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Abstract

Over recent decades, the therapeutic propertieshaalth beneficial effects of
omega-3 polyunsaturated fatty acids (omega-3 PURAgg been identified. These also
contain a number of double bonds which make theghlfireactive and, as a
consequence, they are susceptible to oxidatiors. iftone of the main limitations when
incorporating them into food matrices. This revianticle presents the state-of-the-art
on the preparation of simple or multiple omega-3FRtbased lipid emulsions and
other novel systems that have been developed,asisblf-assembling systems or solid
lipid nanoparticles. Furthermore, the main factibrat impact lipid oxidation rate are
comprehensively reviewed, highlighting the impocdarof proteins for increasing the
physical stability of food emulsions. Currentlyeth are several works focused on
simple emulsions enriched with omega-3 PUFAs thakdhe definition of strategies to
allow the control of lipid oxidation. Multiple emaibns and other novel systems are
beginning to be considered as a possible altemdtivconventional emulsions. This
knowledge can be used to facilitate selection efrttost appropriate system for the food

industry.

Graphical abstract
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1. Therapeutic properties of dietary omega-3 polyusaturated

fatty acids

Thanks to their beneficial effects on health, Igith particular polyunsaturated
fatty acids, are amongst the bioactive compoundscfional ingredients) to receive
greatest attention, both in qualitative and quatiti¢é terms. This is because of their
interesting potential for design and developmenhexdlthier products in food industry
(Jiménez-Colmenero, 2013b). Among the differenyyo$aturated fatty acids, those of
the omega-3 series — comprisinginolenic acid (ALA; 18:3w-3), eicosapentaenoic
acid (EPA; 20:50-3) and docosahexaenoic acid (DHA; 22i43) — stand out because
of their important roles in health promotion andedise risk reduction (Shahidi &

Ambigaipalan, 2018).

During the last four decades, hundreds of studaese lreported the potential
therapeutic effects of omega-3 polyunsaturated, fatids (omega-3 PUFAS) in the
prevention of cardiovascular diseases (atrial Ifdiron), circulatory system disorders
(atherosclerosis, inflammation, thrombosis) andrthéilure (sudden cardiac death)
(Bucher, Hengstler, Schindler, & Meier, 2002; Magk Varon, 2009; Filion et al.,
2010; Musa-Veloso et al., 2011; Maki, Palacios,|,B&l Toth, 2017; Elagizi et al.,

2018).

Although greatest attention has been focused ornr th#ects on the
cardiovascular system, other possible physiologtfaicts and/or therapeutic properties
are currently being explored. Over the past deeddege amount of research comprised
of experimental and epidemiological studies, haeenbcarried out to explore the
different health benefits of omega-3 PUFAs. Fomegie, higher fetal omega-3 PUFAs

levels have been found to be related to betteritegrand neurological development in
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newborns (Dijck-Brouwer et al., 2005; Harris & B&a2015). This seems to be related
to the singular structural properties of the DHAlecale, which appear to provide
optimal conditions for a wide range of cell memlgannctions, especially in grey
matter (Bradbury, 2011). Other studies have also@ated a lower intake of omega-3
PUFAs with an increased risk of dementia and wige-eelated cognitive decline,
especially in the case of Alzheimer’s diseaseoaltin some authors have not obtained
conclusive results in this respect (Cole, Ma, & utsahy, 2009; Cederholm &
Palmblad, 2010). Thus, omega-3 PUFAs are essefaigl acids necessary from

conception, throughout pregnancy, during infanay, aloubtless, throughout life.

In contrast, recent studies have found importaidesxce that omega-3 PUFAS
contribute to the reduction of inflammation levatsboth healthy individuals and in
people exhibiting features of metabolic syndromekiRson & Mazurak, 2013; Li,
Huang, Zheng, Wu, & Li, 2014; Serhan & Levy, 201®recisely, due to their
hypolipemic and anti-inflammatory effects, omeg®BFAs could exert beneficial
effects when treating diseases such as rheumatttidtia — a chronic inflammatory
autoimmune disease. Indeed, evidence has been tdunchoderate benefit of omega-3
PUFAs on “joint swelling and pain, duration of mim stiffness, global assessments of
pain and disease activity” (Miles & Calder, 2012)Jthough the role of omega-3
PUFAs in the control of chronic diseases is someéwbatroversial, important studies
demonstrate that consumption of diets rich in orrigUFASs exert beneficial effects
in the prevention of diseases such as metabolidreyme, type 2 diabetes and obesity.
In these cases, omega-3 PUFAs activate peroxisorokfepator-activated alpha
receptors (PPA& by stimulating lipid oxidation and decreasingulns resistance and
hepatic steatosis (Lalia & Lanza, 2016). Omega-FA&4J) have also demonstrated

beneficial effects in relation to other types ofmants, for instance reducing the
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frequency, severity, and duration of migraines (Nsmmi-Norouzabad, Mansoori,
Abed, & Shishehbor, 2018). Moreover, these PUFAgHang been studied for their
therapeutic potential in the context of autismemtibn-deficit/hyperactivity disorder,
dyslexia, and other developmental disabilities, iehiehas been concluded that omega-
3 PUFAs offer a promising approach to complemeandard treatments (Richardson,
2006). In addition, there is some evidence thatgay PUFAs impact upon mental
health (Perica & Delas, 2011) and that EPA and D&tA as anti-depressive agents
which causes structural changes in the brain, dwety a reduction in the lateral
ventricular volume and a reduction in the neurorfl turnover. Several
epidemiological studies have associated a hightakenof fish with a lower risk of
depression, whilst others studies report that E®More effective than DHA in the

treatment of this disease (Nemets, Nemets, Aptacha, & Belmaker, 2006).

Furthermore, researchers have hypothesized thakased consumption of
omega-3 PUFAs might reduce the risk of cancer dudeir anti-inflammatory effects
and their potential to inhibit cell growth facto&everal clinical studies have shown that
suppression of nuclear factoB, modulation of cyclooxygenase (COX) activity,
activation of AMPK/SIRT1, and up-regulation of névanti-inflammatory lipid
mediators such as protectins, maresins, and resplare the main mechanisms of the
antineoplastic effect of omega-3 PUFAs (Greene,ngu&erhan, & Panigrahy, 2011;
Huerta-Yépez, Tirado-Rodriguez, & Hankinson, 2036lciner et al., 2018). In patients
who already have cancer, some research papersssupge certain omega-3 PUFASs,
alone or in combination with chemotherapeutic drugpsert tumoricidal actions and
improve the cytotoxic action of anticancer agemiscgically on drug-resistant tumour
cells (Das & Madhavi, 2011). Omega-3 PUFAs have aksen shown to affect several

types of cancer such as breast, colon, colordatal, ovarian, pancreatic, prostate, skin
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and stomach cancers (Gerber, 2009, 2012; ShahAtinkigaipalan, 2018). In addition
to this, omega-3 PUFAs have been reported to ingtbe tolerability and efficacy of
chemotherapy, as well as improving quality of l{docellin, Camargo, Fabre, &
Trindade, 2017). In patients with cancer cachesigpplementation with omega-3
PUFAs is associated with improved biological, daij functional and quality of life

parameters (Colomer et al., 2007; Werner et alL720

In summary, the key therapeutic properties of orri2dJFAs make them stand
out as important components of a well-balanced. dyespite this, the enrichment of
food products with these types of ingredients isangsimple task as many of them are
highly susceptible to oxidation and may, therefdose their therapeutic properties.
Therefore, the ongoing search for strategies warable control of lipid oxidation is of

paramount importance and will be reviewed in thespnt paper.

2. Lipid oxidation of omega-3 polyunsaturated fattyacids

The termlipid oxidationrefers to a highly complex series of chemical tieas
which take place between unsaturated lipids andyexyand ultimately leads to the
formation of a complex mixture of reaction producteluding aldehydes and ketones,
alcohols and hydrocarbons (Figure 1). Lipid oxidatis one of the most important and
common mechanisms of (chemical) instability in foptbducts containing lipids
(McClements, 2015). It is also the most importanise of deterioration and quality loss
in PUFA-based lipid products (Coupland & McClement996). As a result, lipid
oxidation is a huge problem for the food industityce it impairs appearance, taste,
texture, nutritional profile and shelf-life. It alspromotes undesirable “off-flavours”

(rancid smell), potentially toxic reaction produetsd, ultimately, leads to unstable food
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products (it could even lead to the physical ingitstof certain emulsions containing
PUFAs) (Kargar, 2014; McClements, 2015; CouplandM&Clements, 1996). In
summary, lipid oxidation presents a serious hamdica the food industry, which is
therefore committed to investigating novel techejfor avoiding or, at least, delaying

its occurrence in food products.

Figure 1. Lipid Oxidation Process.
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Although lipid hydroperoxides are the primary limgidation products, they are
not the primary cause of off-flavour and rancidity food products. Lipid
hydroperoxides are unstable and they can easilpndease into a wide variety of
volatile and non-volatile low-molecular-weight cooynds (known as secondary lipid

oxidation products), such as aldehydes, ketoneshals, and hydrocarbon compounds.
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These secondary lipid oxidation products are mtakls than lipid hydroperoxides and
are responsible for (fishy) off-flavours and offeanls (Kargar, 2014). Environmental
factors such as light, heat and oxygen concenirasind factors intrinsic to the system
itself, such as the chemical structure of lipidsj #he presence of antioxidants or pro-
oxidants drastically influence the rate of lipidiadation. This undesirable process is so
influential that extensive research has been predhat this area over recent years

(McClements, 2015).

The food industry has been looking for a feasibid eeliable formulation to
include these marine omega-3 rich oils in food e Emulsions, in their different
variants (simple, multiple, etc.), are among thestmomising technological processes
used to design and develop functional foods of tiyjse (Fustier, Taherian, &

Ramaswamy, 2010; Kargar, 2014).

3. Different systems for the vehiculization and prtection of

omega-3 polyunsaturated fatty acids against lipidxadation

Over recent decades, research efforts have beestedetowards developing
different stable aqueous systems for better prioie@nd improved vehiculization of
omega-3 PUFAs against lipid oxidation. Amongstdadlthese developed systems, the
various forms of emulsion systems stand out foir theportance. Below are some
examples of various types of these systems tesbethding simple and multiple
emulsions, liposomes, self-assembling emulsions a@otid lipid nanoparticles

emulsions.
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3.1. PUFA-based lipid emulsions

In this review, the term “PUFA-based lipid emulsai?UFAs BLES)” refers to
those emulsions containing a dispersed phase edrioch PUFAs. PUFAs BLEs have
been classified into two broad groups as a funabiotihe number of liquid immiscible
phases includedsimple emulsions andnultiple emulsions (Pal, 2011). Next, some of

the other systems used will be briefly discussed.
3.1.1. Simple PUFA-based lipid emulsions

In recent years, different systems have been peapder the delivery of
hydrophilic and hydrophobic bioactive compound$dads and beverages (Flaiz et al.,
2016). In this context, O/W emulsions have beerelyi@mployed in the food industry
for the protection and release of hydrophobic cammglg, including antioxidants and

omega-3 fatty acids (Lee et al., 2006; McClemebesker, & Park, 2009).

One of the main advantages of simple PUFAs BLE$h& they allow the
incorporation of an oil phase enriched in omega-B-Rs and an aqueous phase, into
the same product. In combining two different phatesy permit the easy incorporation
of both oil-soluble compounds and water-soluble poumds. For example, Sugasini
and Lokesh (2017) studied the design of a PUFAScled-phospholipid based
nanoemulsion containing curcumin (an oil-solubleaotive compound). They reported
increased bioavailability with respect to free eaumin and also found that this
nanoemulsion improved DHA serum levels. In additisince the phase that occurs at a
greater sensory intensity also makes up the extphase of the simple emulsion, these
systems allow off-flavours and off-odours of fisll ¢o be partially masked by
incorporating flavorings, sweeteners and maskirenegin the external agueous phase

(Jeyakumari, Janarthanan, Chouksey, & Venkateshw&016). When considering
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their main limitations, it should be noted that glen PUFAs BLEs are not
thermodynamically stable and, therefore, have apiratton date that varies as a
function of the quality of the emulsion design. Sbeing said, physical instability will
always be a factor that must be taken into accasnits presence in these types of
systems is unavoidable. As a consequence, a |&ageleas been dedicated to studying
the different mechanisms that lead to the eventuahkdown of a simple emulsion:
gravitational separation (creaming/sedimentatidig¢cculation, coalescence, partial
coalescence and Ostwald ripening. To this endratuelies such as that conducted by
Dey, Banerjee, Chatterjee, and Dhar (2018), hawtiesd the design of omega-3 PUFA-
enriched biocompatible nanoemulsions. Furthermadelition of certain amounts of
emulsifier is essential for formation of the emaisitself. In most cases and depending
on the emulsifier used, this produces a rather aagaint taste and can sometimes
modify the physical properties of the emulsion.aflyy formation of the system also
requires it to be subjected to aggressive extazoatlitions. This is another important
limitation since it usually leads to considerabhereases in the temperature of the
system which can degrade thermolabile componeatglerate oxidation reactions and

SO on.

Many examples of simple PUFAs BLEs can be founthescientific literature.
Traditionally, the vast majority of studies havesdidish oil as a source of omega-3
PUFAs when making their simple PUFAs BLEs (Garciardho, Guadix, Guadix, &
Jacobsen, 2016). However, over recent years, thatsic community has been trying
to find alternative sources of fish oil to incorpt# omega-3 into products. As a result,
more and more studies on simple PUFAs BLEs areapygin which other sources of
omega-3 are being used (algal, chia seed, flaxssmthla or perilla seed oils, for

example) (Cofrades et al., 2011). Further, diffeemnulsifiers have also been tested to

11
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make simple PUFAs BLEs: lecithin (Santhanam, Leksh@houksey, Tripathi, &
Gudipati, 2015), Tween 80 (Uluata, McClements, &Kker, 2015), citrem (Ghelichi,
Sgrensen, Garcia-Moreno, Hajfathalian, & Jacob2@eh?), sodium caseinate (Kargda
et al., 2017), whey protein (Owens, Griffin, Khoiety, & Williams, 2018), amongst
others. Simple PUFAs BLEs can be found both witd aithout added antioxidants
(Mbatia, Kaki, Mattiasson, Mulaa, & Adlercreutz, 140, and both with and without
added stabilizers and thickeners (Chivero, Goht#oshii, & Nakamura, 2015), etc.
Finally, different emulsification methods have bemsed to make simple PUFAs BLEs:
stirring (He et al., 2017), high-speed shearingn@ipally the rotor-stator machine)
(Kristinova, Mozuraityte, Aaneby, Storrg, & Rustad2014), high-pressure
homogenization (Komaiko, Sastrosubroto, & McClemser2016), microfluidization
(Horn, Nielsen, Jensen, Horsewell, & Jacobsen, RqLRra)sonication (Pazos, Alonso,
Sanchez, & Medina, 2008) or combinations of theafentioned methods (Gadeyne
et al., 2015), when performing testing in differepierating conditions. Table 1 briefly
summarizes some phases compositional informatidaighed during the last decade
for a selection of simple PUFAs BLEs, alongside soexamples of previous

compilations.
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Table 1. Phases compositional information for @&stbn of simple PUFAs BLEs.

Type Dispersed phase Continuous phase Emulsification niedd Reference
Flaxseed oil. O°'W = Distilled water containing different amounts of wigrotein concentrate Low-pressure homogenization (20 LPH, pressure
ow 12 5'87, 5 ' (WPC-80), sodium caseinate, lactose and ascorlhylifade as = 69 bar) followed by high-pressure Goyal et al. (2015)
T antioxidant homogenization (20 LPH, pressure = 241.31 bar)
Pre-emulsification with a Polytron homogenizer
oW Flaxseed oil and fish oil, ~ Water containing 0-3 % (w/w) sodium caseinate, ®9%.(w/w) oat3-  at 14000 rpm for 2 min followed by high-pressure Liu, Singh, Wayman,
O:W =10:90 glucan and 0.04 % (w/w) sodium azide homogenization with a Panda 2K homogenizer Hwang, & Fhaner (2015)
(2-stages, pressure = 80 and 8 MPa)
L - . Rotor-stator homogenization using PowerGen
0, - 0,
O/W  Menhaden oil, O:W = 20:80 (W?ve)lorl];rznesd(grftef:acnontjarlr:"n%azr /()u(r\;w;%;\lzﬁz pr;(:;?:?mga?su/r;) 500 at 30000 rpm for 5 min followed by Chityala, Khouryieh,
P T e 9 gum, guar gum ¢ zy 9 ultrasound homogenization using VWR sonicatowilliams, & Conte (2016)
and 0.05 % sodium azide for 1 min
. AW = 10.20-0n.  Adueous solution composed of buffer solution (5 sddium phosphate, _— L .
o/w Fish oil, O:W = 10-50:90 pH 7.0) and emulsifier (Tween 80, rhamnolipids oillgja saponins) : ngh. pressure homogemzatmn_usmg : Liu et al. (2016)
50 : o o ) Microfluidics PureNano (pressure = 13 kpsi)
keeping the emulsifier-to-oil ratio fixed at 1:10
Pre-emulsification with a Heidolph Silent Nejadmansouri, Hosseini
o/w Fish oil cgntaimmg Span 80, Water containing Tween 80 (different emulsifiereibratios 0.5-1.5) Crusher at 20000 pm for S min fol!owed by Niakosari, Yousefi, &
O:W =5:95 ultrasound homogenization with a Hielscher UP ;
) Golmakani (2016)
200H for 10 min
. . . Pre-emulsification using a high shear mixer for 2
oMW Corn oil, MCT, fish oil or hOASqu:I](;?:S T_(I)I;J%(;r;ﬁgrgplczeg Vt\)/zl(;)uﬁ;r zgg&n.&? miljcmcorn min followed by high-pressure homogenization Bai, Huan, Li, &
lemon oil, O:W = 10:90 phosp P PR Lo 70 POIYS: 9 ' using an air-driven microfluidizer (3-stages, McClements (2017)
fiber gum or beet pectin) _
pressure = 62-130 MPa)
Aqueous solution composed by buffer solution (5 pdfassium Pre-renr;uflslrﬂg?n“%nf(\;\ﬂg\],vzg l;ltrﬁi-Thu_rr?exszhfeélOOO
o/w Fish oil, O:W = 5:95 phosphate, pH 7.0) and 2.5 wtfeyclodextrin or octenyl succinic- P N ed by high-p Cheng et al. (2017)
o ! homogenization with a Nano DeBEE
modified -cyclodextrin g _
homogenizer (3-stages, pressure = 50 MPa)
Fish oil or Miglyol 812 N Pre-emulsification with an Ultra-Turrax T10 at Erdmann
oW mixed with rosemary Aqueous solution composed by buffer solution (10 sadium 24000 rpm for 5 min followed by high-pressure Lautenschlae e’r Zeeb
extract (10 wt.%), O:W = phosphate, pH 5.0), 2 % (w/w) Tween 80 homogenization with an EmulsiFlex-C3 . cger, '
) - _ Gibis, & Weiss (2017)
10:90 homogenizer (5-stages, pressure = 1500 bar)
Aqueous solution composed of buffer solution (10 sddium Pre-emulsification with a M133/1281-0 mixer at Gumus. Decker. &
o/w Algae oil, O:W =10:90 phosphate, pH 7) and 0.25-5 % (w/w) protein conmagat(pea, lentil and 10000 rpm for 2 min followed by high-pressure ' '
o : 4 - McClements (2017)
faba bean) homogenization with a PureNano Microfluidizel

13



AC

(3-stages, pressure = 10000 psi)

Weighed amounts of fish oil Pre-emulsification with a Bamix ESGE Ltd mixer
oW and carrier oil (MCT, lemon Agueous solution composed by buffer solution (0.8if%c acid, 0.08 % for 2 min followed by high-pressure Walker, Gumus, Decker,
oil or thyme oil), O:W = sodium benzoate, pH 3.0) and 1.5 wt.% Tween 80 homogenization with a Microfluidics M-110P (5- & McClements (2017)
Not described stages, pressure = 20000 psi)
. . Pre-emulsification with a M133/1281-0 mixer for
Aqueous solution composed by buffer solution (5 piMsphate, pH . . o . .
o/w Fish oil, O:W = 1:99 7.0), 0.3 wt.% protein (hydrolyzed rice glutelif)l wt.% 2 min followed by hlgh_p_ressure homogenization Xu, Liu, Luo, Liu, &
: ) . , with a M110Y Microfluidizer (3-stages, pressure  McClements (2017)
polysaccharide (pectin or xanthan gum) and 0.00%wbdium azide = 12000 psi)
Pre-emulsification with a Silverson L4R
. S AR A, Water containing 1 % (w/w) thiol-modifiggtlactoglobulin fibrils, 0-0.5 homogenizer at 7500 rpm for 5 min followed by
ow Fish oil, O:W = 10:90 % (w/w) chitosan and 15 % (w/w) maltodextrin high-pressure homogenization with a Panda 2K Chang et al. (2018)
homogenizer (3-stages, pressure = 750 bar)
Aqueous solution composed of buffer solution (98 mwdétic acid, 2 Pre-emulsification with an Ultra-Turrax T25 at
OM  Chia seed oil. O'W = 5:95 mM sodium acetate, pH 3.0), 1 wt.% emulsifier (gitaidylcholine- 10000 rpm for 2 min followed by high-pressure  Julio, Copado, Diehl,
T enrichedlecithin or deoiled lecithin), 0.2 wt.% powderedtokan, 20 homogenization with a Panda 2K (4-stages, Ixtaina, & Tomas (2018)
wt.% maltodextrin, 0.0012 wt.% nisine and 0.1 wpétassium sorbate pressure = 600 bar)
Deionized water containing 2 % (w/v) whey protesalate, 0.1 % (w/v) Rotor-stator homoaenization using PowerGen Owens, Griffin,
O/W  Menhaden oil, O:W = 10:90 polysaccharides (xanthan gum or locust bean guchDa0¥ % (w/v) nog 9 . Khouryieh, & Williams
. : 500 homogenizer at 30000 rpm for 6 min
sodium azide (2018)
Distilled water containinglifferent amounts of sodium caseinate (CAS) Pre-emulsification with a Stephan Universal Yesiltas. Garcia-Moreno
oW Cod liver oil, O:W =50-  and phosphatidylcholine (PC) (total CA®C content = 1.4, 2.1 and 2.8 mixer at 1200 rpm for 3 min followed by an Sﬂreﬁsen Akoh. & '
70:50-30 % (w/w); ratio of CAS to PC = 0.4, 1.2 and 2.0 (Wand 0.05 % (w/w) emulsification for additional fhin x 2 min under ' :
X . . Jacobsen (2019)
sodium azide reduced pressure (approximatelykdta)

14



241 3.1.2. Multiple PUFA-based lipid emulsions

242 The use of multiple PUFAs BLEs within the food seatay offer interesting
243  possibilities.Multiple PUFAs BLEs (also calledouble emulsionsluplex emulsionsr
244  emulsions of emulsionsare multi-compartmentalized systems, charactériag the
245  coexistence of two simple emulsions: water-in-0l/Q) and oil-in-water (O/W), in
246  which the droplets of the dispersed phase are smatid more equally dispersed (Garti,
247 1997). This singular structure poses a number gé@tdges: it provides a potentially
248 useful strategy for producing reduced fat and l@alege products, it prevents oxidation
249 and enhances the sensorial properties of foodsyagks flavours, and controls and
250 protects the delivery of sensitive ingredients nigirihe processing and preservation of
251 food products, or even the action of certain enzigractivity after ingestion. These
252 PUFA-based lipid systems can also be used in ftaking advantage of the external
253 aqueous phase that is more acceptable in termsalatapility (Dickinson, 2011,

254  Kukizaki & Goto, 2007).

Figure 2. Structure of water-in-oil-in-water and-am-water-in-oil PUFAs BLEs.

255
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There are two main types of multiple PUFAs BLEse Thost common form is
water-in-oil-in-water (W/O/W) PUFAs BLEs, althougbil-in-water-in-oil (O/W/O)
PUFAs BLEs can also be employed in some applicatidfater-in-oil-in-water PUFAs
BLEs consists of tiny water droplets (W1) dispersedide fat droplets — PUFA
enriched oils — (O), which are, in turn, disperged continuous aqueous phase (W2)
(Figure 2). As a result, a system (W1/O/W2) comnsisbf three phases is formed, two
aqueous phases (one outer and another inner, npnmtd different compositions) and
a lipid phase enriched in PUFAs. The lipid phadedated between the aqueous phases
and the two are separated from each other by twestyof interfaces which are
stabilized by means of emulsifiers: one hydrophofoc lipophilic), designed to
stabilize the interface of the internal emulsion1{®@) and another hydrophilic, to
stabilize the outer interface of the PUFA-enricliadglobules (for W1/O/W2 PUFAs

BLE) (Jiménez-Colmenero, 2013a).

As already mentioned, multiple PUFAs BLEs have pu# advantages over
simple PUFAs BLEs. These include release systemiidactive compounds, although
these are generally more appropriate for encapsajatehiculization, protection, and
delivery of hydrophilic compounds (McClements, Dexck& Weiss, 2007). Due to their
characteristics, including the capacity to hold gmdtect certain components and
control their release from one phase to anothesetiPUFAs BLEs have been used as a
means of microencapsulation in food and clinicatitian (encapsulation of essential
fatty acids and omega-3 polyunsaturated fatty acigharmacology (carriers for
anticancer agents and other active ingredientsimetics (improving the application of
creams with encapsulated compounds) and in otlerstrial applications (Benichou,
Aserin, & Garti, 2004; Kukizaki & Goto, 2007; Mudgohk, 2007). Multiple PUFAs

BLEs offer a promising means of preparing microd amno- capsules (solids or
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semisolids) which can contain specific lipophilimmda hydrophilic compounds
(Benichou, Aserin, & Garti, 2004). Despite thisgmttial, there are still few examples of
multiple PUFAs BLEs currently used in food produdibe main reason is that multiple
PUFAs BLEs are highly susceptible to breakage dustorage or when subjected to
extreme environmental conditions often found in fbed industry. The stability of
simple PUFAs BLE is more simply determined thant tbiamultiple PUFAs BLEs
(Jiao, Rhodes, & Burgess, 2002). Several instgbiliechanisms are responsible for the
breakdown of multiple PUFAs BLE. Some of these sireilar to those of found in
simple PUFAs BLEs, whilst others are exclusive taltiple PUFAs BLEs (for
example, the non-equilibrium between the intermal axternal aqueous phases could

produce destabilization of the system) ( Jiao, Rsp& Burgess, 2002).

In the scientific literature, there are some exampf multiple PUFAs BLEs.
However, due to the complexity of these types ofilsians, investigation into them has
only been initiated recently and, consequently,yamlsmall number of studies are
identified. Comunian, Ravanfar, Dando, Favaro-Taihe, and Abbaspourrad (2017)
and Flaiz et al. (2016) reviewed the most recemtiss on W/O/W multiple PUFAs
BLESs, using echium seed oil and perilla oil as arse of omega-3. Table 2 contains the
compositional information for a selection of muli?UFAs BLESs published during the

last decade, alongside relevant examples takenpremous research.
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Table 2. Phases compositional information on aciele of multiple PUFAs BLEs.

01
Type Inner phase Middle phase Primary emulsification Continuous phase Secondary emulsification Reference
method method
[Dispersed phase: 50 wt.%
primary emulsion and 50 Jiménez-Martin,
wt.% lactose monohydrate Gharsallaoui, Pérez-
0 ) .
Cod liver oil stabilized Distilled water Rotor-stator homogenization (14 wt.%] :r?tfcbc:asréiggig'
O/W/O  with tocopherols; O1:W = containing 6 wt.%  using Ultra-Turrax T18 at 20000 irain oli i Stir using a magnetic stirrer 1eq o
20:80 sodium caseinate rpm for 10 min Extra virgin olive ol Jimenez-Martin, .
' containing 50 wt.% Antequera, Gharsallaoui,
polyglycerol polyricinoleate Ruiz, & Pérez-Palacios
(PGPR); Dispersed phase:02 (2016)
=62.5:37.5
Water containing 0.50 Echium seed oil Aqueous solution composed
ma/mL hent?licl containing 0.5 wt.%  Rotor-stator homogenization b q7 5 W% DOlvMers (pelatin Rotor-stator homogenization Comunian, Boillon,
W/O/W 9 phenc . polyglycerol using Ultra-Turrax at 12000 rpm yr. -70 POy 9 1y, Uusing Ultra-Turrax at 10000 rpm Thomazini, Nogueira, &
compound (sinapic acid or ricinoleic acid for 4 min and arabic gum, ratio 1.1); for 3 min Favaro-Trindade (2016)
rutin); W1:0 = 1:2 (W1/0):W2 = 50-100:50-0
(PGPR 90)
Distilled water containin Pre-emulsification with a Pre-emulsification with a
9 Thermomix food processor TM- Distilled water containing 0.5 Thermomix food processor TM-
0.584 % (w/v) NaCl, 0.04 3 3250 f : % (v di X 3 00 ol d by hiah
% (w/v) sodium azide and Perilla oil containing 1 at325 rpm for 15 min % (wiv) sodium caseinate, 31 at 700 rpm fo owed Dy high- .
W/O/W followed by high-pressure 0.584 % (w/v) NaCl and 0.04 pressure homogenization witha  Flaiz et al. (2016)
0.375 % (wiv) 6 % (w/w) PGPR h 0 ith q % (W di ide- da Pl 000 h )
hydroxytyrosol: W1:0 = omogenization wit a Panda % (w/v) sodium azide; Panda Plus 1 omogenizer
20'80’ ' Plus 1000 homogenizer (2- (W1/0):W2 = 40:60 (2-stages, pressure = 15 and 3
' stages, pressure = 55 and 7 MPa) MPa)
Sodium alginate
Echium oil with and aqueous solution Comunian. Ravanfar
without added antioxidant  with and without Microfluidic homogenization or Corn oil containing 2 % Microfluidic homogenization or ' : '
O/W/O o . o 2 : T Dando, Favaro-Trindade,
(500 and 800 ppm added antioxidant gelation homogenization (w/w) soy lecithin gelation homogenization
; & Abbaspourrad (2017)
quercetin) (0.025 and 0.050 g/g
sinapic acid)
Distilled water containing Perilla oil containin High-pressure homogenization Distilled water containing 0.5 High-pressure homogenization Freire, Bou, Cofrades, &
W/O/W 0.584 % (w/v) NacCl, 6 % (wiw) PGPRg with a Panda Plus 2000 % (w/v) sodium caseinate, with a Panda Plus 2000 Jiménez-Colmenero
0.125 % (wiv) 0 homogenizer (2-stages, pressured.584 % (w/v) NaCl and 0.04 homogenizer (2-stages, pressure (2017)
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hydroxytyrosol and 0.04 =7 and 55 MPa) % (w/v) sodium azide; = 3.5 and 15 MPa)

% (w/v) sodium azide; (W1/0):W2 = 40:60
W1:0 =20:80
Pre-emulsification with a Pre-emulsification with a
Distilled water containing Thermomix food processor at Thermomix food processor at

0.584 % (w/v) NaCl and setting 6 for 15 min followed by 0 Distilled water containing setting 3 followed by high-

. . - o
W/O/W 0.375 % (w/v) Perilla oil containing high-pressure homogenization 584 % (wiv) NaCl and 0.04 pressure homogenization with a Cofrades et al. (2017)

. ~_ 6% (ww)PGPR / % (w/v) sodium azide; :
hydroxytyrosol; W1:0 = with a Panda Plus 2000 (W1/O):W2 = 40:60 Panda Plus 2000 homogenizer

20:80 homogenizer (2-stages, pressure (2-stages, pressure = 15 and 3
=55 and 7 MPa) MPa)
Pre-emulsification with a Water containing 2 - 225 Pre-emulsification with a
Water containing 2 - 225 Blend of olive, Thermomix food processor at Thermomix food processor at

mg/kg quercetin, NaCl to

mg/kg gallic acid and  linseed and fish oils 3250 rpm for 5 min followed by revent diffusion bhenomena 700 rpm for 5 min followed by
W/O/W  NacCl to prevent diffusion (70:20:10) high-pressure homogenization P d0.5 % (w/ b di high-pressure homogenization Silva et al. (2018)
phenomena; W1:0 = containing 6 % with a Panda Plus 2000 ggseir.wate? Evv\wl/)os)ov\/lgrz with a Panda Plus 2000
20:80 (w/w) PGPR homogenizer (2-stages, pressure 4b'60 ' homogenizer (2-stages, pressure
= 7977 and 1015 psi) ' = 2175 and 435 psi)

Aqueous solutions prepared

Deionized water by adding different whey

containing 0.1 % (w/w)

fish protein hvdrolvsate Fish liver oil Rotor-stator homogenization protein concentrate(40 % Rotor-stator homogenization ~ Jamshidi, Shabanpour,
W/O/W 0 032 % (W/W>)/ Naél ana containing 6 to 10 % using Ultra-Turrax T25 at 20000 w/w)/inulin(3 % w/w) weight using Ultra-Turrax T25 at 10000 Pourashouri, & Raeisi
6 033 3/ (wiw) vitamin (w/w) PGPR rpm for 5 min ratios, included 1:1, 1.608:1, rpm for 3 min (2019)
12y . - .

(W1/0):wW2 =25
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3.2. PUFA-based lipid self-assembling systems

A self-assembling system could be defined as amimaystem composed of
different interacting components from which, withdlue need for external intervention,
a completely spontaneous large-scale structure gameby virtue of the local
interactions taking place within its own constitteerThe large-scale emergence of this
structure does not take place by accident. In fathe system were reset to its initial
state, the aforementioned structures would likegppear. Amongst the advantages of
the system, it should be noted that the way in Wwiids formed minimizes the total
energy of the system and it is, therefore, usualyreasonably stable system.
Nevertheless, it is difficult to find ingredientsthv self-assembling properties, which
limits its practical application. This is the reasshy there are very few existing studies
on PUFA-based lipid self-assembling systems; howes@me will be presented here.
Zheng, Liu, Wang, and Baoyindugurong (2011) were first (to the author’s
knowledge) to develop self-assembling fish oil m@nulsions using exclusively food-
grade ingredients and to study their physical prigge From the results obtained, the
authors proposed these self-assembling systemstexesting and promising ways to
deliver and release fish oil. Some years laterligzals, Ignat, Biasutti, Innocente, and
Nicoli (2015) synthesized saturated monoglycebdsed selhssembly structures and
explored the feasibility of using these structufes the incorporation of omega-3
PUFAs into the production of fortified cheese. Moeeently, Yaghmur, Al-Hosayni,
Amenitsch, and Salentinig (2017) and Shao, BorHAsayni, Salentinig, and Yaghmur
(2018) studied the structural characteristics df-assemblies based on differently
synthesized omega-3 PUFA monoglycerides followikgessive exposure to water.
They showed that their unique structural propertiekl promise for future drug and

functional food delivery applications.
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3.3. PUFA-based lipid liposomes

Liposomes (olipid vesicle$ are spherical structures composed of at least one
lipid bilayer that enclose a number of aqueousiaquid compartments. Due to their
particular structure, liposomes have some intargsgiroperties with great potential.
Furthermore, different liposomes have charactesstihat can be adapted for various
applications, especially in the food and pharmacalindustries. Thus, liposomes have
been extensively studied in recent decades as nmoel@lbranes and drug and nutrient
delivery systems, including omega-3 PUFAs. Someth#d# latest work on the
encapsulation of omega-3 PUFAs using liposomes a@®loped by Ghorbanzade,
Jafari, Akhavan, and Hadavi (2017) who effectivelgcapsulated nano-liposomes
containing fish oil. Further, Rasti, Erfanian, a&&lamat (2017) prepared nano-
liposomes using omega-3 PUFAs and soybean-PLspasolnal ingredients under

previously optimized preparation conditions.

3.4. PUFA-based solid lipid nanoparticles

Colloidal particles between 10 and 1000 nm in size known by the name of
nanoparticles. When these nanoparticles are cordpafssolid lipids, they are referred
to as solid lipid nanoparticles (SLNs). Among theain advantages, one that stands out
is the chemical protection they provide to the mpooated bioactive compounds,
controlling their release for several weeks androwimg the bioavailability of the
enclosed drug. In recent years, this type of systambecome increasingly important,
emerging as a possible alternative to encapsulaiega-3 PUFAs and protect them

against lipid oxidation. As proof of this we musgglhiight the works of Salminen,



351 Helgason, Kristinsson, Kristbergsson, and Weisd12@nd Yang and Ciftci (2017).
352 The former prepared solid lipid nanopatrticles udgiifferent ratios of tristearin as the
353 carrier lipid and fish oil as the incorporated lidjipid. The latter developed hollow
354 solid lipid nanoparticles formed from fully hydrogged soybean oil in order to
355 encapsulate fish oil. Both authors concluded tihat dxidative stability of fish olil

356 encapsulated in these types of systems increagadicntly when compared to the

357 free fish oil.

358
359 3.5. Nanostructured PUFA-based lipid carriers
360 Nanostructured lipid carriers (NLCs) are delivegstems in which partially

361 crystallized lipid particles —with sizes smalleath100 nm— are dispersed in an aqueous
362 phase containing emulsifiers. If the partially-¢eyzed lipid is enriched with PUFAS,
363 it creates a useful system for the release of tfi@s$e acids in the body. The main
364 difference between this type of delivery system tinad of SLNs is that NLCs combine
365 solid lipid and liquid lipid, i.e. oil, in order t@nhance their drug-loading capacity.
366 These systems offer some advantages in compaisothér colloidal carriers: NLCs
367 may improve consumer acceptability, functionalisgfety, shelf-life and nutritional
368 value of food systems, improve bioavailability andrease stability of many bioactive
369 compounds, and provide controlled release of emtajesl materials. Similarly to
370 SLNs, this type of delivery system has become amsirgyly important in recent years as
371 it combines the advantages of other lipid nanoeesriwhilst avoiding some of their
372 disadvantages. As a result, NLCs offer a poteattaknative for encapsulating omega-3
373 PUFAs and protecting them against lipid oxidatibluang, Wang, Li, Xia, and Xia
374 (2017) encapsulated omega-3 PUFA and quercetichetilinseed oil into NLCs using

375 a high pressure homogenization method and founaverllipid oxidation than seen in a
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conventional linseed oil emulsion. In addition, eash on stability has produced
positive outcome. Azizi, Kierulf, Connie Lee, antlfaspourrad (2018) investigated the
role of different lipid carriers in echium oil emgsulation. Both studies suggest that
NLCs could be a promising vehicle for delivery gfdnophobic bioactive compounds

and omega-3 PUFAs within the food industry.

4. Prevention of lipid oxidation in omega-3 PUFAs BEs

Despite the different systems designed and develégrethe vehiculization and
protection of omega-3 PUFASs, lipid oxidation rensaas a major problem and one of
the limiting factors when incorporating these commpis within the food industry.
Thus, for several years the scientific community explored different options to
prevent or, at least, slow down omega-3 PUFAs lgidlation, especially when they

are contained within BLEs.

Many studies have shown that the ingredients thektenup the aqueous phase —
and the possible interactions taking place betwkem — have an important impact on
lipid oxidation. Depending on their nature, cherhiggoperties and the environmental
conditions in which they are found, these ingrefiezan act as antioxidants or pro-
oxidants. Careful selection of the compositionhe& aqueous phase will, therefore, be a

determining factor of the control of omega-3 PUl#Ad oxidation.

When considering all of these ingredients, the irtgowe of proteins which are
frequently used to improve the physical stabilitf food emulsions should be
emphasized. The proteins dissolved in the aquebasepare electrically charged as a
function of the pH of the medium and, consequendtiract or repel metal ions,

catalysing oxidation reactions. In addition, certgiroteins can act as free radical
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scavengers, transition metal chelators, activapimgroxidant compounds or, simply,
they can have antioxidant properties (as is thee cak caseins, for example)
(McClements & Decker, 2000). For all of these reas@ large number of studies exist
within the scientific literature targeting the dgsiand development of protein-stabilized
O/W emulsions which incorporate functional lipidget are susceptible to oxidation
(e.g., omega-3 polyunsaturated fatty acids). Dgndj, Kim, McClements, and Decker
(2004) and Cho, Decker, and McClements (2010) l@veonstrated that the oxidative
stability of polyunsaturated lipids can be enhanlogdhtegrating them into oil droplets
with protein coatings. Djordjevic, McClements, abecker (2004) concluded that
protein-stabilized O/W emulsions with a pH belowe ikoelectric point of the protein,
allows it to positively charge the emulsion dropleind slow lipid oxidation by
diminishing iron-lipid interactions. Thus, by cooitmg the pH of the medium, we can
positively and negatively load proteins and, irsthiay, affect both the physical and
chemical stability of PUFAs BLEs. As a result okes$e findings, many studies on
different protein-stabilized O/W emulsions have eged in recent years. O'Dwyer,
O’Beirne, Eidhin, and O’Kennedy (2013) evaluatee impact of sodium caseinate
concentration on the chemical stability of O/W esmuhs. Both primary and secondary
lipid oxidation products of emulsions were found decrease as sodium caseinate
concentration increased. Similarly, sodium caseind¢creased as microfluidization
pressure increased. This finding was attributedht apparent antioxidant effect of
sodium caseinate, which interacts with metal iond acavenges the free radicals
present in the aqueous phase. Similar conclusi@ne drawn by Liu, Singh, Wayman,
Hwang, and Fhaner (2015), who developed a physgicilible PUFAs BLE using
sodium caseinate dispersions ghdlucan rich oat products. These authors found that

caseinate typically contributed to a reductionhia bxidation of omega-3 oils, though
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there was no significant influence @fglucan on oxidation. Sivapratha and Sarkar
(2017) also studied chemical stability and the iotjd stress factors on flaxseed O/W
emulsions stabilized by a sodium alginate-sodiunseitete-chitosan interfacial
membrane. The results showed that the created naembmay be able to act as a
physical barrier that separates the lipid phasenfiaro-oxidants contained in the
aqueous phase. This demonstrates the possibilifesnterfacial technology for
developing an emulsion system with the necessaopepties. Not only proteins
influence lipid oxidation, protein hydrolysates aachino acids are also influential.
Garcia-Moreno, Guadix, Guadix, and Jacobsen (2bi@}tigated the physicochemical
stability of fish O/W emulsions stabilized withtigrotein hydrolysates (FPH). Sardine
hydrolysates with low degrees of hydrolysis (3 96} provided the most efficient
peptides for producing physically stable emulsigngh a smaller droplet size. This
involved a greater protein adsorption at the imieefenabling it to act as a physical
barrier against pro-oxidant compounds, which caalkb result in a greater oxidative
stability of these emulsions. These results dematestthe possibilities of FPH as
alternative protein emulsifiers in the design oémiically stable fish O/W emulsions.
Similar results were obtained by Ghelichi, Sgrensgarcia-Moreno, Hajfathalian, and
Jacobsen (2017), who investigated the oxidativbilgiaof O/W emulsions fortified
with common carp roe protein hydrolysates (CRPHs$)ese hydrolysates exhibited
antioxidant properties, radical scavenging andatheg activities, all of which slowed
lipid oxidation. All of these studies have showmttlproteins and their hydrolysates,
which are two of the most common ingredients in gaa@ PUFAs BLES, significantly
influence the chemical stability of emulsions. Thpisor to designing a new emulsion,
a detailed study is necessary for selecting thet appropriate protein content for

reducing lipid oxidation.
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Although proteins have potentially been the mostlisd ingredient, the type
and concentration of emulsifier also has a veryartgnt role within lipid oxidation.
These emulsifiers, which may have an ionic charamtenot, are amphiphilic in nature
and can bind to both polar substances and nonpaldistances, interact with
antioxidants or with pro-oxidants and, thereformpéde lipid oxidation. Fomuso,
Corredig, and Akoh (2002) investigated the impddtitferent emulsifiers — comprising
Tween 20, lecithin, whey protein isolate, mono-¢gtiglycerols, and sucrose fatty acid
ester — on the oxidative stability of fish oil-bdsstructured lipid emulsions. These
researchers demonstrated that the concentrationtygred of emulsifier influenced
oxidation rate. Higher emulsifier concentrationsially showed a lower oxidation rate
than lower concentrations, which in this case wagbated to a higher concentration of
emulsifier creating a thicker interface that acésda semipermeable barrier against the
pro-oxidant compounds catalysing oxidation readtidrurther, the chemical structure
of the emulsifier such as its ionic character, alefluences permeability and,
resultantly, oxidation rate. Chen, Rao, Ding, Ma@Géats, and Decker (2016) studied
the role of different emulsifiers on lipid oxidatio These authors found that
polyglycerol polyricinoleate (PGPR) promoted thedagtion of emulsion while several
lecithins (defatted soybean lecithin (PC 75) omattefl lyso-lecithin (Lyso-PC)) showed
a protective effect on omega-3 enriched oil. Thaséhors associated the greater
emulsifying capacity of PGPR to its worse perforogprotecting against oxidation. Its
greater emulsifying capacity produced oil droplefsa smaller size and a greater
interfacial surface area. This greater interfaarak led to the oil being more exposed to
the pro-oxidants, ultimately leading to greatendimxidation. On the other hand,
lecithins, with their lower emulsifying capacity gnin addition, a certain amount of

antioxidant added, revealed a better oxidative aesp. Therefore, the choice of the
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emulsifier not only influences the physical stakilof the emulsion but, by acting
directly on the oil-water interface, it is anothggcisive ingredient for the chemical

stability of omega-3 PUFAs BLEs.

Another possibility for slowing lipid oxidation iBLEs is to add antioxidants or
scavenging pro-oxidants. Many investigations haemahstrated that transition metals
(pro-oxidant compounds) are mainly found in theewgihase, whilst hydroperoxides
are located at the oil/water interface due to the that hydroperoxides are surface-
active compounds. Copper or iron are some of thestnabundant pro-oxidant
compounds which may be found in packaging materfalsd ingredients and water.
Thus, lipid oxidation occurs at the droplet integawhere the pro-oxidant ions of the
aqueous phase come into close contact with thd ligdroperoxide located at the
droplet surface (Kargar, 2014; McClements, 2015;ra@, Mcclements, & Decker,
2011). Consequently, some studies are on track veluate the effect of iron
encapsulation within the interior aqueous phas&/&)/W emulsions on lipid oxidation
(Choi, Decker, & McClements, 2009). Results obtdirseiggest that no significant
changes to lipid droplet size in multiple emulsiooscurred during storage. This
suggests that the emulsions were resistance toullmiion and coalescence of lipid
droplets, and internal water expulsion/diffusion.ulple emulsions containing
encapsulated iron did foster lipid oxidation whelded to fish oil emulsions. Curiously,
multiple emulsions in the absence of added iromnsiebe highly effective at delaying
lipid oxidation in fish oil emulsions. This may kdue to their influence on the
redistribution of pro-oxidants ions and reactiondurcts in the system. Another possible
alternative for delaying lipid oxidation is the d@itmh of compounds with antioxidant
properties. Chen, Mcclements, and Decker (2010Jietluthe antioxidant ability of

selected polysaccharides (high-methoxyl and lowharetl pectin and others) in the
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continuous phase of a fish O/W emulsion. None et¢hpolysaccharides showed any
effect on the physical properties of the emulsidvwayever, they reduced the formation
of primary and secondary lipid oxidation produdibe authors attributed the lowering
of lipid oxidation to the ability of these polys&erides to bind free radicals together
through the chelating effect of pro-oxidative metatience, these results suggest that
the addition of anionic polysaccharides to the icmus phase of O/W PUFAs BLEs
could be employed to enhance the chemical stalofity/W emulsions and in so doing,
prolong their shelf-lifetime. Natural extracts haséso been tested as a source of
antioxidants. Karadaet al. (2017) explored the capacity of Icelandiown algae
Fucus vesiculosuextracts incorporated into O/W emulsions to protiee lipid phase
against lipid oxidation. These extracts, rich inypbenolic compounds, were found to
improve the oxidative stability of the omega-3 PWFAmulsions, and thus could
provide a different natural source of new effectaatioxidant compounds. Recent
studies have evaluated the efficacies of lipopddipphenolic compounds as potential
antioxidants in PUFAs BLEs and they have obtainemimising results. According to
the cut-off effect hypothesis, the antioxidant efiy increases with the increment of
alkyl chain length until a threshold is reachedisTthreshold is the optimal chain length
to obtain the highest efficacy of the antioxidanks. study the effect of alkyl chain
unsaturation on the antioxidant activities, Panu# Akoh (2016) tested the antioxidant
potential of three tyrosol-based phenolipids arey ttound that tyrosyl esters exhibited
lower antioxidant activity than tyrosol whereas #dlition of an alkyl chain enhanced

the antioxidant efficiency of tyrosol in O/W emulsB.

Finally, it must always be kept in mind that theutsification conditions, the
characteristics of the medium, and the environmeotaditions surrounding the

emulsions also have a decisive influence on itanote stability, regardless of the
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ingredients present in the omega-3 PUFAs BLE. Theldoth affect the properties of
the interface, its greater or lesser antioxidamacédy, and so on. For example, the
emulsification method used influences the charesties of the emulsion, such as
droplet size, and this can affect the oxidativebitits of the emulsion. So, Horn,
Nielsen, Jensen, Horsewell, and Jacobsen (201@iedtthe impact of homogenization
equipment (microfluidizer vs. two-stage valve homiwiger) on oxidative stability of
fish oil-in-water emulsions prepared with two diffat milk proteins: sodium caseinate
and whey proteins. Emulsions were prepared at phtly similar droplet sizes. Results
showed that the oxidative stability of emulsionegared with sodium caseinate was not
influenced by the type of homogenizer used. Wher#das type of homogenization
equipment significantly influenced lipid oxidatiomhen whey protein was used as
emulsifier, with the microfluidizer resulting in Weer levels of oxidation. They
suggested that these results are related to therafit distribution of protein
components between the interface and the aquease ptue to the different droplet
disruption patterns in the two equipments. So,ntherofluidizer produced a change in
the protein composition of the interface comparedhat obtained when the valve
homogenizer was used. Regarding the characteristitee medium, one of the critical
factors is the pH. Owens, Griffin, Khouryieh, andlii&ms (2018) investigated the
impact of the pH of the medium on the physicochamgtability of whey protein
isolated-stabilized fish O/W emulsions containingnthan (XG)-locust bean gum
(LBG) mixtures. The results obtained suggest tihat met electrical charge of the
protein-coated droplets can be modified accordiogPH. This then acts on the
electrostatic interactions of the protein-polysacate complex to reduce lipid
oxidation. In addition, they demonstrated the #&pilof xanthan (an anionic

polysaccharide) to chelate transition metal ionswegatively charged sites, thereby
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preventing them from coming into close contact with lipid phase. The presence or
absence of light also influence lipid oxidationcgnlight is necessary for the initial
stage of oxidation reactions. The concentratioawailable oxygen represents another
decisive factor as oxidation is not possible indbsence of oxygen. Finally, the storage
temperature of the emulsion is clearly importantinkesorn and Geraldine (2012)
evaluated the impact of the storage temperaturghenoxidation rate of omega-3
PUFAs BLEs during storage. The authors hypothesiegdrding the kinetic reaction
and evaluated the value of the kinetic constarat asction of the storage temperature.
They identified that the kinetic constant was dej@eh upon the temperature, with

greater lipid oxidation occurring at higher storagperatures.

Table 3 presents a selection of important studieshe chemical instability of

PUFAs BLEs due to lipid oxidation.



Table 3. Selection of important studies on the etenmstability of PUFAs BLES.

Type Dispersed phase Continuous phase Emulsification niedd Aim Reference
Pre-emulsification with a Polytron
Flaxseed oil and fish oil Water containing 0-3 % (w/w) sodium homogenizer at 14000 rpm for 2 min followed To study the effects of protein Liu, Singh, Wayman,
o/w O'W = 10:90 ' caseinate, 0-0.3 % (w/w) opdglucan and 0.04 by high-pressure homogenization with a  and polysaccharide contenton Hwang, & Fhaner
' ' % (w/w) sodium azide Panda 2K homogenizer (2-stages, pressure = lipid oxidation (2015)
80 and 8 MPa)
Double distilled water Pre-emulsification with a M133/1281-0
containing antioxidants Algae oil containing 0.15 wt.% emulsifier  blender for 2 min followed by high-pressure To evaluate the impact of Chen, Rao, Ding,
W/O 9 (PGPR, PC75, PC50, lyso-PC and MAG- homogenization with a M-110 L antioxidants and emulsifierson ~ McClements, &
and/or metal chelators, . s A . e
i o DAG) Microfluidizer Processor (3-stages, pressure = lipid oxidation Decker (2016)
W:O = 2:98
68 MPa)
Distilled water containing 2 wt.% fish protein Pre-emulsification V\."th an Ystral mixer at To investigate the effects of fish ~ Garcia-Moreno,
. oo . 16000 rpm for 3 min followed by high- : - ; .
o/w Fish oil, O:W = 5:95 hydrolysates (sardine hydrolysates or small- o . protein hydrolysates on lipid Guadix, Guadix, &
spotted catshark hydrolysates) pressure homogenization with a M110L . oxidation Jacobsen (2016)
Microfluidics (3-stages, pressure = 9000 psi)
- - . Pre-emulsification with an Ultra-Turrax . Ghelichi, Sgrensen
0 1 L
Cod liver oil, O:W = Distilled water containing 1 % (wiw) citrem T1500 at 16000 rpm for 3 min followed by To examine the effects of carp Garcia-Moreno,
o/w . and 2 mg/mL protein (common carp roe , S . roe protein hydrolysate on lipid . :
5:95 rotein hydrolysate) high-pressure homogenization with a Panda oxidation Hajfathalian, &
P yaroly 2K (3-stages, pressure = 250 bar) Jacobsen (2017)
- . . o . To study the ability oFucus
0, - -
oW Fish oil. O:W = 70:30 Water containing 10 % (w/v) sodium caseinate Rotor-stator homogenization using Ultra vesiculosugxtracts to inhibit  Karada et al. (2017)
and 0.5-1 % (w/v) seaweed extracts Turrax at 20000 rpm S A
lipid oxidation
Aqueous solution composed of buffer solution To investigate the effect of stress
(5 mM sodium acetate, pH 3.0), 0.4 % (w/v) Pre-emulsification with a blender followed by 9 L o .
S . : : o . .2 factors on the lipid oxidation of ~Sivapratha & Sarkar
O/W  Flaxseed oil, O:W = 1:99 sodium caseinate, 0.25 % (w/v) sodium ultrasound homogenization with a QSonica multilaver protein-stabilized (2017)
alginate, 0.05-0.4 % (w/v) chitosan and 0.01 % 700 at 50 % amplitude for 5 min yer prot
: ) emulsions
(w/v) sodium azide
. Pre-emulsification with a F6/10 blender .
Aqueous solution composed of phosphate . .~ To understand the impact of salts~. .
OMW  Walnutoil, O:'W =5:95  buffer (5 mM, pH 7.0), 1.5 % (wiw) lecithin _oloWed by high-pressure homogenization * i o idation of lecithin- ~ —U Fan, Sun, Zhu, &
with a HP-4L homogenizer (3-stages, pressure i _— . Yi (2018)
and 0, 1.0 or 1.86 (w/w) NaCl or KCI = 9000 psi) stabilized oil-in-water emulsions
oMW Menhaden oil, O:W = Deionized water containing 2 % (w/v) whey Rotor-stator homogenization using PowerGeiio study the impact of pH onthe  Owens, Griffin,

10:90 protein isolate, 0.1 % (w/v) polysaccharides 500 homogenizer at 30000 rpm for 6 min lipid oxidation of emulsions Khouryieh, &




(locust bean gum or xanthan gum) and 0.04 % containing protein- Williams (2018)

(w/v) sodium azide polysaccharides mixtures
Tuna oil containin Ultrapure water containing 1 % (w/w) whey  Rotor-stator homogenization using Ultra- To understand the impact of
9 proteins or 0.5 % (w/w) Tween 80, 0.5 % Turrax T25 at 10000 rpm for 5 min; P Pernin, Bosc, Soto,

0.7mmol a-tocopherol
and/or eugenol/kg of
emulsion, O:W = 30:70

compositional and structural
parameters of emulsions rich in
omega3 on oxidative stability

Oo/W Roux, & Maillard

(2019)

(w/w) potassium sorbate and antioxidants. ultrasound homogenization at 20 kHz for 20
Emulsions were supplemented or not with guar min with alternating sonication/rest cycles
gum (0 to 0.6 % (w/w)) (10s sonication/1@ rest)
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5. Conclusions and future trends

Omega-3 polyunsaturated fatty acids are sensitiveoxidation. This is an
undesirable process in the food industry as it detwl the deterioration of food.
Understanding the mechanisms and factors by whishlipid oxidation occurs is key
to its control, reduction and elimination. Withinid context, a wide range of research
studies on lipid oxidation have been publishedhia last decades, trying to shed light
on this extremely complex process. However, extensgsearch is still needed to better

understand this process in its entirety.

Currently, there is a wide variety of different tgyas available for the protection
and vehiculization of bioactive lipids, with eachegenting their own advantages and
disadvantages. This review article tries to evawatd update state-of-the-art research
relating to use of the main simple and multiple g8 PUFAs BLEs as novel
alternative encapsulation systems. Nowadays, siropls-water emulsions are the
most widely used systems for encapsulating omeB&H3As. However, their capacity
to encapsulate and protect PUFAs against lipid atlod, one of the main problems
posed to food manufacturers, is rather limited.aAsesult, the food industry requires
alternative delivery methods. Other lipid-basedw#e) systems technologies such as
multiple emulsions, solid lipid nanoparticle emalss, liposomes, and self-assembling
emulsions hold some advantages over traditionall#ams. However, they are not
simple to prepare and can sometimes be even mgtahl@ than simple emulsions due
to the additional instability mechanisms they pessén this sense, although multiple
PUFAs BLEs have begun to be studied in recent y#agge is still only a small number
of studies available and none have been conduatednoindustrial scale. Further
research on lipid oxidation and multiple PUFAs Blig$herefore necessary, in addition

to exploring new types of emulsions capable of pagkating omega-3 PUFAs.
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