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A B S T R A C T   

Background: Omega-3 oils are rich sources of essential fatty acids and play a key role in biological functions in the 
body and sensory attributes in food systems. The high content of long chain polyunsaturated fatty acids leads to 
high vulnerability of omega-3 oils to oxidation, and thus causes deterioration of their nutritional values and 
biological functions. Stabilization technologies continue to be important research topics for both academia and 
industry. 
Scope and approach: We have reviewed traditional and newly-developed stabilization technologies applied to 
omega-3 oils with proven efficacy in preventing or inhibiting lipid oxidation. These methods were developed to 
target one or more factors that determine oxidative stability of omega-3 oils. 
Key findings and conclusions: The effective traditional stabilization technologies, including the removal of oxygen 
and catalysts, and the addition of antioxidants should be further studied for their safety, synergistic effect and as 
affected by packaging material. Newly-developed stabilization technologies, such as blending, randomization 
and enzyme-catalyzed conversion to omega-3 phenolic antioxidants provide new approach not only to stabilize 
omega-3 oils, but some also provide new omega-3 oil based antioxidants as nutraceutical products. The con-
version rate and position specificity of structural modifications and incorporation of antioxidants as well as safety 
of newly prepared compounds for human consumption require future attention. Emulsion and encapsulation 
technologies, especially those involved in micro/nano-technologies should also be promoted to protect omega-3 
oils due to the convenience of release control, improved stability and bioavailability, but high processing effi-
ciency and low cost are required for large scale production.   

1. Introduction 

Omega-3 oils are polyunsaturated fatty acids (PUFAs) which are 
bioactive and this is dictated by the position of the first double bond 
from the methyl end of the molecule (Shahidi & Ambigaipalan; Unda 
et al., 2020). These include alpha-linolenic acid (ALA, C18:3), stear-
idonic acid (SDA; C18:4), eicosapentaenoic acid (EPA; C20:5), docosa-
pentaenoic acid (DPA; C22:5) and docosahexaenoic acid (DHA; C22:6) 
(Shahidi & Ambigaipalan, 2018). The chemical structures of these 
omega-3 fatty acids are shown in Fig. 1. ALA is the parent fatty acid in 
this series that produces other omega-3 fatty acids with chain desatu-
ration and elongation. The high content of long chain PUFAs leads to 
high vulnerability of omega-3 oils to oxidation, and thus causes deteri-
oration of their nutritional value and biological function. Therefore, 

stabilization technologies applied to omega-3 oils continue to be 
important research topics for both academia and industry. 

The main sources of omega-3 fatty acids include plant, marine ani-
mals and microorganisms (Fig. 2). For plant source, ALA is mainly 
occurring in plant seeds such as flaxseed (Linum usitatissimum), chia 
(Salvia hispanica L.) seed and perilla (Perilla frutescens L.) seed (Abad & 
Shahidi, 2020), among others. For instance, flaxseed consists of 32–45% 
(w/w) oil, in which 51–55% (w/w) of its fatty acids is in the form of 
ALA. ALA is the parent molecule for other omega-3 fatty acids which can 
further be desaturated and elongated. However, less than 5% of ALA 
could be converted to long chain omega-3 fatty acids in the human body, 
and thus supplementation of long chain omega-3 fatty acids, especially 
EPA and DHA, in human diet is highly recommended to maintain health 
(Brenna, 2002; Shahidi & Ambigaipalan, 2018). The marine animal 
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sources of omega-3 fatty acids are the flesh of fatty fish such as mackerel, 
herring menhaden and salmon, the liver of white lean fish such as cod 
and halibut, and the blubber of marine mammals such as whales and 
seals (Unda et al., 2020; Wanasundara & Shahidi, 1997). Seal blubber oil 
consists of 5.4–6.4% EPA, 4.6–4.9% DPA and 7.6–7.9% DHA, and 
menhaden oil typically contains 10.4–13.2% EPA, 2.0–2.4% DPA, and 
10.1–11.5% DHA (Senanayake & Shahidi, 2002; Wang et al., 2010). 
Krill oil is also an important source of omega-3 fatty acids with a high 
proportion of phospholipids, including 23.7–28.1 EPA and 16.7–21.0 
DHA (Xie et al., 2017). DHA is a common nutrition fortifier in infant 
formula, which is a major fatty acid identified in DHASCO (DHA single 
cell oil) extracted mainly from Crypthecodinium cohnii, Schizochytrium sp. 
and Nannochloropsis sp. (Leyland et al., 2017, Hamam & Shahidi, 2004; 
Zeb et al., 2019; Souza et al., 2019; Motlagh et al., 2020). The DHA 
content of DHASCO could exceed 40% (w/w). Although Crypthecodinium 
cohnii and Schizochytrium sp. do not belong to the group of algae, they 
are referred as algae in some literature. 

Omega-3 fatty acids render an array of biological activities in the 
human body, including cell membrane components, storage and trans-
port forms of metabolic fuel, and cell signaling molecules (Barsky & 
Blesson, 2020). Their potential biological functions have been reported 
in a large body of literature, including anti-cancer, cardioprotective, 
anti-psychiatric disorders, and anti-Parkinson’s disease effects as well as 
in alleviating inflammatory ailments (Shahidi & Ambigaipalan, 2018; 
Shibabaw, 2020; Stańdo et al., 2020; Wei et al., 2021). However, it is 
important to note that some of these functions have not been supported 
inclusively by reported findings, and thus their use for certain phar-
maceutical purposes is debatable (Bowen et al., 2016). Additionally, 
omega-3 fatty acids affect the sensory perception such as flavour and 
texture characteristics and also provide unique nutritional value to food 
products. However, presence of high contents of PUFAs makes omega-3 
oils susceptible to oxidation (Erickson, 2002), thus generating harmful 
oxidation products with quality deterioration and loss of nutritional 
value. Therefore, oxidative stability is a key issue in omega-3 oils and 
food products fortified with them. Fatty acid profile of the oil (fatty acid 
composition and the positional distribution of fatty acids), catalysts, 

pro-oxidants, antioxidants, as well as storage and processing conditions 
are major factors that affect the kinetics of lipid oxidation (Mishra et al., 
2021; Senanayake & Shahidi, 2002). Therefore, different stabilization 
technologies have been developed to prevent or inhibit the oxidation of 
omega-3 oils, such as removal of oxygen and catalysts, addition of an-
tioxidants, structural modifications, as well as emulsification and 
encapsulation (Ambigaipalan et al., 2020a; David et al., 2015; Ha et al., 
2018; Hu et al., 2020; Johnson et al., 2018; Messaoui et al., 2020; Wang 
& Shahidi, 2018). 

2. Health benefits and application of omega-3 oils in food 

Omega-3 fatty acids have been shown to provide health benefits and 
play a key role in a variety of biological activities in the body (Shahidi & 
Ambigaipalan, 2018; Barsky & Blesson, 2020). Omega-3 fatty acids can 
exert their biological effects through different mechanisms in the human 
body (Table 1). For instance, the function of DHA as cellular components 
in maintaining the normal development of the brain, eyes and nerves has 
been reported in numerous studies, especially for fetuses and infants 
(Denomme et al., 2005; Swanson et al., 2012; Wang & Shahidi, 2018; 
Khalily, 2019). It has been confirmed that DHA is the key structural 
component in the cortical gray matter and retinal photoreceptors, and 
its content is increased exponentially in the retinal membrane synapses 
and neural cortex during the last trimester of pregnancy (Judge et al., 
2007). The supplementation of omega-3 fatty acids, especially DHA in 
the diet of pregnant and lactating women and infants is highly recom-
mended by nutritionists and medical practitioners, and thus infant for-
mulas are commonly fortified with DHA. 

Omega-3 fatty acids as bioactive compounds function though regu-
lating gene expression as well as changing eicosanoid production and 
cell membrane composition (Sampath, 2005; Wei et al., 2021). They can 
also affect cellular signaling by modifying caveolae membrane micro-
domains and the biochemical makeup of lipid rafts (Ma et al., 2004). As 
a precursor of eicosanoids, EPA plays an important role in the produc-
tion of hormone-like substances such as leukotrienes, thromboxanes and 
prostacyclins, which regulate blood flow, ion transport, inflammation, 

Fig. 1. Chemical structures of alpha-linolenic acid (ALA), stearidonic acid (SDA), eicosapentaenoic acid (EPA), docosapentaenoic acid (DPA) and docosahexaenoic 
acid (DHA). 
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and immune response, among others. The biological function of EPA and 
DHA can also be explained by their capacity of being converted to 
omega-3-oxylipins, protectins, maresins and resolvins, all of which are 
anti-inflammatory molecules (Serhan et al., 2008). In addition, it has 
been reported that omega-3 PUFAs can exert their bioactivities at the 
nuclear level by affecting the transcription of genes when they act in 
conjunction with transcription factors and nuclear receptors (Desvergne 
& Wahli, 1999). The transcription factors that have been identified are 
nuclear factor-κB (NFκB) and sterol-regulatory element binding protein 
(SREBP), while the identified nuclear receptors include peroxisome 
proliferator-activated receptor (PPAR), liver X receptor (LXR) and he-
patocyte nuclear factor (HNF)-4α. The interaction of omega-3 PUFAs 
with these transcription factors and nuclear receptors affect lipid 
metabolism by regulating key genes involved. For instance, PPAR-α, the 
PPAR isoform, involved in regulating a broad network of genes, par-
ticipates in glucose and lipid metabolism, and PPAR-α is confirmed to be 
the first transcription factor that is expressed in enterocytes, car-
diomyocytes and hepatocytes (Desvergne & Wahli, 1999; Kar & Ban-
dyopadhyay, 2018; Wu et al., 2020). Therefore, omega-3 PUFAs can 
serve as suppressors of triacylglycerol and fatty acid synthesis and strong 
oxidation inducers of fatty acids (Power & Newsholme, 1997; Takada 
et al., 1994). 

Harris and von Schacky (2004) and von Schacky and Harris (2018) 
proposed the omega-3 index, which is defined as the total concentration 
of EPA and DHA in erythrocytes, as a risk factor for cardiovascular 
diseases. This proposed theory was primarily supported by findings from 
Siscovick et al. (1995) and Albert et al. (2002). Siscovick et al. (1995) 
conducted a population-based case-control study to explore the 
connection between the dietary intake of long chain omega-3 PUFAs and 
primary cardiac arrest, and it was revealed that higher contents of EPA 
and DHA in erythrocytes were associated with a decreased risk of 

cardiac arrest. Later, Albert et al. (2002) found that the higher con-
centrations of omega-3 fatty acids, including EPA and DHA, in eryth-
rocyte were associated with a reduced risk of sudden death in selected 
healthy men who had been followed for up to 17 years of their health 
study. 

Although the high intake of omega 3 fatty acids leads to accelerated 
oxidative stress due to their rich degree of unsaturation, lower doses of 
these fatty acids could act as antioxidants in the human body (Giordano 
& Visioli, 2013). For instance, DHA is believed to exert its antioxidant 
activity by inhibiting Nox-4 when the assessed subjects were supple-
mented with appropriate amount of this fatty acid. In addition, Lee et al. 
(2013) investigated the effect of dietary DHA and EPA supplements on 
the plasma lipid hydroperoxide levels (LPO) in patients with mild 
cognitive impairment. They found that the levels of LPO were signifi-
cantly reduced by increasing the intake of DHA and EPA, which sug-
gested the key role of DHA and EPA in alleviating oxidative stress and 
reducing the risk of neurodegenerative diseases, such as mild cognitive 
impairment. Moreover, it has been proven that dietary supplementation 
of DHA leads to a significant increase in the number of 5-bro-
mo-2′-deoxyuridine(+)/NeuN(+) newborn neurons in a rat model 
study, which may contribute to its function in modulating hippocampal 
activity regulated by neurogenesis (Kawakita et al., 2006). Therefore, 
dietary supplementation of DHA and EPA could alleviate cognitive 
decline (Pérez-Gálvez et al., 2018). 

The effect of omega-3 fatty acid supplementation on adipogenesis 
has been extensively studied by different research groups (Martins et al., 
2020; Wei et al., 2021). Wei et al. (2021) found that dietary supple-
mentation of DHA and EPA exerted inhibitory effect on adipogenesis by 
down-regulation of GPR120 in mice, and higher administration levels of 
EPA showed such effect by independent of PPARγ and GPR120 
signaling. DHA and EPA were reported to modulate the metabolism of 

Fig. 2. The main natural sources of omega-3 oils.  
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adipose tissues, but the contribution of such function to adipogenesis 
was unclear. Martins et al. (2020) conducted a cell line study to assess 
the effect of DHA and EPA on adipogenesis. It was revealed that DHA 
and EPA treatment inhibited the accumulation of triacylglycerols in the 
adipocyte cytoplasm, and EPA and DHA also significantly affected the 
expression of cleaved CASPASE 3, which increased cell apoptosis and 
gene expressions of Pparγ and Cidec in cell lines treated with DHA and 
EPA. All of these findings indicated a potential use of DHA and EPA to 
treat obesity. 

The discovery of the diverse biological function of omega-3 fatty 
acids has led to an increased demand by the market, especially those 
from marine animals and microorganisms. Products fortified with 
omega-3 oils have become a reality and are now widely available. For 
marine sourced omega-3 oils, menhaden oil was approved as generally 
recognized as safe (GRAS) in 1997 (Hernadez & Jong, 2010), and then 
applications of omega-3 oils from marine mammals and other fish spe-
cies, krills and single cell algae in food products was extensively 
broadened. To enhance omega-3 fatty acids intake in the diet, fish oil has 
been commonly used as an ingredient in juices, milk, cheese, puree, 
puddings, jelly, soups, baked products and snacks (Kadam & Probha-
sanka, 2010; Kolanowski, Jaworska, Laufenberg, & Weibbrodt, 2008; 
Solomando et al., 2020). However, the oxidative vulnerability of 
omega-3 oils has posed some practical issues for their unrestricted use in 
food and nutraceutical products as strict storage conditions such as low 
temperature and controlled moisture have to be followed. Traditionally, 
the use of natural and synthetic antioxidants has been widely practiced 
to control the oxidation of omega-3 oils and to extend their shelf-life. 
However, for food and nutraceutical product development and to 
respond to market demand for “clean label” products, new stabilization 
technologies have to be continuously advanced (Churchill, 2020; Kadam 
& Probhasanka, 2010). 

3. Oxidation of omega-3 oils 

The high level of PUFAs in oils, such as omega-3 oils, makes them 
susceptible to autoxidation as well as enzymatic and photosensitized 
oxidation (Choe & Min, 2006; Erickson, 2002; Miyashita, 2019; Shahidi 
& Zhong, 2010). At the molecular level, the number of double bonds in 
PUFAs is closely associated with the oxidative stability of the oils, and 
the high number of double bonds together with the bisallylic carbon 
atoms with low activation energy likely lead to low oxidative stability 
and the formation of free radicals (Shahidi & Zhong, 2010). Oils with a 
high level of PUFAs are associated with lower oxidative stability, and 
thus omega-3 oils rich in PUFAs are less stable than other edible oils 
(Tengku-Rozaina & Birch, 2013). Oxidation of lipids generates harmful 
oxidation products and causes quality deterioration. Therefore, the 
oxidative stability is a determining factor for the use of omega-3 oils in 
their pure form or as nutrition fortifier in food products. Furthermore, 
understanding different mechanisms of oxidation as well as factors that 
affect the kinetics of oxidation are imperative for enhancing the oxida-
tive stability of omega-3 oils. 

3.1. Mechanisms of lipid oxidation 

3.1.1. Autoxidation 
Autoxidation is the most common process in lipid oxidation when 

unsaturated fatty acids are attacked by oxygen molecules, and it occurs 
through a free radical chain mechanism that includes initiation, prop-
agation and termination steps (Frank, 1985; Choe & Min, 2006; Shahidi 
& Zhong, 2010) (Fig. 3). The chain reaction of autoxidation is initiated 
when a hydrogen atom adjacent to a double bond in a fatty acid (RH) 
molecule is abstracted, upon catalysis by light or transition metal ions. 
The alkyl radical (R•) formed during the initiation step reacts with ox-
ygen to form lipid peroxyl radical (ROO•). The lipid peroxyl radical 
(ROO•) so formed abstracts a hydrogen atom from another unsaturated 
fatty acid to generate lipid hydroperoxide (ROOH), including noncon-
jugated and conjugated hydroperoxides as well as a newly formed alkyl 
radical (Schaich, Shahidi, Zhong, & Eskin, 2012). The chain reaction is 
terminated when the newly formed radicals couple with each other 
(Farmer et al., 1942). In addition to light and transition metal ions, 
reactive oxygen species (ROS) play a critical role in the initiation step of 
autoxidation. ROS including hydrogen peroxide and hydroxyl radical 
have been proven to be involved in initiation process of lipid oxidation 
(Koppenol & Liebman, 1984). Unlike hydroxyl radical, hydrogen 
peroxide is not a strong oxidant, and thus cannot react directly with 
unsaturated fatty acids and must first be converted to hydroxyl radical, 
the result of the reaction is to form alkyl radicals and initiate lipid 
oxidation. Moreover, transition metals, such as iron and copper, may 
abstract a hydrogen atom or donate an electron when they attack un-
saturated fatty acids, which results in the formation of alkyl radicals to 
start the autoxidation process. Transition metals can also react indirectly 
with triplet oxygen to form superoxide radical, and this lead to the 
generation of more products of ROS (Choe & Min, 2006; Schaich et al., 
2012). 

3.1.2. Photosensitized oxidation 
Chlorophylls, pheophytins, myoglobin, and riboflavin are common 

photosensitizers found in food products, and may participate in lipid 
oxidation through generation of excited state singlet oxygen (Jung et al., 
1995). The ground state triplet oxygen receives energy from photosen-
sitizers that have absorbed energy from light and then forms singlet 
oxygen. Singlet oxygen is an electrophilic molecule that is ready to react 
with electron-rich double bonds of unsaturated fatty acid molecule-
s/moieties, forming both conjugated and non-conjugated hydroperox-
ides (Choe & Min, 2006). Chlorophylls may not be totally removed from 
oils when they are only preliminarily extracted from marine planktiv-
orous species or immature seed oils (Indrasena & Barrow, 2010). 
Therefore, complete removal of chlorophylls is important to obtain an 

Table 1 
The proposed mechanism of health benefits from omega-3 fatty acids.  

Health benefits Omega- 
3 fatty 
acids 

Mechanism References 

Maintaining 
normal 
development of 
brain eyes and 
nerves 

DHA DHA is a major structural 
component for retinal 
photoreceptors and cortical 
gray matter in the visual 
system. 

Swanson et al. 
(2012) 

Anti-Obesity EPA and 
DHA 

Down-regulating GPR120; 
reducing adipogenesis via 
PPARγ-CIDEC suppression. 

Wei et al., 2021;  
Martins et al., 
2020 

Anti-cancer Omega- 
3 PUFAs 

Changing genomic 5- 
hydroxymethylocytosine and 
translocation dioxygenase 1 
content 

Ye et al. (2019) 

Anti-diabetes Omega- 
3 PUFAs 

Increasing insulin sensitivity Hidekatsu et al., 
2018 

Anti- 
cardiovascular 
diseases 

EPA and 
DHA 

Alleviating arrhythmia and 
dyslipidemia 

Shibabaw, 2020; 
Leslie et al., 2015; 
Glck & Alter, 
2016; von 
Schacky & Harris, 
2018 

Alleviating mild 
cognitive 
impairment 

EPA and 
DHA 

Decreasing levels of plasma 
lipid hydroperoxides by 
acting as antioxidants; 
increasing the number of 5- 
bromo-2′-deoxyuridine 
(+)/NeuN(+) newborn 
neurons 

Giordano & 
Visioli, 2013; Lee 
et al., 2013;  
Kawakita et al., 
2006;  
Pérez-Gálvez 
et al., 2018 

Anti- 
inflammation 

Omega- 
3 PUFAs 

Decreasing levels of pro- 
inflammatory cytokines/ 
chemokines interleukin (IL)- 
8 and IL-17, while increasing 
the level of anti- 
inflammatory IL-10; 
increasing levels of resolvins 

Stańdo et al., 
2020; Chamani 
et al., 2020  
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oil without a significant deterioration caused by photosensitized 
oxidation. 

3.1.3. Enzymatic oxidation 
Enzymatic oxidation is involved in enzyme-catalyzed transformation 

of PUFAs to their corresponding hydroperoxides by lipoxygenases 
(Oenel et al., 2017). For example, soybean sourced lipoxyganese forms 
15-hydroperoxyeicosatetraenoate from arachidonic acid as well as 
13-octadecadienoate from linoleic acid. Oxidation products generated 
from enzyme-catalyzed oxidation are similar to the hydroperoxides 
products produced from autoxidation. The conversion of PUFAs to their 
conjugated diene hydroperoxides involved in abstracting a hydrogen 
atom from a bisallylic methylene group and further addition of an ox-
ygen molecule, which occurs in a stereospecific manner (Kernal et al., 
1987). 

3.2. Factors affecting lipid oxidation 

The rate of lipid oxidation depends on a number of factors including 
fatty acid composition and the positional distribution of fatty acids, the 
presence of catalysts and components acting as pro-oxidants or antiox-
idants, as well as storage and processing conditions (Choe & Min, 2006; 
Mishra et al., 2021; Senanayake & Shahidi, 2002; Shahidi & Zhong, 
2010). Fatty acid composition is an important factor in lipid oxidation as 
higher levels of PUFAs in the oil lead to higher vulnerability to oxida-
tion, from which the number of bisallylic methylene groups in PUFAs is a 
signature structural characteristic that makes them prone to oxidation as 
the lowest carbon-hydrogen bond dissociation energy occurs at bisallylic 
methylene positions (Gardner, 1989; Koppenol, 1990). The dependence 
of oxidation on the number of bisallylic methylene positions in lipids 
was confirmed by Cosgrove et al. (1987). The positional distribution of 
fatty acids, especially these in polyunsaturated forms, such as omega-3 
PUFAs, has been proven to be a key factor that affects the oxidative 
stability of edible oils, and esterification of PUFAs at sn-2 position gives 
protection from oxygen attack by steric hindrance compared to those 

esterified at sn-1 and sn-3 positions (Wang & Shahidi, 2011). The pres-
ence of prooxidants including transitional metal ions, enzymes and 
photosensitizers affect lipid oxidation through different mechanisms 
during storage and processing stages. In contrast, antioxidants present in 
oils can inhibit lipid oxidation by quenching free radicals (Chandrasekar 
et al., 2017). Lipid components in food are more vulnerable to oxidation 
when they are processed/stored at high temperatures (Addis, 1986). 
Storage temperature is a key factor that affects the oxidative stability of 
lipids or lipid component in a food matrix. Higher storage temperatures 
lead to increased accumulation of oxidative products generated from 
lipid oxidation when compared that to lower storage temperatures (Lu 
et al., 2019). However, lower storage temperatures, such as freezing, can 
only slow down lipid oxidation, but cannot totally stop the process (Eun 
et al., 1994). High processing temperatures not only results in high 
levels of lipid oxidation but also lead to the destruction of cell structure, 
hence the release of oxygen and non-heme iron from hemoglo-
bin/myoglobin of the food material, which could significantly increase 
the interaction between these prooxidants and lipid components (Byrne 
et al., 2002; Kingston et al., 1998). In addition, high processing tem-
peratures can denature antioxidant enzymes in the food matrix, which 
lead to the loss of their role in inhibiting lipid oxidation (Koutina et al., 
2012). Moreover, high processing pressures cause accelerated oxidation 
of lipid components in food due to enhanced release of iron from hem-
eproteins due to cell membrane disruption (Guyon et al., 2016). 
Pasteurization process, such as radiation, has been proven to generate 
free radicals from water, which could result in the induction of lipid 
oxidation (McClements & Decker, 2017). All stabilization remedies 
applied to edible oils have been developed accordingly to control 
oxidation (Fig. 4). 

3.3. Effect of oxidation on omega-3 oils and their associated food systems 

Oxidation leads to the deterioration of omega-3 oils, including gen-
eration of oxidation compounds as well as changes in their sensory 
properties and nutritional value and those of food products containing 

Fig. 3. Schematic representation of free radical autoxidation of lipids; RH: fatty acid molecule; In: initiator; R•: alkyl radical; ROO•: lipid peroxyl radical; ROOH: lipid 
hydroperoxide; and ROOR: non-radical product (adapted from Frank, 1985). 
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them and hence become less favourable in the market (Choe & Min, 
2006; Min & Lee, 1999). In addition, lipid oxidation in food systems may 
cause degradation of other food components including proteins and 
pigments. The primary lipid oxidation products are hydroperoxides, 
which are unstable and can easily undergo further degradation to sec-
ondary oxidation products, such as ketones, alcohols and aldehydes, 
among others (Mansouri, 2020). The primary lipid oxidation products 
present a lesser concern compared to the secondary oxidation products 
in changing the flavour of food as secondary oxidation products are 
generally volatile and associated with off-flavour. Moreover, the sec-
ondary oxidation products can undergo further interaction with proteins 
and pigments in food systems, and thus may change their function and 
nutritional value (Choe & Min, 2006). For example, presence of sec-
ondary oxidation products in food systems can significantly accelerate 
the oxidation of proteins which leads to decreased nutritive value due to 
oxidative loss of essential amino acids, alteration in food texture caused 
by decreased protein solubility, and changes in colour (browning) 
(Hematyar et al., 2019; Jadhave et al., 1996). In addition, oxidative 
compounds may react with carotenoids and cause unfavorable changes 
in colour of foods, and browning of pigment components caused by 
oxidation are much less acceptable in food of plant origin that contains 
high content of pigments (Bak et al., 1999). 

4. Stabilization technologies for the control of omega-3 oil 
oxidation 

Oxidation of omega-3 oils degrades the quality of the oils and the 
foods containing them; oxidation products generated are also toxic 
(Choe & Min, 2006; Shahidi & Zhong, 2010). Traditionally, specially 
designed packaging materials were developed to control oxidation of 
omega-3 oils. For instance, airtight containers, flexi bags, stainless steel 
or mild steel construction tanks flushed with an inert gas are generally 
used to store omega-3 oils in bulk to minimize their exposure to oxygen 
and sunlight (Mozuraityte et al., 2016). The capsules of fish oils are 
commonly packed in heavily tinted glass or containers with plastic 
materials; addition of edible pigments to plastic containers have also 
proven to be effective in retarding photooxidation of these vulnerable 
oils (Akhtar et al., 2010). Moreover, cardboard boxes have been used to 
pack omega-3 oil containers to render further protection from light. For 
omega-3 oils and omega-3 rich foods, different technologies have been 

developed to prevent or retard oxidation, including the removal of ox-
ygen and catalysts, incorporation of antioxidants, structural modifica-
tions, as well as protection by emulsification and encapsulation (Min & 
Boff, 2002; Ruiz et al., 2017; Wang & Shahidi, 2011, 2018; Zhong & 
Shahidi, 2010). The following sections provide details about each of 
these factors that influence the control of oil oxidation. 

4.1. Removal of oxygen 

Oxygen plays an important role in lipid oxidation, and thus the ox-
ygen content in omega-3 oils and food systems thereof should be strictly 
minimized. There are a number of measures that have been used to 
control the oxygen content in foods, including the use of air-tight con-
tainers and barrier packaging materials, oxygen scavengers and modi-
fied atmosphere packaging (Choe & Min, 2006; Johnson et al., 2018; 
Shahidi & Zhong, 2010). For instance, oxygen scavenging systems can 
remove oxygen in food systems by enzymes or chemicals, and the 
commonly used oxygen scavenger is the 
glucose/glucose-oxidase/catalase system, which is capable of convert-
ing oxygen to water (Choe & Min, 2006). However, there has been a 
growing pressure by consumers to minimize the use of food additives, 
which limits the use of oxygen scavengers. Moreover, enzymes like 
glucose oxidase are expensive and sensitive to environmental condi-
tions. Therefore, broad use of enzymatic oxygen scavengers in food is 
not practical. 

As a traditional technology to deplete oxygen from foods, the oxygen 
scavenging packaging has been maintaining the strength of innovation 
with new packaging materials continuously being developed, which has 
become a favourable technology to remove oxygen. Thus commercial 
active packaging materials have been used to effectively reduce oxygen 
levels in food systems to significantly improve the oxidative stability of 
packaged materials without the use of synthetic antioxidants. A widely 
used active packaging material has proven to reduce the headspace 
oxygen to <0.01% in the package through a process of iron oxidizing to 
iron oxide, and it is cost effective compared to other measures (de Kruijf 
et al., 2002). Hidayah et al. (2020) reported the effect of iron powder 
grafted active packaging on inhibiting lipid oxidation in a fish oil model 
system. In addition, palladium grafted film was also reported to effec-
tively control the oxidation of linseed (flaxseed) oil with modified at-
mosphere with added hydrogen due to its capacity of converting oxygen 

Fig. 4. Omega-3 oils stabilization technologies and their mechanisms.  
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and hydrogen into water (Faas et al., 2020). However, the potential of 
palladium grafted film is limited in regular food packaging due to the 
high price of palladium, thus other cost effective alternative materials 
should be explored. Johnson et al. (2018) assessed the effect of com-
mercial oxygen scavenging packaging on inhibiting lipid oxidation in a 
fish oil-in-water emulsion system, and their results showed that the 
tested packaging reduced dissolved oxygen concentration to less than 
5% at the end of test period, and thus controlled the oxidative damage in 
the emulsified omega-3 oil components to an acceptable level. One of 
the advantages of this packaging is that it is compatible with liquid form, 
which is suitable for omega-3 oils and other liquid food systems. 
Moreover, the use of scavenging packaging provides a “clean label” for 
food products. 

4.2. Removal of catalysts 

As lipid oxidation catalysts, transition metal ions are present in 
haemoglobin and myoglobin in muscle food products (Livingston & 
Brown, 1981; Shahidi & Zhong, 2010) as well as in processing equip-
ment, packing materials and food additives (flavourants, colourants). 
Unrefined omega-3 oils, such as fish oils, may contain ppm levels of 
copper and iron ions, and even after refining, trace amounts of them may 
still be detected (Jacobsen et al., 2009; Miyashita, 2019). These two 
common transition metal ions can effectively promote lipid oxidation in 
food systems (Goddard et al., 2012). The removal of transition metal 
ions from food materials is also a key strategy to control lipid oxidation. 
Chelators are active compounds that can sequester metal ions (Tian 
et al., 2013). Thus, ethylenediaminetetraacetic acid (EDTA), desfer-
rioxamine, diethylenetriaminepentaacetic acid, polyhydroxamic acid 
and citric acid are among the commonly used chelators in food systems 
(Choe & Min, 2006; David et al., 2015; Liu, Liu, et al., 2019). Although 
EDTA is the most effective chelating agent to bind transition metals, 
there is a limitation of using EDTA to control lipid oxidation in foods due 
to a growing demand by consumers to use all natural ingredients. To 
eliminate the addition of chelating agents in food materials, the 

development of metal-chelating packaging can be a novel approach to 
control metal ion-catalyzed lipid oxidation (Tian et al., 2013). The effect 
of polyhydroxamic acid grafted polyethylene terephthalate on inhibiting 
oxidation of bottled oil emulsion system was evaluated by David et al. 
(2015). Their results demonstrated that chelate-grafted packaging can 
effectively control lipid oxidation. The use of polyethylene terephthalate 
in food packaging has been limited due to safety concerns, and thus the 
effect of polyhydroxamic acid on controlling lipid oxidation when it is 
grafted in other packaging materials should further be investigated. 

4.3. Addition of antioxidants 

An antioxidant is a molecule that functions by inhibiting, retarding 
or removing oxidative impact of another molecule that has been 
attacked by oxidation (Mishra et al., 2021; Halliwell, 2007; Chan-
drasekar et al., 2017; Shahidi & Zhong, 2010). Antioxidants (Fig. 5), 
mainly tocopherols, mixed tocopherols, phenolic compounds, ascor-
bates, synthetic antioxidants, as well as spices and spice extracts, are 
widely used in food products to prevent lipid oxidation in a variety of 
products (Oh & Shahidi, 2018; Rodriguez-Amaya & Shahidi, 2021). 

4.3.1. Natural antioxidants 
As commercial natural antioxidants that are fat-soluble, tocopherols 

have commonly been used to effectively stabilize edible oils, such as 
omega-3 oils, but it worth to note that the effectiveness of different types 
of tocopherols varies (Kulas & Ackman, 2001; Reische et al., 2017). 
There are four tocopherol homologs, namely α-, β-, γ- and δ-tocopherols, 
which are characterized according to the position and number of methyl 
groups on the chromanol ring. These homologs possess different 
chemical characteristics and biological function, such as antioxidant 
activity. Although α-tocopherol is the commonly used homolog in the 
food industry, the antioxidant activity of tocopherol mixtures has 
extensively been assessed in different food systems. For instance, 
Zaunschirm et al. (2018) explored the optimized ratio of different 
tocopherol homologs in stabilizing edible oils. The results of this study 

Fig. 5. Chemical structures of antioxidants, including 2-butylated hydroxyanisole, 3-butylated. hydroxyanisole, butylated hydroxytoluene, tertiary- 
butylhydroquinone, propyl gallate, ascorbic acid, α-tocopherol and p-coumaric acid. 
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revealed that tocopherol ratio of (γ + δ)/α = 4.77 exerted a higher 
inhibitory effect toward lipid oxidation than lower ratios in tested oils. 
Therefore, the ratio of tocopherol homologs should be considered when 
tocopherol mixtures are applied to food products to reach their opti-
mized antioxidant capacity. Additionally, the form of tocopherols’ 
addition plays an important role in exerting their antioxidant activity in 
fish oil rich food systems. For instance, tocopherol emulsions are 
commonly used to retard lipid oxidation in food products. Feng et al. 
(2020) investigated the antioxidant activity of nanoemulsion addition of 
tocopherol in inhibiting lipid oxidation of fish sausages, the results of the 
study showed that tocopherol nanoemulsions effectively controlled lipid 
oxidation in fish sausages while the coarse emulsions of tocopherol was 
not effective. 

Tocopherols can be used with other compounds to enhance their 
antioxidant capacity. Yi et al. (1991) reported a synergistic effect when 
δ-tocopherol coupled with ascorbic acid was used to stabilize refined 
sardine oil (Yi et al., 1991). The improvement of amphiphilic property of 
tocopherols with ascorbic acid and phospholipids contributed to an 
improved antioxidant effect in fish oil (Kamal-Eldin & Yanishlieva, 
2002). Synergistic effect of amine-phospholipids with tocopherols in 
retarding lipid oxidation has been well elucidated in different studies 
(Miyashita, 2019; Miyashita et al., 2018; Samdani et al., 2018). Amino 
group-containing phospholipids, such as phosphatidylethanolamine and 
phosphatidylserine, are believed to transform oxidized tocopherols back 
to their original form, which leads to a synergistic activity between 
phospholipids and tocopherols in controlling lipid oxidation (Samdani 
et al., 2018). Samdani et al. (2018) evaluated the synergistic effect of 
phosphatidylethanolamine and phosphatidylserine on the antioxidant 
capacity of different tocopherol homologs in oil-in-water emulsions as 
well as the role of emulsifiers. The results indicated that the combination 
of δ-tocopherol and phosphatidylethanolamine showed higher antioxi-
dant capacity when compared to that of the combination of α-tocopherol 
and phosphatidylethanolamine. Moreover, phosphatidylserine exhibi-
ted 1.5–3 times higher synergistic effect than phosphatidylethanolamine 
when Tween 20 was used as an emulsifier while phosphatidylethanol-
amine and phosphatidylserine did not show any significant difference in 
inhibiting lipid oxidation when they were coupled with α-tocopherol in 
bovine serum albumin-emulsified systems. Phospholipase-D-modified 
lecithin (high in phosphatidylethanolamine) was also reported to in-
crease the antioxidant capacity of α-tocopherol in stripped soybean oil 
(Xu et al., 2019). 

In addition to natural tocopherols, other phenolic compounds and 
extracts have been reported for their antioxidant capacity in controlling 
lipid oxidation in food systems (Ferguson et al., 2005; Kikugawa et al., 
1983; Mishra et al., 2021; Reische et al., 2002; Zhang et al., 2017). 
Among these, the antioxidant capacity of p-coumaric acid has been 
confirmed in various assays (Medina et al., 2007; Shahidi et al., 2010). 
Natural antioxidants such as tocopherols and phenolic acids have been 
successful in the last several decades. The use of high concentrations, 
colour and/or flavour interference as well as lower antioxidant effi-
ciency of natural antioxidants have presented great hurdles to their 
broader application in the modern food industry (Mishra et al., 2021). 
Therefore, further research is required to obtain a thorough under-
standing of the effectiveness of various natural antioxidants, and to 
investigate synergistic effect of using antioxidant mixtures in oil sys-
tems. The antioxidant potential of polyphenolic antioxidants from 
bamboo leaves was assessed in protecting omega-3 fatty acids in the 
phospholipid components of dried scallop adductor muscle from 
oxidative damage during storage (Xie et al., 2020), and the effect was 
also confirmed when such material was incorporated in chitosan coating 
(Wu et al., 2019). In addition, spices and their essential oils have proven 
to effectively retard lipid oxidation in food systems due to their free 
radical quenching and metal ion chelating abilities. Bag and Chatto-
padhyay (2018) found that both coriander and clove oils showed 
inhibitory effect toward lipid oxidation in food products fortified with 
omega-3 fatty acids. Rohfritsch et al. (2021) found that wheat and rice 

bran can effectively protect fish oil from oxidation, from which wheat 
bran exhibited higher stabilizing capacity than that of rice bran. Cereal 
brans can not only serve as stabilizing agents, but they are also good 
sources of dietary fiber. Thus, the use of mixtures of different natural 
antioxidants and plant extracts in stabilizing omega-3 oils has gained 
attention in recent studies. Lu et al. (2020) assessed the optimized 
combination of antioxidants to stabilize of flaxseed oil according to their 
varying mechanisms. In their study, tocopherol, ascorbyl palmitate, 
phytic acid, polyphenols from bamboo leaves, rosemary extract, tea 
polyphenols extract and tea polyphenol palmitate were selected as lipid 
stabilizing agents. It was revealed that 80 mg/kg tocopherol, 40 mg/kg 
ascorbyl palmitate, 40 mg/kg phytic acid and 240 mg/kg tea polyphenol 
palmitate exerted superior inhibitory effect in controlling oxidation of 
flaxseed oil when compared to other treatments. As a commercial 
antioxidant product, the mixture of δ-tocopherol and rosemary extract 
was proven to enhance the oxidative stability of the glucose syrup 
capsules of cod liver oil, which was partially rendered by synergistic 
effect of δ-tocopherol with carnosic acid and carnosol present in the 
rosemary extract (Hermund et al., 2019). 

4.3.2. Synthetic antioxidants 
Synthetic antioxidants (Fig. 5) were commonly used by the food 

industry to satisfy the demand from the food and pharmaceutical in-
dustries. These included tertiary-butylhydroquinone (TBHQ), propyl 
gallate (PG), butylated hydroxyanisole (BHA) and butylated hydrox-
ytoluene (BHT). These fat-soluble antioxidants were widely used in 
stabilizing fish oils, vegetable oils, fried foods and baked products for a 
long time and are still being used in many countries, and hence their 
further discussion is included in this section (Mishra et al., 2021). For 
instance, BHA and BHT are potent peroxyl radical scavengers and 
oxidation chain terminators, the mixture of these two synthetic antiox-
idants are commonly applied to control lipid oxidation in food products, 
which present with a high antioxidant capacity (Beilitz & Grosch, 1987; 
Mozuraityte et al., 2016). However, BHA is significantly less effective in 
vegetable oils when compared to its use in animal fats. TBHQ is 
commonly used in vegetable oils for frying process due to its higher 
antioxidant capacity comparing to that of BHA and BHT, especially in 
highly unsaturated oils (Buck, 1991; Salami et al., 2020; Ibsch, Reiter, 
Bertoli, & de Souza, 2020). Moreover, as a slight hydrophilic substance, 
PG can better serve for use in food matrices that are not suitable to 
lipophilic TBHQ, BHA, BHT and TBHQ. However, PG is not considered 
to be a suitable antioxidant for use in frying process due to its vulner-
ability to higher temperatures and also possible formation of coloured 
compounds (Coppen, 1983). 

4.3.3. Regulation on the use of antioxidant additives, and the development 
of antioxidant packaging 

Although natural and synthetic antioxidants have been widely 
employed to control lipid oxidation and to protect the loss of nutritional 
value of omega-3 oils, there is a growing demand for “clean label” 
products with less or no added antioxidants (Johnson et al., 2018; 
Ganiari et al., 2017). There is a maximum addition of commonly used 
antioxidants that can be applied in fish oil, which was issued by Codex 
Alimentarius Commission (Fig. 6) (Codex Alimentarius, 2014). There-
fore, their concentrations must be kept at an optimum level when 
applying natural and synthetic antioxidants in omega-3 oils. As already 
mentioned, to eliminate the addition of antioxidants in food, the 
development of packaging materials laced with antioxidants has been 
explored (Tian et al., 2013). For instance, an active film prepared with 
antioxidant extract from barley husks retarded lipid oxidation of packed 
salmon flesh (de Abreu et al., 2010). Later, Martins et al. (2018) 
developed an active packaging film with polylactic acid and green tea 
extract, and revealed its potential in inhibiting lipid oxidation in smoked 
salmon meat. These results indicated the potential use of antioxidant 
active films in stabilizing salmon oil and other omega-3 oils. Yong et al. 
(2020) developed a chitosan film that incorporated baicalein and 
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d-α-tocopheryl polyethylene glycol 1000 succinate and found that such 
antioxidant packaging was remarkably effective in retarding the dete-
rioration of packed soybean oil. An active packaging material prepared 
using chitosan and polyphenol-rich mangosteen rind powder also 
enhanced the oxidative stability of soybean oil, which was supported by 
the decreased primary and secondary oxidation products (Zhang et al., 
2020a). Commercial development of antioxidant active packaging 
should be further modernized in order to maintain safety, quality and 
nutrition of packaged food materials. 

4.4. Oil blending 

Oil blending has been developed in the food industry to achieve 
desired functionality and oxidative stability of edible oils, including 
omega-3 oils (Chu & Kung, 1998; Wang & Shahidi, 2018). The edible 
oils that are commonly used to blend with unstable oils are rich in 
natural antioxidants and/or have a low degree of unsaturation (Tavakoli 
et al., 2018; Wang & Shahidi, 2018). Blending highly unsaturated oils 
with palm oil is believed to be an alternative way to stabilize these oils 
by solely decreasing the content of unsaturated fatty acids. In this 
connection, the stabilizing effect of palm oil was studied in a flaxseed oil 
model (Bhardwaj et al., 2015). The oxidative stability of the blended oil 
samples were evaluated using both peroxide and para-anisidine values 
upon storage. The results indicated that blending flaxseed oil with palm 
oil effectively enhanced its oxidative stability. The stabilizing effect of 
palm oil, rice bran oil and Berberis integerrima seed oil was also 
confirmed in other edible oil models (Choi et al., 2014; Mezouari & 
Eichner, 2007; Rudzińska et al., 2016; Tavakoli et al., 2018). For 
instance, blending with black cumin seed oil or rice bran oil led to 
improved oxidative stability of rapeseed oil, which was due to the 
increased level of α- and γ-tocopherols or tocotrienols, as well as the 
decreased ratio of PUFAs/saturated fatty acids in the blends (Rudzińska 
et al., 2016). 

It has been demonstrated that omega-3 oils can be protected from 
oxidation once blended with oxidatively stable oils such as wheat germ 

oil and extra virgin olive oil (González-Hedström et al., 2020; Wang & 
Shahidi, 2018). Similar to rice bran oil, wheat germ oil extracted from 
the germ of wheat kernel is rich in tocols (Wang & Johnson, 2001). The 
effect of blending with wheat germ oil on the stability of omega-3 oils, 
such as menhaden oil was assessed by Wang and Shahidi (2018). In that 
study, it was demonstrated that an increase of tocopherols in the blends 
was responsible for the improved oxidative stability of blended men-
haden oil. Extra virgin olive oil is rich in monounsaturated fatty acids 
and natural polyphenol antioxidants. González-Hedström et al. (2020) 
evaluated the inhibitory effect of extra virgin olive oil on the oxidation 
of algae oil. The two selected oils blended in different ratios were 
oxidized under accelerated oxidation conditions for 70 days. The results 
showed that higher percentage of extra virgin olive oil in the blended oil 
was related to a lower level of oxidation. Therefore, blending omega-3 
fatty acids rich oil with oxidatively stable oil containing antioxidants 
or high degree of saturation can be employed as an alternative technique 
to replace the use of commercial natural or synthetic antioxidants. 
However, there is a disadvantage of using blending to stabilize omega-3 
oils if high omega-3 PUFAs content in the final products is required as 
blending with other oils will reduce omega-3 PUFAs in the oil blends to 
different degrees. Therefore, blending may be applied on products when 
decreased omega-3 fatty acid content is acceptable. Although oil blends 
have been an important category of edible oil products, oil products 
produced from blending of omega-3 oils and other stabilizing oils are not 
commonly seen in the market. 

4.5. Randomization 

The positional distribution of fatty acids, especially omega-3 PUFAs 
in the triacylglycerols (TAGs) plays a key role in the oxidative stability of 
omega-3 oils, which may be explained by protective effect due to the 
steric-hindrance exhibited of the fatty acids located at the sn-2 position. 
In a randomization process, chemical or enzymatic catalysts are used to 
initiate the redistribution of fatty acids on the glycerol backbone 
(Rousseau & Marangoni, 1997; Wang et al., 2010). 

Fig. 6. Maximum Levels for commonly used antioxidants applied in fish oils (adapted from Codex Alimentarius, 2014); the scale on the left axis was used for blue 
bars, including tocopherols and ascorbyl stearate; the scale on the right axis was used for orange bars, including isopropyl citrates, thiodipropinoic acid, dilauryl 
thiodipropionate, β-carotene, TBHQ: tertiary-butylhydroquinone, BHA: butylated hydroxyanisole, BHT: butylated hydroxytoluene and PG: propyl gallate. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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During the randomization process, positional distribution of fatty 
acids is altered in TAGs during intermolecular ester-ester interchange 
process (Wang & Shahidi, 2011). The pathway of sodium methoxide 
catalyzed randomization was postulated without sufficient experimental 
support. For chemical randomization process, it is initiated when TAGs 
react with sodium methoxide (chemical catalyst) to form enolate ion, 
which is believed to be the true catalyst that can react with a tri-
acylglycerol molecule to form a beta keto ester, and then the two new 
triacylglycerol molecules with exchanged fatty acids will be generated 
when the breakdown of the beta keto ester occurs. The scrambling of 
fatty acids on the glycerol backbone would reach an equilibrium 
composition when there is a complete exchange of fatty acid chains 
among all triacylglycerol molecules. 

The effect of both chemical and enzymatic randomization on the 
oxidative stability of fish oil and vegetable oils has been evaluated in a 
number of studies (Tautorus & MacCurdy, 1990; Wang et al., 2010; 
Wang & Shahidi, 2011). For instance, Tautorus and MacCurdy (1990) 
conducted chemical and enzymatic randomization, respectively, on 
vegetable oils, including soybean, corn, linseed, canola and sunflower 
oils; the result of their study indicated that positional redistribution of 
the key fatty acids occurred to different degrees, but only a slight change 
in their oxidative stability was observed. The effect of chemical 
randomization of the omega-3 oil that contains high levels of PUFAs was 
investigated by Wang et al. (2010). In this study, menhaden oil was 
randomized using chemical catalyst, sodium methoxide, and changes of 
positional distribution of fatty acids was assessed using 13C nuclear 
magnetic resonance (NMR) spectroscopy and gas chromatography. The 
effect of alteration on the stability of the randomized oil and its coun-
terparts was investigated by comparing conjugated dienes and thio-
barbituric acid reactive substances (TBARS) values under accelerated 
oxidation condition. The results showed that chemical randomization 
led to a tendency toward even redistribution of omega-3 PUFAs among 
all positions for menhaden oil. The conjugated dienes and TBARS values 
indicated that the stability of the randomized oil was affected to 
different degrees and dictated by the storage time. However, the loss of 
tocopherols during randomization could also contribute to the changes 
of their stability (Hamam & Shahidi, 2006). Later, in an effort to 
investigate the sole effect of positional distribution caused by enzymatic 
randomization on oxidative stability of menhaden oil, the lost tocoph-
erol was replenished to its initial levels after randomization to eliminate 
its effect (Wang & Shahidi, 2011). The results of the study showed that 
the altered oxidative stability were mainly due to positional redistri-
bution of PUFAs after randomization. 

The omega-3 oils have a high ratio of unsaturated to saturated fatty 
acids, therefore, redistribution of unsaturated fatty acids caused by 
randomization may show greater effect on their oxidative stability 
compared to oils containing a lower level of unsaturated fatty acids. 
Randomization is suitable for oils with higher percentage of unsaturated 
fatty acids located at the terminal positions, such as DHA single cell oil 
and seal blubber oil (Hamam & Shahidi, 2004; Wang & Shahidi, 2011), 
and these fatty acids will be relocated to the middle position during the 
process and thus gain protection due to steric effects. It would be ideal to 
have an enzyme system that specifically relocates unsaturated fatty 
acids from terminal positions to middle position, and thus a screening of 
enzymes is required for future studies in order to obtain such an enzyme 
system, which would help commercialize such a technology in stabi-
lizing omega-3 oil products. 

4.6. Conversion of omega-3 oils to omega-3 phenolipids 

4.6.1. Acidolysis of omega-3 triacylglycerols with selected natural 
antioxidants 

In addition to randomization, lipase-catalyzed acidolysis in-
corporates preferred fatty acids or phenolic acids (natural antioxidants) 
into triacylglycerol molecules, and thus improve the nutritional value 
and health benefits of highly unsaturated oils, such as omega-3 oils 

(Senanayake & Shahidi, 2002; Subroto et al., 2019). For the last two 
decades, acidolysis has been employed to incorporate medium-chain 
fatty acids into omega-3 oils, such as fish and algal oils (Li et al., 
2021; More et al., 2019). This improved desired functionality, including 
protecting PUFAs esterified at the middle position as well as better ab-
sorption and transportation to the circulation systems when the incor-
poration of these medium-chain fatty acids occurred at the terminal 
positions due to the release of medium-chain fatty acids from terminal 
positions in the digestive system as a fast supply of energy (Hamam & 
Shahidi, 2004; Subroto et al., 2019). 

As natural antioxidants, incorporation of phenolic acids into tri-
acylglycerol molecules exerts different impact compared to incorpo-
rating fatty acids. Phenolic acids have undergone a thorough evaluation 
for their antioxidant capacity and inhibitory effect on lipid oxidation in 
food systems (Comunian et al., 2019; Ferguson et al., 2005). The strong 
antioxidant capacity of phenolic acids, such as p-coumaric acid and 
dihydroxyphenylacetic acid, has been confirmed in various in vitro 
studies as well as in food model systems (Sabally et al., 2006, 2007; 
Shahidi et al., 2010; Wang & Shahidi, 2014a). In recent years, 
lipase-catalyzed acidolysis of phenolic acids with omega-3 oils has been 
successfully conducted in an effort to obtain structured lipids (Table 2). 

Karboune et al. (2008) successfully synthesized phenolipids, also 
known as lipophenols, via lipase-catalyzed acidolysis of flaxseed oil with 
phenolic acids such as hydroxylated and/or methoxylated derivatives of 
cinnamic, phenylacetic and benzoic acids. The results of the study 
proved that an increased mole ratio of phenolic acids to flaxseed oil led 
to an improved bioconversion rate. Moreover, the structural features 
and electronic distribution of these selected phenolic acids is another 
factor that affects the conversion rate. The results also indicated that the 
radical scavenging capacity of the synthesized 3,4-dihydroxyphenyl 
acetoylated lipids was lower than that of their phenolic acid counter-
part, but similar to that of α-tocopherol. In contrast, radical scavenging 

Table 2 
Conversion of omega-3 oils to omega-3 phenolipids by lipase-catalyzed 
acidolysis.  

Omega-3 oils Phenolic acids References 

Fish oil Dihydrocaffeic acid and 3,4-dihydroxy-
phenylacetic acid 

Aziz and Kermasha 
(2014) 

Menhaden 
oil 

p-coumaric acid Wang and Shahidi 
(2014a) 

Menhaden 
oil 

4-hydroxyphenylacetic acid Sari et al. (2019) 

Fish liver oil Dihydrocaffeic acid Sabally et al. (2007) 
Fish liver oil Dihydrocaffeic acid and 3,4-dihydroxy-

phenylacetic acid 
Aziz and Kermasha 
(2014) 

Fish liver oil Dihydroxyphenylacetic acid Karam et al. (2009) 
Krill oil 3,4-dihydroxyphenyl acetic acid Aziz et al. (2012) 
Krill oil Dihydrocaffeic acid and 3,4-dihydroxy-

phenylacetic acid 
Aziz and Kermasha 
(2014) 

Flaxseed oil Hydroxylated and/or methoxylated 
derivatives of cinnamic, phenyl acetic and 
benzoic acids 

Karboune et al. 
(2008) 

Flaxseed oil Ferulic acid Ciftci and Saldana 
(2012) 

Flaxseed oil 3,4-dihydroxyphenyl acetic acid Sorour et al. (2012a) 
Flaxseed oil Dihydrocaffeic acid Sabally et al. (2006) 
Flaxseed oil Hydroxylated and/or methoxylated 

derivatives of cinnamic, phenyl acetic and 
benzoic acids 

Sorour et al. (2012b) 

EPA & DHA Epigallocatechin gallate Zhong and Shahidi 
(2011) 

EPA, DPA & 
DHA 

Epigallocatechin gallate Zhong, Ma, and 
Shahidi (2012) 

DHA Epigallocatechin Ambigaipalan et al. 
(2020a) 

EPA & DHA Quercetin Oh, Ambigaipalan, 
and Shahidi (2019) 

EPA & DHA Resveratrol Oh and Shahidi 
(2018) 

EPA & DHA Tyrosol & hydroxytyrosol Zhou et al. (2017)  
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activities of synthesized p-coumaroylated lipids were not significantly 
different from that of p-coumaric acid. Thus, there is an effective pro-
tection from phenolic acids esterified to PUFAs in the triacylglycerol 
molecules. In another study, docosahexaenoyl dihydrocaffeate was pu-
rified from the acidolysis of fish liver oil with dihydrocaffeic acid. The 
radical scavenging capacity of this synthesized phenolipid was 50% of 
that of α-tocopherol (Sabally et al., 2007). Phenolipids derived from 
omega-3 oils may present better hydrophilicity compared to that of 
selected omega-3 oils and improved lipophilicity compared to that of 
their free phenolic acid counterparts. This leads to strong antioxidant 
activity in food systems and cell membrane penetration capacity in 
biological systems that requires balanced hydrophilicity and lip-
ophilicity (Hu et al., 2020; Oh, Ambigaipalan, & Shahidi, 2019; Wang & 
Shahidi, 2014a). In yet another study, monooleyl and dioleyl p-couma-
rates synthesized via acidolysis of p-coumaric acid with triolein 
exhibited varying antioxidant activities in in vitro assays and biological 
systems (Wang & Shahidi, 2014a). The tests included 1,1-diphenyl-2-pi-
crylhydrazyl (DPPH) radical scavenging, β-carotene/linoleate bleach-
ing, human low-density lipoprotein (LDL) cholesterol oxidation as well 
as hydroxyl and peroxyl radical-induced DNA cleavage assays. The re-
sults so obtained were explained by different stabilizing targets as well 
as the difference of hydrophilicity and lipophilicity of the assay media. 

Wang and Shahidi (2014b) synthesized omega-3 phenolipids via 
acidolysis of p-coumaric acid with menhaden oil. Omega-3 phenolipids 
were successfully separated from the resultant material by using flash 
column chromatography, and eight phenolic monoacylglycerols and five 
phenolic diacylglycerols were identified using HPLC-MS. The antioxi-
dant activity of the omega-3 phenolipids was assessed in in vitro tests and 
biological model systems, and the results showed strong scavenging 
activities toward DPPH radicals as well as inhibitory effect on bleaching 
of β-carotene and radical-induced DNA cleavage. 

Incorporating phenolic acids into omega-3 oils through lipase- 
catalyzed acidolysis could not only protect omega-3 fatty acids from 
oxidation, but also present a good amphiphilicity of the synthesized 
phenolipids, both of which lead to an enhanced stability and diverse 
functionality of omega-3 phenolipids for human consumption. Omega-3 
phenolipids derived from omega-3 oils and phenolic acids may be used 
as potential nutraceutical products for health promotion and disease risk 
reduction (Wang & Shahidi, 2014b). However, the conversion rate of 
phenolipids has been relatively low, and the high cost of enzymes may 
be prohibitive for large-scale production. Thus factors influencing con-
version rate, such as enzyme activity and composition of the reaction 
medium as well as other variables should be carefully optimized in 
future studies. 

4.6.2. Esterification of omega-3 fatty acids with selected natural 
antioxidants 

Omega-3 oils have been traditional products in the health product 
market for quite some time. In addition, free omega-3 fatty acids have 
been widely used in food products such as chewing gums and infant 
formulas in order to achieve higher bioavailability than their corre-
sponding esters (Chatterjee & Judeh, 2016). Therefore, stabilization of 
omega-3 fatty acids has been the focus of recent studies, mainly by 
incorporation of natural antioxidants. Plant phenols are considered to be 
effective free radical scavengers in food systems due to their electron or 
hydrogen atom donation. This has led to a growing demand in the use of 
plant phenols for nutritional supplementation and food preservation 
(Figueroa-Espinoza & Villeneuve, 2005; Brown et al., 2019). 

Epigallocatechin gallate (EGCG), the major polyphenol in green tea, 
has proven to be a potent antioxidant in various in vitro studies (Zhong & 
Shahidi, 2012). Esterification of omega-3 fatty acids with EGCG was 
conducted by Zhong and Shahidi (2011) as it can not only increase the 
hydrophilicity of omega-3 fatty acids, but also protect them from 
oxidative deterioration. To prepare EGCG-EPA and EGCG-DHA esters, 
acyl chlorides of EPA and DHA were used to react with EGCG. EGCG-3′, 
5′,3′′,5′′-O-tetraesters of EPA and DHA were the main products as 

identified using HPLC-MS and 1H and 13C NMR. The results demon-
strated enhanced antioxidant capacity of these esters in scavenging 
DPPH radicals compared to that of EGCG itself, which suggested that 
esterification of omega-3 fatty acids with EGCG can be an effective 
stabilization method to these oxidatively vulnerable fatty acids. Zhong 
and Shahidi (2012) found that EGCG-EPA and EGCG-DHA esters 
exhibited similar or higher capacity in inhibiting the oxidation of bulk 
oil than that of EGCG, while they showed higher capacity than that of 
EGCG in pork model and β-carotene/linoleic acid emulsion assays as 
well as towards Cu2+-induced LDL-cholesterol oxidation. Moreover, 
EGCG-EPA and EGCG-DHA esters were also confirmed as strong anti-
oxidants against hydroxyl and peroxyl radical-induced DNA scission and 
UV-induced liposome oxidation. EGCG-EPA and EGCG-DHA esters also 
possessed high antioxidant capacities than nonesterified EGCG in per-
oxyl radical scavenging and chelation of transition metal ions, which 
may be due to a combined electronic and steric effect (Zhong, Chiou, 
et al., 2012). Findings from these studies indicated that lipophilization 
of omega-3 fatty acids with EGCG is an effective method to enhance 
their oxidative stability from the protection of esterified antioxidants. 
EGCG palmitate was approved as a food additive in 2014 in China. The 
designed EGCG esters may soon be widely commercialized once the 
evaluation of their safety for human consumption is completed. 

Epigallocatechin (EGC) was esterified with fatty acids including 
propionic acid, caprylic acid, lauric acid, stearic acid and docosahexa-
enoic acid (DHA) (Ambigaipalan et al., 2020a). The results of antioxi-
dant potential analysis proved potent radical scavenging activities of 
EGC and its esters toward DPPH radical and 2,2′-azino-bis(3-ethyl-
benzothiazoline-6-sulphonic acid) (ABTS) radicals, and EGC esters 
exerted enhanced effect on inhibiting oxidation in β-carotene-linoleate 
oil-in-water emulsion and bulk oil systems due to their improved lip-
ophilicity (Ambigaipalan et al., 2020a, 2020b). In addition, EGC and its 
esters effectively inhibited hydroxyl or peroxyl radical induced scission 
of supercoiled DNA strand. Therefore, ester forms of EGC could also be 
considered as a good source of antioxidants in both hydrophobic and 
lipophilic systems. 

As member of polyphenols, quercetin has a wide range of biological 
function, but its polarity character limits its activities in lipophilic en-
vironments. Oh, Chioub, et al. (2019) prepared quercetin esters with a 
number of fatty acids through enzymatic reaction. The antioxidant ac-
tivity of quercetin and its esters were assessed by using DPPH radical and 
ABTS radical cation scavenging assay, and the results revealed a stron-
ger scavenging activity of quercetin than that of its ester, which could be 
explained by the high hydrophilicity of the systems used. Therefore, the 
antioxidant capacity of quercetin esters should further be investigated in 
these systems with lipophilic environment. Resveratrol is a proven 
anti-histamine compound (Farzanegan et al., 2019), and the lip-
ophilization of resveratrol and its effect on antioxidant activity in 
different testing systems was investigated by Oh and Shahidi (2017, 
2018). Esters of resveratrol were synthesized using resveratrol and fatty 
acids with different number of carbon atoms (from 3 carbon atoms to 22 
carbon atoms) and unsaturation levels. Similar to that of quercetin and 
its esters, resveratrol showed higher antioxidant potential than that of its 
esters in both DPPH radical and ABTS radical cation scavenging tests, 
and synthesized esters with longer chain fatty acids exerted higher 
antioxidant activity in the DPPH radical scavenging assay compared to 
their shorter chain counterparts (Oh & Shahidi, 2017). However, 
resveratrol and its esters displayed different antioxidant activity when 
the testing system changed to bulk oil, from which the higher activity 
was from resveratrol ester with a fatty acid chain length of 6–16 carbon 
atoms (Oh & Shahidi, 2018). 

Tyrosol and hydroxytyrosol, two phenolic compounds with diverse 
health benefits are mainly present in olives. Zhou et al. (2017) synthe-
sized a series of fatty acid esters from tyrosol and hydroxytyrosol in 
order to obtain a better understanding on the changes of their antioxi-
dant activity. The results from the antioxidant activity analysis revealed 
that hydroxytyrosol and its esters were stronger antioxidants compared 
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to tyrosol and its esters in scavenging DPPH radicals and inhibiting LDL 
oxidation and radical induced DNA strand scission, which could be 
explained by the impact rendered by the catechol structure of hydrox-
ytyrosol. However, the longer fatty acid chain length in hydroxytyrosol 
esters was associated with the lower antioxidant activity in radical 
induced DNA strand scission assays (Sun et al., 2018). 

Esterification with phenolic compounds was proven to contribute to 
additional health benefit and properties to omega-3 fatty acids (Hu 
et al., 2019, 2020; Oh, Ambigaipalan, & Shahidi, 2019; Yin et al., 2018a, 
2018b, 2020; Zhong, Ma, & Shahidi, 2012). For instance, the 
anti-inflammatory activities of EGCG-DPA, EGCG-EPA and EGCG-DHA 
esters have been investigated in lipopolysaccharides-stimulated mu-
rine RAW 264.7 macrophages (Zhong, Ma, & Shahidi, 2012). The results 
revealed an anti-inflammatory effect of synthesized EGCG-DPA, EGC-
G-EPA and EGCG-DHA esters in the tested macrophages by suppressing 
the expression of iNOS and COX-2 proteins as well as their mRNA. The 
anti-inflammatory and anti-proliferative potential of resveratrol mono-
esters of resveratryl propionate and resveratryl docosahexaenate were 
investigated in an in vitro study (Oh, Ambigaipalan, & Shahidi, 2019). 
The results indicated a decreased nitrite production in murine RAW 
264.7 cells and cell viability in cancer cell lines of liver (HepG2), colon 
(HT-29, A431), breast (MCF7), and gastric (AGS), which proved 
anti-inflammatory and anti-proliferative activities of synthesized 
resveratrol esters. Tyrosol and its ester derivatives were selected to 
evaluate their antiglycative and anti-inflammatory potential in the 
bovine serum albumin/glucose system and methylglyoxal-induced 
inflammation in RAW264.7 cells, respectively (Hu et al., 2020). The 
results showed a quasi-parabolic shape when the antiglycative activity 
was plotted against the length of alkyl chain, so did the 
anti-inflammatory activity, all of which supported the potential use of 
tyrosol ester derivatives as antiglycative and anti-inflammatory agents. 

To understand the digestive stability of resveratrol esters, the sta-
bility of resveratrol esters containing caprylic acid was assessed in 
simulated in vitro gastrointestinal digestion, and the results showed that 
resveratrol esters were not hydrolyzed in mouth and gastric phases, and 
the monoester and diesters were the only esters hydrolyzed by pancre-
atic lipase in the intestinal phase, which suggested partial absorption of 
resveratrol in digestive systems upon hydrolysis (Hu et al., 2019). The 
evaluation on the digestive stability of tyrosol esters with alkyl chains in 
different lengths and degree of unsaturation (C12:0, C14:0, C16:0, 
C18:0, C18:1, C18:2, and C22:6) was conducted in an in vitro simulated 
gastrointestinal tract model (Yin et al., 2018a). Tyrosol esters were only 
hydrolyzed by pancreatin and pancreatic lipases to release free tyrosol, 
and the degree of hydrolysis was negatively correlated with the chain 
length of the alkyl group, while the opposite trend was observed 
regarding the degree of unsaturation, and this was further confirmed by 
Yin et al. (2018b) in an everted-rat-gut-sac model. The transportation of 
the released tyrosol after hydrolysis of its esters across the sacs followed 
the same trend in the everted-rat-gut-sac model. The lipophilization of 
tyrosol with fatty acids offered a sustained-release of tyrosol in the 
digestive system. Later, the in vivo digestion, absorption, and meta-
bolism of tyrosol esters were investigated in an animal model with rats 
(Yin et al., 2020). In this study, tyrosol acyl esters with alkyl chains 
(C12:0, C18:0, and C18:2) were selected for oral administration to rats. 
An extended duration of action in vivo was observed in the plasma from 
rats given tyrosol esters when compared to those receiving tyrosol, 
which was supported by the increased plasma half-life and mean resi-
dence time. Moreover, the appearance of the second absorption peak in 
pharmacokinetic profiles from rats receiving tyrosol esters indicated 
release of tyrosol from the hydrolysis of tyrosol esters in the gut 
microbiota. Therefore, lipophilization of tyrosol with fatty acids 
improved oral bioavailability of tyrosol. 

Esterification of omega-3 fatty acids with antioxidants, such as 
polyphenols, is an effective stabilization technology to omega-3 fatty 
acids as it can protect these fatty acids from oxidative damage with the 
presence of the natural antioxidant moiety. Additionally, the ester 

derivatives of omega-3 fatty acids with polyphenols may be useful in 
preventing/treating inflammation-mediated diseases as well as other 
health conditions, and thus they have a promising application in phar-
maceutical industries. However, further studies should be conducted to 
ensure the safety of these ester derivatives for human consumption as 
new heath promoting materials. 

4.7. Emulsification of omega-3 oils 

There has been a high demand for omega-3 oil-fortified functional 
foods in the global market. However, the poor water-solubility, stability 
and absorption rate of omega-3 oils pose challenges to the development 
of these products (Liu, Liu, et al., 2019). Emulsions are commonly used 
to deliver omega-3 oils through food or intravenous lipid emulsions 
(IVLEs) to meet different nutritional requirements (Elfadil et al., 2020; 
Honeywell et al., 2019; Jamshidi et al., 2020; Ke, Xu, et al., 2020; 
Miyashita, 2019; Shahidi & Ambigaipalan, 2018). For instance, emul-
sions of fish oil can be used in meat products and sausages, beverages, 
bread, baked goods, energy bars, and snacks. On the other hand, the use 
of IVLEs which initiated in 1960s has become a critical method in 
parenteral nutrition to supply essential nutrients, including omega-3 
fatty acids, in pediatric and adult patients who have totally or 
partially lost their ability of obtaining these nutrients through tradi-
tional means (Osman et al., 2019; Rostas & McPherson, 2019). Bioactive 
ingredients, such as omega-3 oils, can be incorporated into the dispersed 
oil droplets in emulsions, which help the suspension of components in 
food systems. The emulsion system can also control the release of 
omega-3 oils in a desired manner in order to obtain higher bioavail-
ability. In addition, the isolation from the external environment by the 
continuous phase may render protection against lipid oxidation, thus 
leading to an improved stability. Moreover, emulsion systems give high 
optical clarity, which make them highly favourable in functional food 
formulation. 

Enhancing the oxidative stability of omega-3 oils has been a core 
research topic in emulsion systems (Bush et al., 2019). It was reported 
that emulsifiers such as proteins can enhance the oxidative stability of 
emulsified omega-3 oils by forming stable layers at the droplet surface 
(Qiu et al., 2015). For instance, a coating can be formed once 
surface-active proteins are adsorbed to the surfaces of the lipid droplets 
in the emulsion system, and that may provide protection to lipids from 
oxidative damages as the coating so formed can effectively limit the 
contact between the oil and transition metals and free radicals dispersed 
in the aqueous phase. Qiu et al. (2015) revealed that the oxidative sta-
bility of fish oil in emulsions was greatly controlled by the type of pro-
tein emulsifiers employed. Deamidated wheat gliadin and whey protein 
isolate were more effective in inhibiting lipid oxidation in their coated 
oil droplets than sodium caseinate as significantly higher amounts of 
lipid hydroperoxides and thiobarbituric acid reactive substances were 
generated in the emulsions stabilized by sodium caseinate than those 
stabilized by deamidated wheat gliadin and whey protein isolate. It was 
interesting to note that pH of the system was another key factor that 
determined the rate of lipid oxidation in tested systems as deamidated 
wheat gliadin and whey protein isolate-coated droplets were more stable 
at pH 7 than 3, while the opposite results were observed in sodium 
caseinate emulsified systems. The stabilization effect of proteins in oil 
emulsion systems was not only contributed by the steric barrier formed 
that restricted oxidation initiators penetrate into the oil droplets but was 
also due to the antioxidant property of certain proteins. The binding 
property of casein toward prooxidants, such as transition metals was 
confirmed by Diaz et al. (2020). Moreover, whey protein can exhibit its 
protection to lipid from oxidation with its high content of antioxidant 
amino acids (Messaoui et al., 2020). 

In addition to the use of conventional emulsifiers, food-grade parti-
cles, especially those in their micro/nano forms, are commonly used in 
emulsion systems to obtain Pickering emulsions, also known as solid 
stabilized emulsions (Atarian et al., 2019; Hosseini & Rajaei, 2020). 
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Pickering emulsions, where particles are located at the surface of 
droplets to exert their function, play an important role in the develop-
ment of emulsions. It was reported that Pickering emulsions may possess 
superior oxidative stability compared to conventional emulsions, which 
may be due to the thick layer formed by particles surrounding the 
emulsified oil droplets. Hosseini and Rajaei (2020) investigated the 
stabilizing effect of chitosan-stearic acid nanogels on fish oil enriched 
mayonnaise, and showed that these nanogels increased the oxidative 
stability of mayonnaise enriched with fish oil. Nasrabadi et al. (2020) 
found that flaxseed protein and polysaccharides were effective stabi-
lizing particles to improve the oxidative stability of flaxseed oil Pick-
ering emulsions. 

A large body of studies on emulsion have been focused on low fat 
(≤50) systems. However, food products, such as salad dressing and 
mayonnaise are high fat products, thus, more studies on emulsion sys-
tems with stabilized high fat content (>50%) are required (Yesiltas 
et al., 2018, 2019, 2021). There are several advantages of high fat 
emulsions such as minimized changes of the original formulation, facile 
processing of addition as well as inclusion of higher amounts of oil in the 
emulsion. Yesiltas, García-Moreno, et al. (2018) used a combined 
emulsifier system with sodium caseinate and succinylated alginate to 
improve the stability of high fat fish oil-in-water emulsions. The results 
revealed that the combined emulsifier system with short chain modified 
alginate improved both physical and oxidative stability of the emulsions 
compared to using only sodium caseinate. Yesiltas et al. (2019) also 
proved that the use of combined emulsifiers with sodium caseinate and 
phosphatidylcholine improves the oxidative stability of high fat fish oil 
(oil in water, o/w) emulsions. Moreover, a recent study found that the 
use of diacetyl tartaric acid esters of mono- and diacylglycerols 
(DATEMs) coupled with sodium caseinate leads to enhanced oxidative 
stability of the prepared fish oil-enriched mayonnaise (Yesiltas et al., 
2021). 

New emulsifiers with strong emulsification and lipid oxidation con-
trol function have been developed in recent years (Feng et al., 2018; Shi 
et al., 2020; Wei et al., 2015). In one study, Feng et al. (2018) success-
fully synthesized various conjugates of ovalbumin with natural antiox-
idants including catechin, epigallocatechin and epigallocatechin gallate, 
which followed by an assessment of their effect on the oxidative stability 
of coated fish oil droplets. The results indicated that emulsifying with 
synthesized ovalbumin conjugates led to smaller sizes of oil droplets and 
improved oxidative stability. These conjugates were more stable than 
catechin, epigallocatechin and epigallocatechin gallate in the oil emul-
sions, and had higher concentrations at the lipid-water interface, all of 
which contributed to their higher capacity of retarding the oxidation of 
fish oil droplets. In addition, polysaccharides in oil-in-water emulsions 
showed protective effect to emulsified oils by their antioxidant activity 
as well as favoured viscosity and gelling function (Shi et al., 2020). For 
instance, polysaccharides obtained from Enteromorpha prolifera have 
strong gelling properties and antioxidant potential (Qiao et al., 2016). 
Shi et al. (2020) prepared a stable fish oil emulsion to minimize lipid 
oxidation using Enteromorpha prolifera polysaccharide isolates as the 
emulsifier, and the stabilization effect of polysaccharide isolates on fish 
oil droplets was investigated in their study. The results showed that 
incorporation of polysaccharides in the emulsion systems rendered 
strong stabilizing effect on the fish oil due to their strong antioxidant 
activity and gelling properties as polysaccharides can bind transition 
metal ions and remove free radicals dispersed in the aqueous phase. 
Antioxidants possess great potential in controlling lipid oxidation in 
food systems, although some of them have limited application in 
emulsions due to their poor lipophilicity. Lipophilization of these anti-
oxidants may improve their antioxidant capacity in emulsions. For 
instance, high fat fish oil (o/w) emulsions prepared by emulsifier con-
sisting of sodium caseinate and caffeic acid lipophilized by DATEMs 
exhibited enhanced oxidative stability compared with those using 
emulsifiers consisting of sodium caseinate, free caffeic acid and DATEMs 
(Yesiltas, García-Moreno, et al., 2018). Akanbi et al. (2019) found that 

polydatin-fatty acid conjugates are effective antioxidants for stabilizing 
omega 3-containing fish oil emulsions as these conjugate esters showed 
higher antioxidant capacity than both butylated hydroxytoluene and 
α-tocopherol at a concentration of 2 mmol/kg. 

The use of emulsion systems broadens the application of omega-3 
oils in foods, especially in the area of parenteral nutrition for pediatric 
and adult patients who need the nutritional support. As a carrier system 
of omega-3 oils, characteristics of emulsions play an important role in 
the stability of emulsified oil components. Although emulsification of 
omega-3 oils has shown strong stabilization effect on inhibiting lipid 
oxidation and retaining their nutritional value, the thermal stability of 
these reported emulsion systems should be further improved to extend 
their use under high processing temperatures. Moreover, the safety of 
new emulsifiers needs to be evaluated in adequate in vivo studies before 
pursuing their application in IVLEs systems due high safety concerns in 
this field. 

4.8. Encapsulation of omega-3 oils 

Encapsulation of bioactive compounds is commonly used in food, 
pharmaceutical and cosmetic industries. Due to the protective function 
from the encapsulation matrix, encapsulation of edible oils containing 
high proportion of PUFAs lead to the improved oxidative stability of 
these oils compared to their bulk form. In addition to its protective effect 
against lipid oxidation, encapsulation of edible oils provides an easy-to- 
handle form, and thus it broadens their use in areas that require accurate 
delivery of various quantities (Ruiz et al., 2017; Khoshnoudi-Nia et al., 
2020). Encapsulation of edible oils can be categorized into two main 
forms regarding to their matrix barrier and internal structure, which 
include beads and capsules. Beads contain a continuous phase of one or 
more miscible polymers where encapsulated materials are dispersed. 
There are several methods that have been used to form beads, including 
spray-drying, freeze-drying, cocrystallization, emulsification/internal 
gelation, ionic gelation, solvent evaporation, mono axial electro-
spraying, emulsion extrusion and emulsification (Chan, 2011). On the 
other hand, capsules contain an envelope and a core that have clear 
boundaries, and the commonly used encapsulation methods for capsules 
include coacervation, extrusion using concentric nozzles, microfluidics, 
co-axial electrospraying, as well as condensation and interfacial poly-
merization. Among all the encapsulation methods applied to edible oils, 
spray-drying and coacervation are traditionally the most well reported 
in literature (Ruiz et al., 2017), and coacervation was indeed the 
cornerstone of omega-3 microcapsules that were introduced to the 
market by Ocean Nutrition Canada which was bought by DSM. Elec-
trospraying has become another important encapsulation technology 
with advantages of high efficiency, smaller sizes and low processing 
temperatures (Cetinkaya et al., 2021). 

4.8.1. Soft gel capsules of omega-3 oils 
Encapsulation of omega-3 oils in soft gelatin were developed to 

improve the oxidative stability of these oils by isolating them from the 
exterior factors, such as oxygen, moisture and sunlight (Zaher, 2016; 
Khalilvandi-Behroozyar et al., 2020). Fish oil and krill oil are commonly 
seen in their capsule forms as food supplement in the market. A gelatin 
film is commonly used as fish oil capsule wall material, and the 
composition and thickness of gelatin film had been a main factor that 
affects the oxidative stability of the encapsulated oil (Chatterjee & 
Judeh, 2016). On the other hand, glycerol is an essential ingredient in 
producing gelatin capsules, and the oxygen permeability of gelatin films 
mainly depends on their glycerol content (Kim et al., 2007; Mozuraityte 
et al., 2016). Kim et al. (2007) found that the permeability of oxygen 
decreased when glycerol content was up to 20%, but increased once 
glycerol content exceeded 20%. Therefore, the level of glycerol in 
gelatin films plays an important role in the oxidative stability of 
encapsulated oils. In addition, the metal ion content of the encapsulation 
material can also affect the oxidative stability of the encapsulated oil, 
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and thus it should be minimized (Shahidi & Kim, 2002; Wang et al., 
2020). 

4.8.2. Microencapsulation of omega-3 oils 
Microencapsulation is a further developed encapsulation technology 

that using various film materials to form capsules with a size from 100 
nm to 2 mm (Chatterjee & Judeh, 2016; Rao & Naidu, 2016). It is 
commonly used to protect fish oils from oxidation using its physical 
isolation system (Vaucher et al., 2019; Wang et al., 2011). DHA is 
commonly microencapsulated when it is used in infant formula. The 
major microencapsulation polymer materials include gelatin, malto-
dextrin, starch, corn syrup solid, protein, chitosan and gums. The wall 
material is critical to the functionality of the microcapsules. For 
instance, carbohydrates are associated with unfavorable interfacial 
characteristics, and they are generally modified to enhance their surface 
activity. The use of proteins as microencapsulation wall material has 
been widely studied due to their strong gel and film forming function as 
well as their emulsification properties. The additional advantage of 
using food proteins as microcapsule wall materials is their degradability 
catalyzed by proteases during the digestion process, from which the 
encapsulated components can be control released (Chen et al., 2006; 
Wang et al., 2011; Yildiz et al., 2018). The major protein wall materials 
for microencapsulation of fish oils include gelatins, caseinate and whey 
proteins. The effect of different wall materials on protecting DHA from 
oxidative damage has been conducted by Yildiz et al. (2018). In this 
study, wall materials including pea protein isolate, pea protein 
isolate-modified starch complex were used to prepare microcapsules 
containing canola oil and DHA, and the results showed that 
protein-polysaccharide complexes inhibited the oxidation of encapsu-
lated oil components. In addition, Salvia hispanica mucilage combined 
with alginate as encapsulation wall material by external ionic gelation 
was reported for its protective function for vegetable oils (Medina et al., 
2017). In this study, mucilage from Salvia hispanica was blended with 
alginate with an equate amount, and the formed capsules were in 
spherical and uniformed size. Mucilage-alginate combination showed 
protective effect to the encapsulated vegetable oil against lipid oxida-
tion. Therefore, salvia hispanica mucilage can be used as an encapsula-
tion wall material to retard the oxidation of omega-3 oils. 

The forming of microcapsules is usually through physical, chemical 
and physicochemical methods (Chatterjee & Judeh, 2016). The 
commonly used physical methods include spray drying, membrane 
emulsification, ultrasonication, pan coating, microfluidic, electro-
spraying and centrifugal extrusion, while chemical methods include 
solvent evaporation as well as in-situ and interfacial polymerization. 
The physicochemical methods of microencapsulation include coacer-
vation and ionotropic gelation. The stabilizing effect of various micro-
encapsulation techniques have been confirmed in a broad scope of 
studies (Table 3). Compared with conventional microencapsulation 
techniques, the microfluidic technology has been widely used to 
generate monodisperse single and multiple emulsion droplets with 
controlled sizes and structures. This method was commonly used in the 
pharmaceutical industry to obtain microcapsules with highly uniform 
size, controllable structure, and controlled release. In one study, the 
effect of microencapsulation of fish oil by glass microfluidic devices 
using various concentrations and combinations of proteins in 
oil-in-water emulsions to protect fish oil against oxidation was investi-
gated by Comunian et al. (2018). The combination of gelatin and casein 
exhibited protective effect against oxidation of encapsulated fish oil. 
Although the microfluidics should further be promoted to encapsulate 
omega-3 oils in the production of functional food and nutraceutical 
products, the low throughout of this technique remains a key hurdle for 
large scale production, which requires significant improvement. Miguel 
et al. (2019) studied the electrosprayed zein microencapsulation of fish 
oil on the oxidative stability of fish oil enriched mayonnaise. The results 
showed that there was a decreased production of primary oxidation 
products in mayonnaise enriched with encapsulated fish oil compared to 

that of its counterpart enriched with neat fish oil. 

4.8.3. Nanoencapsulation of omega-3 oils 
Nanoencapsulation has been a research frontier in active compound 

delivery system, and nanocapsules normally have a size from 1 nm to 
100 nm. Nanocapsules were developed to deliver materials that are not 
suitable to take in pure form (Bagchi et al., 2013; Ke, Yang, et al., 2020; 
Rao & Naidu, 2016). Nanocapsules has been a focus of extensive studies 
in food and pharmaceutical industries for the past few decades due to its 
enhanced dispersing activity, water solubility, bioavailability, targeting, 
release and stability when compared to lager size microcapsules. 
Moreover, there is much less impact on the clarity and texture of the 
liquid food products when nanoencapsulated lipids are being added, 
such as fortification of juices with hydrophobic omega-3 oils. Nano-
capsules can be prepared using various technologies. He et al. (2019) 
reported a simple method that can be used for the nanoencapsulation of 
edible oils, such as fish oil, using a thin film vortex fluidic device, from 
which the operation was under continuous flow to allow an easy control 
of the size of encapsulated particles, and the nanocapsules so produced 
were spheroidal with a diameter of 50–250 nm. Compared with ho-
mogenization, this microfluidic method is a simplified one-step process 
without the use of organic solvents, and the sizes of the formed capsules 
are much smaller. It is not only a time-saving process, but also the 
smaller size of encapsulated fish oil may lead to an enhanced absorption 
upon digestion. Therefore, microfluidics provides a new stabilization 
approach to omega-3 oils with an easy and scalable processing step. 

The effect of different shell material (whey protein and 

Table 3 
The stabilization effect of various microencapsulation techniques on omega-3 
oils.  

Omega-3 
oils 

Wall materials Techniques Effect on 
oxidative 
stability 

References 

Krill oil Beef-hide gelatin Complex 
coacervation 

Improved 
oxidative 
stability 

Kermasha 
et al. (2018) 

Krill oil Yeast cells Emulsification Improved 
oxidative 
stability 

Fu et al. 
(2021) 

Fish oil Fish protein 
hydrolysate, 
sodium caseinate, 
maltodextrin and 
gum Arabic 

Spray drying Improved 
oxidative 
stability 

Annamalai 
et al. (2020) 

Fish oil Barley protein Emulsification Improved 
oxidative 
stability 

Wang et al. 
(2011) 

Fish oil Gelatin and casein Microfluidic Improved 
oxidative 
stability 

Comunian 
et al. (2018) 

Tuna oil Whey protein 
isolate and gum 
Arabic 

Complex 
coacervation 

Improved 
oxidative 
stability 

Eratte et al. 
(2014) 

Anchovy 
oil 

Hemicellulose and 
gum Arabic 

Spray drying Improved 
oxidative 
stability 

Tatar et al. 
(2014) 

Algal oil Buttermilk Spray drying Improved 
oxidative 
stability 

Zhang et al. 
(2020b) 

Algal oil Soy protein isolate 
and chitosan 

Complex 
coacervation 

Improved 
oxidative 
stability 

Yuan et al. 
(2017) 

Flaxseed 
oil 

Gelatin and gum 
Arabic 

Complex 
coacervation 

Improved 
oxidative 
stability 

Liu et al. 
(2010) 

Chia seed 
oil 

Chia seed protein 
and gum 

Complex 
coacervation 

Improved 
oxidative 
stability 

Timilsena 
et al. (2016) 

DHA Pea protein isolate 
and modified starch 
complex 

Emulsification Improved 
oxidative 
stability 

Yildiz et al. 
(2018)  
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carbohydrates) on oxidative stability of nanoencapsulated fish oil pre-
pared by electrospraying was studied by García Moreno et al. (2018), 
and the results revealed that fish oil emulsified by using only a 
rotor-stator emulsification showed better oxidative stability than that of 
the fish oil emulsified by high-pressure homogenization. In addition, 
glucose syrup as wall material exhibited higher inhibitory effect against 
lipid oxidation than that of dextran, possibly due to their varying 
permeability. Therefore, there is good potential of using whey protein 
and carbohydrates as shell materials to prepare nanoencapsulated 
omega-3 oils using electrospraying. Ha et al. (2018) investigated 
changes of the oxidative stability of DHA as affected by nano-
encapsulation with β-lactoglobulin/oleic acid-modified chitosan oligo-
saccharide as the coating material during storage of skim milk. In the 
study, DHA nanocapsules were prepared at various temperatures, and 
the results indicated that encapsulated DHA was stabilized by nano-
encapsulation, which was evidenced by lower peroxide values. The re-
sults also revealed that both sub-ambient temperature and the 
percentage of oleic acid in the modified chitosan oligosaccharide were 
key factors influencing the oxidative stability of encapsulated DHA. This 
aspect would benefit from further investigation. 

More sophisticated encapsulation technologies that have tradition-
ally been used by the pharmaceutical industry should be promoted for 
microencapsulating/nanoencapsulating of omega-3 oils due their 
diverse functionality. However, the processing efficiency of these 
methods should be improved to continuously reduce the cost. In addi-
tion, further studies should be conducted on potential encapsulation 
wall materials to obtain high stabilizing effect during storage, controlled 
release as well as high absorption rate in the digestive systems. 

5. Conclusions and future prospects 

Omega-3 oils are important sources of ALA, SDA, EPA, DPA and 
DHA, which play key roles in biological function in the body and sensory 
attributes in the food systems. The presence of high levels of long chain 
polyunsaturated fatty acids leads to their high susceptibility to oxida-
tion, and thus causes deterioration of their nutritional value and bio-
logical function. Various traditional and newly-developed stabilization 
technologies applied to omega-3 oils have proven to effectively prevent 
or inhibit lipid oxidation, and all of these are developed to target one or 
more factors that determine the oxidative stability of omega-3 oils, 
including fatty acid composition, the positional distribution of fatty 
acids, catalysts, presence of components acting as pro-oxidants, as well 
as storage and processing conditions. Traditional stabilization technol-
ogies, including the removal of oxygen and catalysts, addition of anti-
oxidants, should be further studied for their safety, synergistic effect due 
to combination of different components, as well as the use of packaging 
material regarding the controlled release of the active agents. Newly- 
developed stabilization technologies, such as blending, randomization 
and enzyme-catalyzed conversion to omega-3 phenolic antioxidants 
provide new approach not only to stabilize omega-3 oils, but some also 
provide new omega-3 oil based antioxidants as nutraceutical products. 
The conversion rate and position specificity of structural modifications 
and incorporation of antioxidants as well as safety of newly formed 
compounds for human consumption require future attention. Moreover, 
emulsification and encapsulation technologies, especially those 
involving micro/nano-forms should be promoted to produce microcap-
sules/nanocapsules of omega-3 oils due to the convenience of control 
release, easy handling and time saving, as well as high absorption rate in 
the digestive system, but the processing efficiency should be improved 
to further reduce the cost for large-scale production. 
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