilic hydrocarbon tail and
hydrophilic –OOH groups. Amphiphilic hydroperoxides act as
surface-active molecules and reorganize themselves to form re-
versed micelles in bulk lipids (Moulik 1996; Dalby and Care 1999).
According to Brimberg and Kamal-Eldin (2003), oxidation enters
the exponential stage when the hydroperoxides reach their crit-
ical micelle concentration (CMC) in lipid substrates. When the
concentration of hydrperoxides and other amphiphiles in lipids
exceeds a certain CMC, they start to form micelles. With in-
creased formation of micelles (containing hydroperoxides, other
amphiphiles, and water formed by reactions 8 and 10), an inter-
facial environment is established in a previously neat oil-phase.
These interfaces will be the sites of oxidation/antioxidation reac-
tions. The changes in properties that occur as micelles form are
marked by sharp transitions in many physical quantities such as
the surface tension, viscosity, conductivity, and turbidity of the
solution (Stupp and others 1997; Ramanathan and others 2013;
Lombrado and others 2015). These changes coincide with the
end of the induction period at least in frying oils (Choe and Min
2007).

The exponential phase (or the bimolecular phase of
hydroperoxide formation and decomposition)

The polar groups in the interior of the reversed micelles con-
taining lipid hydroperoxides, co-existing amphiphiles, and water
molecules are disordered in a small volume. As the concentration
of amphiphilic compounds increases, the micelles grow in num-
ber and size until their concentration is large enough that they
aggregate and interact to form mesophases (Brimberg and Kamal-
Eldin 2003). Coagulation is then followed by flocculation of lipid
hydroperoxides and other amphiphiles leading to the formation of
fragile clusters followed by coagulated networks of distinct struc-
tural ordering and macroscopic properties. Variations in the struc-
ture of lipid hydroperoxide affect their entrapment and localiza-
tion in the flocculates, the distances between them, their mobility,
rates of diffusion, and collisions leading to the bimolecular de-
composition facilitating the exponential oxidation stage. When
hydroperoxide molecules are close enough, they form bimolec-
ular associations and then decompose into free radicals (Bateman
and others 1953; Paı́zková and others 1989).

2 ROOH → R-O-O········H-O-O-R → RO• + ROO• + H2O
|
H

(6)

The transition from monomolecular decomposition (reaction
6) to bimolecular decomposition (reaction 7) was mentioned
to occur at lipid hydroperoxide concentration of approximately
0.2 M and the rate constant of the bimolecular decomposition
of linoleate hydroperoxides at 55 °C was calculated as 50 × 10–6

M–1s–1 (Bateman and others 1953).
Manifestation of self-organization processes in the chemistry of

materials is documented and can reasonably explain the nonlinear
chemical transformations and associated critical states (Tretyakov
2003). Figure 2 shows how molecular hydroperoxides are arranged
into micelles during the course of lipid oxidation. The phase tran-
sitions induced by the hydroperoxides are modulated by 2 types
of surfactant agents affecting the interfacial tension and interfacial
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ProductsHydroperoxides 

Figure 2–Schematic representation of the evolution of hydroperoxides and secondary oxidation products during lipid oxidation (heterogeneous
catalysis by micelles). When the concentration of hydroperoxides produced by catalysis by metal oxides is stable, the oxidation enters the steady state
(or the induction period), during which the reaction is catalyzed by monomolecular decomposition of the hydroperoxides (LOOH + LH → LO. + L. +
H2O). As the concentration of hydroperoxides increases, phase transformations can explain the criticality associated with the transition from the
induction period to the exponential stage, where the bimolecular decomposition of the hydroperoxides is the dominant mechanism (LOOH + LOOH →
LO. + LOO. + H2O). The contribution of the different indigenous amphiphilic compounds and oxidation products to the different phase transitions are
appreciated but largely unknown.
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Figure 3–Temperature is the most significant factor affecting lipid oxidation rates. This figure shows the formation of hydroperoxides during the
oxidation of linseed oil at 80 to 130 °C (Data from Hess and O’Hare 1950). The effect of temperature is a complex including increasing the rate of
hydroperoxides formation and their decomposition by affecting chemical reactivity as well as the organization and stability of colloidal structures. The
effect of temperature on lipid oxidation needs to be redefined with the new understanding reviewed in this paper.

free energy of the reaction mixture. Emulsifiers, such as phos-
pholipids, reduce the interfacial tension and interfacial free energy
and inhibit the flocculation keeping the hydroperoxides apart and
lowering their reaction rates. On the other hand, molecules such
as sterols and alcoholic hydrocarbons may function as surfactants
and enhance the rate of flocculation as will be discussed later.
Reactions are not only driven by the chemical potential gradi-
ent (namely, substrate, oxygen partial pressure, catalytic agents
including hydroperoxides, antioxidants) but also by the temper-
ature and pressure gradients. The reaction rate is determined by
the sum of effect of these driving forces but these forces work in
different directions. For example, while increased production of
hydroperoxides tends to make the system less spatially homoge-

neous, temperature increases diffusion and brings in more spatial
homogeneity besides its effect in increasing the monomolecular
decomposition of hydroperoxides (Figure 3). In addition, temper-
ature has its own effects on phase equilibria and destabilization
of micelles, an effect that seems to be nonlinear. Nonlinearity is,
thus, a natural consequence of the chemical and physical trans-
formations in the system and their interactions. In the future, the
effect of temperature on colloidal structures and its contribution
to lipid oxidation rates needs to be further specified.

Chain termination
Chain termination reactions take place when the fatty acid sub-

strates start to diminish. In this case, peroxyl and alkyl radicals
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undergo radical–radical combinations according to reactions 4 to
6. The temperature of the reaction and availability of oxygen will
determine the type of adducts formed LOO-OOL, LOOL, and
L-L. The tetroxide LOO-OOL decomposes in the solvent cage
by the Russel (1957) mechanism into alcohol, ketone, and singlet
oxygen

L1OOOOL2 → L1=O··· + L2OH +1O2 (7)

The formation of lipid hydroperoxides and their decomposi-
tion to secondary oxidation products in proportion to the lipid
substrates is minimal during the induction period but increases
significantly afterwards. When the lipid substrates are about to di-
minish and the concentration of hydroperoxides reaches another
critical point with regard to the self-organized character of the
system, hydroperoxides start to exponentially decompose to sec-
ondary oxidation products including aldehydes, ketones, dimers,
oligomers, and so on (Chan 1987). Despite the large diversity of
secondary oxidation products that have been isolated and charac-
terized, the entire product profiles and the kinetic factors affecting
their formation and relative abundance are largely unknown. In
agreement with this, there is no knowledge about the contribu-
tion of the different secondary oxidation products to the overall
colloidal structure, phase equilibria, and phase transformations.
However, although the secondary oxidation products are more
polar than the hydroperoxides and are expected to contribute to
greater changes in the physical structure of the reaction mixture,
these changes are of less practical importance since earlier changes
in organoleptic properties are more significant with reference to
the acceptance of the lipids.

In conclusion, the consideration of the bulk lipids as colloidal
dispersions and the role of association colloids (reversed micelles
and lamellar structures) as nano-reactors that influence the kinetics
and mechanism of lipid oxidation reaction seem to offer new
horizons for a better understanding of lipid oxidation and the
protection of food lipids, particularly the more sensitive n-3 fatty
acids.

The Participation of Different Molecular Species in
the Oxidation of Bulk Lipids

Dietary lipids are mostly dominated by fatty acids in the form of
triacylglycerols but contain variable mixtures of different lipophilic
and amphiphilic compounds that, although minor, structure the
lipids into bulk oil or emulsion. According to the new paradigm
(Chaiyasit and others 2007, 2008; Chen and others 2011a, 2011b,
2012; Budilarto and Kamal-Eldin 2015a, 2015b), various com-
pounds play significant role(s) in the stability of dietary lipids.
Therefore, it is important to discuss the individual contributions
of the different molecular species to lipid stability.

Unsaturated fatty acids
A wide range of studies have been performed on the oxidation

of bulk lipids as vegetable oils and their purified triacylglycerols,
or as model fatty acid methyl esters, in the presence and absence of
different additives. When some level of antioxidative tocopherols
is present, the stability of vegetable oils is very much influenced by
their fatty acid composition (Kamal-Eldin 2006). It is well known
that the rate of lipid oxidation increases with increased number
of double bonds; the relative rates of oxidation of oleic, linoleic,
and linolenic acids in neat oils were reported as 1:40 to 50:100,
respectively (Holman and Elmer 1947). Hitherto, the discussion of
the influence of double bonds on fatty acids’ stability has focused

on the number of “sensitive” hydrogens and the ease of their ab-
straction by hydroperoxyl radicals. However, there is an additional
effect of the presence of double bonds in the fatty acids and their
triacylglycerols as it also affects their 3-dimensional structure and
coagulation behavior. The presence of double bonds in the triacyl-
glycerol molecules causes curvature and adds some surface activity
compared to triacylglycerols having saturated or monounsaturated
fatty acids. In fact, there is some literature supporting the im-
portance of fatty acids conformations on their oxidative stability.
For example, elaidic acid (18:1n-9trans), which is similar to stearic
acid in molecular formula, is significantly more stable than its cis
isomer oleic acid (Feuell and Skellon 1952). In this and other stud-
ies, the oxidative stability was also found to increase in the order
oleic acid < methyloleate < ethyloleate < n-propyloleate < n-
butyloleate. In the case of triacylglycerols, the position of the fatty
acid molecules in the triacylglycerols affects their rate of oxidation.
For example LnLnL was found slightly more stable than LLnLn
and LLLn was more stable than LLnL pointing to some increased
stability of the fatty acids at sn-2 position of the triacylglycerols
(Miyashita and others 1990, Neff and El-Agaimy 1996). Similarly,
triacylglycerols containing DHA show higher oxidative stability
when this fatty acid exists at the sn-2 position rather than at the
sn-1(3) position (Wijesundera and others 2008). These differences
may be attributed to the variation in physical orientation of the
fatty acids in different positions and the interaction with the head
groups of the peroxyl radicals. The effect of the 3-dimensional
conformational structure of EPA and DHA on their oxidizabil-
ity is not yet clear. According to Miyashita (2014), the PUFA
conformation at the interface is a very important determinant
of their oxidative stability that is affected by the PUFA structure
and the interactions between the PUFA and the other molecules.
One question that needs to be answered through future research
is “Should highly unsaturated fatty acid ingredients be prepared as liq-
uid triacylglycerols, emulsions, or soapy fatty acid salts?”. Preparation
of fatty acid salts may enable better incorporation and mixing of
stabilizing agents including suitable synergists that control of the
water activity and aid emulsification of these preparations (Baik
and others 2004; Champagne and Fustier 2007).

Hydroperoxides
The accumulation of hydroperoxides during the induction pe-

riod leads to a hydrophobic mismatch with the triacylglycerols
especially when the concentration of hydroperoxides reaches a
CMC. The CMC for the methyl linoleate hydroperoxides in
methyl linoleate of about 10–20 mM, corresponds to the critical
concentration of hydroperoxides at the inflection point between
the induction period and the exponential phase of lipid oxida-
tion. Hydroperoxides may behave as surfactants and stimulate the
formation of reversed micelles depending on their hydrophilic-
lipophilic balance (HLB) and on the other chemical and physical
conditions of the system. Kern and Willersinn (1955) studied the
initiating effect of different peroxides on the oxidation of methyl
linoleate. The catalytic effect of hydroperoxides increased parallel
with their lipophobicity, that is with the increased ease of reverse
micelle formation. When the rate of oxidation catalyzed by differ-
ent hydroperoxides was plotted versus oxidation level, all lines were
parallel indicating no change in mechanism despite the differences
in the catalytic activity of different hydroperoxides. Ethyl esters of
EPA and DHA oxidized rapidly at 5 °C in the dark after an induc-
tion period of 3–4 days, compared to linolenate and linoleate esters
with induction periods of 20 and more than 60 days, respectively
(Cho and others 1987). The hydroperoxides of EPA and DHA are
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more polar and less stable than those of linoleic and linolenic acids
(Yazu and others 1998). The effect of the hydrophilic-lipophilic
balance of the resulting hydroperoxides (and other oxidation prod-
ucts) is yet another factor that complicates the determinants of the
lipid oxidation outcomes.

Recently, Laguerre and others (2017) discussed the role of mass
transport phenomena in lipid oxidation and antioxidation. They
identified 3 different mechanisms for the movement of lipid hy-
droperoxides from 1 particle to another; (a) diffusion, (b) collision-
exchange-separation, and (c) micelle-assisted transfer. These au-
thors explained that when lipid hydroperoxides reach their CMC,
they shift their mass transport from the slow collision-exchange-
separation pathway to fast micelle-assisted transport mechanism.
With the same phenomena applying to antioxidants and other
surface-active compounds in oxidizing lipids, this emphasizes the
importance and complexity of the involvement of micelles in lipid
oxidation pathways.

Water
Depending on their degree of refining and the level of minor

lipid components, vegetable oils contain variable amounts of water,
which can be up to 1% (Chen and others 2011b). In addition, wa-
ter is also formed during the course of lipid oxidation as a result of
reduction of hydroperoxides (Budilarto and Kamal-Eldin 2015a).
The presence of water was found to exert prooxidant activity dur-
ing lipid oxidation in foods at low and high water activities and
an antioxidant effect at intermediate activities (Labuza and Dugan
1971). Water activity was reported to have a considerable influence
on the length of the induction period in the oxidation of methyl
linoleate at 37 °C. At low water activity (aw = 0.22), the presence
of water has stimulated oxidation. As the water activity increases,
aw = 0.32, it starts to form hydrogen bonds that solubilize, dilute
and stabilize hydroperoxides with maximum stabilization at aw =
0.67 (Gopala-Krishna and Prabhakar 1992). At low levels, water
may act as an antioxidant by hydrating or diluting catalytic metal
oxides (Chen and others 1992) but as its content increases, it may
act as a prooxidant by the solubilization of these catalysts (Labuza
and others 1971). After the induction period, water activity has
no effect on the rate of oxidation but has an effect on the profile
of secondary oxidation products (Gopala-Krishna and Prabhakar
1992). In fact, the addition of 0.25-1.00% water tremendously im-
proved the stability of crude peanut oil but not of degummed oil
(Gopala-Krishna and Prabhakar 1995). The effect of water binding
agents on the rate of lipid oxidation depends on the water activ-
ity but in the presence of glycerol, the prooxidant effect of water
was found to predominate at all water activities (Heidelbaugh and
Karel 1970). The presence of electrolytes increases the interfacial
tension due to salting out of the emulsifiers leading to decreased
emulsion stability (Komaiko and others 2016).

Antioxidants
The effect of antioxidants on lipid oxidation has been para-

doxical with respect to antioxidant structure and concentration
(Porter 1993; Kamal-Eldin and Appelqvist 1996). It is already well
established that there is an optimum concentration of a given an-
tioxidant for maximum stability of a given substrate, above which
the antioxidant may experience a loss of efficacy. This loss of ef-
ficacy was attributed to the participation of the antioxidant itself
or its radical(s) in peroxidatiove side reactions. It was suggested
that α-tocopherol loses antioxidant efficacy because of the par-
ticipation of its molecule in 1 peroxidative reaction as well as the
participation of its radical in more than 1 pro-oxidative reactions

(Yanishlieva and Marinova 1992). The main reactions responsible
for the peroxidative effect of α-tocopherol were shown to include
chain transfer reaction at the abstraction of hydrogen atom from the
fatty acid molecule and from the hydroperoxide by tocopheroxyl
radical, an initiation reaction involving a reducing effect of α-
tocopherol on hydroperoxides, and reactions of homolytic de-
composition of quinolide peroxides (Tavadyan and others 2007).
However, because of the surfactants and anti-coagulation effect
of α-tocopherol (log P = 9.04), the CMC is higher in samples
containing tocopherols compared to controls or samples contain-
ing low concentrations of the antioxidant (Brimberg and Kamal-
Eldin 2003). Thus, the presence of high concentrations of α-
tocopherol contributes to decreasing the interfacial tension and
stabilizing the micelles, which explains why it prolongs the induc-
tion period despite the increase of the rate of oxidation during
the induction period. In accordance with the polar paradox, α-
tocopherol analogues with shorter phytyl tails (6 or 11 carbons)
showed greater antioxidant activity in biomembranes compared
with α-tocopherol with 16 carbons in the tail (Kagan and oth-
ers 1990). Similarly, less lipophilic γ -tocopherol (log P = 8.98)
and δ-tocopherol (log P = 8.60) are better antioxidants than α-
tocopherol in bulk oils (Huang and others 1994, Yanishlieva and
others 2002) possibly due to greater stabilization of the micelles
during the induction period. So far studies comparing the an-
tioxidant behavior of the tocopherol homologues have focused on
their chemical reactivities but more emphasis on their emulsifi-
cation properties is required in future studies. The 2 effects, that
is radical scavenging and micelle stabilization, are correlated since
they are influenced by the number of ortho methyl substituents
in the phenolic rings (2 in α-tocopherol, 1 in γ -tocopherol, and
none in δ-tocopherol).

In this review, bulk lipids are considered a special case of water-
in-oil microemulsions in which lipid hydroperoxides and other
amphiphilic compounds concentrate in the interface between the
continuous oil phase and the small amounts of water. Studies with
esters of antioxidant phenolic acid esters having different alkyl
chain lengths presented a challenge to the polar paradox theory
(Torres de Pinedo and others 2007). The optimum chain length
for maximum antioxidant effects of esters of chlorogenic acid,
dihydrocaffeic acid, hydroxytyrosol, rosmarinic acid and rutin in
model emulsions was found in the range of C8-C12. This nonlin-
ear, ᴧ-shape, relationship found between antioxidant polarity and
effectiveness in emulsions is referred to as the cut-off effect (La-
guerre and others 2009, 2017). The relation between antioxidant
polarity and potency is not always linear since the actions of an-
tioxidants is determined in a complex manner by their hydrogen-
donation ability, molecular partitioning, hydrogen bonding, inter-
phase transport, surface accessibility, micelization, and interactions
with lipids, hydroperoxides, trace metals, emulsifiers, surfactants,
and co-surfactants (Schwarz and others 2000; Shahidi and Zhong
2011).

Synergists and antagonists
The effect of different compounds on the rate of lipid oxidation

has been discussed recently (Budilarto and Kamal-Eldin 2015a, b).
In general, certain surfactant molecules can be classified according
to the empirical HLB system with a scale reaching from 1 (high-
est lipophilic property) to 20 (highest hydrophilic property). The
HLB system, however, may not apply for proteins and other com-
plex molecules. When amphiphilic substances are present in the
oils and when certain conditions are fulfilled, they will organize
spontaneously with other molecules to form micelles and other
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types of aggregates in which the polar head groups are directed
towards a water interface in the microemulsion defined accord-
ing to Danielson and Lindman (1981). Minor lipid components
such as mono- and di- acylglycerols (HLB = 3 to 5), phospho-
lipids (HLB = 3 to 4), and tocopherols (HLB = 6) play a role
in modulating the micro emulsion status of oils. It is claimed that
a relationship exists between the HLB value of the surfactants
present and their catalytic effect on lipid oxidation. Compounds
with high (<15) or low (>3) HLB value hardly influence the rate
of autoxidation, while surfactants (3 < HLB < 7) may inhibit
the reaction rate and surfactants with HLB values (7 < HLB <

13) increase the rate of oxidation. The effect of HLB is related
albeit not linearly to CMC for emulsifiers of different structures
(Shinoda and Becher 1978). It was suggested that phospholipids
enhance the antioxidant activity of α-tocopherol in bulk lipids in
the presence of small amount of water by forming microemulsion
aggregates that bring the tocopherol closer to the oxidation site
(Koga and Terao 1995). The effect of HLB is related albeit not
linearly to CMC for emulsifiers of different structures. The effect
of emulsifiers and surfactants is also not straight-forward and is
complicated by other con-founding interactions, for instance the
size of surfactant headgroup (Silvestre and others 2000), interac-
tion between contaminant hydroperoxides in the emulsifiers and
trace metal ions, and complex interactions with antioxidants that
may also have surfactant effects.

Phospholipids are well known for their synergistic interactions
with tocopherols, especially in fish oil preparations, but these in-
teractions are not straight forward and may be complicated by the
chemical structures and concentrations of both phospholipids and
tocopherols (Hildebrand and others 1984; Hamilton and others
1998; Takenaka and others 2007; Laguerre and others 2010). The
unsaponifiable materials in vegetable oils have a wide range of
components that might influence the microenvironment in dif-
ferent ways. For example, cholesterol, alkanes, and squalene were
suggested to influence the organization of lamellar and inverted
hexagonal phases of phospholipids (Takahashi and others 1996).
Besides their roles as radical scavengers and/or metal chelators, an-
tioxidants may have surfactant or co-surfactant properties. When
more than 1 antioxidant is present with oxidizing lipids, syner-
gism or antagonism might occur due to structural compatibility
and concentrations as was shown for the interactions of quercetin,
catechin, and other plant phenols with α-tocopherol (Yanishlieva
and Kortenska 1989; Becker and others 2007). Thus, HLB is an
empirical parameter that can provide an approximate prediction of
the surface activity and associated behavior of molecules but other
parameters, such as those obtained by molecular dynamic simula-
tions, might provide better predictive information. Employment of
pseudophase kinetic modelling in the study of lipid oxidation re-
actions is foreseen to provide a better prediction of the partitioning
and efficacy of chain-breaking antioxidants in multiphase systems
derived from association colloid theory (Gu and others 2013).

To conclude this section, the combination of antioxidants,
emulsifiers, surfactants, co-surfactants, salts, pH, other molecular
species, and temperature interacts in complex ways and modi-
fies the oxidation rates and the critical micelle concentrations in
bulk lipids and emulsions, especially during the induction period
(Gupta and others 2001; Mateos and others 2003; Ishii and Nii
2005). Antioxidants, synergists, and other co-existing minor lipid
components contribute to the colloidal structure of the mixture
and affect the lipid oxidation pathway(s) not only by their involve-
ment in chemical reactions but also through physical interactions.
Temperature has a profound effect on these interactions and re-

sultant stabilization, such as the effects of antioxidant polarity and
concentration on antioxidant effectiveness diminish with increased
oxidation temperature (Mateos and others 2003).

Process and Engineering Possibilities
There has been a growing interest in research and develop-

ment and commercialization of functional food ingredients over
the past decade. Increased consumption of n-3 PUFA-rich oils can
be achieved by fortifying staple foods such as breads, milk, fruit
juices, tortillas, chocolate, spreads and yogurt with these beneficial
fatty acids. However, incorporation of n-3 PUFA into foods is
restricted by their oxidative instability and the formation of prod-
ucts resulting from the decomposition of hydroperoxides which
are either toxic or causing off-flavors that are deemed undesirable
by consumers. A major challenge pertinent to lipid oxidation re-
actions is the inclusion of highly unsaturated fatty acids, such as
the n-3 PUFA of marine species and algae, in food products. So far
efforts have not been successful to stabilize these lipids in bulk by
the mere addition of primary antioxidants and phospholipid syn-
ergists despite small improvements. The other approach to prepare
stable food ingredients enriched in n-3 PUFA is via engineered
micro- and nanoemulsion encapsulations aiming to utilize interfa-
cial technologies to exclude oxygen contact with n-3 PUFA and
to incorporate antioxidants and other protective agents (Drush and
others 2007, 2009; Jin and others 2007; Jafari and others 2008;
Walker and others 2015; Ruiz-Ruiz and others 2017).

Micro- and nano-encapsulation technologies can partially pre-
vent oxidation and extends the shelf-life of n-3 fatty acids, offering
practical solutions for stabilization and improved delivery of n-3
PUFA in food products (Ruiz-Ruiz and others 2017). Omega-3
fatty acids have been microencapsulated using different encapsu-
lation techniques. So far, spray drying, freeze-drying, complex
coacervation, and extrusion are the most commonly used com-
mercial techniques for microencapsulation of n-3 PUFA (Kaushik
and others 2014; Anwar and Kunz 2011). Spray-drying is the most
common technique to produce microencapsulated food materials.
Equipment is readily available and production costs are lower than
most other methods. New techniques, such as electrospraying, may
provide a milder spraying compared to spray drying that involves
use of hot gas in drying (Gómez-Mascaraque and López-Rubio
2016). In spite of the development of the microencapsulation tech-
niques, this process remains far from completely being controlled
(Velasco and others 2006, Ruiz-Ruiz and others 2017).

Nano/microencapsulation of n-3 PUFA in any of the above-
mentioned forms requires processing and engineering expertise
since these techniques do not always produce a product that is
more stable than the nonencapsulated form (Encina and others
2016). The encapsulation efficiency and storage stability of n-3
PUFA microcapsules are important considerations in the develop-
ment of appropriate encapsulation systems. It is affected by dif-
ferent parameters as shown in Figure 4 including the selection of
the matrix, emulsifier, and wall material composition (glass transi-
tion temperatures, crystallinity, extent of interaction with the core
material), the formulation (antioxidants, synergists, n-3 PUFA)
and the processing conditions (temperature, pressure, ratio n-3
PUFA/matrix, water activity, oil distribution within the particle,
particle size and surface area) (Gharsallaoui and others 2007). A
wide range of materials, including plant polysaccharides, proteins,
and peptides, are available as effective carriers of n-3 PUFA and
co-delivery of other lipid-soluble ingredients (Kaushik and others
2014). In fact, both the size and shape of formed microparticles
depend on the materials and methods used to prepare them. Many
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Figure 4–Factors influencing encapsulation efficiency and storage stability of omega-3 oil microcapsules. This depends on the selection of the matrix
and wall material composition (glass transition temperatures, crystallinity, and extent of interaction with the core material), the formulation
(antioxidants, synergists, n-3 PUFA), and the processing conditions (temperature, pressure, ratio n-3 PUFA/matrix, water activity, oil distribution
within the particle, particle size, and surface area, and so on).

different wall materials have been used, such as skim milk powder
or mixtures of Na/Ca caseinate with lactose, Maillard reaction
products obtained by heat treatments of mixtures of proteins and
carbohydrates, sugar beet pectin, gelatin, plant gums, barley pro-
tein, and cellulose (Gharsallaoui and others 2007).

During encapsulation of unsaturated fatty acids, it is very im-
portant to control the surface free oil, which is widely spread
on the surface of microcapsules and exposed to the atmosphere
(Velasco and others 2006). The use of multilayer encapsulation and
the inclusion of substances such as protein hydrolyzates, gums, and
carbohydrate polymers may increase the encapsulation efficacy and
add stability to the lipid encapsulates (Shaw and others 2007). The
criteria for the selecting a wall material are mainly based on the
cost and physicochemical properties such as solubility; infusibil-
ity; film forming and emulsifying properties. It was also reported
that the use of air as the drying medium at very high tempera-
ture produces particles with a porous structure which decreases
their shelf-life. Higher total solids content seemed to have a favor-
able effect on oxidative stability of the microencapsulates and this
was attributed to lower contents of occluded air in microcapsules
generated from higher solids content microemulsions. Higher ho-
mogenization pressures (smaller oil droplet sizes) also may affect
the conformation of the proteins causing higher encapsulation ef-
ficiencies. The oil-to-wall ratio is very important for oxidative
stability of encapsulated n-3 PUFA.

Incorporating antioxidants (EDTA and α-tocopherols) in the
microcapsules results in greater stability. The main antioxidative
mechanisms necessary to protect microcapsules from oxidation are
radical scavenging, metal chelation, and oxygen scavenging. To
prevent oxidation reactions of encapsulated n-3 PUFA, it is neces-
sary to combine different approaches, and that, at different stages of
processing and conservation of products as shown in Table 1. One
of the approaches would be the optimization of oil/fat mixture
(fish oils with plant oils and/or fats) to provide maximum stability.
Incorporating antioxidants (EDTA and α-tocopherol) is another

approach which resulted in microcapsules with greater stability.
The main antioxidant mechanisms necessary to protect microcap-
sules from oxidation are radical scavenging, metal chelation, and
oxygen scavenging. Furthermore, the polarity and solubility of an
antioxidant determine the actual location of the antioxidant in a
given food matrix, which again influences the antioxidant efficacy
of the antioxidant (Frankel and others 1994; Gu and others 2013).

The selection and design of emulsifiers have proven to be very
important for the stability of bulk lipids and nano- and microemul-
sions enriched in n-3 fatty acids (Walker and others 2015). The
selection of surfactants (nonionic, anionic, cationic, and zwitte-
rion) and emulsifiers (phospholipids, proteins, polysaccharides,
saponins, glycolipids) is important not only for the oxidative sta-
bility of n-3 fatty acids but also for the physical stability of the
microemulsions (Goyal and others 2015; Liu and others 2016; He
and others 2017). Different factors may have an opposing effect
on the physical structure and oxidative stability of the microemul-
sions. For example, small droplets enhance the physical stability of
microemulsions but adversely affect the oxidizability of fatty acids
because of increased surface area (Uluata and others 2015). How-
ever, the type of emulsifier(s) and its/their ability to distribute and
stabilize the interface is a very important and possibly the most
crucial parameter to be considered (Sørensen and others 2007;
Horn and others 2013). Different emulsifiers are expected to have
different effects on these opposing factors in microemulsions en-
riched in n-3 fatty acids. Other factors can affect the performance
of emulsifiers as, for example, it was found that the effects of sun-
flower phospholipids is markedly affected by pH and ionic strength
(Komaiko and others 2016).

The packaging protocols have an impact on the storage stability
of n-3 PUFA microcapsules which may be packed under inert
gas, such as nitrogen atmosphere, to extend product’s shelf-life.
Thus, multivariate statistics considering the above-mentioned pa-
rameters may be used efficiently and effectively to provide stable
encapsulates of highly unsaturated fatty acids, antioxidants, and
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Table 1–Manufacturing strategies aiming to minimize lipid oxidation in bulk lipids and microencapsulates of lipids containing omega-3 fatty acids.

Strategy Action

1- Select optimal fatty acid composition Optimize oil/fat mixture to provide maximum stability. Mix fish oils with plant oils and/or
fats to achieve the optimal composition.

2- Select optimal primary antioxidant combination Optimize an antioxidant protection based on optimal composition and concentrations of
tocopherol homologues and other possible primary antioxidants of the phenolic type or
antioxidant extracts such as rosemary, green tea and so on.

3- Make a smart selection of synergists Test and select other compounds that may synergize the protective effect of primary
antioxidants. Smart combinations including reducing agents (for example, ascorbate),
emulsifiers (for example, phospholipids), and other phase modifiers (for example, salts,
amino acids, and so on) may help in this regard.

4- Make a smart selection of an inclusion matrix with the
aim to minimize surface area and exclude oxygen

Depending on the form of the final product and its purpose, solubility, and other
physicochemical attributes, an inclusion matrix may be selected

5- Design a micro-encapsulation strategy considering
the wall material and encapsulation method with the
aim to minimize surface oil and to maximize solubility

Select wall material and encapsulation method to achieve near 100% encapsulation.
There may be a need to further cover the wall with a “glue” of insulating material such
as gums. Avoid high temperatures during processing.

6- Select smart packaging strategies and optimize
product’s shelf-life

Evaluate and optimize smart packaging protocols

7- Use multivariate statistics to achieve the best
economical outcome

Use multivariate statistics to achieve the best combination of steps 1 to 6 with focus on
cost and economical outcome

synergists, with focus on the cost and best economical outcome.
Contemporary knowledge focusing on the significance of the mi-
croenvironment for the oxidative stability of n-3 fatty acids will
develop to allow a better understanding of the important role
of surfactants and emulsifiers in modulating the effects of fatty
acid unsaturation and antioxidants. A better mechanistic under-
standing of the interactions between lipids, antioxidants, other
molecular species in the media, and packaging materials/strategies
may contribute to the development of functional foods enriched
in stabilized n-3 fatty acids.

Conclusions
Our understanding of the lipid oxidation mechanism and the

concept of synergism/antagonism has improved by combining the
previously established free radical mechanism with different as-
pects of heterogeneous catalysis by traces metal ions and the effect
of micellization. This new paradigm allows for better protection
strategies utilizing primary antioxidants and synergists focusing on
the prevention of formation as well as scavenging of the lipid
hydroperoxides formed during the initiation stage. Based on the
available knowledge, smart processing technologies utilizing con-
trolled parameters (temperature and pressure) and proper combi-
nations of primary antioxidants and synergists aiming at controlling
the interfacial physics and chemistry are needed for this purpose.
Use of low temperature and exclusion of oxygen are important
key parameters to be controlled.

The criteria for the selection of the surfactants/co-surfactants
for the encapsulation of functional lipids must also include their
effects on the oxidative stability of these lipids. For example, the
solubility of curcumin in solution was increased by approximately
10 thousand-folds by an optimized formulated encapsulation in-
cluding vitamin E (3.3% w/w), Tween 20 (53.8% w/w), ethanol
(6.6% w/w), and water (36.3% w/w) (Bergonzi and others 2014).
In further progress, PUFA-enriched encapsulates may be tailored
for the delivery of not only stable nutritional n-3 fatty acids but
also other bioactive molecules. It is now the challenge for food
engineers to take the next step and develop strategies for stable
n-3 PUFA-rich functional ingredients for food applications.

Nomenclature
LOOH Lipid hydroperoxides
LH Lipid
LOO• Lipid peroxyl radical
LO• Lipid alkyl radical

L• Lipid radical
1O2 Singlet state oxygen
XH Reducing agent
X• Oxidizing radical

Abbreviations
BDE Bond dissociation energy
BHT Butylated hydroxyl-toluene
CMC Critical micelle concentration
DHA Docosahexaenoic acid
EDTA Ethylenediaminetetraacetic acid
EPA Eicosapentaenoic acid
HLB Hydrophilic lipophilic balance
IP Induction period
o/w Oil in water emulsion
PUFA Polyunsaturated fatty acids
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Laguerre M, Bily A, Roller M, Birtić S. 2017. Mass transport phenomena in
lipid oxidation and antioxidation. Ann Rev Food Sci Technol 8:391–411.

Liavonchanka A, Feussner I. 2006. Lipoxygenases: occurrence, functions and
catalysis. J Plant Phys 163:348–57.

Liu F, Zhu Z, Ma C, Luo X, Bai L, Decker EA, Gao Y, McClements DJ.
2016. Fabrication of concentrated fish oil emulsions using dual-channel
microfluidization: Impact of droplet concentration on physical properties
and lipid oxidation. J Agric Food Chem 64:9532–41.

Llorent-Martinez EJ, Ortega-Barrales P, Fernández-de Córdova ML,
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