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ABSTRACT

The aim of this research was to enzymatically modify menhaden oil with various
acyl donors to produce structured lipids (SL). Using the Taguchi method, optimal
reaction parameters for incorporating 30 mol% of C10:0 were 1:3 menhaden oil:ethyl
caprate substrate molar ratio, 10% (w/w of total substrates) Lipozyme® 435 lipase (from
Candida antarctica), 60°C temperature, and 24h reaction time. Linear interpolation
determined substrate molar ratios that incorporated 20 or 30 mol% of caprylic or stearic
acid. The 1:3.03 and 1:4.58 molar ratios resulted in incorporation of 20 and 30 mol%
C8:0, respectively. The 1:1.32 and 1:2.41 molar ratios led to incorporation of 20 and 30
mol% C18:0, respectively. A 1:3:1 molar ratio (menhaden 0il:C8:0:C18:0) led to
incorporation of 14 mol% each of caprylic and stearic acid. The SL containing caprylic
and/or stearic acid all had a melting point of 25-35°C. For all SL, higher amounts of

medium-long-medium (MLM)-type triacylglycerols (TAG) were formed using



Lipozyme® 435 as the biocatalyst. Organogels (also known as oleogels) of menhaden oil
and SL were formed using two different organogelator blends (j-sitosterol/y-oryzanol or
sucrose stearate/ascorbyl palmitate (SSAP)) at a 1:1 molar ratio. The organogels (SSAP:
72°C, phytosterol: 68°C) had higher melting completion temperatures than the menhaden
oil (13°C) and SL (14-35°C). Physicochemical properties of the organogels depended on
lipid and organogelator type. Encapsulation of these organogels in alginate microparticles
led to a significant reduction in the amount of leaching (from 16-19% to 3-12%). Both
organogels were also acceptable zero trans-fat substitutes for shortening in yellow cake
by having similar physicochemical properties such as specific gravity (0.85), cake
specific volume (0.99cm?®/g), and rheological properties (Power-Law Model values of
n:0.78 and k:31 Pa s") to shortening. Organogelation and microencapsulation were both
good methods for improving the oxidative stability of menhaden oil and SL (Oil Stability
Index values from 4-18 h to 18-29 h when measured at 80°C). These lipids may find use

in a wide range of food and nutraceutical applications.
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CHAPTER 1

INTRODUCTION

There is increasing interest in the use of omega-3 polyunsaturated fatty acids
(PUFA) in food products based on their potential health benefits such as lowering risk of
cardiovascular disease, reducing inflammation, and aiding in brain health and
development (He, 2009). Fish oil, such as menhaden oil, contain significant amounts of
the omega-3 PUFA eicosapentaenoic (EPA, 20:5n3) and docosahexaenoic (DHA,
22:6n3) acids. However, it is challenging to add fish oil into food products because it has
a low oxidative stability, low melting point, and fishy off-flavors/odors (Anbudhasan,
Surendraraj, Karkuzhali, & Ramasamy, 2014). Because of these challenges, addition of

fish oil/omega-3 PUFA is limited to a small range of foods.

Several efforts have been made to increase the use of high PUFA-containing oils
in food products. Addition of antioxidants, formation of organogels, microencapsulation,
and production of structured lipids (SL), are some of the methods for altering the
oxidative stability, thermal behavior, triacylglycerol molecular species, and reducing
fishy flavors of high PUFA oils (Anbudhasan et al., 2014; Co & Marangoni, 2012; Kim
& Akoh, 2015). Based on these methods, successful alteration of high PUFA oils for use
in food applications can depend on the type of antioxidant, organogelator(s),

microencapsulation method, encapsulating agent, and acyl donor.



Structured lipids (SL) are defined as lipids that have been chemically or
enzymatically altered from their natural form (Kim & Akoh, 2015). Some SL of interest
in food applications include medium-long-medium (MLM) chain type, and zero trans-fat
SL. Because menhaden oil contains significant amounts of the long chain fatty acids,
EPA and DHA, at the sn-2 position, it is a desirable substrate for producing health
beneficial MLM-type SL. During digestion of MLM-type SL, the medium chain fatty
acids are rapidly hydrolyzed by sn-1,3 specific pancreatic lipase and enter the liver
directly via the portal vein as a source of quick energy (Kim & Akoh, 2015). The long
chain fatty acid, in 2-monoacylglycerol (MAG) form, is absorbed. Formation of an
MLM-type SL containing menhaden oil may allow for increased absorption of DHA
(Bandarra et al., 2016). Production of zero trans-fat SL that contain EPA and DHA as
substitutes to highly saturated fats may allow for lower total saturated fat consumption
and add the additional health benefits of consuming omega-3 PUFA. Stearic acid is of
increasing interest as an acyl donor in production of zero trans-fat SL due to its high
melting point and research has found that stearic acid may have a neutral effect on
cholesterol levels in the body (Grundy & Denke, 1990). While the production of MLM-type
SL by incorporation of capric and/or caprylic acid into fish oil has been explored previously,
incorporation of stearic acid, or blend of caprylic and stearic acid into menhaden oil has not yet

been explored.

Production of SL enzymatically depend on factors such as substrate type, enzyme
type and load, temperature, reaction time, reaction vessel, and presence of solvent and
type of solvent (Zam, 2015). Optimization of these factors in a full factorial designed

experiment is time consuming and expensive. Use of experimental design to optimize



enzymatic reactions for production of SL can save time and resources and reduce the
number of experiments required by statistically determining optimal reactions parameters
(Chandrasekar, 2014). The Taguchi method is one such experimental design method that
may allow for optimal reaction parameters to be determined statistically through use of
orthogonal arrays (Savaghebi, Safari, Rezaei, Ashtari, & Farmani, 2012). The use of the
Taguchi method to incorporate an acyl donor into menhaden oil has not yet been

explored.

Another method for potential alteration of menhaden oil and SL is the formation
of organogels. Organogels (also known as oleogels) are lipid gels that show promise as a
non-TAG structuring method for use as low saturated, zero trans-fat substitutes (Chaves,
Barrera-Arellano, & Badan Ribeiro, 2018). Current food grade organogelators include
phytosterols, lecithin, sorbitan esters, MAG, fatty acid alcohols, ceramides, proteins, and
waxes (Co & Marangoni, 2012). However, some of these food grade organogelators are
expensive to produce, are indigestible, or do not have the desired physicochemical
properties. The physicochemical properties of the organogel depends on the lipid phase
and organogelator type (Chaves et al., 2018). The use of sucrose stearate and ascorbyl
palmitate as organogelators has not yet been explored. Both sucrose stearate and ascorbyl
palmitate are relatively cheap and readily available. There may likely be intermolecular
interactions between the long chain fatty acid tails, polar functional groups, and lipid
phase (Dassanayake, Kodali, Ueno, & Sato, 2012). Use of SL as the lipid phase to form

organogels has also not yet been explored.

Microencapsulation of fish oil may improve oxidative stability and mask fishy

off-flavors/odors. Several studies have encapsulated fish oil using a variety of methods



and encapsulating agents (Encina, Vergara, Gimenez, Oyarzun-Ampuero, & Robert,
2016). One concern with microencapsulation is leaching of the internal phase during
storage. Some studies have successfully microencapsulated organogels to improve
microcapsule stability (Sagiri, Pal, Basak, Rana, Shakir, & Anis, 2014; Sagiri, Sethy, Pal,
Banerjee, Pramanik, & Maiti, 2012). Microencapsulation of organogels with phytosterols

or sucrose stearate/ascorbyl palmitate has not yet been explored.

A main challenge of adding fish oil such as menhaden oil in food products is that
is has a low melting point, limiting use of menhaden oil in products such as baked goods
that require fats with a higher melting point. In yellow cake, shortening plays an
important role in the final texture and taste (Matthews & Dawson, 1966). However,
shortening contains significant amounts of saturated and trans-fat, both of which have
been found to raise LDL cholesterol (He, 2009). It is of interest to produce low saturated
fat alternatives that can be substituted for shortening in the formulation of yellow cake.
Organogels and SL are both promising alternatives. However, it has been found that SL
are often lower in oxidative stability than the unmodified oil due to the removal of
endogenous antioxidants during purification by short-path distillation, limiting its use in
baked good applications (Zou & Akoh, 2013). Organogels have been found to improve
the oxidative stability of the lipid being gelled (Co & Marangoni, 2012). Preparation of
yellow cake using the sucrose stearate/ascorbyl palmitate blend, or menhaden oil SL have

not yet been explored.

There are eight chapters in this research work. The first chapter introduces the
topic rationales, hypotheses, and objectives of this research. The second chapter is a

literature review of topics related to structured lipids, omega-3 PUFA, and food



fortification utilizing organogels and microencapsulation. The third chapter reports the
incorporation of capric acid into menhaden oil using immobilized lipases and
optimization of the enzymatic reactions using the Taguchi method to produce structured
lipids (SL) having MCFA at the sn-1,3 positions and EPA and DHA at the sn-2 position.
The fourth chapter compares physicochemical properties of different organogels using
menhaden oil or SL as lipid phase and organogelator blends of B-sitosterol and vy-
oryzanol, or sucrose stearate and ascorbyl palmitate. The fifth chapter reports the
incorporation of caprylic and/or stearic acid into menhaden oil using immobilized lipases,
and utilization of linear interpolation to produce SL with desired acyl donor incorporation
and melting point. The sixth chapter determines the physicochemical characteristics of
microencapsulated organogels to improve oxidative stability and reduce the amount of
leaching during storage. The seventh chapter looks at organogels as low saturated fat
substitutes to shortening in the production of yellow cake. The eighth chapter highlights
the significance of this work and suggests ideas for future research. The specific

objectives and hypotheses for this research are as follows:

Objective 1: To use the Taguchi method to optimize incorporation of capric acid into
menhaden oil to produce medium-long-medium (MLM)-type triacylglycerol (TAG)
structured lipids (SL). Hypothesis: Different levels of incorporation of acyl donor and
TAG molecular species will vary based on acyl donor (capric acid versus ethyl caprate)
and lipase (Lipozyme® 435 (food grade, weakly specific in non-polar solvents) and

Lipozyme® RM IM (sn-1,3 specific)).

Objective 2: To form different organogels using different lipid phase (menhaden oil or

SL) and organogelator blend (B-sitosterol and y-oryzanol blend or sucrose stearate and
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ascorbyl palmitate blend) and compare their physicochemical properties. Hypothesis:
Physicochemical properties of the organogels will differ based on lipid phase and

organogelator type.

Objective 3: To use linear interpolation to incorporate caprylic and/or stearic acid into
menhaden oil to produce SL that have melting point between 25-35°C. Hypothesis:
Enzymatic reactions (in terms of substrate ratio and acyl donor incorporation) will have a
strong linear correlation and a linear regression equation can determine optimal substrate

molar ratios to incorporate desired amount of acyl donor.

Objective 4: To encapsulate oleogels in alginate microparticles. Hypothesis:
Encapsulation of oleogels will reduce amount of leaching during storage of the

microcapsules and improve oxidative stability.

Objective 5: To replace shortening in yellow cake with oleogels and determine the
physicochemical properties of the batter and cake. Hypothesis: Acceptability of the
oleogels as low saturated fat alternatives to shortening will depend on lipid phase
(menhaden oil or SL) and oleogelator type (B-sitosterol and y-oryzanol blend or sucrose

stearate and ascorbyl palmitate blend).
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CHAPTER 2

LITERATURE REVIEW

Structured Lipids

Structured lipids (SL) are defined as lipids that have been chemically or
enzymatically modified from their natural biosynthetic form (Kim & Akoh, 2015). Lipids
are typically altered by changing the fatty acid (FA) composition and/or the positions of
the FA in the glycerol backbone (Willis, Ghazani, & Marangoni, 2017). Lipid substrates
may include acylglycerols (triacylglycerols (TAG), diacylglycerols (DAG),
monoacylglycerols (MAG)), glycerol, free fatty acids (FFA), ethyl esters, or
phospholipids. There are a few different types of enzymatic reactions to produce SL,
including acidolysis, interesterification, alcoholysis, and direct esterification reactions.
Acidolysis reactions involve the exchange of acyl groups from FFA and TAG (Willis et
al., 2017). Interesterification reactions typically take place with two or more TAG
molecules as the substrates and involve the exchange of acyl groups (Willis et al., 2017).
The transferring of acyl groups from a TAG molecule to an alcohol such as glycerol
(glycerolysis) or ethanol (ethanolysis) is termed an alcoholysis reaction. Direct
esterification reactions take place with the substrates of glycerol and FA, producing TAG

and water.

In the industry, chemical modification is commonly used for producing margarine

and other fats. The typical reaction is chemical interesterification using sodium

10



methoxide as the catalyst (Willis et al., 2017). Although this method is common, there are
some disadvantages. Only randomized products can be made, and the reaction process
often occurs under harsh conditions. The use of enzymes as biocatalysts to modify lipids
have several advantages. Products from enzymatic modification are specific, allowing for
production of SL that have desirable physicochemical properties and/or nutritional
benefits (Lai, Phuah, Lee, Akoh, & Weete, 2017). Enzymatic reactions typically occur
under milder conditions and are considered an environmentally green process due to the
use of less energy and no harsh chemicals (Kim & Akoh, 2015). Enzymatic modification
also produces fewer byproducts, allowing for increased product yield. Although
enzymatic modification is typically higher in cost than chemical modification, the use of
immobilized enzymes allows for recovery and reuse of the enzyme, which lowers

production costs (Willis et al., 2017).

There are numerous factors that affect lipase-catalyzed reaction product
composition, purity, and yield. These factors include lipase type, lipase activity and load,
substrates, reaction temperature, water activity, solvent or solvent-less conditions, time,
and reactor type (Zam, 2015). For example, some lipases may prefer (or yield higher
incorporation) the ethyl ester over the FFA of the same carbon chain length (Bloomer,
Adlercreutz, & Mattiasson, 1992). These factors must be accounted for when conducting
lipase-catalyzed synthesis reactions in order to produce the desired product. The different
reactions allow for production of products with specific physicochemical properties or

nutritional benefits.
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Lipases

Specific and non-specific lipases (triacylglycerol acylhydrolases, EC 3.1.1.3) are
the two groups of lipases (along with phospholipases Al (PLA; EC 3.1.1.32) and A2
(PLA2; EC 3.1.1.4)) that can be used as biocatalysts in the enzymatic modification of
lipids. Many commercial lipases are available, and come from microbial, plant, and
animal sources. Of the different sources, microbial lipases are often preferred because
they are thermostable and usually do not require cofactors (Xu, 2000). Common lipases
that are used in production of SL include lipases from Candida rugosa, Rhizomucor
miehei, Candida antarctica, and Thermomyces lanuginosus (Xu, 2000). Lipases such as
these may differ in activity and display FA and/or positional specificity. Specific lipases
are sn-1,3 specific and show preference in altering the acyl ester bonds in the first and
third position of the glycerol backbone (Kim & Akoh, 2015). Common lipases that
exhibit sn-1,3 specificity include pancreatic lipase, Rhizomucor miehei, Thermomyces
lanuginosus, Aspergillus niger, and Rhizopus delemar (oryzae) (Xu, 2000). Non-specific
enzymes differ in that there is usually not a distinct preference in acyl alteration. Lipases
that fall into this group include Candida rugosa and Candida antarctica. Lipases can also
show preference to certain FA or range of FA chain lengths. For example, G. candidum
shows specificity for long chain FA containing a cis double bond in the C9 position such
as oleic acid (Jensen, 1983). Lipases may also discriminate against certain FA. It has
been shown that pancreatic lipase, commonly used for the sn-2 positional analysis assay
for TAG, may hydrolyze long chain polyunsaturated fatty acids (PUFA) slower than
other FA (Solaesa, Bucio, Sanz, Beltran, & Rebolleda, 2014). Pancreatic lipase has also

been shown to selectively hydrolyze docosapentaenoic acid (DPA) over eicosapentaenoic
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acid (EPA) and docosahexaenoic acid (DHA) due to its FA specificity (Akanbi, Sinclair,

& Barrow, 2014).

Despite the many advantages of utilizing lipases as biocatalysts in the production
of SL, there has so far been limited use in industrial applications. One of the main
concerns is the stability and high costs associated with lipase use. Lipase load affects the
reaction rate by accelerating the reaction (lowering activation energy) and increasing
incorporation of acyl donors (Xu, 2000). Using a lot of lipase increases costs and acyl
migration, so for optimal acyl donor incorporation and lowest cost, enzyme load at <20%
of total substrates should be used (Xu, 2000). Another method to lower costs, improve
stability, and allow for enzyme reuse is immobilization of the lipase. Immobilization
often affects the lipase selectivity and physicochemical properties; however, the enzymes
can undergo reactions in a wider temperature and pH range (Mohamad, Marzuki, Buang,
Huyop, & Wahab, 2015). Commercial immobilized lipases of use in the production of SL
include Lipozyme® RM IM (Rhizomucor miehei lipase immobilized on a resin carrier
with specific activity of 442 IUN/g [interesterification unit per gram] as specified by
manufacturer, sn-1,3 specific), Lipozyme® TL IM (Thermomyces lanuginosus lipase
immobilized on silica gel with specific activity of 275 IUN/g as specified by
manufacturer, sn-1,3 specific), Novozyme® 435 (Candida antarctica lipase B
immobilized on an acrylic resin with specific activity of 10000 PLU/g [propyl laurate
unit per gram] as specified by manufacturer, non-specific), and Lipozyme® 435
(recombinant lipase from Candida antarctica, expressed on Aspergillus niger, and
immobilized on a macroporous hydrophobic resin with specific activity of 10000 PLU/g

as specified by the manufacturer, sn-1,3 specific in non-polar media). One IUN is the
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amount of enzyme activity that liberates 1 umol of butyric acid from tributyrin per
minute under defined standard conditions. One PLU is the amount of enzyme activity that
produces 1 umol of propyl laurate per minute from esterification of lauric acid with n-
propyl alcohol under defined standard conditions. Food grade enzymes are a step towards
increasing enzyme use in the food industry. Lipozyme® 435 is a commercial immobilized
food grade lipase that has higher catalytic activity than other sn-1,3 specific enzymes and
lower in cost (Wang, Chen, Ma, Jin, & Wang, 2015). Because of the lower cost and food
grade status, Lipozyme® 435 has potential for use in enzymatic reactions to produce SL

on an industrial scale within the food industry.
Structured Lipid Products

Specific SL products of current research interest include medium-long-medium
(MLM) chain-type TAG, human milk fat analogues, cocoa butter alternatives, reduced
calorie fats, trans-free fats, and structured phospholipids (Kim & Akoh, 2015). This

research focuses on the production of MLM-type TAG and trans-free fats.
MLM-type SL

The structure of an MLM-type TAG includes having a glycerol backbone, with
medium chain fatty acids (MCFA) at the sn-1,3 positions of the TAG and a long chain
FA at the sn-2 position. MLM-type TAG are nutritionally beneficial, and have been
reported useful in parenteral and enteral feeding, treatment of lipid malabsorption, and
treatment of metabolic syndromes (Nagao & Yanagita, 2010; DeMichele, Karlstad,
Bistrian, Istfan, Babayan, & Blackburn, 1989). During digestion, as shown in the

schematic in Figure 2.1, it has been found that the MCFA located at the sn-1,3 positions
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are hydrolyzed readily by pancreatic lipase and can be transported to the liver directly via
the portal vein. The long chain FA, in 2-MAG form are absorbed more efficiently, and
assimilates via the lymphatic system and then accumulates as TAG in adipose tissue or as
membrane phospholipids where they can be released when needed for various
physiological functions (Christensen, Hgy, Becker, & Redgrave, 1995; Jensen,

Christensen, & Hay, 1994).

Several approaches have been developed for producing MLM-type TAG. Most
commonly, an acidolysis reaction is conducted using an sn-1,3 specific lipase with the
substrates of a TAG containing significant amounts of desired long chain FA at the sn-2
position and medium chain FFA (Kim & Akoh, 2015). These SL can be produced in
various reactors, such as a shaking water bath, heating block with stir bar, jacketed
reactor, and packed bed reactor. Table 2.1 shows a summary of some of the MLM-type
TAG produced in recent years, from 2014-2019. A comprehensive list of MLM-type
TAG from 2010-2014 is found elsewhere (Kim & Akoh, 2015). Most MLM-type TAG
were produced via acidolysis reactions. Of these, only some were produced with fish oil.
It is of interest to produce SL containing fish oil with different enzymes and/or acyl
donors to determine changes in FA composition, TAG molecular species, and other

physicochemical properties.

Trans-free and Low Saturated Fats

The typical Western diet contains significant amounts of saturated and trans-fat.
As of June 2018, partially hydrogenated oils (PHO), a source of trans-fat, was no longer
included in food products since the FDA removed its Generally Recognized as Safe

(GRAS) status (Food and Drug Administration, 2015). Food products that commonly
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contain trans-fat and high amounts of saturated fat include shortening, margarine, fast
food, frosting, spreads, snack foods, and fried/baked products. PHO are produced when a
vegetable oil is hydrogenated, meaning it is exposed to hydrogen gas and a catalyst (often
a metal such as nickel), converting the oil to solid fat by saturation of the double bonds
(Freeman & Melnikov, 2015). When unsaturated FA (in cis form), found in vegetable
oils, are partially hydrogenated, trans-FA are produced. Trans-fats are cheaper than
normal saturated fats and more suitable for industrial scale baking in terms of thermal

behavior and have a longer shelf life than vegetable oils (Lucca & Tepper, 1994).

Significant consumption of trans-fat has been associated with increased risk of
cardiovascular disease, coronary heart disease, stroke, type-11 diabetes, obesity, increased
LDL and VLDL cholesterol, and neurodegenerative diseases (Sacks et al., 2017).
Saturated fat has been found to raise both LDL and HDL cholesterol (Sacks et al., 2017;
DiNicolantonio & O’Keefe, 2018). While HDL cholesterol is typically classified as the
“good cholesterol”, not all HDL cholesterol is considered good. There are some types of
HDL that are antiatherogenic, while others, sometimes called “non-functioning” may do
almost nothing. The main purpose of HDL is to carry away bad cholesterol toward
excretion and inhibit LDL oxidation (Eren, Yilmaz, & Aydin, 2012). However, the non-
functioning HDL cholesterol is practically indifferent towards cholesterol, or can convert
HDL cholesterol into LDL cholesterol. Non-functioning HDL is usually found in lower
amounts in the body than good HDL cholesterol naturally (Eren, Yilmaz, & Aydin,

2012).

There is a need for low saturated, zero trans-fat alternatives for fat-based

applications in foods. Consumption of unsaturated FA is seen as more health beneficial
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than replacing fat with carbs and proteins. A review of 15 clinical trials, covering 59,000
people, found that there was a 27% drop in heart disease risk when saturated fats were
replaced with unsaturated fats (Hooper, Martin, Abdelhamid, & Davey Smith, 2015). The
same study found there was no change in heart disease risk when saturated fat was
replaced with carbs and proteins. A current commercial SL low trans-fat product is
NovaLipid (from ADM, Decatur, IL, USA), and is produced through lipase-catalyzed
interesterification of soybean oil (high in unsaturated FA) with fully hydrogenated
soybean and cottonseed oils. Still, NovaLipid is not trans-free and other alternatives that
have been produced in literature still contain significant amounts of saturated fat (Kim &
Akoh, 2015). This research proposes two options, production of a SL and formation of
organogels. Organogels will be discussed in further detail in later sections. SL that have
been the most successful alternatives to trans-fat are produced through reacting a highly
saturated fat and highly unsaturated plant oil in the presence of lipase and heat (Kim &
Akoh, 2015). There is need for trans-free fats that are low in saturated fats and/or contain
extra health benefits such as having MLM-type TAG or omega-3 FA such as EPA and

DHA.

Omega-3 FA

Omega-3 FA are PUFA characterized by having a double bond between the third
and fourth carbon from the omega or methyl end of the FA chain. Common conventional
naming designates “n” based on the position of the first double bond from the methyl
terminus. Important omega-3 FA for human physiology include a-linolenic acid (ALA)

(C18:3n3), stearidonic acid (SDA) (C18:4n3), EPA (C20:5n3), and DHA (C22:6n3). The
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main source of ALA and SDA in the diet are from plant oils. EPA and DHA are found in

fish and algae.

ALA and SDA

A common omega-3 FA found in many plants is ALA, which makes up a larger
proportion of omega-3 FA consumed through diet versus EPA and DHA (Simopoulos,
2002). ALA is found in significant quantities in plant oils such as flaxseed, walnut,
echium, canola, soybean, and pecan oils (Surette, Edens, Chilton, & Tramposch, 2004).
ALA serves as a substrate for the synthesis of EPA and DHA, both of which are
necessary in the body for tissue function. While it is possible for the body to convert
ALA to EPA and DHA by elongase and desaturase enzymes, previous studies have found
that this process is inefficient (Swanson, Block, & Mousa, 2012; Simopoulos, 2002). It is
believed that only about 5-10% of the essential FA ALA can be converted to EPA, and
only about 2-5% can additionally be converted to DHA (Swanson et al., 2012). SDA is a
metabolic intermediate after the rate limiting step during the conversion of ALA to EPA.
By bypassing the rate limiting step, SDA is more efficiently converted to EPA than ALA.
However, SDA is not found in high amounts in commonly consumed foods. Seed oils
such as echium, borage, and blackcurrant contain up to 10% of SDA, and a genetically
engineered soybean crop, transgenic SDA soybean, contains 15-30% SDA (Monsanto
Co., 2009). Many consumers are currently looking for non-genetically engineered foods
and many may not want to consume the transgenic SDA soybean oil. Thus, optimal EPA
and DHA levels necessary for human health are best obtained through diet from marine

sources.
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EPA and DHA

EPA and DHA are found in marine oils such as fish, squid, and krill oils. Salmon,
mackerel, herring, sardine, anchovy, trout, cod, and menhaden are all oily fish that
contain significant amounts of the omega-3 PUFA EPA and DHA (Ackman, 1967). Fish
also provide certain proteins, vitamin D, selenium, and minerals that have potential
cardiovascular benefits (Fox et al., 2004; Roos, Wahab, Chamnan, & Thilsted, 2007). The
amount of EPA and DHA, as well as total and positional FA compositions in the fish oil, can
differ based on fish species, diet, and environmental factors such as water temperature and
salinity (Ackman, 1967). Based on the amount and positional distribution of PUFA and other
FA, marine oils can be used as a substrate in reactions to synthesize desirable SL such as
MLM-type TAG. EPA and DHA have been found to be very beneficial to human health,
especially in reducing risk of cardiovascular and neurodegenerative diseases, blood TAG
levels, and inflammation (He, 2009). It has also been reported that EPA and DHA are
important in cognitive function and fetal development (Swanson et al., 2012). Consuming
significant amounts of EPA and DHA may be beneficial for ensuring brain growth and
neural development, which is particularly important during the fetal stage (Swanson et
al., 2012; Simopoulos, 2002). DHA is also the predominant structural FA in the central
nervous system and retina (Swanson et al., 2012). EPA and DHA may also be more
biologically active in metabolic processes, particularly cardiovascular processes. Both
EPA and DHA can serve as substrates for lipid mediators, can be part of the structural
components in lipid bilayers, and may contribute to the prevention of chronic diseases
(Swanson et al., 2012; Simopoulos, 2002). The challenge is getting adequate intake of

EPA and DHA through the diet. The current Western diet is high in saturated fat, as well
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as having a higher proportion of omega-6 FA consumed over omega-3 FA (Simopoulos,
2002). While both omega-3 and omega-6 FA have been found necessary for nutrition, the
optimum dose is having a higher ratio of omega-3 to omega-6 for preventing chronic
disease and inflammation (Simopoulos, 2002). EPA and DHA are found in significant
quantities in many fish and shellfish. Another product that could be added to the diet are

marine oils, which are produced from fatty fish and are high in EPA and DHA.

Effects of Omega-3 FA on Cardiovascular Disease (CVD)

Cardiovascular disease (CVD) is the leading cause of death for both men and
women in the United States, and 1 in every 4 deaths are caused by heart disease (CDC &
NCHS, 2005). There are many risk factors known to increase the risk of heart disease,
including high blood pressure, high cholesterol, smoking, diabetes, obesity, poor diet,
excessive alcohol use, and physical inactivity (Stewart, 2017). Diet plays a major role in
the risk of developing CVD. Poor diet and low amounts of exercise can lead to obesity
and developing type-1l diabetes (Stewart, 2017). There are a wide range of dietary factors
that are known to influence CVD risk, including certain FA, intake of nuts, fruits,
vegetables, and legumes, alcohol consumption, micronutrients, and food processing (Hu
& Willett, 2002; Mente, de Koning, Shannon, & Anand, 2009). There are more
cardiovascular related deaths in the United States due to low intake of EPA and DHA
than deaths due to low intake of fruits and vegetables (Simopoulos, 2016). This is likely
due to increase in total fat, trans, and saturated fat consumption over time, as shown in
Figure 2.2. Currently there is also excess consumption of pro-inflammatory omega-6 FA
in the Western diet, and excess omega-6 FA consumption has been linked to obesity,

atherosclerosis, and diabetes (Let, Jacobsen, & Meyer, 2007).
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There are other intermediary risk factors that are influenced by diet. These
intermediary risk factors include circulating triacylglycerols, inflammation, endothelial
function, coagulation and thrombosis, and arrhythmic risk (Mozaffarian & Wu, 2011).
Consumption of omega-3 PUFA has been shown to lower plasma TAG, reduce resting
heart rate, reduce both systolic and diastolic blood pressure, and improve endothelial
function (Harris & Bulchandani, 2006; Geleijnse, Giltray, Grobbee, Donders, & Kok,
2002; Mozaffarian, Geelen, Brouwer, Gelenijnse, Zock, & Katan, 2005). These health
benefits of consuming omega-3 PUFA may be partly responsible for the protective

effects of omega-3 PUFA against CVD (Stewart, 2017).

Both the diet and intermediary risk factors affect clinical heart disease outcomes,
and may vary depending on the sex, age, insulin sensitivity, genetic variation, and
physical activity of the patient (Go et al., 2013). The effects of omega-3 PUFA EPA and
DHA intake on CVD has been assessed by evidence from many studies, and many
findings indicate that consumption of fish oil significantly reduces the chance of a heart
disease related death (Go et al., 2013). A widely recognized physiological effect of
omega-3 PUFA consumption is anti-arrhythmia, where even modest consumption of
PUFA (~250 mg EPA & DHA) reduced risk of sudden cardiac death by 36% when
compared to no consumption over time (Lemaitre, King, Mozaffarian, Kuller, Tracy, &
Siscovick, 2003). However, a recent Cochrane review of 79 trials of over 112,000 people
found that taking omega-3 capsules containing EPA & DHA may not reduce heart
disease, stroke, or death, but did reduce serum TAG and raised HDL (Abdelhamid et al.,
2018). Previous studies also indicated that up to 80% of omega-3 supplements are

oxidized, potentially explaining why the health benefits were not seen in the Cochrane
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review (Abdelhamid et al., 2018; Cameron-Smith, Albert, & Cutfield, 2015; Ismail,
Bannenberg, Rice, Schutt, & MacKay, 2016; Wasowicz et al., 2004; Albert, Cameron-

Smith, Hofman, & Cutfield, 2013).

Effects of Omega-3 FA on Inflammation

The omega-3 FA, EPA and DHA, have been shown to possess anti-inflammatory
properties. One study on 250 patients who experienced neck or back pain, showed that
consumption of 1200mg per day of EPA and DHA led to reduced arthritic pain and lower
use of prescription nonsteroidal anti-inflammatory drugs (NSAID) medications (Maroon
& Bost, 2006). Part of the anti-inflammatory properties of EPA and DHA are due to their
use in production of eicosanoids (thromboxanes, leukotrienes, and prostaglandins), which
regulate important bodily functions including blood pressure, blood viscosity,
vasoconstriction, and immune and inflammatory response (Maroon & Bost, 2006).
Omega-3 PUFA have been found to compete with arachidonic acid in the conversion to
eicosanoids, preventing formation of pro-inflammatory eicosanoids by serving as an
alternative substrate (Endo & Avrita, 2016). EPA and DHA are also precursors to the
potentially potent anti-inflammatory compounds of resolvins, protectins, and other

resolving mediators (Serhan, 2007, 2010).

Molecular Mechanisms of Omega-3 PUFA

In 2004, researchers proposed a biomarker for CVD, known as the omega-3
index, which is the sum of EPA and DHA found in red blood cell membranes expressed
as a percentage of total erythrocyte FA (Harris & von Schacky, 2004). The omega-3

index was proposed since it correlated well to the risk of a variety of CVD endpoints, as
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well as cholesterol ratio levels. Omega-3 FA influence on various molecular pathways
may influence the observed physiological effects of CVD risk factors and endpoints such

as heart disease and stroke.

Omega- 3 PUFA have been found to have several important biological effects on
a wide range of cellular functions such as cell and organelle membrane structure and
function, ion channels and electrophysiology, nuclear receptors, and transcription factors
(Jenkins & Josse, 2008). In the body, EPA is primarily found in cholesterol esters, TAG,
and phospholipids, while DHA is primarily in phospholipids (Simopoulos, 1991).
Incorporation of EPA & DHA into membrane phospholipids altered membrane
associated protein function and signaling, which may contribute to potential anti-
inflammatory and anti-arrhythmic effects (Ma et al., 2004). Altering the physicochemical
properties of the cell membrane due to omega-3 PUFA incorporation was also found to
affect membrane fluidity, lipid microdomain formation (rafts and caveolae), and
signaling across membranes (Endo & Arita, 2016). Omega-3 PUFA were also found to
alter function of membrane ion channels such as the sodium channel, L-type calcium
channel, and sodium-calcium exchanger to prevent lethal arrhytmias (Ferrier, Redondo,
Zhu, & Murphy, 2002; Xiao, Ke, Chen, Morgan, & Leaf, 2004; Endo & Arita, 2016).
EPA and DHA are also natural ligands of many nuclear receptors and transcription
factors that regulate gene expression in multiple tissues (Adkins & Kelley, 2010; Jump,
2008). Specifically, EPA and DHA have been found to downregulate inflammation-
related genes by inhibition of nuclear factor (NF)- kB signaling by blocking IkB
phosphorylation or through nuclear receptor peroxisome proliferator-activated receptor

(PPAR)o/y (Zhao, Joshi-Barve, Barve, & Chen, 2004; Gani & Sylte, 2008). Omega-3
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PUFA have also been shown to augment GLUT4 expression to promote glucose uptake
in adipocytes, which may play an important part in whole-body glucose homeostasis

(Endo & Arita, 2016).

Dietary Guidelines for Omega-3 FA

The American Heart Association (AHA) recommends those with coronary heart
disease to consume 1,000 mg of EPA and DHA per day (Dietary Guidelines for
Americans, 2010). The World Health Organization recommends consumption of 300-500
mg of EPA and DHA daily for the general population, but the typical Western diet lacks
this amount of omega-3 FA (Simopoulos, 2016). It has been found that a higher omega-3
to omega-6 ratio is beneficial at reducing risk of cardiovascular disease, cancer and
inflammation (Swanson et al., 2012; Simopoulos, 2002; Dietary Guidelines for
Americans, 2010). However, the typical Western diet is much higher in omega-6 FA than
omega-3, and excessive amounts of omega-6 FA may promote pathogenesis of many

diseases (Simopoulos, 2002).

Adding Omega-3 PUFA into Food Products

Because the Western diet lacks in omega-3 PUFA, it is necessary to incorporate
omega-3 FA into more food products that consumers would want to buy. Consumers are
interested in the health benefits associated with consumption of products containing
omega-3’s, such as seafood, supplements, and fortified foods. The global fish market is
expected to grow about 5.2% from 2016-2021 and is largely due to the large growth in
aquaculture (fish oil is a main ingredient in aqua feed), and desires of human consumers to

increase consumption of omega-3 FA and reduce consumption of trans and saturated fat

24



(Newswire, 2016). Current issues concerning the consumption of fish are that they are
higher in cost compared to beef or chicken, and consumer preference (Mason, 2000). The
same is true for marine oils. Anchovy, mackerel, sardines, cod, herring, and menhaden are
the main fish species used for production of fish meal and fish oil (Bibus, 2016). Fish oil
supplements are a popular choice for consumers. Over a third of American adults consume
fish oil in the form of supplements and fish oil supplements are now the most popular
supplement in the United States (Albert et al., 2013). However, often these supplements
may be oxidized, which may negate the health benefits (Albert et al., 2013; Ismail et al.,
2016; Wasowicz et al., 2004). Consumers also often experience “fishy burps” after
consumption of these supplements, often leading to discontinued consumption of the
supplements. Table 2.2 shows the percent of consumers in different countries who do not
take omega-3 supplements due to the fishy taste. The GOED surveyed 9 countries on
consumer acceptance/consumption of EPA/DHA products and found that the main barrier for
not consuming omega-3 products was the fishy taste/burp (Ismail et al., 2016). Fortification
of food products with marine oils is another option, however there are challenges
associated with adding omega-3’s to food products. Marine oils, which are high in
omega-3 PUFA EPA and DHA are lower in oxidative stability compared to vegetable
oils, making incorporation of marine oils in products very challenging. Direct
incorporation of omega-3 PUFA into food can compromise quality and consumer
acceptability due to development of undesirable odors and flavors present in the oil and
oxidation of the oil during food processing/storage (Jacobsen, 2015). Several studies,
including this research, have focused on developing strategies to improve omega-3

oxidative stability in food products.
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MLM-type SL Containing Omega-3 PUFA

Production of MLM-type SL containing omega-3 PUFA at the sn-2 position is of
interest in terms of human nutrition. During digestion of an MLM-type SL, sn-1,3 specific
pancreatic lipase rapidly hydrolyzes the MCFA at the sn-1,3 positions, while the long chain FA
at the sn-2 position in MAG form is absorbed (Salentinig, Yepuri, Hawley, Boyd, Gilbert, &
Darwish, 2015). It has been found that DHA has higher bioavailability when present at the sn-2
in significant quantity, therefore increasing the health benefits of the MLM-type SL. This is
particularly necessary for expectant mothers or those who have or are at risk of developing

cardiovascular disease (Bibus, 2016).

There have been studies on the production of omega-3 FA containing MLM-type
TAG. Shimada et al. conducted acidolysis reactions using tuna oil, caprylic acid, and
immobilized sn-1,3 specific Rhizopus delemar lipase to produce MLM-type TAG with
significant amounts of DHA at the sn-2 position (Shimada et al., 1996; Shimada,
Sugihara, & Tominaga, 2000). Menhaden oil has also been modified to produce MLM-
type SL, however all the studies lack TAG species analysis (Xu, Fomuso, & Akoh, 2000;

Jennings & Akoh, 1999; Jennings & Akoh, 2001).

One key component of MLM-type TAG analysis that is necessary is the TAG
molecular species, particularly in a sample such as fish oil that contains many different
FA and TAG. Regiospecific characteristics of the PUFA in TAG significantly affect the
physicochemical and physiological properties of marine oils (Zhang, Shen, Zhang, Li, &
Wang, 2018). In production of MLM-type TAG, is important to determine the TAG
species to see which TAG the MCFA esterify to, as this may also affect the

physicochemical and physiological properties of the SL. The FA composition may reveal
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significant amounts of PUFA at the sn-2 position and MCFA at the sn-1,3 position,
however analysis of the TAG species may show that all the MCFA are found in TAG
with saturated LCFA at the sn-2 position. Certain lipases, such as Rhizomucor miehei,
may discriminate against PUFA, leading to a lower amount of MLM-type TAG

containing PUFA at the sn-2 position (Sellappan & Akoh, 2001).

There is need for the TAG molecular species to be determined for SL products,
particularly products containing fish oil, as it has a complex mixture of TAG species.
There have been a few studies that have determined the TAG molecular species of fish
oil, and to the best of our knowledge, only one study that analyzed the TAG species of a
SL produced from the substrates of fish oil and hydrogenated soybean oil (Solaesa et al.,
2014; Lopez-Hernandez, Torres, Garcia, & Hill, 2004; Perona & Ruiz-Gutierrez, 1999;
Zeng, Araujo, Du, Nguyen, Froyland, & Grung, 2010; Zhang et al., 2018). However, the
studies show incomplete separation of many TAG species, and with varied amounts of
TAG peaks. There is need for a method to identify more TAG species in fish oil, since
over 553 TAG species have been identified in separate studies, without including the
regioisomers and enantiomers (Zeng et al., 2010). Some studies analyzed the TAG species
using a modified equivalent carbon number (ECN) equation to account for MUFA and PUFA
(Solaesa et al., 2014). The difficulty with TAG identification is that there are many TAG in fish
oil with the same traditional ECN number (Perona & Ruiz-Gutierrez, 1999). The modified
equation helps improve peak identity accuracy, yet each peak can still have multiple different
TAG (Solaesa et al., 2014). When fish oil is modified and other acyl donors are incorporated,
the TAG species significantly alters, so there is need to determine the different TAG formed in

these fish oil SL.
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Menhaden Oil

The menhaden fish reside primarily in the Atlantic Ocean along the eastern
United States and Gulf of Mexico, and are genera Brevoortia and Ethmidium, though
primarily the genera Brevoortia (International Union for Conservation of Nature, 2015).
Menhaden are silver colored fish with some black spotting behind the gill. During their
lifetime, they feed on phytoplankton and zooplankton, which are rich in omega-3 FA.
Menhaden are considered oily fish and are harvested primarily for fish oil, fish meal, and
bait (International Union for Conservation of Nature, 2015). Fishers use a technique
known as seine fishing to capture menhaden fish. Two fishing boats surround a school of
menhaden with a large net which captures many menhaden fish. This technique is
efficient for catching a lot of menhaden with low levels of bycatch (other fish species or
juvenile fish) (International Union for Conservation of Nature, 2015). To produce fish
oil, fish come in off boats almost immediately after catching, and enters a processing
facility. Here the fish are cooked by steam, pressed, and centrifuged to separate solids
from the liquid oil (Pike & Jackson, 2010). The solids are further processed for use as
fish meal. Water and other impurities are removed from the fish oil, and antioxidants are

added before packaging the oil in containers.

As of 2016, the average yearly production of menhaden oil was 74,700 metric
tons (MT) (Bibus, 2016). A recent study found that the United States has enough supply
of menhaden oil to meet the nutritional needs of several at-risk demographics and could
save up to $1.7 billion in healthcare costs (Bibus, 2016). The major at-risk demographics
are those who have or are at risk of developing cardiovascular disease, as well as

expectant mothers. The FDA reports adequate consumption of fish by expectant mothers
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may increase children’s IQ by 5.5 points as well as improve verbal development at an
early age. Expectant mothers, lactating mothers, or those who may become pregnant
should consume 8-12 oz of fish per week, or 2-3 servings of oily fish per week (Bibus,

2016).

Menhaden oil is a rich and sustainable source of EPA and DHA and is also the
best fish source of DPA (Bibus, 2016; NOAA, 2016). Literature indicates that menhaden
contains a high omega-3/omega-6 ratio as well as a significant amount of EPA and DHA
at the sn-2 position (He, 2009; Joseph, 1985). The sample received from Omega Protein
Inc. (Reedville, VA) and used in this research has a Certificate of Analysis (COA)
showing EPA and DHA content to be 12.77 and 10.27 w/w%, respectively. Menhaden oil
also may be a desirable oil substrate for enzymatic modification to produce MLM-type
SL because of the high EPA and DHA content that is found at the sn-2 position (Joseph,

1985).

Lipid Oxidation

Lipids oxidation occurs when lipids interact with reactive oxygen species and
subsequently breakdown into rancid and potentially toxic products (Frankel, Huang,
Kanner, & German, 1994). There are three stages in lipid oxidation: initiation,
propagation, and termination. The initiation stage occurs when lipids are exposed to
irradiation from visible light or catalyzed by lipoxygenases or by metal ions. Lipid
radicals, lipid peroxyl radicals, and hydroperoxides (primary lipid oxidation product) are
produced during the initiation stage. The propagation step occurs as lipid radicals react
with other lipids and hydroperoxides, and in a chain reaction, eventually forming

secondary lipid oxidation products such as aldehydes and ketones. Lipid oxidation is
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accelerated by high temperature and pressure during initiation. Other factors that affect the
rate of lipid oxidation include degree of unsaturation/FA composition and presence of oxygen
or impurities such as protein or heavy metals, pigments, phospholipids, FFA, MAG and
DAG, oxidized compounds, and antioxidants (Choe & Min, 2006). Because SL are often
lower in oxidative stability compared to unmodified oil, there is concern the menhaden
oil SL will not be oxidatively stable enough for food and nutraceutical applications (Zou
& Akoh, 2013). This research investigates some methods for improving the oxidative
stability of the menhaden oil and SL to allow for usage of these health beneficial lipids in

a wider range of applications.

Oxidative Stability of SL

After enzymatic modification, SL products are typically purified by short-path
distillation to remove excess FFA and/or FA ethyl esters. Short-path distillation is a
desirable method for purifying SL because there is short residence time (1-10s), and
lower temperatures (due to the system being under vacuum) (Lutisan, & Cvengros, 1995;
Lutisan, Cvengros, & Micov, 2002). Short-path distillation separates compounds based
on volatility, and samples are split into two fractions, residue (heavy fraction), and
distillate/waste (light fraction) (Zou & Akoh, 2013). Vitamin E derivatives (tocopherols
and tocotrienols) are naturally occurring minor components in many vegetable oils that
have known antioxidant ability (Zou & Akoh, 2013). It has been found that short-path
distillation also removes endogenous antioxidants, such as Vitamin E derivatives, and
reduces its oxidative stability (Zou & Akoh, 2013). There is need for adding back some
of the antioxidants lost after short-path distillation or use of another method to improve

the oxidative stability of the purified SL.
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Omega-3 PUFA Oxidation

Unsaturated FA are more susceptible to lipid oxidation than saturated FA due to
the presence of one or more double bonds, and susceptibility to oxidation increases with
increasing number of double bonds. Fish oil contains a significant amount of PUFA such
as EPA and DHA and is highly susceptible to lipid oxidation. Processing of fish oil
typical requires steps involving exposure to heat, light, and oxygen, so caution is
necessary when processing these marine oils for commercial use (Pike & Jackson, 2010).
Ways to slow oxidation during omega-3 oil processing include the addition of
antioxidants, refining oils under vacuum, and flushing storage containers with nitrogen to
limit oxygen and light exposure (Ismail et al., 2016). Other options include formation of
organogels or microencapsulating the lipid, and these are the two methods proposed in

this research to improve oxidative stability of the menhaden oil and SL.

Many omega-3 products on the market may contain antioxidants such as natural
tocopherols or TBHQ to help improve the oxidative stability of the oil. Antioxidants can
be classified as either primary or secondary. Primary antioxidants can delay initiation or
stop the propagation step (Choe & Min, 2006). Secondary antioxidants slow lipid
oxidation through mechanisms such as oxygen scavenging, metal chelation, and working
synergistically with primary antioxidants by providing hydrogen (Choe & Min, 2006).
The Global Organization for EPA and DHA omega-3s (GOED) has voluntarily set lower
limits for omega-3 oxidation than when comparing with other edible oils (Ismail et al.,
2016). 19 commercially available brands of fish oils using antioxidants were found to be
stable and having minimal changes to oxidation when studied over 22 days at room

temperature (Ismail et al., 2016).
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A variety of oxidative products are formed during the oxidation of fish oil, such
as peroxides, alcohols, ketones, and aldehydes. Peroxidation products such as
prostaglandin-like F3-isoprostanes and F4-neuroprostanes are formed from EPA and
DHA, respectively. Figure 2.3 shows the oxidative metabolism of EPA and arachidonic
acid (another PUFA). Because of the instability of peroxides, they further degrade to
form secondary oxidation products such as the aldehydes 4-hydroxy-2-hexenal (4-HHE)
and malonaldehyde (MDA) (Albert et al., 2013). Specifically, for highly unsaturated FA,
oxidation products include 4-HHE, 4-hydroxy-2-nonenal (4-HNE), a wide variety of
isoprostanes, and many others. A study found that 4-HHE, an oxidized product from fish
oil may protect vascular function. Isoprostanes, MDA, and 4-HNE are potentially
atherogenic and genotoxic compounds in animals, however not likely toxic to humans
(Ismail et al., 2016). 35 human studies on isoprostane levels were found to have no effect
or reduced markers, and a couple found increases in isoprostane levels when consuming
large quantities or when the body was put under stress. 20 human clinic studies found that
there was no effect on MDA or 4-HNE levels when EPA/DHA oils were consumed

(Albert et al., 2013).

Consumption of Oxidized Omega-3 QOil

Marine oils have beneficial effects on plasma triacylglycerols, blood pressure, and
inflammation. So, oxidation of marine oils may reduce these beneficial health effects.
However, much of the health effects are still under current debate. Potential harm from
these oxidation products is relative to concentration, type of oxidation product, and the
antioxidant defenses in the body (Ismail et al., 2016). There have only been a few studies

on the health effects of oxidized omega-3 oils. In 2012, GOED did two studies on
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oxidized EPA and DHA oils and found they are not biomarkers for disease or reduction
in health when looking at effects on specific lipid oxidation or oxidative stress parameters
(Albert et al., 2013). The human clinical trials conducted with oxidized EPA and DHA
found no negative health effects when looking at oxidative stress that may be seen by
several markers (4-HHE, 4-HNE, 8-iso-PGFa, alpha-tocopherol, total GPx, CAT, C-
Reactive-Protein, SICAM-2, sVCAM-1, IL-6, and oxidized LDL cholesterol) in the blood
and urine (Ismail et al., 2016). Another study found oxidized EPA inhibited the
inflammatory NF-xB pathway and affected vascular and platelet function, which may be
mediated by n-3 isoprostanes (Albert et al., 2013). Consumption of oxidized oil may also
lead to membrane peroxidation (decrease in membrane fluidity, transport, and cell
signaling), production of proinflammatory cytokines, and cell damage, which are all
known to be mechanisms for disease. Looking at the nutritional and sensory implications
of lipid oxidation, it is possible that the oxidized oil is so unpleasant that it is unwanted
for consumption, and thus avoiding the potential negative effects of consuming highly
oxidized oils that have significantly lower nutritive value or potential toxicity (Wasowicz
et al., 2004). More studies on these oxidized oils and their potential health effects are

necessary.

Measuring Lipid Oxidation in Fish QOil

Measuring lipid oxidation of omega-3 oils is complex due to the differences in
their physicochemical characteristics. Not all methods for determining quality and lipid
oxidation are suitable for all types of oils. The two typical tests for measuring omega-3
oil oxidation (and oxidation of other oils) are peroxide value (PV) and p-Anisidine value

(p-AV). The PV measures hydroperoxides, a primary oxidation product, and is an
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iodometric titration-based method (Halvorsen & Blomhoff, 2011). The p-AV measures
amount of aldehydes (secondary oxidation products) present, and is a spectrophotometric
method that produces a yellow color in the presence of aldehydes, and the color intensity
depends on the structure of the aldehydes. The conjugated dienes test is another useful
test that correlates well to PV to measure lipid oxidation as it is proportional to the uptake
of oxygen and hydroperoxide formation. The benefit of the conjugated dienes method is
that it is quicker and does not depend on chemical reactions or color development,
however oils containing carotenoids are not suitable for this test (Wasowicz et al., 2004).
TOTOX is another way for measuring lipid oxidation as it is an equation based on PV
and p-AV with the goal of giving an overall picture of both the primary and secondary
lipid oxidation products (Halvorsen & Blomhoff, 2011). The PV and p-AV are cheaper
and simpler than other methods such as GC-MS or other chromatographic techniques that

measure specific lipid peroxides or secondary oxidation products.

For flavored oils or oils such as krill or virgin salmon oils that contain natural
colors, the p-AV is not a valid method as they interfere with the p-AV and give invalid
data. The p-AV test is also not valid for phospholipid sources and oils that contain
aldehyde type flavors (as p-AV measures the presence of aldehydes) (Ismail et al., 2016).
Other methods for measuring lipid oxidation include: HPLC, ESR to measure free
radicals, thiobarbituric acid reactive substances (TBARS), dynamic headspace
sampling/solid phase microextraction (DHS/SPME), GC-MS, and potential novel ways
for measuring lipid oxidation such as chemometry and electronical sensing. Methods for
assessing lipid stability include the Schaal oven test, oxygen uptake, light or metal

catalysts, Rancimat, and Oxidative Stability Instrument (OSI) (Wasowicz et al., 2004).
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Each method has both advantages and drawbacks, so it is important to be aware of the

type of oil being tested and the limitations of each test.

Volatile Lipid Oxidation Products of Fish Oil

Peroxides decompose to secondary oxidation products such as aldehydes and
other volatiles that produce off-flavors (Wada et al., 2007). Volatile oxidation products in
fish oils include short and medium chain saturated, mono and polyunsaturated aldehydes,
ketones, and alcohols, and some of those products are shown in Table 2.3 and Figure 2.4.
There are many ways to analyze/measure the volatile products. GC-MS is a common
instrument used for analysis, often coupled with SPME and dynamic headspace sampling
(Jacobsen, 2015; Let et al., 2007). Other methods for measuring volatile oxidation
products include HPLC and C-13 NMR (Frankel, 1987). GC chromatographic analysis
shows presence and concentrations of aldehydes, ketones, alcohols, furanones, and
lactones. The volatiles that have been found to contribute to fishy off-flavors of oxidized
fish oil include (but are not limited to): 2-ethylfuran, 1-penten-3-one, pentanal, 2-E-
pentenal, hexanal, heptanal, 2-pentylfuran, 2-E-heptenal, and 2,4-heptadienal (Jacobsen

& Timm, 2001).

Lean Six Sigma

Recently there has been implementation of Lean Six Sigma and experimental
design in both research and industry applications (Dora & Gellynck, 2015). Lean Six
Sigma is a combination of lean manufacturing and Six Sigma. The goal behind Six Sigma
is to improve processing through variation elimination while the goal behind lean

manufacturing is waste elimination, and the combination of both allows for identification
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of the most critical processes to save costs (Dora & Gellynck, 2015). Many optimization
projects include full factorial experiments with multiple variables at multiple levels that
are both costly and time consuming to complete (Chandrasekar, 2014). Experimental
design methods such as the Taguchi Method are a great option for reducing time and

costs for a factorial type optimization experiment (Dora & Gellynck, 2015).

Taguchi Method

The Taguchi method is a type of robust parameter fractional factorial experimental
design that allows for reducing the number of experiments needed to optimize a process
(Savaghebi, Safari, Rezaei, Ashtari, & Farmani, 2012). The Taguchi method is part of Lean Six
Sigma and has been utilized mostly in the engineering field to reduce costs and wastes
associated with production and operations (Shahavi, Hosseini, Jahanshahi, & Najafpour, 2016).
Few applications have been done outside the engineering field, so it is of interest to see if the
Taguchi method is applicable to fields such as the food industry (Farbodi, 2017). The Taguchi
Method aims at using parameter design with orthogonal arrays, ANOVA, and
signal/noise (S/N) ratio to reduce the number of experiments but also provide a balanced
effect of all factors on each experiment (Chandrasekar, 2024). Orthogonal arrays allow for
many variables to be studied while conducting a small number of experiments (Farbodi, 2017).
An orthogonal array is set-up, so each column of independent variables is orthogonal, meaning
each parameter is represented in an equal amount (Savaghebi et al., 2012; Shahavi et al., 2016;

Farbodi, 2017).

For example, to achieve the highest incorporation of a substrate in an enzymatic
reaction, the reaction conditions of substrate ratio, enzyme load, temperature and time need to

be optimized. A full factorial experiment would be time consuming and costly, so experimental
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design is one way to determine optimal processing conditions in less time and cost (Dora &
Gellynck, 2015). Many studies have used response surface methodology (RSM) to optimize
processes, however there are disadvantages to use of this experimental design. The factors in
RSM must be continuous while in the Taguchi method they can be continuous or discrete
(Shahavi et al., 2016). RSM has also been viewed as an outdated/overused method that may not
provide accurate results in optimization studies (Dora & Gellynck, 2015). While RSM is easy
to apply, the analysis is often difficult. The Taguchi method allows for simpler analysis,
requires less experiments, and is easy to apply to many different processes, such as

optimization of an enzymatic reaction (Savaghebi et al., 2012).

Organogels

Fats serve an important function in many foods, particularly in confections, baked
goods, dairy products, and margarines/spreads. However, fats contain significant amounts of
saturated FA. High consumption of saturated fat has been associated with numerous health
risks such as raising LDL (or bad) cholesterol and increase risk for CVD (Sacks et al., 2017;
DiNicolantonio & O’Keefe, 2018). Replacing saturated fat with monounsaturated FA
(MUFA) or PUFA minimizes the negative impact on health (Sacks et al., 2017). However, due
to its unique fat crystal network, it is difficult to find alternatives to highly saturated fats
(Rogers, 2009). Concerns for replacing saturated fats include finding alternatives with similar
physicochemical properties, oxidative stability, ease of availability, cost, and no adverse health

effects.

Organogels, also known as oleogels, are lipid gels that could potentially be used as an
alternative to highly saturated fats (Co & Marangoni, 2012). Organogels are a relatively recent

discovery in the past decade and have a wide range of applications (Co & Marangoni, 2012;
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Lu, Cao, Ho, & Huang, 2016; Dassanayake, Kodali, Ueno, & Sato, 2013; Sagiri, Sethy, Pal,
Banerjee, & Maiti, 2012; Hughes, Marangoni, Wright, Rogers, & Rush, 2009; Patel et al.,
2014; Banerjee & Bhattacharya, 2012; Almdal, Dyre, Hyidt, & Kramer; Wijarnprecha,
Aryusuk, Santiwattana, Sonwai, & Rousseau, 2018; Patel & Dewettinck, 2015). Studies have
shown these organogels (or oleogels for edible purposes) may inhibit oil migration in
chocolate, improve oxidative stability, be acceptable low saturated fat alternatives to
shortening/margarines, and control the release of sensitive compounds such as antioxidants,
bioactive compounds, and essential PUFA that are susceptible to oxidation (Co & Marangoni,
2012). Because this research is relatively new, the formation of organogels, the types of

gelators, gel mechanism, and functionality of these gels are of great interest.

Organogelation

The definition of a gel has changed multiple times as new research has progressed. The
most widely accepted definition of a gel is: a material that “has a continuous structure with
macroscopic dimensions that is permanent on the time scale of an analytical experiment and is
solid-like in its rheological properties” (Flory, 1974). Gels are can be classified into four
general categories: well-ordered lamellar structures such as lyotropic phases, covalently linked
polymer networks, entangled polymer networks held together by transient physical interactions,
and disordered particulate structures (Flory, 1974). Gels can be also be classified based on the
material being gelled. Gels can either be hydrogels, where water is gelled, or an organogel,
where a hydrophobic liquid (such as crude or vegetable oil) is gelled. Examples of hydrogels
include gelatin, gummy bears (starch gel), cheese curds (casein proteins), and pimentos in
olives (alginate gel) (Co & Marangoni, 2012). Examples of organogels include automotive

grease and art conservation cleaners (Co & Marangoni, 2012). Organogels can also be further
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classified into two categories: polymeric organogels and low-molecular weight organogels.
Most organogels that have been studied in literature are of the low-molecular weight type
organogel and are often crystalline dispersions of two phases: dispersed structurant

(organogelator) and solvent being structured (oil).

Traditionally, most gels are polymeric in nature, however most organogels self-
assemble into a gel structure by non-covalent interactions (Co & Marangoni, 2012). Since there
are no covalent bonds formed, the gels are thermoreversible and temperature dependent.
Organogel formation is also dependent upon the type of solvent that is going to be gelled (Co &
Marangoni, 2012). There needs to be a balance between the solubility and insolubility of the
gelator when it is in solvent (Banerjee & Bhattacharya, 2012; Almdal et al., 1993). The
insolubility of the gelator allows for it to crystallize and self-assemble into the 3D gel structure
network while the solubility of the gelator in the solvent allows for the gelator to interact with
the solvent molecules (Banerjee & Bhattacharya, 2012; Almdal et al., 1993). Too much
insolubility results in a precipitate while too much solubility results in a solution, that is, not a
gel. Finding gelators that have the right balance between solubility and insolubility can be

difficult, however there has been some success in finding these gelators.

Organogelators

There are many known organogelators that have a wide range of physiochemical
properties (Co & Marangoni, 2012; Lu et al., 2016; Dassanayake et al., 2013; Sagiri et al.,
2012; Hughes et al., 2009; Patel et al., 2014; Banerjee & Bhattacharya, 2012; Almdal et al.,
2015). Organogels are typically formed using low molecular weight molecules for gelation,
however some polymers and proteins are also used to form organogels (Co & Marangoni,

2012). The best gelators have been found to form gels at low concentrations and form networks
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that will have similar physiochemical properties to highly saturated fats (Rogers, 2009).
Organogelators that have been studied in the literature include: n-alkanes, waxes
(candelilla, rice bran, carnauba), FA and fatty alcohols, hydroxylated FA (12-
hydroxystearic acid and ricinelaidic acid), MAG, phytosterols, ceramides, sorbitan esters,
lecithins, polymers, and proteins (Co & Marangoni, 2012). The physicochemical
properties of the organogels differ based on the type of organogelator. While many
organogelators have been reported in the literature, there is potential for other

organogelators to be studied.

While many are used successfully in non-food industries, there are many requirements
that the organogelators must meet to be an ideal fat structurant for food. The most important is
that the gelator needs to be food-grade. Many organogelators that have been discovered are
toxic or not suitable for food applications (Co & Marangoni, 2012; Rogers, 2009). The gelator
should be economical and efficient at producing a gel, meaning it is inexpensive, readily
available, and can produce gels at relatively small concentrations (< 20% w/w) (Banerjee &
Bhattacharya, 2012; Almdal et al., 1993). Also, the gelator needs to meet the desired physical
properties of the fat that it is replacing at similar temperatures as well as a similar melting point
and melting profile (Rogers, 2009). Finally, the organogelators must be versatile, meaning that

it can be used in a wide range of different applications.

Based upon the requirements necessary for a successful organogelator, only a few
meets these requirements (Co & Marangoni, 2012). Ceramides and phytosterols are two
gelators that show the most promise, however they are somewhat expensive due to the steps
needed to isolate or produce these compounds (Rogers, 2009). Lecithin, plant waxes, and

MAG are relatively cheaper than ceramides or phytosterols, though some are indigestible.
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There are also many steps required to produce the phytosterols (Rogers, 2009). This proposal
introduces the possibility of another blend that will form an organogel, a blend of sucrose
stearate and ascorbyl palmitate (SSAP). This blend is significantly cheaper than the phytosterol
blend and is food-grade. Sucrose stearate is well-known for its emulsification properties and is
a sucrose FA ester of stearic acid and sucrose (Lu et al., 2016). Sucrose stearate is a versatile
emulsifier, in that it can have different hydrophile-lipophile balance (HLB) values based on
the number of stearic acids that are esterified to the free hydroxyl groups of sucrose. A
lower HLB value corresponds to more stearic acid that is esterified, and a more lipophilic
molecule. Ascorbyl palmitate is the fat-soluble counterpart to ascorbic acid (Vitamin C).
Ascorbyl palmitate is known for its antioxidant capabilities and is a FA ester of ascorbic
acid and palmitic acid (Cort, 1974). Both sucrose stearate and ascorbyl palmitate contain
long chain FA tails that are esterified to cyclic polar compounds. There may likely be
intermolecular interactions between the long hydrocarbon chains, polar functional
groups, and oil phase (Dassanayake et al., 2012). It is of interest to investigate the
physicochemical properties of this type of organogel since literature has shown that
several different structures may form based on the organogelator(s) and the oil phase (Co

& Marangoni).

Microencapsulation

Another method that may improve the oxidative stability of menhaden oil, omega-
3 PUFA, and SL is microencapsulation. While addition of antioxidants to the bulk fish oil
is sufficient in improving oxidative stability, microencapsulation also masks some of the
undesirable fishy off flavors and odors associated with fish oil (Encina et al., 2016).

Microencapsulation is the process of coating tiny particles/droplets to form small (micro-
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sized) capsules. The core material, or internal phase is typically an oil in food
applications, however the internal phase can be solid, liquid, or gas (Bakry et al., 2016).
When these microcapsules are utilized, the internal phase gradually diffuses through the
coating and releases outside the microcapsule. This gradual release allows for controlled
release of the internal phase which is beneficial in many applications such as in drug
delivery or controlling release of bioactive or health beneficial compounds (Bakry et al.,
2016; Sagiri et al., 2014; Sagiri et al., 2012). The wall coating is typically made up of
carbohydrates (glucose syrup, maltodextrin, n-OSA starch, pectin, chitosan, lecithin,
methylcellulose, trehalose, lactose, or corn syrup) or proteins (whey protein, caseins) in
food applications. (Encina et al., 2016; Bakry et al., 2016). These coatings offer a barrier
that protects the internal phase from outside exposure. When lipids such as fish oil (that
are highly susceptible to lipid oxidation) are microencapsulated, their stability and shelf
life increase due to the decrease in exposure to factors that cause lipid oxidation such as

oxygen, light, heat, and moisture (Bakry et al., 2016).

Fish Oil Microencapsulation Methods

Wall composition, type of internal phase, and method/technique for encapsulation
determine the physicochemical properties and potential applications. Common methods
for microencapsulation include: emulsification, spray-drying, biopolymer gelation,
freeze-drying, complex coacervation, in situ polymerization, extrusion, fluidized bed
coating, and supercritical fluid technology (Bakry et al., 2016; Drusch & Mannino, 2009;
Gouin, 2004). Many methods have been found to protect fish oil from oxidative
deterioration, improve shelf life, and mask fishy off flavors (Bakry et al., 2016; Sagiri et

al., 2014; Sagiri et al., 2012). Encapsulation of fish oil by spray drying is the most used
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method (Encina et al., 2016). Spray drying turns the encapsulation solution into a dry
powder when the solution is atomized in the form of small droplets and comes in contact
with the drying medium (air or nitrogen) (Gharsallaoui, Roudaut, Chambin, Voilley, &

Saurel, 2007).

Many studies have found that microencapsulated fish oil can be used to fortify
food products to increase the nutrition of the food products due to the addition of health
beneficial PUFA (Bakry et al., 2016). This study focuses on the microencapsulation of
menhaden fish oil and SL containing menhaden oil using a double emulsion technique, as
shown in Figure 2.5. In this method, an o/w emulsion is first formed with the lipid (oil)
and water (containing encapsulating agent and divalent cation). Then a double emulsion
(o/wl/0) is formed by addition of more oil. Acidified oil is then added to induce ionic
crosslinking between the encapsulating agent (such as sodium alginate) and the divalent
cation (such as calcium) (Sagiri et al., 2014). Microcapsules can then be washed and
isolated. Formation of a stable emulsion is the key step in this method and other methods
such as spray drying. It influences the physicochemical properties of the final

microcapsules (Encina et al., 2016).

Problems with Microencapsulation

There are a few downsides to microencapsulation. One consequence of
microencapsulation is the stability of the microcapsules over time. Leaching of the
internal phase out of the microcapsule is a big concern as this reduces encapsulation
efficiency (Sagiri et al., 2012). This research proposes to microencapsulate organogels to
improve stability of the microcapsules. One study encapsulated sorbitan monostearate

organogels in alginate microparticles and showed improved microcapsule stability (Sagiri
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etal., 2014). It is of interest to determine if other organogelator blends can improve

microcapsule stability when encapsulated.

Another consequence of microencapsulation is that some have reported lower
stability of the microencapsulated fish oil than the bulk fish oil (Encina et al., 2016). The
oxidative stability of the microencapsulated fish oil largely depended on storage
conditions (light, temperature, oxygen) and microparticle components (coating, oil, and
method type) (Bakry et al., 2016). Organogels have been shown to improve oxidative
stability of the lipid, so encapsulation of organogels may allow for higher oxidative
stability of the microcapsules. Previous literature that encapsulated organogels did not
study the oxidative stability of the microcapsules, as these studies were focused on
pharmaceutical applications such as drug loading (Sagiri et al., 2012, 2014). For food
applications, it is necessary to study the oxidative stability of the microcapsules,
particularly when encapsulating lipids such as fish oil that are highly susceptible to

oxidation.

Function of Fat in Yellow Cake

Solid fats influence both taste and texture of cakes. Solid fats also contribute to the
perception of mouthfeel, aroma/odor, creaminess, appearance, palatability, lubricity of foods,
and overall feeling of satiety during meals (Lucca & Tepper, 1994; Jennings & Akoh, 2010;
Psimouli & Oreopoulou, 2013). This is primarily due to the physicochemical properties of solid
fats. Solid fats form a colloidal network primarily composed of saturated FA that physically
traps oil within the structure (Lee & Akoh, 2008). The solid fat in cake is usually shortening,
which functions to incorporate air into the batter during mixing, shortens the gluten network,

helps leaven the product, tenderizes the crumb, produces a homogenous crumb, and enhances
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mouthfeel (Psimouli & Oreopoulou, 2013; Lee & Akoh, 2008; Khalil, 1998). Without
shortening/solid fat in the cake formulation, the volume of the cake decreases, the crumb is less
tender, and there is a non-uniform cell structure (Matthews & Dawson, 1966). Even when oil is
used in place of solid fat, cakes were found to be harder, compact (less air incorporation) and

have uneven cell structure (Matthews & Dawson, 1966; Patel et al., 2014).

While shortening helps to provide the desired taste and texture of cake, it is composed
of significant amounts of saturated and trans-fat. It has been found that consuming significant
amounts of saturated and trans-fat may increase LDL cholesterol levels, risk of cardiovascular
disease, stroke, inflammation, and other chronic diseases (He, 2009). The current dietary
guidelines recommend limiting total fat intake to 20-35% of calories, and saturated fats to
<10% of total energy intake (HHS & USDA, 2015). So, there is need for producing low

saturated, zero-trans-fat alternatives to shortening without affecting cake quality.

Oxidation of Lipids in a Cake System

One of the contributing factors for determining shelf-life of a cake is lipid
oxidation during batter preparation, baking, and storage. Type of fat plays an important
part in determining the shelf-life of cake, as use of highly unsaturated lipids in cake
lowers the shelf-life (Matthews & Dawson, 1966). There have been many studies on
addition of antioxidants to help slow lipid oxidation in cakes, and these antioxidants may
offer other health benefits (Park, Lim, & Hwang, 2012). For example, one study looked
at use of turmeric powder (contains biologically active curcuminoids) in yellow cakes as
an antioxidant with other health benefits such as anti-inflammatory properties (Park et al.,
2012). Preparation of the batter also affects lipid oxidation. One study investigated effects

of batter beating and baking on the oxidation of PUFA contained in formulas by
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measuring primary oxidation products (conjugated dienes) and secondary oxidation
markers (volatile lipid oxidation products) (Maire, Rega, Cuvelier, Soto, & Giampaoli,
2013). It was found that in sponge cake, lipid oxidation occurred during the batter
preparation stage, and only minor oxidation during the baking process (Maire et al.,
2013). So, there is need for ways to help slow lipid oxidation during cake making,

particularly if it is desired for the formulation to contain unsaturated FA.

Fat Replacers for use in Yellow Cake

There have been several studies that reported adequate alternatives to shortening for use
in baked goods (Lucca & Tepper, 1994; Patel et al., 2014; Stankov, Baeva, Goranova, &
Marudova, 2016; Banerjee & Bhattacharya, 2012; Rogers, 2009; Patel & Dewettinck, 2015;
Jennings & Akoh, 2010; Psimouli & Oreopoulou, 2013; Lee & Akoh, 2008; Khalil, 1998). The
goal behind fat replacers is to have a low saturated, zero trans-fat product that mimics
characteristics of highly saturated fats in terms of their physicochemical properties (Lucca &
Tepper, 1994; Rogers, 2009). These fat replacers may have the potential to replace highly
saturated fats in a wide range of food products such as margarines/spreads, baked goods, and
confections. These fat replacers are typically placed into two categories, fat mimetics and fat
substitutes (Rogers, 2009). Fat mimetics are usually protein or carbohydrate based and have
very different chemical structures than fat. Fat substitutes typically resemble TAG physically
and chemically and can be produced either by chemical or enzymatic modification, or physical

blending.

Some fat substitutes that have been produced for use in baked goods include SL.
An MLM-type SL of canola oil and caprylic acid has been substituted for PHO

shortening in cookies, up to 75% successfully (Agyare, Addo, Xiong, & Akoh, 2005).
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Another example is a low-calorie SL of sunflower oil and ethyl behenate that was
successfully substituted for a commercial bakery fat in biscuits, though it needed addition
of an emulsifier to have similar characteristics (Kanjilal et al., 2016). Physical blending is
another alternative, though the TAG molecular species is typically different than when it
is enzymatically modified (Ifeduba, Martini, & Akoh, 2016). These fat substitutes can
successfully replace highly saturated fats because they have desirable physicochemical
properties, such as certain thermal behavior, FA/TAG composition, SFC, and

polymorphism.

A potential option that has seen recent interest is non-TAG structuring of oils, including
the formation of organogels, which has been discussed in detail above. There have been some
studies on use of organogels in the production of cake. For example, Patel and others (2014),
produced sunflower organogels with the organogelators as methylcellulose and xanthan gum. It
was found that the organogel batters had rheological properties that matched margarine and
shortening batters versus the batters produced with sunflower oil. The organogel cakes also
showed similar hardness to the margarine cake during storage, while the sunflower oil cake had
a much higher hardness (Patel et al., 2014). These results show that organogels can be suitable
alternatives to shortening and margarine in baked good applications such as cake. More
research is necessary on the suitability of organogels in baked goods (and other food products)

when formed with different lipid phase(s) and organogelator(s).
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