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ABSTRACT

Oxidative stability and shelf life of sunflower oil-in-water emulsions as affected
by pro- and antioxidants and temperature

By

Jeanine Sainsbury

Supervisor: Prof. H. L. de Kock
Co-supervisor: Prof K. G. Duodu
Department of Food Science

Degree: PhD Food Science

Sunflower oil-in-water emulsions, like salad dressings and mayonnaise, have a shelf
life of 6-12 months at room temperature. The shelf life of these emulsions is usually limited by
lipid oxidation leading to the formation of undesirable components such as free radicals and
reactive aldehydes which result in rancid notes. Various factors have been reported to induce
lipid oxidation in emulsions during storage, thereby limiting the shelf life of oil-in-water
emulsions. Antioxidants are added to emulsions to retard lipid oxidation. The effectiveness of
these antioxidants can be evaluated over the 6-12 month shelf life period, but this has time
and cost implications. There is a need for valid accelerated methods that can be used to
measure the efficiency of antioxidants in commercial oil-in-water emulsions. This study is
aimed at gaining a better understanding of how antioxidant levels influence oxidation of
commercial sunflower oil salad dressing emulsions, when exposed to a combination of

oxidation acceleration factors.

Therefore the first part of this study will focus on the effect of high and low
concentrations of two antioxidants with different antioxidant mechanisms [gallic acid and
ethylene diamine tetraacetate (EDTA)] in a commercial sunflower oil salad dressing emulsion
(SOSDE) stored at accelerated deterioration and ambient conditions. SOSDEs stored at
accelerated storage conditions contained four pro-oxidation factors (temperature increase to

32.2°C, addition of specific potential pro-oxidants FeSO4 and ascorbic acid and adjustment of

Vv
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pH to 5.5). The combination of these pro-oxidants and the their concentrations are based on
research to optimise the development of lipid oxidation in oil-in-water emulsions. SOSDEs
were examined by sensory (aroma evaluation by a trained sensory panel) and chemical
analyses (anisidine value and peroxide value) daily for 20 days for accelerated stored products
and bi-weekly for 24 weeks for ambient stored products. Sensory differences between
products with high and low concentrations of antioxidants were more apparent for ambient
stored than accelerated stored SOSDEs. Accelerated storage resulted in more aroma
differences between SOSDEs with different types of antioxidants than between high and low
antioxidant concentrations. Peroxide value (PV) differences between products with high and
low concentrations of antioxidants were apparent for SOSDEs with EDTA stored under
accelerated shelf life conditions, with higher concentrations resulting in significantly lower PV.
Anisidine value (AV) differences existed between SOSDEs with different gallic acid
concentrations stored in accelerated conditions (with AccLoGal (accelerated storage
conditions, low concentration, gallic acid)) significantly lower AV than AccHiGal (accelerated
storage conditions, high concentration, gallic acid) and ambient shelf life conditions (with
AmbHiGal (ambient storage conditions, high concentration, gallic acid)) significantly lower AV
than AmbLoGal (ambient storage conditions, low concentration, gallic acid), and SOSDEs with
different EDTA concentrations stored in accelerated shelf life conditions (with AccHIEDTA
(accelerated storage conditions, high concentration, EDTA)) significantly lower AV than
AccLoEDTA (accelerated storage conditions, low concentration, EDTA). These results
suggest that: 1) the accelerated storage model used in this study is more suitable to predict
the shelf life changes of SOSDEs with metal chelator antioxidants such as EDTA, rather than
free radical scavenging antioxidants such as gallic acid. This may be due to the addition of
FeSO, as a potential pro-oxidant. 2) PV and AV are more sensitive oxidation markers than
aroma analysis when using the accelerated storage model, and 3) PV, AV and aroma of
SOSDEs stored in accelerated conditions as used in this study, do not clearly predict results
for ambient stored SOSDEs.

The second part of the study focused on identifying key sensory attributes associated
with the development of lipid oxidation and rancidity that can be used as predictors for end of
shelf life during shelf life testing of oil-in-water emulsions. A multivariate accelerated shelf life
test (MASLT) was applied to the aroma profiles of SOSDEs with different antioxidant
treatments and storage conditions. Addition of antioxidants to the SOSDE decreased the rate
constant of change in aroma of lipid oxidation compared to the SOSDE with no antioxidants
added. Accelerated storage negatively affected the shelf life of SOSDEs, and all SOSDEs

containing antioxidants, stored in accelerated storage conditions had a higher lipid oxidation
Vi
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rate constant compared to those stored at ambient. Shelf life studies require the identification
of an attribute that has the highest impact on the quality of the product or shows the most
change over the shortest time period, through multivariate analysis it is concluded that
pungent aroma is associated with early stage of ambient and accelerated storage and
cardboard aroma is associated with later stages of ambient and accelerated storage and

therefore the most probable predictors of shelf life in SOSDEs.

Although accelerated storage, using the storage conditions applied here, did not
predict ambient storage of SODEs well enough, it seems that MASLT has the potential to
screen potential effectiveness of antioxidants, including the most probable aroma shelf life
predictors pungent and cardboard, in as little as 20 days before commencing with shelf life
trial that may take up to two years. Analysis of more time intervals for longer periods during
accelerated and ambient shelf life conditions may lead to better correlation and therefore

predictability capacity of the accelerated storage.

Vii
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CHAPTER 1: INTRODUCTION

Sunflower oil emulsions, such as salad dressing and mayonnaises, are shelf stable
with a typical shelf life of 6-12 months, unopened, at room temperature. These shelf life
periods, demanded by consumers (Corrigan, et al., 2012), are often determined by quality
changes rather than microbial safety of the product (Lewis and Heppel, 2000; Corrigan, et al.,
2012). These quality changes of emulsions are most often related to deterioration of the
emulsifying agent that leads to oil separation (Rossel, 1999; Bou et al., 2001) or oxidation of
the unsaturated lipids in the oil (Gorji et al., 2016). Oxidation of unsaturated lipids is actually
the oxidation of unsaturated fatty acids, which can happen through autoxidation and enzyme
catalysed oxidation (Sun et al., 2011). Autoxidation is the main process where oxygen
interacts with unsaturated free fatty acids spontaneously without light or a catalyst (Sun et al.,
2011) and subsequently form small volatile aldehydes, ketones, alcohols, furans,
hydrocarbons or acids that produce the aroma associated with oxidative rancidity. These
volatile compounds and their combinations are associated with the rancid off aroma (Hamilton,
1999) that can be determined through a variety of chemical and sensory tests. Release of
these volatiles is affected by the food matrix (Hartvigsen et al., 2000), and in oil-in-water
emulsions, it is affected by oil content, headspace and lipophilic and/or hydrophilic nature of
the flavour compounds (Tamaru, et al., 2018). Lipid oxidation is the general term used to
describe a complex sequence of chemical interactions between unsaturated fatty acids with
oxygen (Frankel, 1998; McClements & Decker, 2000; Min & Boff, 2002, Chaiyasit et al., 2007).
In this thesis the term lipid oxidation refers to the oxidation of free fatty acids through

autoxidation.
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Antioxidants are substances that improve shelf life by retarding lipid oxidation under
specific circumstances through scavenging of free radicals and chelating with pro-oxidative
metals (Chaiyasit et al., 2007; Rodriguez-Rojo et al., 2012). According to Act 54 of 1972,
antioxidants are substances added to emulsions with the specific purpose to delay, retard or
prevent the formation of rancid off notes or other deterioration due to oxidation, but does not
include substances added to foodstuffs for purposes other than antioxidation nevertheless
have an antioxidant action. The antioxidant effectiveness of phenolic compounds such as
tocopherols, rosmarinic and carnosic acid (rosemary) (Rodriguez-Rojo et al., 2012), methyl
gallate (Asnaashari et al., 2014), gallic acid, caffeic acid and catechin (Branco et al., 2011)
extracted from the stems, roots and flowers of plants (Jayasinghe et al., 2013), is being
researched extensively due to standards set by consumer (Chen et al., 2011) and potential
toxicological long term effects of some of the most effective free radical scavengers and metal
chelator synthetic antioxidants such as butylated hydro anisole (BHA) and tert-
butylhydroquinone (TBHQ) (Rodriguez-Rojo et al., 2012; Asnaashari et al., 2014). The first
part of this study investigated the oxidative stability of an oil-in-water salad dressing emulsion
as affected by different concentrations of the natural antioxidant, gallic acid and synthetic
antioxidant, EDTA.

Accelerated shelf life tests are often used to determine shelf life and antioxidant
efficacy due to time and cost implications associated with real time shelf life tests (Corrigan et
al.,, 2012). During accelerated shelf life tests, the product is exposed to factors (e.g.
temperature, humidity and light, water activity, pro-oxidants and UV light) or combinations of
factors that promote quality deterioration. Acceleration factors depend on the product and
normal storage conditions for the product (Richards et al., 2014). Most studies have evaluated
the effects of one factor at a time (Branco et al., 2011), for example the Arrhenius equation
related to temperature of storage with reaction velocity (Cordova et al. 2011). However, shelf
life is a dynamic process in which storage factors constantly interact with each other (Branco
et al., 2011) and therefore accelerated shelf life testing would be more accurate and predictive
if the contributing factors could be modelled and evaluated simultaneously (Branco et al.,
2011).

Therefore the first part of this study focused on the effect of different concentrations of
gallic acid (500 ppm and 1000 ppm) and EDTA (37.5 ppm and 75 ppm) antioxidants on a
commercial formulation of a sunflower oil-in-water salad dressing emulsion stored at 1)

ambient storage and 2) simultaneous combination of acceleration factors and storage

2
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conditions (32.2°C, addition of potential pro-oxidants, adjusted pH), through descriptive
sensory analysis and chemical analyses. Evaluation of lipid oxidation through descriptive
sensory analysis formed the major part of the study as it is a more accurate indicator of end

consumer responses.

The second part of the study focused on the development of an accelerated shelf life
model for commercial oil-in-water emulsions through multivariate analysis, to identify the key
sensory attributes associated with the development of lipid oxidation and rancidity that can be

used as predictors for end of shelf life during shelf life testing of oil-in-water emulsions.

This study aimed at gaining a better understanding of how antioxidant levels influence
oxidation of commercial sunflower oil salad dressing emulsions, when exposed to a
combination of oxidation acceleration factors, thereby developing techniques or models to
better predict oxidative stability of sunflower oil salad dressing emulsions consumed by

consumers.

3
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CHAPTER 2: LITERATURE REVIEW

Oxidation of oil-in-water emulsions is a complex process that differs from oxidation of
bulk oils and is impacted by many factors. Emulsions have an oil and water phase which
contains both pro-oxidants and antioxidants as well as an oil-water interface that impacts the
interaction between these phases (Waraho et al., 2011). This literature review includes a
review of research on lipid oxidation in oil-in-water emulsions, factors affecting oxidation,
measurements for lipid oxidation and health implications associated with consumption of

oxidized products.

2.1 OIL-IN-WATER EMULSION

There are many definitions for an emulsion. According to Israelachvili (1994) the most
authoritative and least controversial one was defined by IUPAC in 1972 as “a dispersion of
droplets of one liquid in another one with which it is incompletely miscible”. In an oil-in-water
emulsion, droplets of an oil are dispersed in the aqueous solution. Milk, margarine, salad
dressing, mayonnaise, sauces and soups are some of the most common forms of oil-in-water

emulsions in the food industry (McClements, 2004).

Sunflower oil is the most commonly used oil in emulsions in the food industry (Gan et
al., 2005). High linoleic content sunflower oil is used domestically and industrially, but may be
more unstable in the food industry because of the high linoleic levels. Mid-oleic sunflower oil
contains higher oleic acid levels and lower linoleic acid levels and is therefore more suitable
for industrial uses. One of the most stable sunflower oils is high oleic sunflower oil, which is
stable in industrial food applications (Gupta, 2014). Sunflower oil contains on average 0.41%
sterols and 0.09% to 0.70% free fatty acids (Waraho et al., 2011). Sunflower oil used in

4
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emulsions undergoes a refining process (Table 2.1) to remove these major impurities with the

least possible damage to the desirable constituents such as tocopherols.

Unfortunately, the refining process is not 100% selective and may remove some of the
desirable antioxidant compounds such as tocopherols and not all the undesirable compounds
such as trace metals and phospholipids. Lipid oxidation can also occur during the refining

process of sunflower oil (Bou et al., 2001).

Table 2.1: Refining stages of edible oils (modified from Chaiyasit et al., 2007)

Refining stage Compounds removed or reduced
Degumming Phospholipids, trace metals, pigments, carbohydrates and proteins
Neutralisation Free fatty acids, phospholipids, pigments, trace metals, sulphur and insoluble
matter
Washing Soap (can be free fatty acid or glycerol with sodium hydroxide)
Drying Water
Bleaching Pigments, oxidation products, trace metals, traces of soap
Free fatty acids, mono-and diacylglycerols, oxidation products, pigments,
Deodorization decomposition products, pesticides, sterols, sterol esters, tocopherols, other
antioxidants

Free fatty acids, mono- and diacylglycerols, oxidation products, pigments,
decomposition products, pesticides
Polishing Any residual traces of oil insolubles

Physical refining

2.2 OXIDATION OF OIL AND OIL-IN-WATER EMULSIONS

Lipid oxidation is the major cause of shelf life reduction in emulsions as it leads to
nutritional changes (Bou et al., 2001; Chaiyasit et al., 2007), the formation of off-flavours
(Coupland and McClements, 1996), loss of colour as well as the accumulation of compounds
which may be detrimental to the health of consumers (Addis, 1986). Mechanisms of lipid
oxidation in bulk oils and the effect of pro-oxidants such as copper on bulk oils (Van der Merwe
et al., 2003) have been studied thoroughly but the mechanism of lipid oxidation in emulsions,
the effect of pro-oxidants on oxidation in emulsions, as well as the effect of the two immiscible
liquids and the interface on oxidation in emulsions is still not fully understood (Coupland and

McClements, 1996) and is continuously researched (Waraho et al., 2011; Tamaru et al., 2018).

2.1.1 Oxidation of oil

Fatty acids in triacylglycerols and phospholipids usually do not contribute to the aroma
of emulsions as they have low volatility. However, when these triacylglycerols and fatty acids
(FAs) decompose during lipolysis (hydrolytic rancidity) and oxidation (oxidative rancidity), they
form small volatile molecules that produce the off-aroma associated with rancidity (Chaiyasit

et al., 2007). Hydrolytic and oxidative rancidity can be enzymic or non-enzymic and present
5
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individually or simultaneously during the shelf life of oil-in-water emulsion salad dressings
which increases the complexity of testing rancidity indicators in a specific product. During
hydrolytic rancidity the ester bonds between the glycerol and the fatty acids of the
triacyclglycerol are hydrolysed and the free fatty acids are released in the presence of moisture
and a catalyst. Hydrolytic rancidity can be enzyme catalysed by lipase or by heat and moisture
(Fig 2.1). Fatty acids as well as free fatty acids (released during hydrolytic rancidity) can
undergo rapid oxidative rancidity (Robards et al., 1988; Hamilton, 1999).

0 0
CH,-0—C—R, H,C— OH R,—C—OH
0 | Lipase/Heat | 0
RZ—C—O—C"H > » HO—C—H +* RZ—C—OH
o | 0
CHy0—C—R; 3H,0 H,C—OH Ry— C—OH
Triacylglycerol Glycerol Free fatty acid

Figure 2.1: Molecular representation of hydrolytic rancidity

Oxidative rancidity is a general term used to describe the complex sequence of
chemical interactions between fatty acids and atmospheric oxygen that limits the shelf life of
foods as it is associated with the rancid off-flavour and aroma of the oil (Hamilton, 1999).
Oxidative rancidity can be catalysed by the enzyme lipoxygenase which attacks the double
bonds in the fatty acid or by reacting with oxygen. Oleic, linoleic and linolenic acids are the
unsaturated fatty acids most often associated with oxidation (Hamilton, 1999). This process is
also referred to as autoxidation, and is a chemical reaction with low activation energy
(Hamilton, 1999). There is a good understanding of the mechanisms and factors involved in
the development of rancidity in oil as this subject has been researched extensively (Coupland
and McClements, 1996). The overall mechanism of autoxidation consists of three stages:

initiation, propagation and termination (Hamilton, 1999; Chaiyasit et al., 2007).
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Initiation: RH + O2 -- R® +"OOH
RH - Unsaturated fatty acid

R - Lipid radical

During the initiation stage, a fatty acid radical (R* ) is produced from the reaction between an
unsaturated fatty acid (RH) and oxygen in the presence of a catalyst such as heat, light or a
chemical compound (Hamilton, 1999). This step requires activation energy of 4-5 kcal/mol.

The fatty acid radical continues to the propagation phase.

Propagation: R* + O2 -- ROz
RO2+ RH -- ROOH + R*

During the first step in the propagation stage, the fatty acid radical from the initiation stage,
reacts with oxygen to form a lipid peroxy radical (RO2). The lipid peroxy radical can further
react to form hydroperoxide (ROOH) and a fatty acid radical (R*) (Hamilton, 1999; Chaiyasit
et al., 2007). This is a self-propagating chain process and therefore the presence of a catalyst
such as iron or copper can lead to the formation of many hydroperoxide molecules. The
reaction continues until there is a depletion of oxygen or when the fatty acid radical reacts with

a stable antioxidant or when two unstable radical react during the termination phase.

Termination: R* + R* -R-R
ROz + R"-- ROOR

Fatty acid hydroperoxides (ROOH) that are formed during the propagation phase undergo a
natural decomposition pathway (Min and Boff, 2002) where the bond between the two oxygen
molecules will split to form an alkoxyl (RO-) and a hydroxyl radical (-OH). The alkoxyl radical
is very energetic and can enter into a number of different reaction pathways according to
Chaiyasit et al., (2007). The first pathway involves the alkoxyl radical attacking another
unsaturated fatty acid and extracting hydrogen from the carbon-carbon bond on either side of
the radical. The decomposition product on the carboxylic acid end of the fatty acid is then
esterified to the glycerol or phospholipid. This molecule is not volatile and therefore would not
contribute to rancidity unless it is further decomposed into compounds with low molecular

weights. Volatile compounds produced through the cleavage of the hydrocarbon chain on the
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methyl end of the fatty acid by alkoxyl radicals (Chaiyasit et al., 2007) will interact with a variety
of compounds to produce secondary lipid oxidation products (Hamilton, 1999). These
secondary lipid oxidation products include aldehydes, ketones, alcohols, furans, hydrocarbons
and acids (Chaiyasit et al., 2007). Hamilton, (1999) described and illustrated the three stages
involved in the formation of oxidative rancidity as a self-propagating cyclic process that can
be stopped at the termination stage when two fatty acid radicals combine to form a product

that does not feed the propagation reaction.

2.1.2 Oxidation of emulsions

Oil-in-water emulsions consist of two major components: oil (the dispersed phase),
and water (the continuous phase) (Waraho et al., 2011). The low pH and high fat (70-80%)
content of oil-in-water emulsions such as mayonnaise makes them resistant to microbial
spoilage (Depree and Savage, 2001) but oil-in-water emulsions are susceptible to

deterioration due to oxidation of the unsaturated fats in the oil (Goriji et al., 2016).

There has been a great focus on research to understand the mechanisms of lipid
oxidation in emulsions over the last 20 years (examples are Coupland & McClements, 1996,
McClement & Decker, 2000, Waraho et al., 2011; Tamaru et al., 2018) as the lipid oxidation
in oil-in-water emulsions is more complex than in bulk oil systems (Jacobsen et al., 2008). The
mechanism of lipid oxidation in a particular food depends on the nature of the reactive species
present in the foods as well as the physiochemical environment (temperature, humidity, pH)
(Coupland and McClements, 1996). The strength of the interaction between oil droplets in an
emulsion depends on van der Waals attractions (Depree and Savage, 2001). which are
balanced by electrostatic and steric repulsions. The quality of the emulsion will depend on the
balance between these forces (Depree and Savage, 2001). Due to the positive free energy
required to increase the surface area between the oil and water phases, emulsions are
thermodynamically unstable and require an emulsifier. Emulsifiers are surface-active
molecules that form a protective membrane around the droplets to prevent the droplets from
coming close enough to aggregate and flocculate based on the solubility of the molecules.
Therefore, oil-in-water emulsions consist of three regions based on the solubility of the
molecules. These three regions are the non-polar interior of the oil droplet, the polar water
phase and the surface-active molecules at the interface. The interfacial layer has a thickness
of a few nanometres and consists of a mixture of oil, water and emulsifier molecules. The

molecular environment as well as the specific orientation of the lipid molecules at the interface
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layer has a significant effect on the chemical reactivity (Chaiyasit et al., 2007) of the product.
The fatty acids in an emulsion become more polar during oxidation as these react with oxygen.
This alters the physical properties of the emulsion which may lead to increased or decreased
susceptibility to oxidation. It further appears that oxidation is initiated at the droplet interface,
indicating that small droplet sizes promote the initiation of oxidation as it increases the surface
area of the interface which in turn, allows more interaction within the aqueous phase (Depree
and Savage, 2001; Waraho et al., 2011). Once oxidation has been initiated, the propagation
phase is independent of the droplet size (Jacobsen et al., 2000). Numerous research studies
have been conducted to find the factors influencing oxidation in oil-in-water emulsions and it
is clear that the physical properties of the three regions in an emulsion play a critical role in
lipid oxidation kinetics (Frankel et al., 1994; Frankel, 1998).

Waraho et al., (2011) explained that the free fatty acids are pro-oxidative in emulsions
due to their ability to concentrate at the emulsion droplet surface where they attract pro-
oxidative transition metals that promote oxidation. A lower degree of unsaturated free fatty
acids may decrease the ability of the free fatty acids to promote oxidation in emulsions
(Waraho et al., 2011). This explains why the lipid oxidation mechanisms in emulsions differ

considerably from lipid oxidation in bulk oil.

Emulsions are more prone to oxidation than pure oils due to their large surface area
that increases lipid interaction with water pro-oxidants (Cercaci et al., 2007). Oxidation in
emulsions is mainly found in the interface between the oil and water where pro-oxidants such
as transition metals are able to come into close contact with the hydroperoxides located at the
droplet surface (Chung and McClements, 2014). This oxidation can be minimised through
antioxidants incorporated into the lipid, interfacial or water phases (Chaiyasit et al., 2007). The
effectiveness of antioxidants depends on the physical properties of the emulsion as well. It
has been proven that lipophilic antioxidants are more effective in oil-in-water emulsions as it
is retained in the oil droplet and scavenges any free radicals formed during oxidation of the
fatty acids (Chaiyasit et al., 2007).

Flavour deterioration due to lipid oxidation in emulsions is much more complex than in
edible bulk oils as phytosterols and unsaturated fatty acids are oxidised faster in emulsions
than in bulk oils (Coupland and McClements, 1996; Cercaci et al., 2007). According to Cercaci
et al.(2007), phytosterols at the emulsion droplet interface, are particularly susceptible to

oxidation as their oxidative sensitive hydrophilic hydroxyl group and the double bond are
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orientated towards the aqueous phase. Studies have been conducted to determine this
surface activity through measurement of the interfacial tension as lower surface activity (lower

interfacial tension) indicates lower susceptibility to oxidation (Cercaci et al., 2007).

Except for the different mechanisms of lipid oxidation between emulsions and bulk oils,
it is also not clear if the same secondary oxidation products responsible for rancid flavours are
present in emulsions and bulk oils (Jacobsen et al., 1999). These volatile compounds are
furthermore distributed differently between emulsions and bulk oils. The volatile compounds
in bulks oils are found and released from one phase, while the volatile compounds in
emulsions are distributed and possibly released from several phases. The high surface area
of the oil in an emulsion would allow more interaction with aqueous phase pro-oxidants
(Cercaci et al., 2007). Sensory perceptions are influenced by the food matrix, and the sensory
threshold values of aldehydes appear to be significantly lower when released from water rather
than oil possibly due to their solubility or Kow which describes the equilibrium partition between
octanol and water to define their relative lipophilicity and hydrophilicity (Heynderickx et al.,
2014). Therefore, the presence of secondary lipid oxidation products in bulk oils and emulsions
at the same concentration is perceived in different ways, because a part of the compound in
the emulsion will be released from the water phase with a higher volatility. Thus, it is assumed
that oxidation products found in emulsions have a higher negative flavour impact than the
same oxidation products at the same concentrations found in bulk oil (Jacobsen et al., 1999).

These oxidation products can be affected by numerous factors.

2.3 FACTORS AFFECTING THE DEVELOPMENT OF LIPID OXIDATION IN OIL-IN-
WATER EMULSIONS

Itis important to understand the factors that influences oxidative stability for oil-in-water

emulsions as this will affect the shelf life.

All emulsion droplets have a lipid and aqueous phase as well as an interfacial phase
that borders the lipid and aqueous phase. Factors affecting lipid oxidation in each of these
phases are listed in Table 2.2. The oil-in-water interphase strongly influence oxidation kinetics
due to interaction of aqueous phase pro-oxidants (e.g. metal ions) and lipid phase substrates

(e.g. hydroperoxides).
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Table 2.2: Factors capable of influencing lipid oxidation in oil-in-water emulsions (Waraho et
al., 2011).

Characteristic Property Factors

Degree of unsaturation
Pro-oxidant impurities (e.g. hydroperoxides)

Lipid phase Composition
Inherent antioxidants
Added antioxidants
Physical state (solid/crystal) Solubility, partitioning and diffusion of antioxidants and pro-oxidants

Rheology determines diffusion of antioxidants and pro-oxidants

Physical properties . . " o
Polarity determines partition coefficient

Pro-oxidant impurities (e.g. transition metals)
Compositon — pH, ionic Inherentantioxidants (e.g. chelators)
Aqueous phase strenath. solutes Added antioxidants (e.g. chelators)
gth. Micelles may alter location of antioxidants and pro-oxidants
Reducing agents that can redox cycle pro-oxidant metals

Physical state — ice crystal

. Solubility, partitioning and diffusion of reactants and products
structure and location

Rheology determines diffusion of antioxidants and pro-oxidants

Physical properties ) . ” <
Polarity determines partition coefficients

Anti-/pro-oxidant activity

Interfacial Phase Composition " ;
Impurities (hydroperoxides)
Thickness Steric hindrance of interactions between water- and oil-soluble
components
Charge Electrostatic attraction/repulsion of antioxidants and pro-oxidants
Permeability Diffusions of antioxidants and pro-oxidants in lipid and aqueous phase
Structural Emulsion Droplet concentration
Organization Droplet size distribution
Porosity
Spray dried products Exposed lipid levels
Emulsion droplet characteristics upon rehydration
Hydrogel particles Hydrogel composition, structure and properties

As seen in Table 2.2, there are factors in the composition, thickness, charge and
permeability of the interfacial phase that influence lipid oxidation in oil-in-water emulsions. Two
other factors that affect the lipid oxidation of oil-in-water emulsions are pro-oxidants and
antioxidants. Eliminating pro-oxidants will reduce the induction period which can increase the
shelf life of the emulsion, and incorporating antioxidant delays the lipid oxidation (Goriji et al.,
2016).

2.3.1 Pro-oxidants

During lipid oxidation, the carbon-carbon double bond is attacked by oxygen.
Therefore, oils with a higher proportion of unsaturated double bonds in the triglyceride fatty
acids (e.g. olive oil and corn oil (Gatti et al., 1992)) are more prone to autoxidation. Other
factors that may have a pro-oxidative influence on the development of lipid oxidation in food

products are temperature, light, metals, packaging and pH (Merril et al., 2008).
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Temperature

In theory, high temperatures increase lipid oxidation (Frankel, 1998), and various
studies have shown results in agreement with this theory. The breakdown of hydroperoxides
is increased by increased temperatures (Waraho et al., 2011) as the rate of reaction of oxygen
with fats roughly doubles for every 10°C increase in temperature (Rossel, 1999) and higher
totox values and peroxide values were recorded for mayonnaise stored at 25°C compared to
samples stored at 4°C (Li et al., 2014). Morales-Aizpurua and Tenuta-Filho (2005) concluded
that decreased storage temperature suppressed oxidation of cholesterol in mayonnaise after

conducting research on oxidative stability of cholesterol in commercial mayonnaise.

_Light

Light promotes lipid autoxidation through one of two pathways of photooxidation:
photolytic autoxidation or photosensitized oxidation. Photolytic autoxidation occurs when free
radicals are produced in lipids due to exposure to ultraviolet radiation while photosensitized
oxidation occurs in the presence of visible light, when singlet oxygen is produced in the
presence of photosensitisers such as riboflavin and chlorophyll (Bradley and Min, 1992;
Chaiyasit et al., 2007). This singlet oxygen reacts 1500 time faster with methyl linoleate than
does triplet oxygen, and singlet oxygen further reacts directly with double bonds by addition
at either end of the double bond to form allylic hydroperoxides (Hamilton, 1999). Product
packaging is often developed to limit the presence of light, and reduced oxidation rates have

been noticed with the use of amber instead of clear glass bottles (Tekin et al., 1995).

Metals

According to Kellerby et al. (2006) transition metal ion-based catalysis is the primary
cause of lipid oxidation in food emulsions. According to Frankel (1980), metal ions catalyse

the formation of singlet oxygen and peroxy radicals as shown:

— 2+ -

M+O2 M +O2 \‘HO
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Both products formed are good chain initiators with singlet oxygen reacting about 1500
times faster than 30O, with unsaturated double bonds (Frankel, 1980).

Hydroperoxides, produced during the propagation phase, produce additional radicals
that could exponentially increase the oxidation rate (Chaiyasit et al., 2007; Richards & Golding,
2011). The breakdown of hydroperoxides is increased by the presence of transition metals.
There have been various research studies on the pro-oxidative potential of metals, and it is
reported that copper and iron are the most pro-oxidative in oil (Garrido et al., 1994) with iron
being the most important pro-oxidative metal in emulsions (Waraho et al., 2011) due to its high
solubility and reactivity (Mei et al., 1998). Iron will also promote hydroperoxide degradation
when located at the emulsion interface because of electrostatic interactions between the
droplet surface and the charged metal ion (Richards and Golding, 2011). More information on

iron as pro-oxidant is discussed under pro-oxidant interaction.

Packaging

Packaging preserves the food product from environmental stresses caused by different
agents (Manzini et al., 2017) by providing light and air barrier properties (Barden & Decker,
2016). Different aspect of the packaging affect the shelf life of the product. Different packaging
materials have different effects on the oxidation of the oil-in-water emulsion. Glass packaging
is a great barrier against oxygen, while polyester materials filter out ultraviolet radiation to
different degrees (Lennersten and Lingnert, 2000). Packaging enclosure can also affect the
integrity of the product from physical and flavour deterioration (Manzini et al., 2017). The size
of the packaging further may affect the aroma of oil-in-water emulsions (Martinez et al., 1998),

with smaller headspace leading to reduced oxidation (Hsieh and Regenstein, 1991).

pH

An oil-in-water emulsion stabilised with egg yolk is more stable when the pH is closer
to the isoelectric point of the egg proteins as this has minimum charge on the proteins (Depree
and Savage, 2001). According to Kiosseoglou and Sherman (1983) the ideal pH in an
emulsion is 3.9. However, decreasing pH from neutral to 4.0 breaks bridges between egg yolk
proteins and iron, subsequently releasing iron to be more accessible as an oxidation initiator
(Jacobsen et al., 1999). The distribution of volatile compounds is also influenced by the pH,
and Takai et al. (2003) found that carbonyl compounds can migrate from the liquid phase to

the gas phase which affects the stability of the flavour of the emulsion.
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Pro-oxidant interaction

There has been a focus on the effect of the pro-oxidants described above on food
emulsions, however most studies evaluate one factor at a time, e.g. metal ions (Branco et al.,
2011) even though oxidation is a dynamic process, and the pro-oxidative factors (e.g. pH,
metal ions) interact with each other (Chaiyasit et al., 2007). Chen et al. (2011) concluded in
their research on minor components in food oils, that it is important to look at how combinations
of minor components impact lipid oxidation. They further concluded that there are very few
studies that have looked at combinations rather than isolated pro-oxidants. According to
Branco et al., (2011) the contribution of studies that investigated factors with a fixed variation
range would be much greater if the interactions could be evaluated simultaneously. This would
be especially beneficial when evaluating the efficacy of natural antioxidants on shelf life of oi-
in-water emulsions. The acceleration of the oxidative reaction is useful to screen the efficacy
of potential antioxidants. Branco et al., (2011) illustrated this by evaluating the effects of seven
pro-oxidant factors (temperature, pH, iron, copper, ascorbyl palmitate, ascorbic acid and
sodium chloride concentrations) on the oxidative stability of emulsions. Table 2.3 illustrates
the Plackett-Burman Design that Branco et al., (2011) applied to these seven factors in order

to determine which factors have the largest impact on increasing lipid oxidation.
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Table 2.3: Plackett-Burman Design applied for the screening of significant factors that
influences the oxidation (Branco et al., 2011)

Factors ® (coded values)

Temp (°C) Fe?* (mmol/L) Cu? (mmol/L) AP (mmol/L) AH (mmol/L) NacCl (%)

assay
1 +1 -1 +1 -1 -1 -1
2 +1 +1 -1 +1 -1 -1
3 -1 +1 +1 -1 +1 -1
4 +1 -1 +1 +1 -1 +1
5 +1 +1 -1 +1 +1 -1
6 +1 +1 +1 -1 +1 +1
7 -1 +1 +1 +1 -1 +1
8 -1 -1 +1 +1 +1 -1
9 -1 -1 -1 +1 +1 +1
10 +1 -1 -1 -1 +1 +1
11 -1 +1 -1 -1 -1 +1
12 -1 -1 -1 -1 -1 -1
13 0 0 0 0 0 0
14 0 0 0 0 0 0
15 0 0 0 0 0 0
True value ®

(-1) 30 0.00 0.0 0.0 0.0 0.0
0 45 0.25 0.5 0.5 0.5 0.5
(+1) 60 0.50 1.0 1.0 1.0 1.0

3.0
5.0
7.0

a Factors are designated as temperature (temp), concentration of iron (Fe?*), copper (Cu?*), ascorbyl palmitate (AP),
ascorbic acid (AH) and sodium chloride (NaCl) and pH. Coded values: (+1), (0) and (-1) correspond to highest,
intermediate, and lowest values of each factor. b Corresponds to the value adopted for each factors in the emulsion
formulation. For example, assay 1 was performed under the following conditions: 60°C, iron absence, 1.0 mmol/L

copper, ascorbyl palmitate absence, ascorbic acid absence, salt absence, and pH 7.0

The objective of the study referred to in Table 2.3 was to achieve higher values for the
oxidation markers, therefor results (not illustrated) focussed on the impact of a combination of
factors on lipid oxidation rather than each individual factor at each level. According to the
results from this study the combination of the four factors temperature, pH, ascorbic acid and
iron (Fe %*) concentrations had the largest impact on lipid oxidation. These four factors were
used in the research conducted as part of this thesis. The pH of oil-in-water emulsions has a
significant influence on the formation of lipid oxidation products (Branco et al., 2011). An
increase in pH from 3.0 to 7.0 reduces the formation of hydroperoxides, while a pH lower than
5 initiates the release of iron ions (if present) in the product which in turn decomposes pre-
existing lipid hydroperoxides located at the oil-water interface in the emulsion (Thomsen et al.,
2000), which enters the natural decomposition pathway of the termination phase of oxidation
(Min and Boff, 2002). Ascorbic acid is water soluble and often used as an antioxidant in
products such as beer and soft drinks rather than lipids (Coppen, 1999). Ascorbic acid also

has pro-oxidative abilities in the presence of transition metals where it reduces ferric ions
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(Fe *) into ferrous ions (Fe #*) at a specific concentration. Branco et al (2011) has researched
this optimal concentration and concluded that an ascorbic acid concentration of 1.70 mmol/L
is the optimal concentration to reduce ferric ions (Fe 3*) into ferrous ions (Fe 2*) in the specific
combinations tested. Ferrous ions decomposes lipid hydroperoxides quickly (Jayasinghe et
al., 2013) to form secondary lipid peroxide products such as aldehydes, ketones, alcohols and
furans (Chaiyasit et al., 2007) which produces the aroma associated with oxidative rancidity
(Hamilton, 1999).

Lipid oxidation in oil-in-water emulsions are controlled by applying different techniques,
including the control of oxidation substrates, control of pro-oxidants and the addition of

antioxidants (Jayasinghe et al., 2013).

2.3.2 Antioxidants

Antioxidants on the other hand are factors that retard lipid oxidation under specific
conditions through different mechanisms (Merril et al., 2008; Rodriguez-Rojo et al., 2012).
There are other means of preventing oxidation such as vacuum or controlled atmosphere
packaging or packing in an inert gas to exclude oxygen or/and refrigeration/freezing. These
methods greatly reduce the rate of oxidation. Unfortunately, these methods are not always
effective, and it is seldom realised how little oxygen present can initiate the oxidative process.
Equipment to remove the last traces of oxygen from a product is also very costly. Antioxidants
however, are inexpensive, generally effective and easily applied. According to Coppen (1999)
the addition of an antioxidant to a food product might increase the cost of the product by less
than half a percent. Therefore, antioxidants are generally used in isolation or with other

methods to prevent lipid oxidation.

Antioxidants can be added to the bulk oil after the refining process, or directly to the
foodstuff (e.g. salad dressing or mayonnaise). The efficacy of an antioxidant is influenced by
its ability to be located at the interface, where oxidation takes place (Coupland and
McClements, 1996). As antioxidants are added in very small quantities, it is important to
ensure that the antioxidant is evenly dispersed in the product. Efficient agitation is needed to
ensure that the antioxidant is evenly dispersed, but care should be taken as the agitation may
lead to the inclusion of air which will affect the oxidation of the product (Coppen, 1999; Elias
et al., 2008).
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Antioxidants are classified as primary, secondary or multiple-function antioxidants
depending on the specific mechanism of action (Coupland and McClements, 1996; Chaiyasit
et al., 2007). Primary antioxidants are free radical scavengers as they deactivate free radicals
by binding with the hydroperoxyl to form hydroperoxides and with alkoxyl radicals to form
alcohols. In both cases, low energy antioxidant radicals that do not readily promote the
oxidation of unsaturated fatty acids are formed (Warner et al., 1986). This takes place before
the free radicals can attack the unsaturated fatty acid. Secondary antioxidants decrease the

rate of oxidation by acting as chelators, oxygen scavengers or singlet oxygen quenchers.

Chelators. Transition metals act as pro-oxidants and accelerate lipid oxidation as mentioned
in the pro-oxidant section earlier. Chelating antioxidants such as Ethylenediaminetetraacetic
acid (EDTA) have the ability to bind to transition metals thereby reduce or inactivate their
activity. Some chelators may act as a pro-oxidant under certain conditions by increasing metal

solubility or altering the redox potential of the metal.

Oxygen Scavengers. Antioxidants such as ascorbic acid, erythorbic acid and sodium
erythorbate act as a reductant by scavenging and reacting with oxygen and eliminating it from
food.

Singlet Oxygen Quenchers. Singlet oxygen is formed by enzymatic reactions in the presence
of a photosensitizer, light and triplet oxygen, Singlet oxygen is an excited state of oxygen that
can be deactivated through chemical and physical pathways by tocopherols, carotenoids and

polyphenols (Chaiyasit et al. (2007).

Antioxidants can have multiple functions, such as free radical scavenging and metal
chelation. Ascorbic acid, a multifunctional antioxidant can quench singlet oxygen, reduce free
radicals and remove singlet oxygen in the presence of metal ions (Chaiyasit et al., 2007;
Decker et al., 2002).

According to Coppen (1999) an ideal antioxidant should be safe to use, should impart
no odour, flavour or colour, should be effective at low concentrations, should be easy to

incorporate and should survive the cooking process such as baking. Coppen (1999) further
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stated that there are very few antioxidants that meet these criteria. This explains the reason
for the focussed research on new antioxidants for bulk oils and emulsions and the research

on antioxidant synergism (Merril et al., 2008).

Antioxidants used for lipid oxidation retardation in bulk oils are usually effective in
emulsions as well; however, the level of effectiveness may differ considerably. Predominantly,
non-polar antioxidants are more effective in an oil-in-water emulsion than in bulk oil, while
polar antioxidants are more effective when used in bulk oil (Coupland and McClements, 1996).
This refers to the ‘polar paradox’, a theory that illustrates the paradoxical behaviour of
antioxidants in different media and rationalizes the fact that polar antioxidants are more
effective in less polar media, such as bulk oils, while nonpolar antioxidants are more effective
in relatively more polar media, such as oil-in-water emulsions or liposomes (Zhong and
Shahidi, 2011). There has also been a focus on when the antioxidant should be added to the
food product. It is believed that the earlier the antioxidant is added to the product the better.
Some studies indicate that an antioxidant is more effective if the antioxidant is mixed with the
oil after the refining process (Coppen, 1999). Combinations of antioxidants may retard lipid

oxidation more effectively than in isolation (Choueiri et al., 2012).

Itis important to understand that antioxidants cannot improve the flavour of poor quality
oils. They cannot improve oil in which oxidative rancidity has already developed, and they
cannot prevent microbial decay, hydrolytic rancidity, ketonic rancidity or flavour reversion
(Coppen, 1999). At the very best, antioxidants can only maintain an oil in its original condition.
Although antioxidants cannot prevent microbial spoilage, it has been found that phenolic
antioxidants may have some antimicrobial effect (Jayasinghe et al., 2003). Antioxidants
cannot prevent the formation of free fatty acids through hydrolytic rancidity. Hydrolytic rancidity
usually takes place during high temperature frying processes where water is present (Coppen,
1999).

Natural antioxidants

There has been an international focus in the food industry on the use of natural
flavours, colourants, flavour enhancers and antioxidants. Natural antioxidants are being
researched intensively due to the potential toxicological long-term effects of synthetic

antioxidants (Rodriguez-Rojo et al., 2012). Food companies are changing their products to
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adhere to the standards set by consumers. Using natural antioxidants is challenging as they

do not always provide the same shelf life as a synthetic antioxidant (Chen et al., 2011).

Research showed that some phytochemical antioxidants have unpredictable effects
and can act as antioxidants or pro-oxidants depending on their concentration (Choueiri et al.,
2012). Pectin, a natural antioxidant, has also been reported to cause emulsion instability
(Celus et al., 2018). This adds to the challenges of using natural antioxidants (Choueiri et al.,
2012). Natural antioxidants often used in the food industry include proteins, tocopherols,

polyphenols to name a few.

Proteins

Proteins such as B-lactoglobulin have been shown to inhibit oxidative deterioration of
lipids in a wide range of food systems including oil-in-water emulsions (Faraiji et al., 2004; Elias
et al., 2008). Aromatic amino acids (tyrosine, tryptophan, phenyl-alanine) as well as sulphur-
containing amino acids (free cysteine, methionine) can act as natural antioxidants in foods
through different mechanisms such as scavenging of peroxyl radicals and chelation of
transition metals (Elias et al., 2008). Proteins furthermore protect endogenous antioxidant
enzymes (Elias et al., 2008) and can also act as antioxidants by reducing iron’s reactivity by
means of interfering with its redox cycling capacity and oxidizing ferrous ions to the ferric state.
Oxidized iron migrates to the protein’s cavity where it nucleates and aggregates to form a
ferric hydroxide core that is unavailable to participate in lipid decomposition (Elias et al., 2008).
Proteins can be added to the aqueous phase of oil-in-water emulsions to improve oxidative
stability, however the use of proteins in oil-in-water emulsions is limited as they could impact

the texture, colour and flavour of oil-in-water emulsions (Elias et al., 2008).

Tocopherols

Tocopherols and tocotrienols are important minor components in most edible oils as
they are naturally present antioxidants and a source of vitamin E (Chaiyasit et al., 2007).
Tocopherols found in sunflower oil are mainly in the a-tocopherol form, as illustrated in Fig
2.2. Tocopherols are naturally present in oil, but may be removed during the refining and
deodorising process. According to Coppen (1999) there is very little benefit in adding natural
tocopherols to a vegetable oil in addition to the natural tocopherols already present in an

attempt to improve the shelf life. However, the natural tocopherols present in oil are not very
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heat stable and may not survive food processing operations. Therefore, the naturally occurring
tocopherol may be supplemented with synthetic tocopherols. A concern often raised with the
use of the tocopherols as antioxidants relates to the pro-oxidant effects at elevated levels. It
has been proposed that tocopherols are not pro-oxidants, but may act synergistically with pro-
oxidants in the presence of copper and ascorbate. This is probably due to the recycling of
tocopherols by ascorbate through reactions with tocopheroxyl radical. Merril et al. (2008)

found that the antioxidant effect of tocopherols is maintained as long as ascorbate is present.

a-Tocopherol

CH,
. CH, CH, CH,
(CHz)J_CH_(CHz):;—CH""‘CH})3—CH
l
CHJ CH‘\ CH_‘

CH,

Figure 2.2: Molecular structure of a-tocopherol (Coppen, 1999)

Phenolic compounds

Phenolic compounds, naturally found in plant extracts have been reported to show
good antioxidant activity (Hinnenberg et al., 2006; Jayasinghe et al., 2013), however their
effect on the oxidative stability of lipid dispersions can be mixed with both antioxidant and pro-
oxidant activities reported (Huang and Frankel, 1997). Jayasinghe et al. (2013) conducted
extensive research on the antioxidative effect of phenolic compounds found in the fruit of
Indian gooseberry fruit (Emblica officinallis) and the leaves of sweet basil (Ocimum basilicum
L.) in oil-in-water emulsions and concluded that these phenolic compounds have antioxidative
activity. These phenolic compounds are found in the chloroplasts in the leaves as well as the
stems, roots and flowers of plants (Rodriguez-Rojo et al., 2012) and may have a bitter and
astringent taste (Gomes et al., 2016). Hydro distillation removes the flavour of the herbs which
enables the use of phenolic compounds as antioxidants. The number of phenolic hydroxyl
groups as well as their position and the presence of other functional groups in the whole
molecule plays an important role in antioxidant activity (Rice-Evans et al., 1996). The total
phenolic content is expressed as gallic acid equivalents which are equal to (mg gallic acid)/(g
extract) (Hinnenberg et al., 2006). The total phenolic content of rosemary extract is 162 mg
gallic acid/g extract with the major active phenolic compound being rosmarinic acid (Fig 2.3)

and carnosic acid (Fig 2.4) (Erkan et al., 2008). Sweet basil has 579.3 mg gallic acid/g extract
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equivalent (Jayasinghe et al., 2013) with the major active compounds being rosmarinic acid
(Jayasinghe et al., 2003). Rosmarinic acid with four phenolic hydroxyl groups (Fig 2.3) is
expected to have higher antioxidant power compared to carnosic acid, for example, with only

two phenolic hydroxyl groups (Fig 2.4).

OH
COOH —

5 OH
]\\%O
-
HO///
HO

Figure 2.3: Molecular structure of rosmarinic acid (Erkan et al., 2008)

Figure 2.4: Molecular structure of carnosic acid (Erkan et al., 2008)

Predominant antioxidant mechanisms of phenolic compounds are metal chelation
(Fang and Wada, 1993) and radical scavenging, as they bind to free radicals formed during
the initiation phase of lipid oxidation (Erkan et al., 2008). The concentration of phenolic
compounds as well as their location in different phases affect their antioxidative effectiveness
in food (Jayasinghe et al., 2013). The solvent used in the extraction process may also affect

the antioxidant activity of the phenolic compounds (Liu et al., 2007; Erkan et al., 2008).
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Pro-oxidant activities have also been reported for phenolic compounds in oil-in-water
emulsions (Huang and Frankel, 1997). A possible explanation for this pro-oxidative activity
proposed by Zhou and Elias (2012) includes the nonenzymatic, metal-catalysed oxidation of
polyphenols, which results in the formation of hydrogen peroxide (Choueiri et al., 2012). The
hydrogen peroxide forms hydroxyl radicals through metal-catalysed reduction and they can

react with organic matter (Zhou and Elias, 2012).

Gallic acid, a phenolic acid present in many fruits and vegetables, has strong
antimicrobial and antioxidant properties (Asnaashari et al., 2014; Sun et al., 2014). Gallic acid
and its derivatives are widely used in the pharmaceutical and food industry as free radical
scavengers (Asnaashari et al, 2014). The radical scavenging activity of phenolic acids
depends on the number of electron donor hydroxyl and methoxy substitutions. As seen in Fig
2.5 gallic acid has three hydroxyl groups and one carboxyl group compared to its derivative
methyl gallate (Fig 2.6) with three hydroxyl groups and one carboxylic acid group (Asnaashari
et al., 2014) and research by Asnaashari et al., (2014) indicates that gallic acid is a stronger
radical scavenger in oil-in-water emulsions compared to methyl gallate. The carboxylic acid
ester group of methyl gallate may furthermore hinder the scavenging effect of the hydroxyl
groups by intra- or intermolecular hydrogen bonding (Asnaashari et al., 2013). However, the
antioxidant activity of an antioxidant depends on chemical structure as well as its interactions
in emulsions, and according to Schwarz et al., (2000) the antioxidant activity of gallic acid
derivatives in oil-in-water emulsions decreases as their polarity increases, leading to the least
polar derivative (dodecyl gallate) being the most affective antioxidant. Gallic acid is a more
polar compound compared to its derivatives and according to Schwarz et al., (2000) exhibited
pro-oxidant activity in oil-in-water emulsions. According to Feng et al., (2009), gallic acid
increases emulsion stability by changing the polarity of the phases, leading to increased
solubility between them or penetration of the interfacial film which causes increased flexibility

of the interface.

Gomes et al., (2016) conducted research on the incorporation of gallic acid in oil-in-
water emulsions and found that increasing concentration of gallic acid decreased the pH.
Gomes et al., (2016) further concluded that the water saturation point of gallic acid is 1.3%
w/w. Gallic acid has also been shown to act as a pro-oxidant in a study on fish oil mayonnaise
where it slightly decreased the droplet size and increased the rate of lipid oxidation by reducing
metal ions to their more active form. This led to an increased intensity of fishy, rancid and

metallic off flavour (Jacobsen et al., 2000).
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Figure 2.5: Molecular structure of gallic acid (Asnaashari et al., 2014)
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Figure 2.6: Molecular structure of methyl gallate (Asnaashari et al., 2014)

Ascorbic Acid

Ascorbic acid can bind with trace quantities of metals which would otherwise promote
oxidative reactions and can act together with tocopherols (vitamin E) in biological tissues to
remove free fatty radicals generated in polyunsaturated fatty acid radicals. Antioxidant
synergism has also been seen between ascorbic acid, tocopherol and phospholipids
(Hamilton, 1999).

Ascorbic acid is water soluble and is therefore more often used as an antioxidant in
beer and fruit juice rather than fats and oils (Coppen, 1999). To increase its solubility in oil, it
is often synthesised as ascorbyl palmitate. However, its solubility is still very low and it is
usually necessary to use it in combination with a solubilising agent such as a monoglyceride
(Coppen, 1999). Ascorbyl palmitate has an amphiphilic nature which is very beneficial when
used in animal products as it is transported through the meat and fatty tissue cell walls into
the fat phase where it acts as an antioxidant. Ascorbyl palmitate has a hydrogen-donating
potential, which allows it to function as a chain-breaking antioxidant (Perricone et al., 1999). It
can act as an independent free radical scavenging antioxidant and, when used in combination
with tocopherols, it can regenerate tocopherol from the oxidized tocopheroxyl radicals formed

during oxidation (Frankel et al., 1994). According to Coppen (1999), ascorbic acid (including
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ascorbyl palmitate) is a sequestering agent and not a true antioxidant as it doesn’t exhibit any
antioxidant activity in a fat from which all trace metals haven been removed.

Ascorbic acid also has pro-oxidative potential as it is able to reduce transition metals.
As discussed earlier, transition metals such as iron are pro-oxidative in its reduced form (Fe?*).
At high concentrations of ascorbic acid, the regeneration of metal ions may override the

antioxidative properties (Let et al., 2007).

Synthetic antioxidants

EDTA

EDTA (Fig 2.7), a synthetic antioxidant that belongs to the aminopolycarboxylic
acid family of ligands and is typically used in emulsions to retard lipid oxidation (Furia, 1964)
by chelating iron to form FeEDTA (MacPhail et al., 1994). EDTA usually binds to a metal
through its two amines and four carboxylates as seen in Fig 2.8 (Kirchner and Gyarfas, 1957).
Iron bound to EDTA does not act as a pro-oxidant in emulsions and therefore does not
accelerate the oxidation process. However, this FEEDTA complex has been reported to still
participate in oxidation reactions. Because EDTA binds so well with iron, FEEDTA is often
added to food to increase the iron bioavailability of the food product (MacPhail et al., 1994).
EDTA can chelate metal ions even in an acidic medium, but shows higher chelating preference

for ferric than ferrous iron (Bou et al., 2001).

EDTA is inexpensive and highly effective at the maximum permitted dose of 75 ppm
in the USA (Coppen, 1999) but studies have found the effectiveness of EDTA is not
concentration dependent (Let et al., 2007). EDTA has also been shown to stimulate the
oxidation of ascorbic acid and phenolic compounds in the presence of trace metals (Zhou and
Elias, 2012). Stabilisers used in the oil-in-water emulsion may also influence the antioxidant
effectiveness of EDTA. Bou et al., (2011) undertook research on two oil-in-water emulsions
with similar properties (including pH and EDTA concentrations) but different stabilisers. The
stabilisers used were Tween 20, a non-ionic surfactant and sodium dodecyl sulphate (SDS),
an anionic surfactant. In the SDS stabilised oil-in-water emulsion, EDTA inhibited lipid
oxidation through metal chelating at the emulsion droplet interface, however EDTA did not
inhibit lipid oxidation in the oil-in-water emulsion stabilised with Tween 20. Bou et al., (2011)
concluded that EDTA’s higher iron chelating capabilities towards ferric ions may explain its
pro-oxidative effect in Tween 20 stabilised oil-in-water emulsions as it leads to increased

interaction of ferrous iron.
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Figure 2.7: Molecular structure of EDTA (Kirchner and Gyarfas, 1957)

Figure 2.8: Molecular structure of metal-EDTA chelate (Kirchner and Gyarfas, 1957)

Butylated hydroxy anisole (BHA) and butylated hydroxytoluene (BHT)

BHA (Fig 2.9), a volatile antioxidant, is a very effective antioxidant for animal fat and
has very good stability under food processing operations (Coppen, 1999). BHA is effective at
levels as low as 11 ppm (Coppen, 1999). BHT is very similar to BHA and exerts a synergistic
action with BHA (Coppen, 1999).

BHA

OH
C(CH,),

OCH,

Figure 2.9: Molecular structure of BHA (Coppen, 1999)
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t-butylhydroquinone (TBHQ)

TBHQ (Fig 2.10) was approved for use in the USA in 1972 already. Although the use
of TBHQ has been authorised and used in many countries, it was only authorised as safe to
use in Europe in 2015 (Food Standards Agency, 2015). This antioxidant is stable at high
temperatures, soluble in oil, does not discolour and is less volatile than BHA. TBHQ added to

crude oil results in an increased shelf life and stability of the oil (Coppen, 1999).

TBHQ
OH

_C(CHy),

OH

Figure 2.10: Molecular structure of TBHQ (Coppen, 1999)

Antioxidant synergism

Most antioxidants are effective in delaying lipid oxidation through one main mechanism
but it has been reported that some antioxidants delay lipid oxidation through more than one
mechanism (Erkan et al., 2008). Oxyacids such as citric acid, mallic acid and tartaric acid have
very little antioxidant activity that act as chelating agents. When used in combination with a
radical scavenger antioxidant such as tocopherols, the oxyacid may improve the antioxidant
activity of the tocopherol. Mixtures of tocopherols and rosemary extracts have also showed
stronger antioxidant activity than either of these antioxidants in isolation (Fang and Wada,
1993). The same synergism is illustrated in Fig 2.11 for BHA and BHT (Coppen, 1999) where
the combination of 0.01% BHA and 0.01% BHT added to a fat decreased lipid oxidation more
effectively than 0.02 % BHA or 0.02% BHT in isolation. According to Coppen (1999) not all
combinations of antioxidants display synergism and the mechanism of this synergism is not
really known. However Coppen (1999) emphasizes the fact that there are a number of free
radical reactions that occur during the oxidation process and it is possible that antioxidants

differ in their efficiency in dealing with the different mechanisms.
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Peroxide Value

Figure 2.11: Synergism in typical fat (A) with 0.02% BHA, (B) with 0.02% BHT, (C) with 0.01%
BHA + 0.01% BHT (Coppen, 1999).

2.4 MEASURING OXIDATION

Many sensory chemical and instrumental methods are available for measuring
rancidity in different products (Robards et al., 1988). Lipid oxidation is a dynamic process and
a number of these methods are unreliable in determining the rancidity at a specific time, which
remains a crucial aspect (Haumann, 1993). The methods can be complex and often involve
sample preparation by pulverisation or maceration followed by cold extraction which should
be executed correctly as they will influence the results (Robards et al., 1988). Different
methods are used when measuring primary oxidative products compared to measuring
secondary oxidative products and changes, and no one method can be used to detect

changes during the entire process (Yoon et al., 1985; Crapiste et al., 1999).

2.4.1 Sensory methods

Sensory evaluation is the application of knowledge and skills of various scientific
disciplines such as food science, psychology, physiology, mathematics and statistics and it
relies on humans to assess and measure the sensory properties of a product. No instruments
can replace the human response, therefore emphasising the importance of sensory evaluation
in a quality assessment of food products (Malcolmson, 1995). Sensory evaluation consisted

of two distinct focus areas based on the objective :
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1) Subjective measurements by consumers or users of the product.
Subjective panels, also referred to as consumer panels measure the acceptability and
preference of a product by evaluating the hedonic and diagnostic questions in relations
to a product evaluated. These findings are instrumental in the development of new
products and the prediction of market success. A high number of consumers is often
used to increase the statistical validity of the results.

2) Objective measurements from trained panellists.
Analytical panels consist of 8-10 highly trained individuals, that takes part in
discrimination testing and descriptive testing. Discrimination testing such as triangle
test, duo trio or paired comparison measures the presence and the size of differences
between samples. The objective of descriptive testing on the other hand is to measure

the presence or intensity of attributes present in a product.

As rancidity describes the odour and flavour in foods resulting from the deterioration
of oil through oxidative and hydrolytic rancidity, objective sensory evaluation is the preferred
method for the measurement of rancidity (Rossel, 1999). Descriptive sensory terms used to
describe flavours caused by lipid oxidation are not clearly defined and often have similar
meanings (Bou et al., 2001). Sensory terms often used to describe rancidity in different
products include stale, oxidized, painty and off odour, however, more general terms such as

rancid aroma and rancid flavour are also used in sensory studies (Bou et al., 2001).

FFAs (free fatty acids) that are formed during oxidation can be responsible for the
rancid aroma and flavour associated with oxidised emulsions. Research by Chale-Rush,
Burgess and Mattes (2007) indicated that degradation of FFAs can be described by attributes
such as sour, astringent, pungent and burning bitter. The study concluded that the detection
of FFAs remained a challenge as FFA presence cannot be definitely determined. Product
flavour can also mask the rancid aroma and flavour during the early stages of oxidation,
making it difficult to measure the rancidity accurately. Trained panels may describe the rancid
attribute with different words as the different structures of the short-chain aldehydes lead to
different odours and flavours (Malcolmson et al., 1996). Instrumental or chemical analyses
such as Gas Chromatography (GC), PV and others can be correlated with sensory data
(Warner, 1995). Table 2.4 illustrates the different odour descriptors as defined by a trained
sensory panel associated with the specific secondary product volatiles formed during lipid

oxidation.
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Odumosu et al (1979) completed a study comparing chemical and sensory methods
in the evaluation of thermally oxidised groundnut oil and found a 0.92 correlation coefficient
between peroxide value (PV) and sensory flavour evaluation. Research completed by
Hedegaard et al (2006) compared sensory analysis and chemical analysis for oxidative
changes in milk. In this study they found a correlation between cardboard flavour and aroma
and metallic flavour and the specific chemical marker for oxidation hexanal. In the same study,
TBARS measured at absorbance 450nm showed no correlation with sensory descriptors while
TBARS measured at absorbance 532nm was found to correlate with sensory descriptors. A
concern with sensory analysis for measuring rancidity remains the fact that different studies
and different panels generate different words and terms to describe the rancid aroma and
flavour. Nevertheless, a review on rancidity measurements indicated that sensory evaluation
remains the ultimate measure of rancidity as it measures what the consumer perceives in the
product (Heinid et al., 2002; Malcolmson et al., 1996).
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Table 2.4: Odour descriptors of individual volatile compounds related to lipid oxidation
(Malcolmson et al., 1996)

Reported odour threshold

Volatile in oil (mglkg) Reported odour descriptor
Hydrocarbons
Pentane 340 -
Hexane - -
Saturates
Butanal 0.025 -
Pentanal 0.070 Painty, herbal
Fatty, green, fruity, cut grass,
Hexanal 0.120 herbal, rancid, painty, crushed
weeds
Octanal 150 Lime, grass.y, citrus, sharp, heavy,
candle-like, crushed weeds
Nonanal 1.00 Green, soapy, rubbery, beany,
Decanal - Fruity, candle-like
Monounsaturates
Propenal - -
2-Pentenal 1.00 -
3-Hexenal 0.003 Green, apple-like
2-Heptenal 1.50 -
2-Nonenal 0.15 Green, fatty, tallowy
2-Decenal 210 Metallic
Polyunsaturates
2,4-Hexadienal - -
2,4-Heptadienal 0.04 Fatty, nutty
2,4-Octadienal 2.40 -
2,4-Decadienal 0.135 Waxy, fatty, green
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Sensory evaluation remains an expensive method and is therefore often replaced or
supplemented with objective methods for cost saving initiatives. Electronic nose analyses
have been used to supplement human sensory panels in the determination of rancidity (Shen
et al., 2011). The electronic nose is an objective method with an array of chemical sensors,
where each sensor has partial specificity to a wide range of aroma molecules. Research
studies indicate that electronic nose measurement correlate with sensory evaluation and

analytical methods (Shen et al., 2011).

2.4.2 Chemical analytical methods

Peroxide Value (PV)

The lipid hydroperoxide concentration in oil is generally expressed as PV. There are
numerous analytical procedures to measure the PV of foods. The most common methods are
based on iodometric titration where the PV of oil is determined by iodine liberated from
potassium iodide by the peroxides present (Rossel, 1990) or the addition of iodine and
subsequent titration against sodium thiosulphate (Pearson, 1970). There are two principal
sources of error associated with these methods which include the absorption of iodine at
unsaturated bonds in the fatty acids and the liberation of additional iodine by oxygen present
in the solution. An alternative method recommended for PV determination is a variation of the
iodometric method which includes a colorimetric aspect based on the oxidation of ferrous to

ferric ion and the determination of the latter as ferric thiocyanate.

The PV of oil is often used as a good indicator for the initial stages of oxidation (Mariod
et al., 2010) and is very useful in predicting the onset of rancidity (Depree and Savage, 2001).
The PV of commercial oil can range from less than 1 to over 15 milli equivalents/kg (meq/kg)
while the average PV for sunflower oil is 3.99 meqg/kg (Gan et al., 2005). Research indicates
that these peroxide levels increase as oxidation commences until the hydroperoxide
decomposition rate exceeds the rate of hydroperoxide formation so that the PV reaches a
maximum and then declines (Wills and Cheong, 1979). Wills and Cheong (1979) found that
PV indicated the potential shelf life rather than the presence of rancidity as the maximum PV
was perceived before the onset of rancidity. A decreasing PV indicates that rancidity would
soon occur in the emulsion (Cercaci et al., 2007). PV does not correlate well with rancid flavour
scores obtained from sensory evaluation. This may be due to the fact that rancid flavours will

only be perceived once PV has reached a maximum and starts decreasing (Robards et al.,

31

© University of Pretoria



IVERSITEIT VAN PRETORIA

NIBESITHI YA PRETORIA

1988; Depree and Savage, 2001). PV is therefore a good shelf life predictor but does not aid

in measuring the immediate rancidity presence in a product.

Anisidine Value (AV)

AV measures the secondary oxidation products that occur after primary oxidation
products (hydrogen peroxides) have been degraded to secondary oxidation products of which
aldehydes are one of the main contributors to off aromas. The test involves a condensation
reaction between the conjugated dienals or alk-2-enals in the sample and the reagent p-
anisidine. This reaction is followed by spectrophotometric measurement at 350 nm. The
absorption maximum shifts to longer wavelengths with increasing unsaturation and
additionally the colour intensity is greater with 2:4dienals than with 2-enals. This method
correlates well with PV, although it shows low specificity and does not correlate with sensory
evaluation scores (Robards, Kerr and Patsalides, 1988). According to Robards et al., (1988)
separation of the various condensation products through HPLC may improve the selectivity of
this method while Hudson & Gordon (1999) reported that this method is straightforward and a
useful indicator of the actual state of rancidity in an oil. It is important to note that the absorption
maximum as well as intensity of absorption complexes varies from oil to oil, and therefore the
value obtained is only comparable within each type of oil (Rossel, 1999). Generally, well
refined oils have AV between 1.0 — 10.0 mmol/kg sample (White, 1995), while oils with high
levels of polyunsaturated fatty acids might have an AV higher than 10.0 even when fresh due

to the increased potential for the formation of 2-alkenals.

According to Rossel (1999), AV is an effective measurement for abused products with
low peroxide levels. Crapiste et al. (1999) found AV to be a useful parameter to study oxidative
deterioration as it remains practically constant during the initial stages of oxidation and

increase rapidly during the decomposition of peroxides.

Totox value

Totox value refers to the total oxidation value which is calculated with the PV and AV:
totox value = 2 PV + AV. This equation is based on data indicating 1 PV unit decomposes to
give an increase of 2 AV units as peroxides have two oxygens per molecule while aldehydes
have only one (Rossel, 1999). Rossel (1999) further stated that the totox value is useful as it

combines information on the history of the oil in the AV, and that of the current state in the PV.
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Free Fatty Acids (FFA)

The FFA method measures the hydrolytic rancidity that has occurred in a product (Van
der Merwe et al., 2003). According to Sonntag (1979) the presence of FFA is equal to the

amount of sodium hydroxide required to neutralise the FFA.

Carbonyl Value (CV)

The carbonyl group is a functional group composed of a carbon atom double-bonded
to an oxygen atom as seen in aldehydes, ketones and carboxylic acid, and the CV is a
measurement of the presence of the carbonyl groups present. CV increases during the
development of oxidation but with a different onset and rate when compared to the PV. The
CV continues to increase throughout lipid oxidation. Therefore, Wills and Cheong (1979)
concluded that CV should not be used to predict rancidity but rather to measure the degree or

severity of rancidity present.

Thiobarbituric acid (TBA)

The TBA method is used to measure the product decay caused by lipid oxidation
(Haumann, 1993). TBA reacts with malondialdehyde in the sample to produce a chromogen
which is determined through spectrophotometry and expressed as mg malonaldehyde per kg
of sample (Robards et al., 1988). It is possible that other aldehydes react with TBA as well
which exaggerates the impact of lipid oxidation (Robards et al., 1988; Haumann, 1993). HPLC
indicates that the TBA method overestimates the quantity of malonaldehyde produced, which
is why Addis recommended in 1986, that TBA should not be used as a procedure for
malonaldehyde quantification, and the results should not be expressed as ppm
malonaldehyde (Addis, 1986).

lodine Value (1V)

The IV test measures the overall unsaturation of fatty acids in a product and can be
used in the determination of rancidity. IV decreases with the proportion of unsaturated fatty
acids to total fatty acids and therefor decreases during oxidation as unsaturated fatty acids
become more saturated. IV results have shown to correlate well with sensory scores on the
development of rancidity indicating the accuracy of this method (Robards et al., 1988). This
correlation was only found in drastically accelerated oxidation situations and is not likely to be

of interest in shelf life conditions not extensively oxidised (Hudson and Gordon, 1999).
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Volatile compounds

Volatile compounds are directly responsible for the rancid aroma and flavour
associated with lipid oxidation. Liquid column chromatography is used to separate polar and
non-polar material in oils and measures the concentrations of thermally labile peroxides,
hydroperoxides as well as volatile and non-volatile secondary oxidation products. Pentane is
one of the major volatile hydrocarbons released through thermal decomposition of oxidised
intermediates that correlates well with sensory results (Rossel, 1999). Head space hexanal
and 7-keto derivatives of phytosterols can be measured through gas chromatography to

determine the extent of lipid oxidation in emulsions (Cercaci et al., 2007).

Kreis test

The Kreis test is also known as the Rancidity Index Test. This method is rapid and also
gives an indication of incipient rancidity. This test involves the formation of a red colour when
phloroglucinol reacts with epoxy aldehydes or their acetals formed during oxidative rancidity
in the sample. The red colour is reported in units. A colour up to 3 Red units is considered to
indicate incipient rancidity while 3-9 Red units indicate rancidity towards the end of the
induction period. Colour readings of over 8 are considered to indicate definite rancidity. Rossel
(1999) reported that food additives and flavours can interfere with this test, however this can
be overcome by means such as using extracted oil or evaluating the product at the onset of

the study for a baseline reading.

2.4.3 Other tests

Rancimat

According to Mendez et al. (1996) the most common method used to determine the
oxidative stability of oil is the Rancimat test. This method involves an oil sample being heated
under atmospheric pressure, and then air is allowed to bubble through the oil at a selected
temperature. These high temperature testing conditions differ from normal storage conditions
and according to Mendez et al. (1996) the oxidation mechanism at high temperatures may be
different from those at lower temperatures therefore the results from the Rancimat method
should mainly be used as a shelf life predictive model and not correlated with room

temperature storage.
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2.4.4 Accelerated shelf life testing (ASLT)

ASLT methods are not standardised and differ for different products and between
different scientists. ASLT mainly relies on increased and decreased temperatures. These
temperature changes can have unnatural effects on the fat tested like melting and
denaturation of proteins and enzymes, which subsequently alter the pro-oxidative potential of
the product (Rossel, 1999). The Schaal Oven Test is an ASLT that has been used to predict
the oxidative stability in baked products (Ragnarsson and Labuza, 1977). Other methods used
for predicting oxidative stability include Oxygen Absorption Method, Active Oxygen Method,
Oxygen Bomb Method, Thin Layer Test (Ragnarsson and Labuza, 1977) and Weight-Gain
Technique (Sherwin, 1968). These ASLT methods are more accurate in predicting the
oxidative stability of pure vegetable oils than oil-in-water emulsions (Ragnarsson and Labuza,
1977). In a study conducted on canola oil it was concluded that one day in storage at 60°C
was equivalent to 1 month at ambient storage (Vaisey-Genser et al., 1994). Many different
studies have focused on accelerated methods to determine shelf life in emulsions (Berton et
al., 2012; Branco et al., 2011; Jayasinghe et al., 2013). These studies accelerated the shelf
life through different conditions, which often included addition of pro-oxidants such as iron and
copper (Fomuso et al., 2002) and haem proteins (Baron and Andersen, 2002), and/or
increased temperatures (Berton et al., 2012; Branco et al., 2011; Jayasinghe et al., 2013). The
acceleration of the oxidation process is beneficial as it enables the screening of potential
antioxidants, however it is important to note that acceleration factors may react differently
between products and the levels of pro-oxidants, adjusted temperatures and pH levels should
be determined for the specific product at the onset of the study. This may add cost and time

to the research but will also increase the validity of the results.

2.5 HEALTH IMPLICATIONS ASSOCIATED WITH RANCIDITY

Lipid oxidation negatively impacts the sensory attributes of food. In addition to the
development of off-flavours it may give rise to the formation and accumulation of undesirable
products which can be of health concern (Addis, 1986). Lipid oxidation can produce toxic
products that can have a negative impact on the biological tissue (Chen et al., 2011) and
therefore it is important to consider the health implications associated with these changes in
the FAs during the development of hydrolytic and oxidative rancidity. Hydrolytic rancidity which
involves the FA splitting from the glyceride is very important in the formation of rancid off-
flavours but do not generally have any health effects as fats are in any case hydrolysed in the
small bowel before absorption can take place (Sanders, 1999). Oxidative rancidity, on the

other hand, can influence the food safety of a product (Gotoh et al., 2006) and may pose
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health implications as it leads to the formation of indigestible compounds such as lipid
peroxides, hydroxy FAs, carbonyl compounds, cyclic monomers, malonaldehyde, polycyclic

aromatic compounds and oxidised sterols (Sanders, 1999).

According to Sanders (1999) these indigestible or poorly digested compounds may
affect the absorption of fat-soluble vitamins, while oxidised sterols may possess hormone like
activity. Oxidized palm oil has been shown to induce reproductive toxicity and organotoxicity
of the kidneys, lungs, livers and hearts of rodents (Ebong et al., 1999). High intake of oxidized
lard and cod liver caused impaired fertility in female rats and increased incidence of
morphologically abnormal spermatozoa in male rats (Zidkova et al., 2004). Lipid peroxides
produced during oxidative rancidity, decrease the nutritional quality of food by reacting with
the disulphide bonds in proteins which decreases the sulphur amino acid content and
ultimately the protein quality (Sanders, 1999). The long term consumption of oxidised oils can
also be detrimental to human health as it exposes the human body to significant levels of
oxidative stress due to the imbalance between the oxidative defence system and the formation
of oxidising substances. This has a severely weakening effect on the human antioxidant
defence system which can lead to many chronic diseases such as hypertension, diabetes and
coronary heart diseases (Goswami et al., 2015). According to Chen et al. (2011) the
consumption of oxidized lipids should be avoided whenever possible due to the negative

health impacts associated with their consumption.

Linoleic acid peroxides and secondary products of linoleic acid oxidation are absorbed
into the circulatory system and incorporated into the liver. This can lead to detrimental effects
such as liver hypertrophy, increased serum transaminase activities and cleaved hepatic lipid
peroxide levels which in turn can cause coronary heart disease (Addis, 1986). Oxidised and
unoxidized linolenic acid are esterified and absorbed equally well in the intestines of rats
(Penumetcha et al., 2000). However, according to Esterbauer (1993) more than 40 research
studies conducted on rats and mice from 1965 to 1992 indicate that heavily oxidized oils
consumed orally are not acutely toxic. Human absorption of oxidized products is estimated at
100 times lower than that of a rat, and therefore it seems unlikely that consumption of oxidized
lipids represents an acute toxicological risk (Esterbauer, 1993). Orally consumed lipid
oxidation products are detoxified by glutathione-dependent enzymes to less toxic lipid alcohols
in the human gut (Esterbauer, 1993). Esterbauer (1993) further explains that oral toxicity of
oxidized lipids is unexpectedly low as oxidation products are not well absorbed in the human

intestine and therefore do not reach the blood. This is contradicting to research by Addis
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(1986) who found that lipid oxidation products from dietary sources are absorbed into the

blood, internal organs and tissues.

It has also been found that cell damage by oxygen radicals and lipid peroxidation play
a crucial role in the pathogenesis of several chronic diseases (Esterbauer, 1993). Smooth
muscle cells are more resistant to attack by hydroperoxides than endothelial cells (Addis,
1986). Lipid oxidation products can further cause inflammation in the body and play a role in
diseases such as arthritis, atherosclerosis, heart diseases (initiation, progression and
termination) and breast and colon cancer (Haumann, 1993). It is known that free radicals, such
as benzoyl peroxides and hydroperoxy fatty acids participate in tumorigenesis but the effects

of lipid peroxides on cancer are complicated by the effect of antioxidant levels (Addis, 1986).

It has also been shown that primary lipid oxidation products, as well as malonaldehyde,
a secondary product of lipid oxidation can cross link proteins, deactivate ribonuclease and
react with DNA (Addis, 1986). There is still uncertainty whether these undesirable compounds
are formed before, during or after the development of a recognisable rancid flavour (Hudson
and Gordon, 1999), but it is clear that a high PV is associated with the significant increase in

plasma lipid peroxides (Haizman et al., 2016).

Cholesterol lipid oxidation products have similar qualitatively toxic effects to
phytosterol lipid oxidation products, but higher concentrations of phytosterol lipid oxidative
products are required to have similar levels of toxicity (Cercaci et al., 2007). Ironically,
research has also indicated that oxidised lipid products might destroy cancer cells in the body
(Haumann, 1993), while some scientists believe these compounds cannot survive the gastric
juices of the human stomach (Haumann, 1993). These food safety concerns emphasise the
importance of correctly determining rancidity and the development of rancidity in products
(Hudson and Gordon, 1999).

2.5 CONCLUSION

It is clear that significant research has been dedicated to the mechanism of lipid
oxidation and factors impacting lipid oxidation in both bulk oil and emulsions. Pro-oxidants and
antioxidants are factors present in the food product or added to the food product and influence
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the development of lipid oxidation. Pro-oxidants such as metals, light and temperature
accelerate lipid oxidation while antioxidants retard the lipid oxidation and formation of
peroxides. Pro-oxidants and antioxidants are often researched in isolation in order to better
understand the mechanism of the specific factor in question in a model emulsion. Although
these studies have been beneficial, they are not a true reflection of the dynamic lipid oxidation
process taking place in a commercial emulsion, in the presence of commercial ingredients
where there is more than one interacting factor affecting the development of lipid oxidation.
The effect of antioxidants (natural and artificial) added to commercial type oil-in-water
emulsions containing a combination of lipid oxidation factors needs to be investigated in order
to more accurately screen the efficiency of antioxidants used in shelf stable retail oil-in-water
emulsions. Therefore the first part of this study focused on the effect of different concentrations
of two antioxidants (gallic acid (500 ppm and 1000 ppm) and EDTA (37.5 ppm and 75 ppm))
on a commercial formulation of a sunflower oil-in-water salad dressing emulsion stored at two
storage conditions: 1) ambient storage and 2) accelerated storage (simultaneous combination
of acceleration factors and storage conditions (32.2°C, addition of potential pro-oxidants,
adjusted pH)), and lipid oxidation was measured through descriptive sensory analysis and
chemical analyses. There are food safety concerns as well as consumer dissatisfaction
associated with the consumption of rancid food products. This emphasises the importance of
selecting an acceleration methodology to predict in a short time, the onset and rate of lipid
oxidation. The methodology used to develop a predictive tool should correlate with actual shelf

life storage to deliver acceptable consumer products and improve the eating experience.

Sensory and chemical methods (e.g. PV, AV, FFA and TBA) have been used to
measure rancidity in food products. Sensory analysis is often the preferred method as it
measures rancidity related attributes from the deterioration of oil, and it is more representative
of what the consumer perceives. Different sensory terms have been used in different studies
to describe the rancid aroma and flavour as there appears to be no standard lexicon to be
used. Developing a standard rancidity lexicon and identifying key attributes associated with
the development of rancidity in oil-in-water emulsions will greatly benefit future research in this
field. The second part of the study focused on the development of an accelerated shelf life
model for commercial oil-in-water emulsions through multivariate analysis, to identify the key
sensory attributes associated with the development of lipid oxidation and rancidity. This
rancidity lexicon was used to help identify predictors for end of shelf life during shelf life testing

of oil-in-water emulsions that could potentially support the food industry.
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Abstract

The effects of high and low concentrations of antioxidants (gallic acid and EDTA) in a
SOSDE stored at accelerated deterioration and ambient conditions were examined. SOSDEs
stored at accelerated shelf life conditions contained pro-oxidation factors (higher temperature,
pH 5.5, iron and ascorbic acid). SOSDEs were examined by sensory (aroma) and chemical
analyses (AV and PV) daily for 20 days for accelerated stored products and bi-weekly for 24
weeks for ambient stored products. Sensory differences between products with high and low
concentrations of antioxidants were more apparent for ambient stored than accelerated stored
SOSDEs. Accelerated storage resulted in more aroma differences between SOSDEs with
different types of antioxidants than antioxidant concentrations. PV differences between
products with high and low concentrations of antioxidants were apparent for SOSDEs with
EDTA stored under accelerated shelf life conditions. AV differences existed between SOSDEs
with different gallic acid concentrations stored in accelerated and ambient shelf life conditions,

and SOSDEs with different EDTA concentrations stored in accelerated shelf life conditions.
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These results suggest that: 1) the accelerated storage model used in this study is more
suitable for SOSDEs with metal chelator antioxidants such as EDTA, rather than free radical
scavenging antioxidants such as gallic acid because EDTA retarded lipid oxidation as
measured through PV and AV compared to SOSDE with no antioxidants added. 2) PV and
AV are more sensitive oxidation markers than aroma analysis when using the accelerated
storage model, while sensory analysis differentiated more between low and high
concentrations of antioxidants during ambient storage. 3) PV, AV and aroma of SOSDEs
stored in accelerated conditions as used in this study, do not clearly predict results for ambient

stored SOSDEs but can be used to screen the efficiency of antioxidants.

3.1 INTRODUCTION

Consumers demand high-quality shelf stable products with shelf lives of several weeks
or months (Corrigan et al., 2012). Sunflower oil emulsions, like salad dressings and
mayonnaise, have a shelf life of 6-12 months, unopened, at room temperature. The shelf life
of these products is often determined by quality changes rather than microbial safety of the
product (Lewis and Heppel, 2000; Corrigan et al., 2012). Spoilage of emulsions is related to
lipid oxidation or deterioration of the emulsifying agent that leads to oil separation (Rossel,
1999; Bou et al.,, 2001). Antioxidants added to emulsions retard lipid oxidation and the
formation of rancid off notes (Rodriguez-Rojo et al., 2012). Lipid oxidation is the term used to
describe the complex sequence of chemical interactions in oils where the fatty acids react with
oxygen to form volatile aldehydes, ketones, alcohols, furans, hydrocarbons or acids. These
volatile compounds and combinations are associated with the rancid off aroma (Hamilton,
1999) that can be determined through a variety of chemical and sensory tests. Flavour release
of volatiles is strongly affected by the food matrix (Hartvigsen et al., 2000). The efficacy of
natural antioxidants like tocopherol and rosemary extract (Rodriguez-Rojo et al., 2012) has
been researched extensively due to potential toxicological long term effects of synthetic
antioxidants such as BHA and TBHQ (Rodriguez-Rojo et al., 2012; Asnaashari et al., 2014).

Accelerated shelf life tests are often used to determine shelf life due to time and cost
constraints associated with ambient shelf life tests (Corrigan et al., 2012). During accelerated
shelf life tests, the product is exposed to factors or combinations of factors that promote quality
deterioration e.g. higher temperatures, above normal humidity and light or specifically UV light
exposure, higher water activity and/or addition of potential pro-oxidants. Acceleration factors
depend on the product and normal storage conditions for the product (Richards et al., 2014).

Most studies evaluate the effects of one factor at a time (Branco et al., 2011), for example the
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Arrhenius equation was used to relate temperature of storage with reaction velocity (Cérdova
et al., 2011). However, shelf life is a dynamic process in which storage factors constantly
interact with each other (Branco et al., 2011), and therefore a model based on combinations
of lipid oxidation acceleration factors, studied by Branco et al. (2011), was applied in this study.
A limiting factor in the study by Branco et al. (2011) was the use of a model oil-in-water
emulsion that is not fully representative of the product manufactured in the food industry. In
order to predict lipid oxidation in oil-in-water emulsions more accurately, this study was
completed on a more commercial-like oil-in-water emulsion instead of a model oil-in-water

emulsion.

The objective of this study was to determine the effect of different concentrations of
the natural antioxidant, gallic acid and the synthetic antioxidant, EDTA on aroma attributes,
AV and PV of a SOSDE. Emulsions were stored at ambient shelf life conditions as well as at
accelerated shelf life conditions as proposed by Branco et al., (2011) who developed an
accelerated shelf life model for oil-in-water emulsions to optimize conditions to evaluate
natural antioxidants. Ambient shelf life and accelerated shelf life are the terms used throughout
this thesis to describe the addition or absence of the combination of factors added or altered

with regards to temperature, potential pro-oxidants ascorbic acid and FeSO4 and pH.

3.2. MATERIALS AND METHODS

Branco et al. (2011) evaluated oil-in-water emulsions to evaluate seven factors that
could be used to extend the variation range of oxidation markers measured by PV and TBARS.
This research concluded that four factors; temperature (32.2°C), ascorbic acid (1.70 mmol/L),
FeSO4 (1.0 mmol/L Fe?*), and pH 5.5 would be the optimal emulsion conditions giving the
largest variation range of these oxidative markers. The shelf life model as proposed by Branco
et al. (2011) with the simultaneous addition of factors (temperature, pH, ascorbic acid, iron)
with modification to timing intervals of analyses was used for the accelerated study component

of this study.

3.2.1 Emulsion Preparation

Table 3.1 shows the preparation and storage of 8.5% oil-in-water emulsions (sunflower
oil, water, white sugar, vinegar, egg yolk powder, stabilisers, salt, mustard powder, black
pepper). The dry ingredients consisting of sodium benzoate (2.39 g), potassium sorbate (2.39
g), ascorbic acid (2.39 g 1.70 mmol/L)(potential pro-oxidant), FeSO, (0.86 g 0.885 mmol/L)
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and antioxidants (gallic acid or EDTA) were dissolved in water (600 g) by mixing the solution
for 2 minutes with an electric mixer. Salt (79.8 g), white sugar (997.9 g), mustard powder (47.9
g), ground black pepper (0.8 g) and egg yolk powder (159.7 g) were mixed into the solution.
Additional water (2813.2 g) was added. The NaOH (673 g 0.1 M) was only added to products
that were stored in accelerated storage conditions. The quantity of 0.1 M NaOH added to alter
the pH to 5.5 was determined in a pre-study. After the addition of NaOH and water, the mixture
was mixed for 5 minutes. Independently sunflower oil (479 g) was mixed with the stabiliser
Ultra Tex (199.6 g) obtained from Ingredion Inc. (Westchester, IL, USA) and Visco Xan (8.8
g) obtained from Archer Daniels Midland (Decatur, IL, USA) for 3 minutes in Artisan Kitchen
Aid electric mixer and then left to rest for 5 minutes. After the resting period, the solution of
sunflower oil and stabilisers was added to the initial solution and mixed for 2 minutes. After 2
minutes, sunflower oil (117.7 g) was gradually added while mixing continued. Lemon
concentrate (4.0 g), vinegar (780.8 g) (10%) and lactic acid (16 g) were added to the solution
and mixed for 5 minutes. Accelerated stored products contained potential pro-oxidants as
proposed by Branco et al., (2011) for optimal accelerated lipid oxidation. The products
contained either no antioxidants (No) or low or high levels of gallic acid (LoGal and HiGal) or
EDTA (LoEDTA or HIEDTA) as shown in Table 3.1.
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Table 3.1: Preparation and storage conditions for 10 sunflower oil salad dressing emulsions
(SOSDE) treatments

Sunflower oil salad dressing emulsions (SOSDE)

<
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Treatment Ambient Accelerated

Potential  pro-oxidants

added (0.885 mmol/L

FeSOs 1.70 mmol/L No Yes

Ascorbic acid). pH 5.5

Antioxidant None Gallic Acid EDTA None Gallic Acid EDTA

L. 1000 375 1000

Antioxidants added None 500ppm ppm ppm 75ppm None 500ppm ppm 37.5ppm | 75ppm

Freque_ncy of aroma Bi-weekly Daily

analysis

Frequency of chemical Week 0,2,4,8,12,16,20 and 24 Day 0,1,2,4,6,8,11,14,17 and 20

analysis

Storage temperature 25°C 32.2°C

Storage period 24 weeks 20 days

All products were prepared using the same batch of raw materials and using the same
equipment. The pH of each emulsion was measured (pH 3.24-3.32) and the pH of accelerated
products was adjusted to 5.5 using 0.01 M HCl or 0.1 M NaOH, and then homogenised using
a Scott Turbon Mixer (LA1.3, Adelanto, California. USA). Each emulsion was poured into four
clear glass containers (80 ml emulsion per 100 ml container (20 ml head space)) for each
treatment time interval. All samples were stored in the dark. Ambient shelf life SOSDEs (stored
at 25°C) were collected every 2 weeks (14 days) and analysed for aroma properties, PV and
AV. Accelerated shelf life products (stored at 32.2°C) were collected every 24 hours and
analysed for aroma properties, PV and AV. Selected glass bottles were stored in a freezer (in
dark conditions) at -18.9°C until time of evaluation. Bottles were removed from the freezer 4
hours before analyses to reach a temperature of 22-24 °C. Two samples were used for

sensory evaluation and two samples were used for chemical analyses.

3.2.2. Evaluation of the aroma of SOSDEs

Sensory evaluation was performed by 8-12 trained sensory panellists whose selection
was based on their performance in screening tests. The screening tests included recognition
of rancidity and rancidity related aromas such as cardboard, plastic and paint (Jacobsen,
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1999) as well as other general aroma attributes (e.g. pungency, eggy and dairy aromas) in oil-
in-water emulsions. As an initial guideline for this study, attributes, references and definitions
from a previous study on lipid oxidation were used (Arancibia et al., 2011). During four
orientation sessions (2 hours each), panellists received representative SOSDE products and
determined which attributes best described the emulsions. Due to potential health implications
associated with the consumption of oxidised food products (Chen et al., 2011) the panel
evaluated aroma attributes only. Lerma-Garcia et al. (2010) conducted research on defects in
oils and noted that the most important properties of oil are represented by their aroma. Clear
definitions and references were finalised for the 13 aroma attributes evaluated (Table 3.2). An
application for ethical approval for the inclusion of humans as panellists in the research was
not made because the sensory panel that evaluated the samples were sourced and employed
by the specific food company involved. The panellists have signed contracts that adhere to

the ethics, intellectual property and confidentiality as prescribed by McCormick & Company.

Table 3.2: Definitions for attributes developed in the aroma evaluation of sunflower oil salad
dressing emulsions (SOSDE)

Aroma Attributes Definition
Sharp, piercing, somewhat irritant odour that gives a recoil response.

Pungent Tactile stinging sensation.
Vinegar Aroma associated with white vinegar
Eggy Aroma associated with boiled egg. Sulphur like.
Citrus Aroma associated with acidic fruity notes of the citrus family
Aroma associated with attic smell, mouldy, damp, reminiscent of air in
Musty .
an unventilated room.
Dairy Aroma associated with non-fermented dairy products such as cow’s
milk
Green Aroma associated with freshly cut leaves, grass or green vegetables.
Qil (fresh) Aroma associated with fresh oil
Earthy Aroma associated with moistened soil
Metallic Aroma associated with metals
Plastic Aroma associated with a waxy oxidised off note (associated with a
plastic container)
Aroma associated with wet cardboard boxes (associated with oxidised
Cardboard .
fats and oils)
Painty Aroma associated with wet paint (associated with oxidised fats and oils)
Rancid Aroma associated with oxidised fats or oils

Evaluation was conducted under red light to mask any colour differences between
products (Meilgaard et al., 2007). All data recording was completed on computer using
Compusense Five version 5.2 (Compusense Inc., Guelph, Canada). Products (80 ml) were
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served in 100 ml glass containers with lids, labelled with random 3-digit codes. Due to low
detection levels of rancidity related attributes expected in products and the complexity of
aroma evaluation, panellists had to merely indicate the presence or absence of an attribute
rather than rating the intensity of the attribute. In order to ensure that panellists were not
influenced in any way, no information regarding the nature of the experiment (shelf life testing)
was provided. Five products were analysed per day. All products were evaluated in duplicate

by using two of the four samples stored for each treatment time interval.

3.2.3 Chemical analysis of SOSDEs

Chemical analyses were performed on the oil extracted from the stored oil-in-water
emulsion samples. To measure the lipid hydroperoxide concentrations (PV) of SOSDEs at
each storage period (Table 3.1), the iron-based spectrophotometric peroxide method (IDF74A:
1991), described by Shanta & Decker (1994) was followed. The extracted oil sample was
mixed in disposable glass tube with 9.8ml chloroform-methanol and mixed, after which
ammonium thiocyanate and iron(ll) solution was added separately. After 5 minute incubation
at room temperature, the absorbance of the sample was determined at 500nm. The entire
process was conducted in subdued light and completed within 10 minutes. The p-anisidine
values of the products were determined through the condensation reaction between
conjugated dienals or alk-2-enals and the reagent p-anisidine followed by spectrophotometric
measurement at 350 nm in duplicate according to the AOCS Official Method Cd 18-90 (AOCS,
1999). Chemicals were obtained from Sigma-Aldrich (St Louis, MO, USA) or Fisher Scientific
(Pittsburgh, PA, USA).

3.2.4 Statistical analyses

The detection of aroma attributes in the SOSDE products was expressed as a binomial
function of the proportion of the panellists who detected the attribute. Statistical analysis was
conducted using GenStat®. The generalized linear mixed model (Payne, 2012) analysis was
applied to the sensory data with the binomial distribution and logit link function. The fixed
effects were specified as products and storage period (days or weeks) and the random effect
as replication. Mean proportions of presence/absence (between 0 and 1) were separated with
Fisher's protected least significant difference (FPLSD) test at the 5% level. Standard
deviations of means were considered when comparing treatments. The linear mixed model
analysis, or REML, was applied to chemical analyses (Payne, 2012). The fixed effects were

specified as products, days and the products x days interaction. FPLSD test was used to
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compare means at the 1% level as the treatment variances were heterogeneous. Separate

analyses were conducted for ambient and accelerated stored SOSDEs.

3.3. RESULTS

3.3.1 Sensory and chemical analyses of SOSDEs with different levels of antioxidants and

stored under ambient shelf life conditions

The average effects of no antioxidant and low and high concentrations of antioxidants
on perception of aroma attributes of SOSDEs stored at ambient storage as evaluated by
trained sensory panellists over 24 weeks are shown in Figure 3.1. The mean proportion refers
to the percentage panellists allocating a 0 (not detected) or a 1 (detected) to each attribute for
each SOSDE treatment. A mean proportion of 1 indicates all panellists detected the attribute
while a mean proportion of 0.5 indicates only 50% of the panellists detected the specific
attribute. There was no significant difference in mean proportion of pungent or green aromas
between SOSDEs with high and low concentrations of either antioxidant, however differences
in musty were apparent when high and low concentration of both antioxidants were applied to
the SOSDE. For SOSDEs with EDTA, vinegar aroma was significantly more noted at the
higher concentration. Citrus aroma was less noted in AmbHiGal. Differences were not noted
for EDTA treated SOSDEs. Oil aroma in AmbHIEDTA was detected by 10% fewer panellists
compared to AmbLOEDTA. Although the oil aroma attribute was not associated with rancidity
during training sessions, oil and fried oil are sensory terms often used to describe the formation
of aldehydes e.g. benzene acetaldehyde, trans,trans-2,4-octadienal, trans,cis-2,4 nonadienal,
trans,trans-2,4-nonadienal, trans,cis-2,4-decadienal, trans,trans-2,4-decadienal (Hartvigsen
et al., 2000). It is possible that the perceived oil aroma was due to the presence of these
aldehydes during oxidation and may therefore be an indication of lipid oxidation, but further
tests would be needed to confirm the specific aldehydes in the SOSDE. Of the oxidation
related aroma attributes; plastic, painty, cardboard and rancid (Hudson and Gordon, 1999),
were the only attributes that showed differences between SOSDEs with high and low
concentration of antioxidants (Fig 3.1) even though detected by less than 10% panellists in
general. Rancid aroma was detected by a significantly higher percentage of panellists in
AmbLoGal compared to AmbHiGal. In contrast, rancid aroma was detected by significantly
fewer panellists in AmbLoEDTA compared to AmbHIEDTA. Even though it was expected that
more panellists would detect rancid aroma in the SOSDE with lower concentrations EDTA,
Let et al. (2007) found no concentration-dependent effect of EDTA in fish oil enriched salad
dressings as measured with aroma analysis and PV. No significant effect on cardboard and

painty aroma was detected among the SOSDEs with no antioxidant and gallic acid, indicating
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the minimal effect of low and high concentrations of gallic acid on retarding development of

oxidation related aroma attributes.

the presence of earthy and metallic aromas compared to SOSDEs containing no antioxidant
and gallic acid, respectively (Fig 3.1). In shelf life studies of emulsions it was found that these
two sensory attributes (earthy and metallic) could be related to the development of ketone 1-
hexen-3-one during oxidation (Hartvigsen et al., 2000). However, according to Jacobsen
(1999) it is impossible to conclude which volatiles relate to which descriptor without testing

specifically. Further analysis is needed in order to determine the presence of 1-hexen-3-one

&
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and its relation to earthy and metallic aroma in the SOSDE.

Upon comparison of different antioxidants, EDTA applied to the SOSDE decreased
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Figure 3.1: The effect of low and high concentrations of antioxidants or none added on aroma

attributes for SOSDEs stored at ambient conditions for 24 weeks with measurements taken

every 2 weeks (see Table 3.1 for detail of product code names).
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To better understand how different concentrations of the antioxidants gallic acid and
EDTA influenced oxidation of SOSDE, PV and AV were determined in duplicate for each
SOSDE during ambient storage, and these average values are seen in Figure 3.2. Lipid
peroxide formation, measured by PV, was not affected significantly (at 99% confidence level)
by different concentrations of different antioxidants (p=0.042, Fig 3.2i) and did not show
differences over the 24-week ambient storage time either (p=0.423, Fig 3.2ii). PV was below
6 for all SOSDEs stored in ambient conditions throughout 24 weeks. It is hypothesised that
continuing with this study for a longer period may lead to increased PV where differences
caused by addition of antioxidants will be observed. AV increased significantly over time and
showed significant increases from week 0 to week 2, week 10 to 12, and week 20 to 24 (Fig
3.2ii) and increased more rapidly towards the end of the shelf life period. Alamed et al. (2006)
reported research on emulsions with different concentrations of EDTA and found that higher
concentrations of EDTA retarded lipid oxidation over longer periods of time. Similarly, Bou et
al., (2001) found that increasing concentrations of free radical scavenging antioxidants (gallic
acid and propyl gallate) decreased lipid oxidation, measured through relative lycopene
concentrations over time. This was in accordance with results from this study, where SOSDE
with higher concentrations gallic acid had a significantly lower AV compared to SOSDE with

low concentration gallic acid (p<0.001, Fig 3.2i).

However, SOSDEs with high concentration EDTA compared to the low concentration
of EDTA did not have lower AV in this study (Fig 3.2i), possibly because the low concentration
EDTA was optimally chelating with metals and therefore higher concentrations EDTA would
be not more effective. Similar to results from this study where SOSDE with addition of EDTA
had lower AV than SOSDE with no antioxidant or SOSDE with addition of gallic acid, Let et al.
(2007) also found EDTA to be more effective in inhibition of volatiles as measured through AV
rather than the inhibition of PV. This supports the hypothesis that transition metals catalyse
the degradation of lipid hydroperoxides and thus can be prevented by chelating of these
metals by EDTA.

In this study, the addition of EDTA had a higher retardation effect than the addition of
gallic acid and no antioxidants on the development of secondary oxidation products as
measured by AV (Fig 3.2i). Boon, et al (2008) also concluded that the addition of 100 yM
EDTA into an emulsion, reduced lipid oxidation compared to no addition of antioxidants. EDTA
retards oxidation by chelating iron, a pro-oxidant, to form FEEDTA (MacPhail et al., 1994). A
pH lower than 5 initiates the release of iron in oil-in-water emulsions, which in turns

decomposes pre-existing lipid hydroperoxides located at the oil-water interface (Thomsen et
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al, 2000). The pH of SOSDEs in this study were 3.24 - 3.32 indicating the possibility of release
of iron. With EDTA binding to the iron it retards the decomposition of pre-existing lipid
hydroperoxides explaining why the SOSDE with EDTA had a lower AV (Fig 3.2i). Bou et al.,
(2001) found contradictory results for the effectiveness of EDTA but concluded that metal

chelators such as EDTA are effective when used with anionic surfactants. Therefore, Visco

Xan, a stabiliser used in the preparation of all SOSDEs is classified as an ionic surfactant, may

have impacted the effectiveness of EDTA as metal chelator in this study.
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Figure 3.2: Chemical analyses (PV and AV) for oil extracted from SOSDEs stored under ambient
shelf life conditions for 24 weeks, illustrated for (i) different concentrations of EDTA and gallic acid

antioxidants and (ii) intervals over a 24-week time period.
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Comparing the results from sensory and chemical analyses for ambient stored
SOSDEs, the high concentration of gallic acid significantly decreased AV (Fig 3.2i) and rancid
aroma (Fig 3.1) compared to the low concentration gallic acid and the addition of EDTA to
SOSDE, reduced (p < 0.01) the AV (Fig 3.2i) as well as the cardboard aroma (Fig 3.1). The
lower AV was therefore associated with lower detection of rancid aroma and cardboard aroma.
Cardboard and rancid aroma are both attributes associated with the development of lipid
oxidation. Similar findings were observed by Hudson and Gordon (1999) who concluded that

AV is a useful indicator of the actual state of rancidity in oil containing products.

3.3.2 Sensory and chemical analyses of SOSDE with different levels of antioxidants and

stored under accelerated shelf life conditions

Fig 3.3 shows the average aroma profiles of SOSDEs with low and high concentrations
of antioxidants stored under accelerated shelf life conditions. Painty aroma was the only
attribute that showed significant differences in detection between SOSDEs with high and low
concentrations of gallic acid. Painty aroma in AccLoGal was perceived by 10% more panellists

compared to AccHiGal.

Gallic acid applied to the SOSDE, reduced the detection of eggy and dairy aromas
significantly, while it increased the detection of green and earthy aromas compared to
SOSDEs with EDTA and no antioxidants. The aroma attributes for the individual antioxidants,
gallic acid and EDTA, were not analysed and it is possible that the green aroma is associated
with gallic acid. Metallic aroma was perceived by significantly (p=0.008) more panellists in
SOSDE with no antioxidants compared to SOSDE with gallic acid or EDTA. Cardboard aroma
was significantly (p<0.001) more noted in SOSDEs with EDTA compared to gallic acid. Plastic
aroma was perceived by a very small proportion (less than 5 %) of panellists when compared
to the other attributes (Fig 3.3). It is clear that plastic was not a differentiating attribute of lipid
oxidation in this study. In other studies panellists had difficulty describing, rating or identifying
specific rancidity related attributes. Serfert et al. (2010) and Bdéttcher et al. (2015) reported the
difficulty panellists may experience with describing, rating or identifying rancidity related
attributes and recommended the use of overall rancidity, rather than specific descriptive
attributes of rancidity during sensory analyses. Different rancidity related attributes were used
in this research due to the objective associated with the identification of aroma attributes used

to predict lipid oxidation in oi-in-water-emulsions. Results from this study clearly indicate
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differences associated with the detection of these rancidity related attributes in the SOSDE

treatments.
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Figure 3.3: The effect of low and high concentrations of antioxidants or none added on aroma
attributes for SOSDEs stored at accelerated conditions for 20 days with measurements taken

every 24 hours (see Table 3.1 for detail of product code names).

To better understand how different concentrations of the antioxidants gallic acid and
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EDTA influenced oxidation of SOSDEs, PV and AV were determined for each SOSDE every
second day during accelerated storage of 20 days, and these averages are seen in Figure
3.4. EDTA had a significant effect on the development of peroxides (PV) as well as secondary
peroxide products (AV), with PV and AV for AccHIEDTA being significantly lower (Fig 3.4i),

indicating that the high concentration of EDTA had a greater effect on retarding lipid oxidation.

This effect was also noted by Coppen (1999) in a study with 200 ppm and 2500 ppm
polymeric antioxidant in vegetable oil, where the higher concentration of polymeric antioxidant
had a greater effect on oxidation. Contradictory to this, SOSDE with a low gallic acid
concentration had a significantly lower AV compared to SOSDE with a high gallic acid
concentration (Fig 3.4i). The reason for this finding is unknown however it might be attributed
to pro-oxidant interaction or location of the antioxidant. The SOSDEs containing gallic acid as
the antioxidant had higher PV compared to the SOSDEs with EDTA as the antioxidant. The
decline in PV from day 0 to day 1 was unexpected and may be due to a measurement error.
PV showed no differences from day 1 to day 8, with significant increases at day 14 and again
at day 17 (Fig 3.4 ii) due the development of peroxides. As measurements were only taken
until day 20, it is not known if the PV changed after day 20. According to Robards et al. (1988)
as the PV reached a peak, it could be expected to see an increase in AV as the peroxides
decomposed into volatiles. This expectation, was based on the negative correlation found
between AV and PV in edible oil (Robards et al. 1988).

Comparing chemical analysis with sensory analysis for SOSDEs stored at accelerated
conditions, EDTA addition to SOSDE reduced the PV but increased the detection of painty
and cardboard aromas compared to SOSDE with gallic acid (Fig 3.4 i) (Fig 3.3). Similar results
were seen with AccHiGal having a higher AV (Fig 3.4i) and a less detected painty aroma (Fig
3.3) compared to AccLoGal. This came as no surprise as peroxides and hydroperoxides as
measured by PV have been reported as hardly detectable (Hudson and Gordon, 1999) and
did not correlate with sensory evaluations (Frankel, 1998). However, their presence was a
potential indicator of the development of rancid off-flavour as they inevitably break down to
volatile compounds, including, but not limited to, alcohols, aldehydes, ketones and carbonyl
compounds that are responsible for the off flavours associated with rancidity (Hudson and
Gordon, 1999; Cercaci et al., 2007).

To better understand oxidative stability of emulsions, sensory and chemical results

from SOSDEs at ambient storage were compared to results from SOSDEs in accelerated
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storage. Reviewing the sensory results (Fig 3.1 and Fig 3.3) first, earthy aroma was perceived
by significantly (p<0.001) more panellists in SOSDE with gallic acid compared to SOSDE with
EDTA across both storage conditions. The earthy aroma may be associated with the mere
presence of gallic acid in the SOSDE rather than lipid oxidation. No literature on descriptive
analysis of gallic acid could be found and therefor no association between earthy aroma and
gallic acid could be made. Further descriptive research on gallic acid is needed to better
understand its contribution to the aroma and flavour profile. There were no other parallels
made between the high and low concentrations of the antioxidants EDTA and gallic aid in the

ambient and accelerated storage conditions.

By comparison of the average results of chemical analyses for SOSDEs at ambient
storage (Fig 3.2) with SOSDEs in accelerated storage (Fig 3.4), interesting findings were
made. With pro-oxidants FeSO, and ascorbic acid added to SOSDEs it was expected that PV
for SOSDEs in accelerated storage would be higher than PV for SOSDE in ambient storage
(Branco et al., 2011). However, the average PVs for SOSDEs from accelerated storage was
lower 1.42 — 3.13 meq/g (Fig 3.4i), compared to ambient stored SOSDEs which ranged from
5.20 — 5.74 meq/g (Fig 3.2i). This was inconsistent with findings by Jayasinghe et al. (2013)
who demonstrated that the presence of a transition metal, led to higher rates of hydro
peroxides formed which is accelerated by the addition of ascorbic acid as it reduced the Fe3+
(Jayasinghe et al., 2013).

The reason for the contradictory findings is not clear but it is hypothesized that one day
accelerated storage may not be equivalent to seven days storage at ambient conditions. The
acceleration ratio of the accelerated storage to ambient storage may be less than 1:7 days.
Changes in AV over time were inconsistent between accelerated and ambient stored
SOSDEs. AccHiGal had higher AV compared to AccLoGal (Fig 3.4i), while AmbHiGal had
lower AV than AmbLoGal (Fig 3.2i). The same was found for SOSDEs with EDTA, where
AccHiEDTA had lower AV than AccLoEDTA (Fig 3.4i), with no differences between
AmbHIEDTA and AmbLoEDTA SOSDEs (Fig 3.2i). This may be due to the fact that the
SOSDEs in both storage systems were oxidised, but through different mechanisms due to the

addition of pro-oxidants.

The transition metal iron, added as a pro-oxidant in the SOSDE samples, stored in
accelerated conditions, chelated with the antioxidant EDTA to form FEEDTA (MacPhail et al.,

1994) that does not accelerate lipid oxidation. The presence of naturally occurring transition
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metals was not measured in the ambient SOSDE samples. It is hypothesized that EDTA can

only decrease lipid oxidation in the presence of transition metals and may be ineffective when

used as an antioxidant in a product with no transition metal present.
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Figure 3.4: Chemical analyses (PV and AV) for oil extracted from SOSDEs stored under

accelerated shelf life conditions for 20 days illustrated for (i) average of different

concentrations of EDTA and gallic acid for the storage period and (ii) average at time intervals

over a 20 day time period.
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3.4. CONCLUSIONS

Addition of EDTA to the SOSDE retarded lipid oxidation as measured by aroma and
chemical analysis (PV and AV) compared to the SOSDE with no antioxidants added.
Increased lipid oxidation retardation was noted for the high concentration of EDTA as
assessed by chemical analysis during accelerated storage and the high concentration of gallic
acid by AV analysis and rancid aroma detection during ambient shelf life. Sensory differences
between products with high and low concentrations of antioxidants were more apparent during
the ambient storage, while PV and AV differentiated samples more clearly stored under
accelerated conditions. Limited parallels were made between the high and low concentrations
of the antioxidants EDTA and gallic acid in the ambient and accelerated storage conditions
which may be attributed to the acceleration ratio of accelerated storage:ambient storage of

less than 1:7.

These results suggest that: 1) the accelerated storage model used in this study is more
suitable for SOSDEs with metal chelator antioxidants such as EDTA, rather than free radical
scavenging antioxidants such as gallic acid because EDTA retarded lipid oxidation as
measured through PV and AV compared to SOSDE with no antioxidants added. 2) PV and
AV are more sensitive oxidation markers than aroma analysis when using the accelerated
storage model, while sensory analysis differentiated more between low and high
concentrations antioxidants during ambient storage. 3) PV, AV and aroma of SOSDEs stored
in accelerated conditions as used in this study, do not clearly predict results for ambient stored

SOSDEs but can be used to screen the efficiency of antioxidants.

Further research focused on identifying the sensory attributes that could be used to

predict end of shelf life of SOSDE would be very valuable.
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CHAPTER 4: MULTIVARIATE ACCELERATED SHELF LIFE
TEST OF SUNFLOWER OIL IN WATER EMULSIONS

4.1 INTRODUCTION

Accelerated shelf life tests have become increasingly important because of rapidly
changing technologies, more elaborate food products, higher consumer demands for quality
and the need for rapid product development (Labuza, 1982; Corrigan et al., 2012). The
information from accelerated shelf life tests has often been extrapolated to obtain shelf life
estimates at lower, usual levels of the accelerating variables (Hough, Garitta and Gomez,
2006), by evaluating the reaction velocity profile (Pedro and Ferreira, 2006). Although the
accelerated shelf life methods enable the calculation of suitable shelf life estimations
(Corradini and Peleg, 2004; Derossi et al., 2016) it cannot assure agreement between what is
estimated and what is observed experimentally which may lead to significant discrepancies
(Derossi et al., 2016). Another concern in accelerated shelf life testing occurs when several
variables are studied, for example a number of sensory characteristics, where it is not easy to
state which attribute is most relevant for defining the expiry date of the product (Pedro and
Ferreira, 2006).

Pedro and Ferreira (2006) introduced a new approach for determining shelf life by
simultaneously considering many quality attributes, known as the multivariate accelerated
shelf life testing (MASLT). MASLT has been used with tomato paste (Pedro and Ferreira,
2006), dried apple snacks (Saavedra et al., 2013), UHT milk (Richards et al, 2014) and fresh
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cut lettuce (Derossi et al., 2016). MASLT is based on Principal Component Analysis (PCA),
which calculates new axes in the multivariate space to improve the description of the
experimental data structure. An important assumption in MASLT is that the degradation
reactions are the main sources of variation in the data set, given that the PCA is driven by the
time-related phenomena (Pedro and Ferreira, 2006). By using this method, the PC scores
may be used to build a multivariate kinetics chart that reflects the degradation information of
the studied attributes (Derossi et al., 2016). The MASLT method has never been reported for
salad dressing emulsions, where the quality is directly affected by lipid oxidation during

storage.

The first part of the study (Chapter 3) focussed on the effects of high and low
concentrations of antioxidants on oxidation markers in a sunflower oil salad dressing emulsion
(SOSDE) stored at accelerated deterioration and ambient conditions through univariate

analysis (analysing one aroma attribute at a time).

The second part of the study focused on the multivariate shelf life tool analysis
(MASLT) of SOSDE data (objective 1). The fundamentals of the MASLT method has
previously only been used on accelerated storage conditions, so it was interesting to
determine how multivariate analysis could be used to analyse the SOSDE shelf life data from
ambient storage conditions through multivariate analysis as proposed by Pedro and Ferreira
(2006).

The second obijective of this chapter, was to identify the sensory attributes that could
be used as predictors for end of shelf life of SOSDEs during accelerated storage through

MASLT and to compare data sets from the two shelf life conditions.

Reference will be made to results from univariate analysis in Chapter 3 to understand

the context and the benefit of the additional research as analysed through MASLT.
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4.2 MATERIALS AND METHODS

The products used are referred to as AmbNo, AmbLoGal, AmbHiGal, AmbLoEDTA,
AmbHIEDTA, AccNo, AccLoGal, AccHiGal, AccLoEDTA, AccHIEDTA. The antioxidant that
was added as well as the product name used for the specific level and type of antioxidant is
listed in Table 4.1.

These products were stored under 2 different shelf life conditions: ambient shelf life
(25°C) and accelerated shelf life (0.885 mmol/L FeSO., 1.70 mmol/L ascorbic acid, pH 5.5,
32.2°C). The terms “Amb” for ambient shelf life, and “Acc” for accelerated shelf life were added
to the product names (Table 4.1) to identify the storage conditions of the specific products.
For example, AccLoGal, contains 500 ppm Gallic acid and was stored under accelerated shelf
life conditions (pH 5.5, 32.2°C, 0.885 mmol/L FeSO4, 1.70 mmol/L ascorbic acid).

Table 4.1. Antioxidant types and levels added to the SOSDE.

Product name Antioxidant added
No None

LoGal 500 ppm Gallic Acid
HiGal 1000 ppm Gallic Acid
LoEDTA 37.5 ppm EDTA
HIiEDTA 75 ppm EDTA

SOSDEs in ambient storage was stored for 24 weeks and samples were evaluated bi-weekly,
while samples stored in accelerated conditions were stored for 20 days and samples were

evaluated daily.

The shelf life model as proposed by Branco et al., (2011) with modification to timing
intervals of analyses was used for the accelerated study component. The sensory data

collected relates to the same materials and methodology that were described in section 3.2.
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4.2.1 Statistical analyses

Statistical analysis was conducted using XLSTAT®. Repeated measure ANOVA was
performed independently on the two data sets a) sensory profiling data of SOSDEs that were
stored at ambient deterioration conditions and b) sensory profiling data of SOSDEs that were
stored under accelerated deterioration conditions. Aroma attributes that showed significant (p
< 0.05) changes over time for each of the five products in the two sets were determined. All
the aroma attributes that showed time related significant changes for at least one SOSDE
within a set (Ambient or Accelerated) were then included in a PCA to allow a simplified visual
interpretation of the similarities and differences of SOSDEs. The PC1 scores obtained from
the PCA were further used in the multivariate accelerated shelf-life test (MASLT) method for
shelf-life assessment by plotting these values against time. MASLT is based on compressing
the space spanned by the original variables (sensory attributes) via PCA and then using the
scores as properties for further shelf-life assessment (Pedro and Ferreira, 2006; Richards et
al., 2014).

4.3 RESULTS AND DISCUSSION

4.3.1 Multivariate analysis of SOSDEs with different levels of antioxidants and stored under

ambient conditions

The first step in the MASLT used involves identifying the aroma attributes that showed
significant (p < 0.05) changes over time for each of the five products. The effects of no
antioxidant and low and high concentrations of antioxidants on perception of aroma attributes
of SOSDEs as measured every second week over 24 weeks ambient storage are shown in
Table 4.2. AmbNo showed a significant difference (p < 0.05) in musty aroma over time.
SOSDEs with gallic acid showed significant differences (p < 0.05) in six aroma attributes
(pungency, citrus, green, vinegar, dairy and cardboard) over time and SOSDEs with EDTA
showed significant differences (p < 0.05) in two aroma attributes (citrus and earthy) over time.
The PCA (Fig 4.1 i) included the 9 aroma attributes that showed significant changes over time
for at least one product. Eggy, oil, metallic, plastic, painty and rancid aromas did not present
significant changes over time in any SOSDE and were excluded from the PCA. Oil and rancid
aromas did not show significant differences over time in any of the SOSDEs (Table 4.2),
however univariate analysis (Chapter 3) of oil aroma differentiated SOSDEs with low and high
concentrations of EDTA and indicated oil aroma in AmbHIEDTA was detected by 10% fewer
panellists compared to AmbLOEDTA. As explained in Chapter 3, the oil aroma attribute was
not associated with rancidity during training sessions, but oil and fried oil are sensory terms

often used to describe the formation of aldehydes associated with lipid oxidation (Hartvigsen
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et al., 2000). Further to this, by univariate analysis, rancid was the only attribute that showed
differences between SOSDEs with high and low concentration of antioxidants. This information
relating to oil and rancidity as analysed in Chapter 3 through univariate analysis is not
presented in the multivariate analysis as these attributes did not differentiate products over

time.

Table 4.2: p-values from ANOVA to illustrate significant changes of sensory attributes over 24
weeks storage at ambient storage conditions.

AmbNo | AmbLoGal | AmbHiGal | AmbLoEDTA | AmbHIEDTA
Pungency 0.09 <0.01 0.59 0.09 0.60
Vinegar 0.56 0.09 <0.01 0.14 0.87
Eggy/Sulphur 0.84 0.73 0.16 0.11 0.81
Citrus 0.10 <0.01 0.38 0.02 0.09
Musty 0.04 0.41 0.28 0.54 0.33
Dairy 0.19 0.66 0.01 0.58 0.39
Green 0.35 <0.01 0.47 0.26 0.22
Oil (fresh-like) 0.38 0.30 0.87 0.27 0.23
Earthy/Dirty 0.66 0.31 0.10 0.32 0.04
Metallic 0.79 0.06 0.42 0.88 0.94
Plastic 0.30 0.85 0.23 0.43 0.36
Cardboard 0.18 0.70 <0.01 0.10 0.25
Painty 0.84 0.06 0.08 0.09 0.17
Rancid 0.70 0.59 0.67 0.49 0.07

Product codes — see Table 3.1 in Chapter 3
Shaded cells indicate significant differences at the 95% confidence level

In the second step of the MASLT, all aroma attributes that showed significant (p<0.05)
differences over time for at least one treatment (Table 4.2) were included in a PCA. The PCA
plot in Figure 4.1 summarizes the differences in aroma attributes over time and explains in
one plot the differences and similarities between the SOSDEs with different levels of
antioxidants stored at ambient storage over 24 weeks. In the PCA plot (Fig 4.1a), PC 1
explains 36% of the variation in the sensory aroma profiles of the SOSDE products. It
separates SOSDEs in the early stages of ambient storage (weeks 0 — 8), which had more
intense citrus, green and pungent aromas on the right of the plot. Results from univariate
analysis (Chapter 3) indicated no significant difference present in pungent or green aromas
between SOSDEs with high and low concentrations of either antioxidant. Results from
univariate analysis explained differences in pungent and green aromas perceived between
different treatments, while results from multivariate analysis explained differences apparent

over time for the same aroma attributes.
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Samples on the left side of the plot represented samples stored at ambient conditions

for longer periods (weeks 9 — 24) with a higher intensity of cardboard and earthy aroma.

SOSDE AmbHIEDTA performed slightly different from other SOSDEs and even during
later stages of ambient shelf life (weeks 18 - 24) AmbHIEDTA treatment is located on the right
side of the plot and more intense in green, pungent and citrus aroma than in cardboard and
earthy aromas. Although gas chromatogram olfaction (g.c.0) was not completed on these
samples, the attributes of green, pungent and citrus aromas have been attributed to the volatile
compounds hexanal, heptanal, octanal and nonanal (Malcolmson et al., 1996). PC 2
separating samples at the top of the plot with more vinegar aroma from those at the bottom of
the plot with more dairy aroma; explain an additional 14% of the sensory variation in SOSDEs

stored at ambient deterioration conditions.
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Figure 4.1: Principal component analysis of SOSDEs stored under ambient storage conditions for 24
weeks as evaluated by trained sensory panel: i) scores for sensory aroma attributes, ii) the correlation
loadings describing the relationship among SOSDEs with different colours (different colours represent
different treatments)

Product codes — see Table 3.1 in Chapter 3
Number in product code indicates number of weeks in ambient storage
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The importance of the independent variables, also called the variable’s power provides
useful information on how well the principal components, model that specific variable (Derossi
et al., 2016). Fig 4.2 shows the power of independent variables from Figure 4.1i on the first
PC (PC 1) and the PC model (PC 1 + PC 2). The power of each variable increased as the
number of components considered increased. PC1 mainly modelled the pungent, citrus,
green, cardboard and earthy aromas of the SOSDEs. The addition of PC2 in the PC model
increased the power of the variables vinegar, musty and dairy. According to the power values
of variables (Fig 4.2) the second plane mainly explains differences in vinegar, musty and dairy
aromas of SOSDEs. PC 2 (Fig 4.1i) distinguishes the SOSDEs at the top with more vinegar
and musty aromas, and those at the bottom with more dairy aroma. According to Derossi et
al. (2016) attributes with power values below 0.4 indicate that they were not significant in the
definition of the PC model and did not add useful information to explain the variance of the

experimental data.
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Figure 4.2: Power values of aroma variables on the PC model and on PC1 for SOSDEs stored

under ambient storage conditions
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Figure 4.3: Multivariate kinetic chart and regression lines for SOSDEs with different

concentrations of antioxidants stored at ambient conditions for 24 weeks.
Product codes — see Table 3.1 in Chapter 3

The PC1 scores obtained from the PCA were further used in the third step of the
MSALT by plotting these values against time. Fig. 4.3 shows the Factor 1 scores for all the
SOSDEs versus time plots. Linear regression lines were then fitted for each SOSDE. PC1
was time structured and all SOSDEs seemed to have changed from the positive side
(associated with pungency and citrus aroma) to the negative side on PC1 (associated with
cardboard and earthy aroma) over time. The coefficient of determination (R?) in Table 4.3, was
0.9266 for AmbNo indicating that differences observed in AmbNo was mainly time related.
This was expected as not antioxidants or pro-oxidants were present in this sample. R? for
SOSDEs stored under accelerated storage ranged from 0.2003 to 0.6945 indicating that time
is not the only factor affecting the changes observed in these products. The rate of change
was also different among the SOSDEs. The rate constant (linear regression line equation from
Fig 4.3) (Table 4.3) was the highest for AmbNo. AmbNo had no antioxidant retarding lipid
oxidation and therefor it was expected that AmbNo would oxidise at a faster rate compared to
the other products (Merril et al., 2008; Rodriguez-Rojo et al., 2012). Rate constant values were
lower for high concentrations of the antioxidants compared to low concentrations indicating
that higher concentrations of antioxidants slowed aroma changes of the SOSDEs more

effectively. Furthermore, the rate constant was lower for SOSDEs with EDTA as antioxidant
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compared to gallic acid as antioxidant, demonstrating the higher effectiveness of EDTA in
retarding lipid oxidation. This is supported by results from Fig 4.1 that indicated AmMbHIEDTA
was on the right-hand side of the of the plot throughout ambient storage indicating higher
green and pungent aroma and lower cardboard and earthy aroma, attributes typically

associated with fresh non oxidised SOSDE.

Table 4.3: Multivariate parameters for SOSDEs stored under ambient conditions for 24 weeks
and accelerated conditions for 20 days.

Rate constants Coefficient of determination (R?)
Ambient storage Accelerated storage | Ambient storage Accelerated storage
No 0.2324 0.1030 0.9266 0.2003
LoGal 0.1597 0.2715 0.5716 0.6945
HiGal 0.1448 0.1793 0.4971 0.4054
LoEDTA 0.1187 0.1640 0.2581 0.4168
HIiEDTA 0.0847 0.1914 0.2539 0.6058

Product codes — see Table 3.1 in Chapter 3

By comparison of results as analysed through univariate analysis (reported in part
3.2.4) and multivariate analysis (reported in 4.2.1) in Table 4.4, it is concluded that univariate
analysis mainly described differences between products with different antioxidants and high
and low levels of antioxidants, while multivariate analysis, mainly described differences over
time. Attributes pungency, dairy, green and cardboard did not show differences between
products when analysed through univariate analysis, however multivariate analysis of these
attributes indicated differences over time. In addition, multivariate analysis indicated that
pungency, citrus and green aromas were more intense during weeks 0-8, while earthy and

cardboard were more intense during the later stages of shelf life (weeks 9-24).
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Table 4.4: Summary of findings from univariate and multivariate statistical analysis for each
aroma attribute used to evaluate SOSDEs with and without antioxidants stored under ambient
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conditions
Aroma attribute Univariate analysis Multivariate analysis
Pungency No dlfferen_ces betyve_en low and high More intense during weeks 0-8
concentrations antioxidants
. More noted for SOSDE with higher .
Vinegar concentration EDTA Highest power value from PC model
Eggy/Sulphur Less noted in AmbNo and AmbHiGal No differences in SOSDEs over time
. Less noted in AmbHiGal. No differences for . .
Citrus SOSDE with EDTA More intense during weeks 0-8
Musty More noted in AmbLoGal Difference over time in AmbNo
Dairy No differences between products Differences over time in AmbHiGal
Green No d|fferen.ces bet\./vet.en low and high More intense during weeks 0-8
concentrations antioxidants
. . Differentiated between AmbLoEDTA and . . .
Qil (fresh like) AmbHIEDTA No differences in SOSDEs over time
Earthy Less noted in SOSDEs with EDTA Higher intensity during weeks 9-24
Metallic Less noted in SOSDEs with EDTA No differences in SOSDEs over time
Plastic No differences No differences in SOSDEs over time
Cardboard No differences Higher intensity during weeks 9-24
Painty No differences No differences in SOSDEs over time
Rancid lef.erejntlatefi between high and low levels No differences in SOSDEs over time
antioxidants in SOSDEs

4.3.2 Multivariate analysis of SOSDEs with different levels of antioxidants and stored under

accelerated shelf life conditions

The data on the effects of no antioxidant added and low and high concentrations of
antioxidants on perception of aroma attributes of SOSDEs as measured daily over 20 days
under accelerated storage are shown in Table 4.5. The first step in the MASLT used, involved
identifying the aroma attributes that showed significant (p < 0.05) changes over time for each
of the five products. All SOSDEs showed significant differences (p < 0.05) in vinegar, oil and
cardboard aromas over time. The PCA included the 12 attributes that showed significant
changes over time in at least one treatment. Musty and earthy did not present significant

changes (p > 0.05) over time for any SOSDE and were excluded from further MASLT analysis.
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Table 4.5: p-values from ANOVA to determine the effect of time of 20 days under accelerated
storage on the sensory attributes of SOSDE stored in accelerated storage conditions.

AccNo AcclLoGal | AccHiGal | AccLoEDTA | AccHIEDTA
Pungency 0.05 <0.01 0.05 0.02 0.09
Vinegar 0.03 <0.01 0.01 0.04 <0.01
Eggy/Sulphur 0.10 0.14 <0.01 0.33 0.73
Citrus 0.07 0.33 0.61 <0.01 <0.01
Musty 0.25 0.21 0.15 0.07 0.46
Dairy 0.14 0.06 <0.01 0.01 0.91
Green <0.01 0.21 0.04 <0.01 0.25
Qil (fresh-like) <0.01 <0.01 <0.01 <0.01 <0.01
Earthy/Dirty 0.45 0.33 0.44 0.27 0.21
Metallic 0.10 0.45 0.02 0.04 0.45
Plastic 0.02 0.86 0.42 0.46 0.79
Cardboard <0.01 <0.01 <0.01 <0.01 <0.01
Painty 0.87 0.38 0.02 0.02 0.26
Rancid 0.38 0.17 <0.01 0.71 <0.01

Product codes — see Table 3.1 in Chapter 3
Shaded cells indicate significant differences at the 95% confidence level

Fig. 4.4 summarizes the sensory aroma differences of all the attributes that showed
significant differences over time (according to Table 4.5) that were included in the second step
of the MASLT. Cardboard aroma was the only rancidity related aroma attribute that showed
statistically significant differences over the 20 day storage (p<0,01) for all 5 treatments. Other
rancidity related attributes such as plastic aroma changed significantly over the storage time
for the AccNo treated products only while painty aroma was statistically significant over time
for the AccHiGal and AccLoEDTA and rancid aroma changed significantly over time in
AccHiGal and AccHIEDTA treatments. In the PCA (Fig 4.4), PC1 explains 23% of the variation
in the sensory profiles of the SOSDE products. As stated, the importance of the dependent
variables (aroma attributes) are called the variable’s power and provides useful information
indicating how well the principal components model that specific variable (Derossi et al., 2016).
The power of variables increases with increasing number of components considered as more
information is included in the analysis. Power values for the variables (aroma attributes) in Fig
4.4 are illustrated in Fig 4.5. Power values were used to determine which variables should be
included in the multivariate analysis. Power values below 0.4 are not significant in the definition
of the PC (Derossi et al., 2016), while power values smaller than 0.2 are not included in the
next step of the MASLT (Richards et al., 2014).

Citrus, green, eggy and metallic had power values (PC1) smaller than 0.2 (Fig 4.5)
and were therefore excluded from further multivariate analysis as recommended by Richards
et al. (2014).
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Figure 4.4: Principal component analysis of the 12 attributes that differed significantly over time in

SOSDEs stored under accelerated storage conditions for 20 days as evaluated by a trained sensory panel
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Figure 4.5: Power values of 12 variables that differed significantly over time on the PC1 and
PC model (PC1 + PC2) for SOSDEs stored under accelerated storage conditions.

Power (dimensionless)

A new PCA (Fig 4.6) was performed which included attributes that contributed to PC1
(Fig.4.4 and Fig 4.5) and attributes eggy, metallic, green and citrus that had power values
lower than 0.2 on PC1 (Fig 4.5) were excluded. In this second PCA (Fig 4.6 and Fig 4.7), PC
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1 explained 39% of the variation in the sensory aroma profiles of the SOSDEs. It separated
SOSDEs in the early stages of accelerated storage (day O - day 14), which had more intense
pungent, vinegar and dairy aromas on the left of the plot, from SOSDEs on the right. The latter
treatments stored under accelerated storage conditions for longer periods (day 15 — day 20)
had higher intensities of cardboard, oil, rancid and painty aromas. This is similar to results from
multivariate analysis of ambient stored SOSDEs where the PCA (Fig 4.1) separated SOSDEs
in early stages of ambient shelf life with higher green, pungent and citrus aromas from
SOSDEs stored at ambient for longer periods (weeks 9 - 24) with higher intensities of
cardboard, musty and earthy aromas. Cardboard is the one attribute that was identified in

samples during the later stages of both ambient and accelerated storage.

Attributes that contributed to PC1 were included in further MASLT analysis. Although
PC2 explained an additional 19% of the sensory variation in SOSDEs stored at accelerated
conditions, it didn’t contribute significantly to the MASLT and will not be discussed in more

detail.

Variables (axes PC 1and PC 2: 58.24 %)
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°
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Figure 4.6: Principal component analysis of attributes (pungency, vinegar, dairy, painty, rancid,
cardboard, oil) that showed significant difference over time and contributed to PC1 in SOSDEs
stored under accelerated storage conditions for 20 days as evaluated by trained sensory panel.

69

© University of Pretoria



&

3

A 4

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

Observations (axes PC1 and PC2: 58.24 %)

3
® AccloGall2
® AccNol8
2 1 ® AccNol5 ;
® AccNo$ o AZISEDTAS TALS
NSy fACCHIEDTAG ® AccLoEDTA13 °
° AccloEDTA9 AccLoEDTALE ® AccLoEDTA16
° Acc& Em@fﬁ cho 1 ® AccHiGa I 8
1 e | SN eHiepTAL o8, AccLOEDTA2 @ SplMGUERTALS
J.A@@A%@ 110 S e ER T “;;g’gf}'éﬁ
® AccloGal8e ® AccHiEDTA16
o AchoEDiAl\choEDTAO 9%@1 ® AccLOEDTA7 ACCH‘ED Cor B e de oGal1s -
< o LoGablBACCcHIEDTAL ° ‘e pe
® .Ach_SG@‘Zih Y ccNob ® AccLoEDTARRCC kDE&ﬁéﬁ%ﬁﬁa 16
x ccHiGal14 . N g fchiEDTAN ® AcclLoEDTA20
o ° AccHlGallAccHl% Gal7 @ ACCHIEDTA ® AccHiGal
i‘— @ AHR5l gectiGaen %@éﬁ%aﬁmmmmo ACcl BEDPAACCHIEDTALL ® AccHIEDTALS o Accno17
g1 O ccHiGal® AccHiGall3 TOREHRZ'S accioroTats .
Acclg@3lQ | oGals OACCROEDTRI2 AccloGal17
® Acclo AccNol12AccHiGall7
8LoREfIGaI0 o AcchiGala ® “AccLoEDTA17
® AccHIEDTA20
22 4
® AccloGal
® AccloGal19
-3 T ® AccHiGal19 ® AccHiGal20
® AccNo20
-4
3 2 1 0 1 2 3 4

PC1 (39.06 %)

Figure 4.7: Correlation loadings for principal component analysis (Fig 4.5) of SOSDEs stored under
accelerated storage conditions for 20 days as evaluated by trained sensory panel. (Different colours

represent different SOSDE treatments)

Product codes — see Table 3.1 in Chapter 3
Number in product code indicates number of days in accelerated storage
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Figure 4.8: Power values of variables (pungency, vinegar, dairy, painty, rancid, cardboard, oil)
that showed significant difference over time and contributed to PC1 (Fig 4.6), on PC1 and the
PC model (PC1 +PC2) for SOSDEs stored under accelerated storage conditions.

Product codes — see Table 3.1 in Chapter 3
Number in product code indicates number of weeks in ambient storage
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The power or importance of the independent variables on the first PC (PC1) and the
PC model (PC1+PC2) is shown in Fig 4.8 and provides useful information on how well the
principal components, model that specific variable (Derossi et al., 2016). The power of each
aroma attribute increased with the number of components considered. PC1 mainly modelled
the pungent, vinegar, oil and cardboard aroma differences while PC2 modelled the variables
dairy, painty and rancid aromas in SOSDEs distinguishing the SOSDEs at the top with more
dairy and painty aromas. Scores for dairy, painty and rancid aromas influenced the PC model
(PC1+PC2) with lowest projection on PC1 and, on the contrary, the highest influence on the
positive axes of the PC2. According to the power values (Fig 4.8) the second plane of the PCA
mainly explains differences in painty, rancid, dairy and plastic. Dairy and plastic aroma had
power values lower than 0.4 on PC1 indicating that they were not significant in the definition
of PC1 (Derossi et al., 2016).

Fig. 4.9 shows following MASLT step, the PC1 scores versus time plots together with
linear regression lines for SOSDEs stored in accelerated conditions. There are many
independent variables involved in the commercial SOSDE that lead to wide variations and
relatively lower degree of fit of the linear regression line. This was taken into account during
the interpretation of the results. PC1 was time structured and all SOSDEs seemed to change
from the negative side of the PCA (associated with attributes vinegar, pungency and dairy) to
the positive side of the PCA (attributes cardboard, rancid, oily, painty) over time. However, the
rate of change was different between SOSDEs. The rate constant (regression line equation
from Fig 4.9) (Table 4.3) was the lowest for AccNo, the SOSDE with no antioxidant added
stored at accelerated conditions. AccNo contains no antioxidant and was expected to change
at a faster rate compared to SOSDEs with the addition of antioxidants, stored under
accelerated condition (Merril et al., 2008; Rodriguez-Rojo et al., 2012) as it didn’t contain any
antioxidants to limit the lipid oxidation. Plastic aroma changed significantly over time in AccNo
but this attribute was not included in the final steps of the MASLT due to its low contribution to
PC1. Plastic aroma didn’'t change significantly over time in other treatments. While painty
aroma that changed significantly over time in treatments AccHiGal and AccLoEDTA only were
included in all the steps of MASLT and impacted the regression line. Upon interpretation of
the multivariate kinetic chart it is important to also consider which attributes were included in
the final step of the MASLT. The lower rate constant for AccNo may be due to the fact that
plastic aroma, an aroma attribute that changed significantly over time in this treatment was
not included while aromas painty and rancid that didn’t show significant differences over time

for this treatment were included.
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Figure 4.9: Multivariate kinetic chart of SOSDEs with different concentrations of antioxidants

stored at accelerated conditions

72

© University of Pretoria



UNIVERSITY OF PRETORIA

&
&

“ UNIVERSITEIT VAN PRETORIA

A 4

YUNIBESITHI YA PRETORIA

Table 4.6: Summary of findings from univariate analysis and multivariate analysis for each
attribute for SOSDEs stored under accelerated conditions

Aroma attribute Univariate analysis Multivariate analysis
Pungency Differentiated SODEs with high and | Difference in AccNo, AccLoGal and AccLoEDTA over time.
low levels gallic acid Associated with early stages of storage (day 0-day 14)
Vinegar No differences among SOSDEs Differences for all SOSDEs over time
Eggy/Sulphur Less detected in SOSDE with gallic Differences in AccHiGal over time but did not contribute
acid to PC1 and therefor excluded for further analysis
Citrus No differences among SOSDEs Differences in AccHiGal over time but did not contribute
to PC1 and therefor excluded for further analysis
Musty No differences among SOSDEs No differences in SOSDEs over time
Dairy Less detected in SOSDE with gallic Differences in AccHiGal and AccLoEDTA; power value
acid lower than 0.4 on PC1
Green More detected in SOSDE with gallic Differences in AccHiGal over time but did not contribute
acid to PC1 and therefor excluded for further analysis
Qil (fresh like) No differences among SOSDEs Differences for all SOSDEs over time; Differentiate
between products stored more than 15 days.
Earthy More detected in SOSDE with gallic | No differences in SOSDEs over time
acid
Metallic More detected in SOSDE with no Differences in AccHiGal over time but did not contribute
antioxidant to PC1 and therefor excluded for further analysis
Plastic Perceived by less than 5% panellists | Difference in AccNo over time; Power value lower than
0.4 for PC1
Cardboard More noted in SOSDE with EDTA Differences for all SOSDEs over time. Differentiate
between products stored more than 15 days.
Painty No differences among SOSDEs Differences in AccHiGal and AccLoEDTA over time.
Rancid No differences among SOSDEs Differences in AccHiGal and AccHiEDTA over time;
Differentiate between products stored more than 15
days.

Table 4.6 compares results for each attribute as analysed through univariate analysis
(given in section 3.2.4) and multivariate analysis (given in section 4.2.1 in Table 4.4).
Univariate analysis mainly describes the differences between SOSDEs with different
antioxidants and high and low levels of antioxidants, while multivariate analysis mainly
describes differences of these attributes in a specific SOSDE treatment over time. Univariate
analysis differentiated SOSDEs with high and low levels of gallic acid based on pungency
aroma, while multivariate analysis indicated pungency aroma differences over time in AccNo,
AcclLoGal and AccHiGal. Based on the multivariate analysis, it was clear that pungency aroma
was associated with the early stages of storage. There were no vinegar aroma differences
among SOSDEs (univariate analysis), while multivariate analysis indicated differences in
vinegar aroma in all five SOSDEs over time. Musty aroma didn’t show significant differences

between SOSDEs (univariate) or over the 20 days storage in any SOSDEs (multivariate)
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indicating that musty aroma was not a differentiating aroma in the analysis of these SOSDE
treatments. Oil aroma didn’t differentiate among SOSDEs (univariate) but showed significant
differences overtime in all five SOSDE treatments (multivariate) and furthermore differentiated
between products stored more than 15 days. Earthy aroma was more detected in SOSDE with
gallic acid (univariate), but didn’t change significantly over time in any SOSDE (multivariate).
Cardboard aroma was more noted in SOSDEs with EDTA (univariate) while rancid aroma
didn’t show significant difference among SODEs (univariate). Both cardboard and rancid
aroma differentiated between products stored more than 15 days. Itis clear univariate analysis
provides important information upon comparison of the five SOSDEs while multivariate
provided additional information on aroma changes over time and differentiated between

products in early and later stages of storage.

Findings from multivariate analysis of SOSDEs in both ambient and accelerated
storage are summarised in Table 4.7 to determine attributes that can be used as predictors
for end of shelf life in both ambient and accelerated storage. Similarities and differences were
identified and attributes eggy, musty, dairy, metallic, and plastic did not show differences
and/or had power values lower than 0.4 for both ambient and accelerated storage. These
attributes contributed to univariate analyses, but it was concluded that they were not predictors

of end of shelf life as these aroma attributes did not change over time.
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Table 4.7: Summary of findings from multivariate analysis for each attribute for SOSDEs
stored under ambient and accelerated conditions

Aroma attribute | Ambient deterioration storage Accelerated deterioration storage

Difference in AccNo, AccLoGal and AccLoEDTA over

Pungency More often detected during weeks 0-8 time. Associated with early stages of storage (day 0-day
14)
Vinegar Highest power value for PC model, but Differences for all SOSDEs over time. Associated with
& did not contribute to PC1 early stages of storage (day O-day 14)
Differences in AccHiGal over time but did not
Eggy/Sulphur No differences in SOSDEs over time contribute to PC1 and therefor excluded for further
analysis

Differences in AccHiGal over time but did not

Citrus More often detected during weeks 0-8 contribute to PC1 and therefor excluded for further
analysis
Musty Difference over time in AmbNo No differences in SOSDEs over time

Differences in AccHiGal and AccLoEDTA; power value

Dairy Differences over time in AmbHiGal lower than 0.4 on PC1
Differences in AccHiGal over time but did not

Green More often detected during weeks 0-8 contribute to PC1 and therefor excluded for further
analysis

Oil (fresh like) No differences in SOSDES over time Differences for all SOSDEs over time; Differentiate
between products stored more than 15 days.

Earthy Higher intensity during weeks 9-24 No differences in SOSDEs over time
Differences in AccHiGal over time but did not

Metallic No differences in SOSDEs over time contribute to PC1 and therefor excluded for further
analysis
Di . .

Plastic No differences in SOSDES over time ifference in AccNo over time; Power value lower than
0.4 for PC1

Cardboard More often detected during weeks 9-24 Differences for all SOSDEs over time. Differentiate
between products stored more than 15 days.

Painty No differences in SOSDEs over time Differences in AccHiGal and AccLoEDTA over time.
Differences in AccHiGal and AccHIiEDTA over time;

Rancid No differences in SOSDEs over time Differentiate between products stored more than 15

days.

Pungent aroma was associated with early stage of ambient storage (weeks 0-8) and
accelerated storage (days 0-15) and cardboard aroma was associated with later stages of
ambient storage (weeks 9-24) and accelerated storage (more than 15 days). Cardboard as a
predictor of shelf life for oil-in-water emulsions was unexpected as Bou et al., (2001)
recommended to use overall rancidity as measurement rather than specific descriptive
attributes. It is important to keep in mind that aroma attributes as shelf life predictors for oil-in-
water emulsion is dependent on oil volume. Tamaru et al., (2018) studied the released flavour

concentration of lipophilic and hydrophilic flavour compounds in oil-in-water emulsion and
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found that the oil volume in the oil-in-water emulsion affected the release concentration in the

head space of oil in water emulsion systems.

4.4. CONCLUSIONS

Univariate analysis mainly describes the differences of aroma attributes among
SOSDEs with different antioxidants and high and low levels of antioxidants, while multivariate
analysis mainly describes differences of these attributes over time. The PC model yielded
more information on the relationship between the independent variables, as well as their
individual contribution to the shelf life of SOSDEs. Attributes citrus and musty did not show
difference among SOSDEs stored under accelerated conditions when analysed through
univariate analysis and didn’t change over time in SOSDEs or didn’t contribute to PC1 in
MASLT, but both these aroma attributes showed differences among products (univariate
analysis) and over time (multivariate analysis) during ambient storage. No differences were
noted in plastic aroma among SOSDEs stored in ambient condition when analysed through
univariate and multivariate analysis, but differences in plastic aroma were noted over time in
AccNo stored in accelerated conditions. The map of aroma attributes on the PC1-PC2 plane
permitted the identification of aroma attributes painty and rancid, as well as vinegar and
pungency that were correlated. Carboard aroma was the only aroma attribute in the ambient
storage PCA map and the accelerated PCA map associated with lipid oxidation and rancidity
indicating the importance of including cardboard in the lexicon of shelf life studies on

emulsions.

Addition of EDTA or gallic acid to the SOSDE stored in ambient conditions, reduced
the rate constant of lipid oxidation compared to the SOSDE stored in ambient conditions with
no antioxidants added. Furthermore, the higher concentration of both antioxidants had a
greater lipid oxidation retardation effect in ambient storage conditions compared to the SOSDE
with low concentrations antioxidant. Addition of EDTA to the SOSDEs stored in ambient
conditions retarded lipid oxidation more effectively compared to SOSDE with gallic acid. All
treatments with added antioxidants had a higher rate constant in accelerated storage
compared to ambient storage. AccNo had a lower rate constant than AmbNo and a lower rate
constant than all SOSDEs with antioxidants stored in accelerated storage conditions possibly
due to the exclusions of plastic aroma, an aroma attribute that changed significantly over time

in AccNo, in the multivariate analysis. Although accelerated storage does not predict ambient
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storage it is hypothesized that the acceleration ratio of the accelerated storage to ambient

storage may be less than 1:7 days.

Shelf life studies require the identification of an attribute that has the highest impact
on the quality of the product, or shows the most change over the shortest time period
(Hough et al., 2003; Curia and Hough, 2009). Pungent aroma was associated with the early
stage of ambient storage (weeks 0-8) and accelerated storage (days 0-15) and cardboard
aroma was associated with later stages of ambient storage (weeks 9-24) and accelerated
storage (more than 15 days) and it has been concluded that pungent aroma and cardboard

aroma are the most probable predictors of shelf life in SOSDEs.
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CHAPTER 5: GENERAL DISCUSSION

The general discussion critically examines the experimental methodologies used in the
accelerated shelf life studies of SOSDEs and discusses some future considerations when
using these methodologies. The sensory and chemical analysis of SOSDEs stored under
ambient and accelerated storage conditions will be considered based on the findings and the
application of the results. A critical evaluation of the MASLT of SOSDE used in the current
study and the commercial potential of MASLT will be provided and recommendations for future
studies on shelf life studies of oil-in-water emulsion products and analyses by MASLT will

finally be discussed.

5.1 SHELF LIFE METHODOLOGIES

During this study the sensory and chemical changes that occurred in SOSDEs with
different antioxidants, at low and high levels, during storage at ambient and accelerated shelf
life conditions (exposed to a combination of oxidation acceleration factors), as evaluated by a
trained sensory panel, and chemical analysis, were used in the multivariate accelerated shelf
life test (MASLT) to identify the key sensory attributes, associated with the development of
lipid oxidation and rancidity to gain a better understanding of how antioxidant levels influence
oxidation of commercial sunflower oil salad dressing emulsions, when exposed to a

combination of oxidation acceleration factors.
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Consumers demand high quality shelf stable products with a shelf life of several
months. In order to meet consumers’ expectation, the need exists for food industries to
conduct shelf life studies that often include the assessment of an array of analytical and
sensory properties. Accelerated studies are often used for products with a longer shelf life.
With accelerated shelf life tests the product is stored in relatively severe storage conditions
and may be altered to include acceleration factors that will increase the rate of deterioration
and therefore shorten the shelf life of the product. There are however pitfalls associated with

accelerated shelf life tests.

5.1.1 Pitfalls associated with accelerated shelf life tests

e Masked rejection mode

Different sensory attributes develop at different rates during normal and elevated
temperatures, due to different activation energies. Critical attributes at room temperature can
therefore be masked at the accelerated condition, which can lead to over or under estimation
of the shelf life. The impact of the acceleration factors and their deterioration mechanisms
should be considered and compared to those that would occur under normal storage
conditions to ensure the applicability of the accelerated tests. The following steps were taken

to reduce this risk, as described by Meeker and Escobar (1998).

e Simultaneous interaction of acceleration factors

Lipid oxidation is a dynamic process with multiple factors interacting continuously. The
accelerated shelf life model used, included different factors that simultaneously interact and
affect the stability of an oil-in-water emulsion. The factors or potential pro-oxidants included in
the accelerated deterioration in this research were 1.70 mmol/L AH (ascorbic acid), and 0.885
mmol/L FeSO4. The pH of the products was adjusted to 5.5 as proposed by Branco et al.
(2011) as this pH level was found to have the most significant influence on the formation of
lipid oxidation products. An increase in pH from 3.0 to 7.0 reduces the formation of
hydroperoxides, while a pH lower than 5 initiates the release of iron (if present) in the product
which in turn decomposes pre-existing lipid hydroperoxides located at the oil-water interface

in the emulsion (Thomsen et al., 2000).
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e Commercial oil-in-water emulsions

More often than not, model systems are used in shelf life studies of oil-in-water
emulsions, where the oil used in the emulsion preparation is stripped of its minor components
(Branco et al., 2011), the latter materials may affect lipid oxidation (Chaiyasit et al., 2007).
Sunflower oil is rich in linoleic acid and the commercial sunflower oil used in this research was
not stripped of its minor components before using it in the emulsion. Sunflower oil is reported
to contain naturally occurring antioxidants tocopherols and tocotrienols. The chemical
composition of the sunflower oil used in this study was not determined and it is recommended
to analyse the chemical composition of sunflower oil in future studies to determine and
measure the presence of any antioxidants and/or pro-oxidants such as water or metal ions.
Alternatively stripping the sunflower oil of its minor components could have been an option,
however this was not done in the current study because the emulsion used was to be as
representative of a commercial salad dressing emulsion product as possible in order for the
results and learnings to be directly transferable to commercial emulsions produced in the food

industry.

Apart from sunflower oil and water, the product in the current study contained other
ingredients; vinegar, mustard, black pepper, salt and egg yolk typically found in a commercial
salad dressing oil-in-water emulsion. These ingredients were added for flavour and
appearance purposes and may have affected the rate of lipid oxidation. For example, strong
antioxidant activity has been reported for egg yolk in emulsions (Yamamoto et al., 1990).
Research has also been conducted on herbs and spices as natural antioxidants and results
indicated varied levels of antioxidant activity of different herbs and spices in different products.
For example, clove was more effective as an antioxidant in oil-in-water emulsions while
rosemary and sage were the most effective in lard (Yanishlieva et al., 2006). Similarly, black
pepper has been shown to have antioxidant activity (Nakatani et al., 1986). Therefore, it is
possible that the black pepper added to the oil-in-water emulsion in the current study may
have had an antioxidant effect retarding lipid oxidation as measured in the current study.
These effects of ingredients on lipid oxidation in the SOSDE used in the current study are
complex and add more variability when compared to research using a model emulsion,
however, it also emphasizes the benefits of using a commercial product formulation in
accelerated shelf life studies as it is more representative of what happens to products in the

consumer market.
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To understand the effect of masked rejection, it is important to include some means of
validating the findings of results obtained from accelerated tests. In the current study, each
SOSDE exposed to accelerated shelf life conditions was also evaluated at ambient storage
without the addition of any potential pro-oxidative factors. This enabled the comparison
between ambient and accelerated storage condition for each treatment. A sample with no
antioxidants added was also included in the sample design of the ambient and accelerated
shelf life storage conditions. SOSDE with no antioxidants and no potential pro-oxidants
(AmbNo) had a PV of 5.3 meq/g oil and an AV of 5.9 AV/g oil after 24 weeks compared to the
SOSDE with no antioxidant but added potential pro-oxidants (AccNo) that had a PV of 2.6
meq/g oil and AV of 1.6 AV/g oil after only 20 days. Considering these results, it is
hypothesized that the lower PV and AV is attributed to the sampling times of the accelerated
shelf life study and increasing the storage time of the accelerated shelf life to 6 weeks or 42
days may result in better correlation between the results for SOSDEs stored under ambient

and accelerated shelf life conditions.

e Multiple deterioration modes

Accelerated storage can induce changes in the food product, and different mechanisms of
deterioration that would not occur under normal storage conditions. The mechanism of lipid
oxidation in a particular food depends on the nature of the reactive species present in the
foods as well as the physicochemical environment consisting of temperature, humidity and pH
(Coupland & McClements, 1996). The breakdown of hydroperoxides is increased by increased
temperatures (Waraho et al., 2011) and increased temperatures may affect the stability of the
antioxidant, which would not occur under ambient temperature storage. The SOSDEs stored
in accelerated shelf life conditions included different factors that simultaneously affected the
lipid oxidation and enlarged the variation range of lipid oxidation (Branco et al., 2011) as
measured through PV, AV and sensory analysis. It is therefore important to include some
means of validating the findings of results obtained from accelerated tests. In the current study,
samples stored at ambient condition without any acceleration factors were included to

compare with the results obtained from the accelerated study.

The rate constant of change in aroma, as calculated in Section 4.1, was 0.2324 for
AmbNo compared to the rate constant of 0.1030 for AccNo indicating a decreased change in

aroma attribute production measured by MASLT in accelerated shelf life storage. A possible
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theory for this finding may be attributed to storage time, storage temperature, sensory method
and analysis methods used, which is further discussed in section 5.1.2 below. The exact rate
of acceleration in comparison to ambient storage conditions could not be determined in this
study due to a lack of correlating time intervals between the accelerated and ambient stored
SOSDEs. During the initial phases of this research, an accelerated study was completed with
hourly measurements as proposed in the research by Branco et al. (2011). Although these
time intervals correlated with ambient storage (daily in accelerated storage and weekly in
ambient storage), no differences were noted in the sensory or chemical analysis of the
SOSDEs. The time intervals were adjusted to be measured over a longer period of time in
order to detect differences in the lipid oxidation markers, but this affected the correlation of

time intervals.

Even with this adjustment of time intervals to daily for 20 days, it appears that the
degree of lipid oxidation is still not as high as reported in the study completed by Branco et al.
(2008). The lack of correlating time intervals between accelerated and ambient storage and
the lower lipid oxidation levels as measured through PV and AV is a limitation in this research
that should be addressed in future research to enable correlation between accelerated and

ambient storage.

e Rejection and degradation affected by unforeseen variables

Actual factors such as ingredient distribution and storage conditions may be more
complicated than a simple relationship between the shelf life of a product and the accelerated
variables. Oil-in-water emulsions consist of three regions with different solubility of the
molecules. Distribution of ingredients as well as pro-oxidants and antioxidants in these phases
will affect the lipid oxidation in accelerated shelf life studies. Steps were taken in the production
of the SOSDEs for this research to keep the process as identical to commercial production as
possible. In studies completed by Richards and Golding (2011) on lipid oxidation in an oil-in-
water emulsion, the researchers analysed the droplet size of the emulsions after 5 passes
through homogenization and still saw small differences in droplet sizes. Droplet size impacts
the perceived sensory characteristics and hedonics (Let et al., 2016). Analysing the molecular
environment, particle size and specific orientation of lipid molecules and other ingredients at
the interface layer will therefore be beneficial as this has a significant effect on the chemical

reactivity (Chaiyasit et al., 2007) and sensory perception of the product (Lett et al., 2016).
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The 20 ml head space in the glass containers of the ambient and accelerated stored
samples in the current study probably affected the rate and extent of lipid oxidation, as it
increased the oxygen interaction on the surface. According to Hamilton (1999) oxygen is
required in the initiation and propagation phases of oxidation of oil. Therefore, the larger head
space of the stored samples in the current study (20 ml) contained more oxygen that could
have promoted oxidation. The head space in the current study is similar to headspace found

in commercial salad dressing emulsion products.

Antioxidant are used in very low quantities and doesn’t contribute to sensory qualities
of the product, therefor the aroma attributes associated with the specific antioxidant gallic acid
and EDTA used were not determined in this research (Coppen, 1999; Elias et al., 2008)..
Therefore, it is not possible to analyse the aroma differences associated with the addition of
any specific antioxidant. In order to accurately identify aroma attributes as predictors for lipid
oxidation in commercial oil-in-water emulsions, it is recommended to complete descriptive

analysis to understand the aroma attributes associated with each antioxidant individually.

5.1.2 Sensory evaluation

Sensory evaluation has been described as the preferable method for the measurement
of rancidity (Rossel, 1999). The frozen samples used in the current study were removed from
the freezer 4 hours prior to sensory analysis. Samples reached an internal temperature of 22-
24°C before they were presented to the trained panel for sensory analysis. Research from
the 1970’s concluded maximal taste intensity of various food products are observed when
served at room temperature (Pangborn et al., 1970; McBurney et al., 1973; Moskowitz, 1973).
More recent research by Engelen et al. (2003) on the effects of product temperatures (10, 22
and 35°C) of oil-in-water emulsions (mayonnaise) found that product temperature influenced
perceived flavour intensities, and higher product temperatures increased flavour intensity.
Although the current study only included aroma evaluation, the samples were evaluated
between 22-24°C. It is possible that the intensities of sensory attributes would increase even
more when evaluated at 35°C. Research by Engelen et al. (2003) on effect of temperature on
mayonnaise indicates that aroma attributes increased with increasing temperatures, possibly
because at higher temperatures the aroma compounds became more volatile, resulting in a
higher concentration of these compounds reaching the receptors in the nose. Similar results
with increased aroma-related volatiles with increased temperatures were found in fruit (Dixon
and Hewett, 2000; Zhang et al., 2011) and cheese (Rehman et al., 2000). The effect of serving
temperature was not investigated in the current study as the product studied was stored in the

fridge (4-10°C) after opening and would therefore be more often consumed at lower
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temperatures, however the SOSDE may be used in warm applications and therefore it is

recommended that evaluation temperature of SOSDE be researched in a future study.

Most sensory studies conducted on lipid oxidation of oils and emulsions included the
evaluation of flavour and aroma attributes (Malcolmson et al., 1996; Bou et al., 2001; Chale-
Rush et al.,, 2007). Aroma descriptors associated with volatile secondary lipid oxidation
products were listed in Chapter 2 and included: painty, fatty, soapy, metallic, green, apple like
and nutty to name a few. Other attributes used to describe the degradation of free fatty acids
(FFA) are astringent and burning (Chale-Rush et al., 2007). These attributes refer to mouthfeel
and are perceived during the consumption and flavour evaluation of a product. These
attributes would not be detected through orthonasal aroma evaluation only. This emphasized

the importance of evaluating aroma, flavour and mouthfeel of oxidised products.

However, due to potential health risks such as cell damage, inflammation and liver
hypertrophy (see discussion in section 2.4 Chapter 2) associated with the consumption of
indigestible oxidised food products such as lipid peroxides, hydroxy FAs, carbonyl
compounds, cyclic monomers, malonaldehyde, polycyclic aromatic compounds and oxidised
sterols (Sanders, 1999; Chen et al., 2011) the panel evaluated orthonasal aroma only and did
not taste or consume the SOSDEs. The sensory evaluation was conducted by identification of
presence or absence of specific aroma qualities in a sample. This method was an adaptation
of the method referred to as “Check All That Apply” methodology (CATA) and there have been
a number of research studies evaluating CATA as a profiling method (Dooley et al., 2010;
Meyners et al., 2013; Reinbach et al., 2014; Ares et al., 2015). CATA is arguably not the best
methodology to use when only subtle changes are present as it does not measure attribute
intensity (Ares et al., 2015), however due to the complexity of the SOSDE and the low
intensities associated with rancidity related aroma attributes during the onset of lipid oxidation,
indicating the presence or absence of an aroma attribute was already challenging and required
significant training for the approach used. Significant differences were reported for some of
the aroma attributes for SOSDEs stored in accelerated and ambient storage conditions as
discussed in Chapter 3. Results from Chapter 3 further indicated that more PV and AV
differences compared to aroma differences were reported in SOSDEs stored in accelerated
and ambient storage conditions over time. As rancidity relates to presence of volatiles it was
expected that these rancidity related attributes would be identifiable through aroma analysis.
Because of this and the possible health risk associated with the consumption of oxidised

products, the decision was made to analyse aroma attributes only in the current study. For
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future studies it may be worthwhile to consider the following three approaches to increase
sensory sensitivity: 1) scaling aroma attribute intensities rather than CATA whichmay be more
sensitive as panellists have to assign an intensity score for each attribute rather than just
indicating presence or absence, 2) expectorate products after evaluation of flavour and mouth
feel to ensure that there is no or limited health risk associated with the evaluation, 3) analyse
the formation of potential toxic products that can have a negative impact on biological tissue
(Chen et al., 2011) before exposing the panel to the stored SOSDEs.

Sensory evaluation of the SOSDEs was conducted under red light to mask any
potential colour differences in the samples (Meilgaard et al., 2007). It may be possible that
colour differences or phase separation, thinning or thickening occurred, but no colour, texture
or visual tests were included in the study of the SOSDEs. According to Barden and Decker
(2016), lipid oxidation can alter textural properties and adversely affect colour and nutrition of
food products. Stability of emulsions is affected by storage temperature but remains relatively
stable between 0°C to 40°C. As these samples were stored frozen at -20°C prior to analysis,
the emulsion structure may have been compromised and it may be valuable to consider visual

and texture evaluation by human panel and/or instrumental techniques in future studies.

All SOSDEs were evaluated in duplicate. It is recommended that future research in
this field complete sensory evaluation in triplicate to increase statistical power and identify

variation between assessors (Lawless & Heymann, 2010).

Gas Chromatogram Olfaction (G.C.O) was not completed in this research. It was
originally not deemed necessary based on the objective of this research. Upon analysis of
sensory results, it was unclear whether the metallic and/or earthy aroma detected was due to
the presence of the lipid oxidation related volatile 1-hexen-3-one or if it was related the
antioxidant gallic acid. Although this will not affect the results of this research, it may be
beneficial to include G.C.O in future studies in this field, to define and describe specific

volatiles associated with the development of lipid oxidation.
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5.1.3 Chemical analysis

In this study, PV and AV was compared to orthonasal aroma analysis and were found
to be more discriminating oxidation markers for the SOSDE using the 20 days of accelerated
storage. Aroma analysis was performed every day for SOSDEs stored in accelerated storage
conditions, however the chemical analyses were performed at day 0, 1, 2, 4, 6, 8, 11, 14, 17
and 20 due to constraints. Due to the discrimination of PV and AV in measuring oxidation
markers in SOSDEs stored in accelerated storage conditions, it is recommended to conduct
PV and AV at intervals the same time as the sensory analysis (daily) in order to analyse results

simultaneously and compare directly.

5.2 MULTIVARIATE ACCELERATED SHELF LIFE TESTING (MASLT)
Although accelerated shelf life methods enable the calculation of shelf life estimations

(Corradini and Peleg, 2004; Derossi et al., 2016), they cannot assure agreement between
what is estimated and what is observed experimentally which may lead to significant
discrepancies (Derossi et al., 2016). Several variables are often studied in accelerated shelf
life studies, for example sensory characteristics and chemical analysis (current study). In such
cases it is not easy to determine which parameter is most relevant for defining the end of shelf
life of the product. Pedro and Ferreira (2006) introduced a new approach for determining shelf

life by simultaneously taking into account many quality attributes, known as the MASLT.

MASLT incorporates not only the critical descriptors, but all descriptors that showed
significant change over time and contributes to PC1. Using MASLT reduces the risk of
establishing product shelf life based on one critical attribute but may exclude attributes that
showed significant changes over time in only one product. Plastic aroma changed significantly
over time in AccNo but not for any other treatments stored under accelerated storage. Due to
plastic aroma’s low contribution to PC1, this attribute was not included in the final steps of the
MASLT. Painty aroma on the other hand changed significantly over time in treatments
AccHiGal and AccLoEDTA and was included in all the steps of MASLT and impacted the
regression line and rate constant. It is hypothesised that the inclusion and exclusion of specific
attributes that changed over time in different products significantly impacts the multivariate
kinetic chart and rate constant which may lead to incorrect interpretation when comparing rate
constants of all the products. Therefore it is crucial to interpret the multivariate kinetic chart in
combination with the attributes included in the PCA map. According to Labuza and Dugan
(1971), each phase in lipid oxidation (initiation, propagation and termination) has its own rate
constant, and Sullivan et al. (2011) concluded that data fit first order kinetics only within certain

temperature ranges.
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MASLT has been used on various food products over the last 8 years and has also
been applied to this study (Chapter 4). Results from MASLT in this study clearly showed the
changes that occurred in the SOSDE products over time. Interpreting the MASLT results with
the aid of the power values of variables has proved to be beneficial in understanding the
relationships between attributes over time. Some modifications to this method could also be

considered.

The experimental design of other MASLT studies predicting the shelf life of
concentrated tomato paste (Pedro & Ferreira, 2006), UHT milk (Richards et al., 2014), lettuce
(Derossi et al., 2016), hamburger buns and orange juice (Gimenez et al., 2017) were based
on the fact that the rate constant was temperature dependent. Therefore, in those studies,
three different temperatures were used as the only acceleration factor. The acceleration
factors used in the shelf life model proposed by Branco et al. (2011) included several aspects
such as elevated temperature (32.2°C), pH 5.5, 1.70 mmol/L ascorbic acid and 0.885 mmol/L
FeSO.. It is important to note that the shelf life model proposed by Branco et al. (2011) was
followed, as oxidation in food emulsions is a dynamic process in which factors interact with
each other. Branco and co-worker research further included six to seven sampling times of
one treatment over periods of up to 6 months while this shelf life study on SOSDEs included
5 different treatments evaluated over 10 sampling times over 20 days. It was expected that
significant lipid oxidation would occur within the 20 days under accelerated storage conditions
as Branco et al. (2011) reported differences in similar emulsion products within a few days
and Celus et al. (2018) reported differences in lipid oxidation of oil-in-water emulsions after 2
weeks storage at 35°C. However, it may be beneficial to consider an experimental design of
three temperatures over longer periods in a future study in order to compare the findings with
other MASLT studies.

5.2.1 Survival analysis

The MASLT studies discussed above included a point of rejection in the multiple kinetic
chart that was either determined as part of the research through survival analysis (Richards
et al., 2014; Gimenez et al., 2017) or by using rejection points based on previous research
(Derossi et al., 2016). Determining the ‘point of rejection’ or ‘end of shelf life’ through survival
analysis with consumers may be very useful to understand when consumers reject a product
and subsequently determining the probability of a consumer rejecting the product as the cut-
off point for MASLT. Hough et al. (2003) describes the process of survival analysis and
determining the point of rejection in detail. In this study it was assumed that all attributes had

equal importance to the shelf life of SOSDEs. Some of these attributes may, however, have
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more significance to shelf life of SOSDEs than others, and higher weights can be given to the
loadings of attributes with more significance. In order to conduct survival analysis for the
SOSDEs, they will have to be stored in reverse storage (where SOSDEs will be prepared and
start shelf life at different times in order to end shelf life at the same time) and be presented to
consumers in order for consumers to indicate if they will or will not consume the product stored
for a certain time period. Survival analysis is resource intensive and although not suitable for
regular checks on the shelf life of a product it is recommended for once off shelf life estimations
or validations. Establishing the ‘point of rejection’ for SOSDE will aid in the shelf life estimation

and confirmation and should be considered for future studies (Garitta et al., 2015).

5.3 DISCUSSION OF RESULTS
Fig 5.1 — Fig 5.3 depicts the possible lipid oxidation processes within the SOSDE

stored under accelerated shelf life conditions with and without antioxidants added. During
ambient and accelerated storage (Fig 5.1), in the SOSDE with no antioxidants, hydroperoxides
and free radicals formed during the initiation phase, react to form carbonyl compounds. These
reactions take place at a faster rate in the SOSDEs stored in accelerated shelf life though the

acceleration factor has not been determined yet.

In the presence of gallic acid, a free radical scavenger antioxidant, it binds to free
radicals formed during the initiation phase of oxidation to form more stable lipid peroxides (Fig
5.2) that do not continue to the propagation phase of the oxidation process. SOSDEs with
gallic acid as antioxidant (AmbHiGal and AmbLoGal) had a significantly lower AV and rancid
aroma compared to AmbNo, indicating the effective retardation of lipid oxidation during the
propagation phase as depicted in Fig 5.2. Further to this, the sensory results indicate that
AmbLoGal had a higher rancid aroma detected compared to AmbHiGal which indicates higher

effectiveness of increased concentration of gallic acid in the SOSDE.

As illustrated in Fig 5.3, EDTA chelates to metals found in the SOSDE that accelerate
lipid oxidation. In the current study the iron added as FeSO. acted as a pro-oxidant and
accelerated the oxidation process. In the presence of EDTA, the iron binds to EDTA, to form
FeEDTA (MacPhail et al., 1994). FEEDTA does not act as a pro-oxidant in emulsions and
therefor does not accelerate the oxidation process. Results from the accelerated shelf life

storage indicated SOSDE with EDTA as antioxidant had a significantly lower metallic aroma
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compared to SOSDE with no antioxidants. This is probably due to the EDTA chelating with
the iron to form FEEDTA, or a decreased development of lipid oxidation products (1-hexen-3-
one) with metallic aroma attributes (Hartvigsen et al., 2000). EDTA also had a significant effect
on the development of peroxides (PV) as well as secondary peroxide products (AV) in the
SOSDE, with PV and AV for AccHiEDTA being significantly lower indicating that the higher
concentration of EDTA had a greater effect on retarding lipid oxidation in the SOSDE. EDTA
binds to the iron that accelerates lipid oxidation throughout shelf life and therefore the lipid
oxidation is retarded compared to SOSDE with no antioxidants. Based on the results and the
depictions in Fig 5.3 it is estimated that once the EDTA binds to iron, the EDTA is bound in
the FeEDTA form and cannot react with another iron ion. Therefore, the higher the

concentration of EDTA, the more ironions can be chelated into FEEDTA.

According to the multivariate analysis, cardboard aroma is associated with the later
stages of lipid oxidation in the SOSDEs stored under ambient and accelerated conditions.
These aroma changes relate to the development of volatiles during the decomposition of
hydroperoxides and does not affect the lipid oxidation process and are therefore not included

in the figures below.
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accelerated storage conditions.
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The current study included two concentrations of each antioxidant (gallic acid and EDTA)
(Table 5.2). This was valuable in helping to understand the concentration effect of the same
antioxidant on the deterioration of the SOSDE. Results reported in Chapter 3 indicated that aroma
differences, as evaluated by the sensory panel, between SOSDEs with different concentrations
of antioxidants were more apparent for ambient than accelerated stored SOSDEs. PV differences
were apparent between SOSDEs with high and low EDTA concentrations that were stored in
accelerated shelf life conditions and AV differences existed between SOSDEs with different gallic
acid concentrations for both storage conditions, and for accelerated stored SOSDEs with different
EDTA concentrations. Including more than one concentration of an antioxidant gives the
opportunity to study concentration effect and understand sensory attributes associated with the

antioxidant and should be considered in future research.

Interactions may occur between antioxidants which may in turn affect the oxidation of a
product. The reason for these interactions are unknown but it is possible that antioxidants differ
in their efficiency in dealing with different mechanisms in the oxidation process (Coppen, 1999).
It is important to note that not all combinations of antioxidants display synergistic effects. In the
current study, one antioxidant was evaluated at a time which provides limited information. It may
be beneficial to research combinations of antioxidants with different mechanisms (e.g. metal
chelator and free radical scavenger) in future studies when determining efficiency of antioxidants

in oil-in-water emulsions in order to better screen antioxidants.

Upon comparison of the emulsion preparation, antioxidants used, potential pro-oxidants
included, sample storage, sample collection and analysis between the current study in this thesis
and the model study as described by Branco et al. (2011) there were clear differences and
similarities. This was a first attempt at reporting the measurement of lipid oxidation markers in a
commercial SOSDE stored under accelerated and ambient shelf life conditions. Although results
indicate that PV, AV and aroma of SOSDEs stored in accelerated conditions as used in this study,
do not clearly predict results for ambient stored SOSDEs, MASLT as applied in this model is

valuable in screening effectiveness of antioxidants in relative short time periods.
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CHAPTER 6: CONCLUSIONS

The first novel contribution of this study includes the simultaneous application of shelf life
acceleration factors on a commercial sunflower oil-in-water salad dressing emulsion (SOSDE).
Previous research has been conducted on a simplified model system that didn’t contain
ingredients associated with commercial oil-in-water salad dressing emulsion which may affect the
oxidative stability of the product. The addition of antioxidant EDTA (low and high concentration)
to the SOSDE stored at ambient conditions, retarded lipid oxidation as measured through aroma
and chemical analysis (PV and AV), compared to the SOSDE with no antioxidants added. During
accelerated storage conditions, SOSDEs with the high concentration (75 ppm) of EDTA increased
lipid oxidation retardation compared to the low concentration of EDTA (37.5 ppm) as assessed
by chemical analysis. The antioxidant concentration effect was also observed with addition of
gallic acid, where lipid oxidation retardation was greater during ambient storage of SOSDE with
1000 ppm gallic acid compared to 500ppm gallic acid added as measured by AV and rancid

aroma detection.

Both sensory analysis and chemical analysis contributed to the examination of SOSDEs
stored at ambient and accelerated conditions, with sensory differences more differentiating
among SOSDE products stored at ambient storage conditions and chemical analysis more
differentiating among SOSDEs stored under accelerated conditions. The determination of
antioxidant effectiveness in a commercial oil-in-water emulsions under accelerated conditions is
a valuable contribution to the industry, since it can be used to screen antioxidants effectiveness

in a representative product in a relatively short time period.
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The second novel contribution of this study is the successful application of the multivariate
accelerated shelf life test (MASLT) and the identification of possible predictors for end of shelf life
for commercial oil-in-water emulsions. Addition of EDTA or gallic acid to the SOSDE lowered the
rate constant of lipid oxidation compared to the SOSDE with no antioxidants added. All SOSDEs
with added antioxidants, had a higher rate constant in accelerated storage compared to ambient
storage, indicating the effectiveness of the accelerated storage model. Pungent aroma was
associated with early stage of ambient storage (weeks 0-8) and accelerated storage (days 0-15)
and cardboard aroma was associated with later stages of ambient storage (weeks 9-24) and
accelerated storage (more than 15 days) and it was concluded that pungent aroma and cardboard
aroma were the most probable predictors of shelf life in SOSDEs. No differences were noted in
plastic aroma among SOSDEs stored under ambient condition when analysed through univariate
and multivariate analysis however significant increases in plastic aroma were found over time in
the SOSDE with no added antioxidant added stored under accelerated storage conditions
(AccNo). Further research will be needed before plastic aroma can be eliminated from the lexicon.
It is recommended that the following attributes and definitions be included in the lexicon

development of oil-in-water emulsions shelf life studies:

Aroma attribute Definition
Sharp piercing somewhat irritant odour that gives a recoil
Pungent _ o _
response. Tactile stinging sensation.
Plast Aroma associated with waxy oxidised off notes (associated with
astic
plastic container)
Cardboard Aroma associated with cardboard box
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