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ABSTRACT
Lipophilic bioactive components (LBCs) including fish oil, phytosterols, and limonene, have
beneficial effect on human health. However, their hydrophobic nature and susceptibility to
oxidation, light and heat limit their application in most food systems. The aim of this study was
to develop a stable delivery system in microcapsule form for LBCs, especially fish oil, by coencapsulation with phytosterol esters (PE) and limonene using food-grade emulsifiers.
As the first step, formation of the emulsion was studied to obtain a stable and submicron-size
emulsion system. This was achieved by studying the effect of homogeniser conditions, types and
composition of emulsifier, solid content and oil/emulsifier ratios on the physicochemical
properties and stability of the fish oil emulsions. Milk proteins including whey protein isolate
(WPI) and sodium caseinate (NaCA) were studied as they were reported to have surface active
properties and excellent oxygen barrier. Results show that WPI was more suitable to be applied
as the main emulsifier in current research than NaCA, since its solubility was not influenced by
pH. WPI could also be applied at high concentration due to its low viscosity. Mixed WPI and
NaCA in a ratio of 4:1 and WPI and soluble corn fiber (SCF) in a ratio of 1:1 produced
submicron emulsions with high stability. The combination of emulsifiers including
maltrodextrins DE 10, DE 18, and gum Arabic could not give stable and monomodal distribution
emulsions. A physical blend of WPI with SCF or NaCA together in water was the best order of
addition preparation of emulsion with high stability and good properties. The order of lecithin
addition, either in an aqueous or oil phase, did not show any positive effect on the emulsion
properties and stability. The oxidative stability of fish oil was promoted by emulsification and
was further improved by the addition of phytosterol esters. Fishy odour was successfully
masked by the incorporation of limonene in the formulation. Based on the results of emulsion
properties, a composition of 75 % fish oil, 12.5 % phytosterol esters and 12.5 % limonene was
chosen as the composition for the oil phase.
The microstructure of selected emulsions was studied by small angle x-ray scattering (SAXS).
Results revealed that the emulsions had a large polydisperse spherical structure at the droplet
interface and dispersion of small polydisperse spheres in solution. The emulsions stabilized by
different emulsifiers showed relatively different structures at the interface while various forms
and size of free emulsifiers were presented in solution. To some extent, the different
microstructures of the emulsions reflect differences in properties and stability.
Secondly, the emulsion systems with optimum properties and stability were dried into powder
form using spray drying and freeze drying methods.
Physicochemical properties of
microcapsules, including water activity, glass transition temperature, microencapsulation
efficiency and microstructure were investigated after the drying processes. Storage stability and
in vitro digestibility of microcapsules were also investigated. Results from the physicochemical
properties of microcapsules show that spray drying was the more suitable method for drying the
emulsions compared with freeze drying. The spray dried microcapsules also had higher retention
of limonene and lower formation of limonene oxide during storage. Among the spray-dried
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samples, the samples containing mixed milk proteins as wall materials gave slightly higher
protection against oil oxidation compared with samples containing WPI and SCF. The results
could be explained by the thicker interfacial layer around the oil droplets and the lower oxygen
permeability of milk proteins. The study of interaction between wall components using Fourier
Transform Infrared Spectroscopy (FTIR) revealed that as there was a shift of the amide II band,
conjugates from a Maillard reaction possibly occurred in the protein and carbohydrate system
during processing. This could be the reason that wall materials containing WPI and SCF had
antioxidant properties and a slower release of oil during in vitro digestion.
On application to the real food systems, including juice, ice cream and yoghurt, WPI/SCFmicrocapsules (containing the amount of 50 mg EPA+DHA per serve) showed similar properties
to those samples formulated with the commercial product, namely ROPUFA® during storage.
The results suggest that these newly developed co-encapsulated microcapsules would be well
suited to a commercial product. Overall, this research showed that co-encapsulation of fish oil
with PE and limonene can be achieved through drying. The microcapsules were shown to have
reasonably good properties and could be applied in new food products.
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Chapter 1
Introduction
1.1

Overview

There is currently a high level of interest in lipophilic bioactive components (LBCs), such as
omega-3 fatty acids, phytosterols, and limonene because of their potential health benefits.

Fish

oil is known to be a rich source of omega-3 long chain polyunsaturated fatty acids, containing
both docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA).

It is well known to have

health benefits for its ameliorative effects on brain and nervous systems and has been associated
with the decreased risk of some diseases e.g. diabetes, inflammatory and autoimmune disorders,
and coronary artery disease, thrombosis, cardiac arrhythmia and hypertension (Gurr, 1999;
Newton, 2001).

Research shows that fish oil consumption was associated with a reduced risk

from all-cause, ischemic heart disease and stroke mortality across 36 countries (Zhang et al.,
1999).

In a 5-year study on the correlation between fish oil consumption and major depression,

research data show that 5.8 % of people in New Zealand have major depression whereas in Japan
the rate is only 0.12 %, a decrease attributed to the high consumption of fish oil in Japan, nearly
4 times higher than in New Zealand (Hibbeln, 1998).

However, because of its highly

unsaturated nature, fish oil is susceptible to oxidants, light and heat, resulting in poor quality
products with reduced health promoting properties.

In addition, due to its poor water solubility,

fish oil has limited applications in the food industry.

Therefore, fish oil requires some forms of

protection from chemical damage, which can ideally improve its application and bioavailability,
for example in functional foods.

There is a wide range of different types of delivery systems applied to encapsulation of lipophilic
components. Among these, emulsion technology is more suitable for the design and fabrication
of delivery systems for encapsulation. The reason is that emulsion-based delivery systems
could meet the requirements for incorporation of lipophilic bioactive components into food.
The delivery systems, initially, should be entirely comprised of permitted and inexpensive food
ingredients; secondly, it should protect the encapsulated nutrients against chemical degradation;
1

thirdly, it should allow for precise control over the release of encapsulated components during
mastication and digestion to maximize adsorption; fourthly, it should enhance or at least not
adversely affect the bioactivity of the encapsulated components; finally, it should not adversely
affect the properties of the surrounding matrix, such as the appearance, texture, flavour and
stability of the final product (McClements et al., 2007). To achieve a suitable formulation, a
sound understanding about the physicochemical properties of emulsion systems and interactions
between emulsifier components is required.

Sometimes, more than one LBC is required to be delivered in the same food matrix. In these
cases, encapsulated LBCs have to be individually added into food, which may not be convenient
for manufacturers.

Furthermore, some researchers have reported that the co-encapsulation (CE)

of different core materials can enhance the bioactivity of individual components (Halwanil et al.,
2008). However, the literature does not report that research delivers more than one LBC into a
food matrix when using emulsion systems, although it has been widely applied in drug delivery
systems in recent years, either in liposome form or in capsule form (Gürsoy et al., 2004; Iyer and
Kailasapathy, 2005).

The interactions between different core materials in emulsion systems are

also still largely unknown.

Emulsions, which are in liquid form, have their limitations for application into food, since some
food systems are in dry bases, such as breakfast cereals or chocolate.
encapsulated in emulsion forms are not as stable as in dry powders.

Moreover, LBCs

Drying emulsions into

powders is a method for making the encapsulated LBCs more stable during storage and
extending their application in food systems.

Existing drying methods, such as spray drying, are

widely used to form microcapsules from emulsion forms (Section 1.2.5.1) and this technology is
adopted for the current study.

On the other hand, it was hypothesized that freeze drying may

have advantages over spray drying for sensitive components because of its low temperature and
vacuum application, and so freeze drying was also used as a comparative drying method in this
research.

Until now, the physicochemical properties and release profile of CE powders are

largely unknown and the associated changes of food matrix properties have never been
investigated after introduction of CE powders into food systems.
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Based on the above background, the current study was focused on the delivering and protection
of LBCs, particularly fish oil, co-encapsulated with phytosterols and limonene, using food-grade
emulsifiers (including milk proteins, carbohydrates and lecithins), and dehydrated into powder to
extend its application and prolong its shelf life. This study is divided into two main parts:
emulsion systems and dehydrated emulsion systems.

Part One aimed to produce a fine and

stable submicron emulsion system. Properties of different emulsion systems, stabilised by
different emulsifiers and emulsifier combinations, and containing different oil phases, were
assessed. Microstructure of the emulsion systems as a result of component interaction were
investigated using small angle x-ray scattering technology.

The main purpose of Part Two was

to produce a powder with high oil load, long shelf life, which can be applied in a wide range of
food products.

To achieve this, the effect of different drying methods, including spray drying

and freeze drying, on the properties of CE powders was investigated.

Storage stability of

microcapsules was also evaluated including oxidative, physical and sensory properties.
Digestibility of spray-dried microcapsules was investigated in an in vitro study and their
application in real food systems was carried out.

The following section provides background literature on the relevant subjects of this study.

1.2

Literature review

1.2.1

Fish oil

Physiological function of fish oil
Fish oils are considered to be one of the common sources of eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA).

EPA and DHA fall into a larger category of omega-3 (n-3)

polyunsaturated fatty acids (PUFAs).
1.1.

The structures of these fatty acids are shown in Figure

In fish oil, DHA and EPA normally exist in the form of triglycerides, in which EPA or

DHA combines with the hydroxyl group in a glycerin molecule (Newton, 2001).
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EPA, Eicosapentaenoic acid (C20:5 n-3)
Figure 1.1

DHA, Docosahexaenoic acid (C22:6 n-3)

Structures of main n-3 PUFAs.

There is growing interest in the effect of fish oil, mainly EPA and DHA, in human health because
of its protective effects in the treatment and prevention of a number of diseases (Valfre et al.,
2003).

However, EPA and DHA cannot be synthesized by humankind, though a small

percentage of α-linolenic acid is able to be converted to EPA and DHA, and must therefore be
supplied through diet.

That is the reason why it is important for human beings to include foods

containing fish oil in the diet.

Numerous researchers have found that these PUFAs are

important components of cell membranes and are essential for normal human growth and
development (Hettleton, 1995; Horrocks and Yeo, 1999).

It is reported that a large part of the

demand for n-3 PUFAs is for maintaining well-health of the brain and nervous system (Hettleton,
1995).

DHA has significant importance because of its incorporation into the membrane

phospholipids of both retina and brain.

DHA comprises 30% of the total fatty acids in the gray

matter of brain and retina (Hettleton, 1995) and accumulates during late fetal and early neonatal
life.

Studies have shown that consuming a wide range of fish oil can also control blood glucose

levels and thus assist in the treatment of diabetes (Annuzzi et al., 1991). Furthermore, n-3
PUFAs are well known to be effective in treatment of certain cardiovascular diseases and to play
an important role in prevention and treatment of arthritis, asthma and other inflammatory and
autoimmune disorders (Gurr, 1999).

Clinical studies show that n-3 long-chain fatty acids,

especially EPA, can increase the high density lipoproteins/low density lipoprotein cholesterol
ratio and decrease the total triacylglycerols, thereby decreasing the risk of coronary artery
disease (Bang, 1991; O'Keefe and Harris, 2000; Cordain et al., 2002; O'Keefe and Cordain,
2004), atherosclerosis (Yamada et al., 2000), thrombosis (Vericel et al., 1999), cardiac
arrhythmias (Horrocks and Yeo, 1999; Newton, 2001) and hypertension (Takhata et al., 1998).
An increase in dietary n-3 fatty acids has an effect on the mechanisms of inflammation which
involve prostaglandins, leukotrienes and lipoxins (Lees, 1990). Many clinical studies have also
shown that taking capsules of fish oil (3-5 g/day) can reduce significantly a number of tender,
swollen joints in patients with rheumatoid arthritis (Das and Huang, 2000).

In asthmatic
4

patients, leukotrienes formed from arachidonic acid are involved through vasoconstriction and
EPA and DHA can compete with α-linolenic acid in eicosanoid metabolic

mucus secretion.

pathways and then prevent the synthesis of leukotrienes (Horrocks and Yeo, 1999).

The current intake of fish oil in the industrialised world is lower than that recommended by
nutritional organizations (Richard and Ostlund, 2002; Katan et al., 2003; Sioen et al., 2006).
Hence, the food industry aims to incorporate them into functional foods to enhance their amount
in a daily diet.

However, fish oil is easy to oxidise due to the presence of highly unsaturated

fatty acids which are relatively sensitive to oxygen, light and heat.

The oxidation gives rise to

the formation of undesirable off-flavours and unhealthy compounds such as free radicals and
reactive aldehydes.

These oxidation products will further oxidise the lipids in the human body,

resulting in the damage of biofilms and the decline of cell function, and finally leading to
cardiovascular disease, hypertension and stroke (Kamal-Eldin and Yanishlieva, 2002).

In

addition, the fishy odour is unpleasant and highly unacceptable for most consumers.

Delivering fish oil in functional foods
In recent decades, numerous works have been conducted to deliver fish oil as a functional
ingredient into food products either in the form of an emulsion or a powder (Fomuso et al., 2002;
Drusch and Schwarz, 2006; Shen et al., 2010).

An emulsion-based delivery system is probably

an efficient way to incorporate fish oil with aqueous-based foods.

It has several advantages:

fish oil could be entrapped in a protection layer formed by emulsifiers, which makes them
isolated with surroundings and prevents them from oxidation by oxygen and light and finally
keeps their biological activities (McClements et al., 2007); the technology could help to mask the
unpleasant flavour, such as fish odour, and finally improve the consumer acceptability to the
products (McClements et al., 2007).

However, delivering fish oil in an emulsion form has some challenges.

For example, it has

been reported that lipid oxidation in emulsions is generally recognized as being significantly
more complex, faster and very different from lipid oxidation in bulk oil systems, due to the
interfacial interactions of n-3 PUFA with oxidants, especially metal ions in the aqueous phase
5

(Jacobsen et al., 1999; Frankel et al., 2002; Let et al., 2003).

The metal catalysed

decomposition of peroxides is the major driving force of lipid oxidation in food emulsions as in
many other food systems, which can lead to the formation of secondary volatile oxidation
compounds besides generating free radicals (which initiate further oxidation reactions).
Although some research has been reported that choosing the right emulsifier (Fomuso et al.,
2002; Klinkesorn et al., 2005), increasing the thickness of the emulsifier (Klinkesorn et al., 2005),
controlling the pH (Mei et al., 1999) or utilizing of antioxidants (Medina et al., 2003; Jacobsen et
al., 2008) may prevent the lipid oxidation to a certain extent, other drawbacks of an emulsion as
a delivery system still exist. For example, an emulsion is a thermodynamically unstable system,
resulting in physical instability after preparation and consequently shorter shelf life (Singh et al.,
2009).

In addition, high water activity in an O/W emulsion system provides a suitable

environment for growth of microorganisms, especially in the presence of proteins (Reineccius,
2001). Research shows that dehydrating emulsions by drying techniques can overcome these
difficulties to delivery of n-3 PUFAs (Heinzelmann et al., 2000). Thus, food industries have
much interest in dehydrated liquid emulsions in powder form to prevent the interfacial
interactions and prolong the shelf life.

Transition of emulsions into powder makes them easier

to handle, store and transport.

1.2.2

Phytosterols

Phytosterols (also called plant sterols) are a group of steroid alcohols, phytochemicals naturally
occurring in plants (Richard and Ostlund, 2002).

They have similar structure and functionally

analogous to cholesterol in vertebrate animals.

However, the side chain in plant sterols

contains additional double bonds and methyl and/or ethyl groups, which tend to make the
compounds more hydrophobic than cholesterol (Wąsowicz, 2002). Recent convention among
nutritionists has divided phytosterols into the two categories of “sterols” or “∆5-sterols”
containing a double bond at position 5, and “stanols” which are the saturated derivatives from
plant sterols, with 5α-reduction of the double bond (Richard and Ostlund, 2002; Richard and
Ostlund, 2004). More than 40 sterols have been identified in plants, among which the most
common bioactive phytosterols are β-sitosterol, campesterol and stigmasterol, whereas sitostanol
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is the most common one in the family of stanols (Wąsowicz, 2002). The chemical structure of
common phytosterols is shown in Figure 1.2.

∆5-phytosterols

Sitosterol

Campesterol

Stigmasterol

Phytostanol with 5 α configuration

Sitostanol
Figure 1.2

Structure of common phytosterols.

The best food sources of sterols include nuts, seeds, unrefined plant oils and legumes, whereas
stanols occur naturally in wood pulp, tall oil and soybean oil (Richard and Ostlund, 2002).
However, plant stanols are found naturally in lower concentrations than sterols.

They are most

commonly obtained in the diet by chemical hydrogenation of plant sterols (Richard and Ostlund,
2002; Wąsowicz, 2002).

The non-vegetarian diet contains approximately 250 mg/day of

unsaturated phytosterols while a vegetarian diet contains over 500 mg/day (Richard and Ostlund,
2004; Richard and Ostlund, 2007). Western diets contain approximately 20 to 50 mg of plant
stanols per day (Czubayko et al., 1991; Gylling and Miettinen, 1994), which suggests that stanols
may comprise around 10 % of dietary phytosterol intake.
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Phytosterols have received a great deal of attention due to their ability to decrease not only
serum cholesterol levels but also the ratio of the concentrations of low-density lipoprotein (LDL)
to high-density lipoprotein (HDL) bound cholesterol in the serum (Mattson and Grundy, 1982).
The relationship between cholesterol and phystosterols is apparently due, in part, to the
similarities between the respective chemical structures (the differences occurring in the side
chains of the molecules) although the precise mechanism of action remains largely unknown.

It

is assumed that phytosterols displace cholesterol from the micellar phase and thereby reduce its
absorption or possibly compete with receptor and/or carrier sites in the cholesterol absorption
process (Engel and Schubert, 2005). However, at least 2 g of free phytosterols a day are needed
to lower LDL cholesterol content to a significant extent (Richard and Ostlund, 2002; Katan et al.,
2003). Such amounts can never be provided by normal foods. The crystalline nature and poor
solubility of free phytosterols limit their application in foods (Wąsowicz, 2002).

Purified

phytosterols form highly stable crystals (the form in which they are usually commercially
supplied) that may require several days or even weeks to dissolve in salt solutions (Richard and
Ostlund, 2002).

However, the solubility of sterol esters in oil exceeds 20% although the

solubility of free sterols in oil is only 2% (Wąsowicz, 2002; Engel and Schubert, 2005). Since
discovering that phytosterol fatty acyl ester derivatives could be readily incorporated into fatty
foods, phytosterol esters are being investigated for use as novel food ingredients, primarily for
use in margarine and spreads (Miettinen et al., 1966). Health-conscious consumers wishing to
benefit from the cholesterol lowering effects of phytosterols are therefore forced to consume
fat-rich foods, despite the health risks of a high fat diet.

Because of their highly hydrophobic nature, phytosterols are rendered insoluble and barely
dispersible in aqueous media. To solve this problem, an emulsion-based delivery system is
probably an efficient way to incorporate phytosterols with aqueous-based foods.

The

experiment from Engel and Schubert (2005) showed that introducing TWEEN 20 with lecithin as
emulsifier and crystallization inhibitor in an O/W emulsion could increase the solubility of free
phytosterols.

However, phytosterols seem to oxidise faster and to form a higher level of

oxidation products in O/W emulsions than in bulk oil because of the high degree of surface
activity, which may allow them to migrate to the O/W interface of the emulsion droplets where
8

oxidative stress is high (Cercaci et al., 2007). The metabolic fate and physiological effects of
phytosterol oxides in humans are not known.

It has been shown that the toxic effects of

β-sitosterol/campersterol oxides in a culture-derived macrophage cell line were similar to those
of cholesterol oxides, although less severe (Adcox et al., 2001; Wąsowicz, 2002).

Thus,

technical challenges need to be solved for the oxidation stability of phytosterol in food emulsions.
One advantage of encapsulated phytosterols should be mentioned, they may increase the
oxidative stability of other bioactive lipids that are susceptible to oxidation, if encapsulated with
them (Wąsowicz, 2002; McClements et al., 2007).

1.2.3

Limonene

Limonene is the most important flavour component in lemons, making up over 95 % of peel-oil.
It is also the main contributor to the odour of other citrus fruits which contain considerable
amounts of limonene.

Limonene is a colourless liquid hydrocarbon classified as a cyclic

terpene (Figure 1.3).

The D isomer is the most common form, possessing a strong smell of

oranges.

D-limonene
Figure 1.3

L-limonene

Structures of D and L isomers of limonene.

D-limonene, as the main odour constituent of citrus, is used widely as a flavour and fragrance
material in perfumes, personal care items, detergents, medicines and foods (Kimura et al., 1983;
Ueno et al., 2004). The main purpose of adding D-limonene into medicines and foods is to
mask the bitter taste of alkaloids and unpleasant odour, and thus improve consumer satisfaction
and influence them towards further consumption of the products.

As well as being used as a

flavouring, D-limonene has well-established chemopreventive activity against many types of
cancer (Sun, 2007).

Because of its gastric acid neutralizing effect and its support of normal

peristalsis, it has been used to release heartburn and gastroesophageal reflux (Sun, 2007).

It has
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also been used clinically to dissolve cholesterol-containing gallstones (Sun, 2007).

In addition,

some studies have shown that D-limonene has other pharmacological properties, e.g. antifungal,
antibacterial, antioxidant, and anti-spasmodic (Kato et al., 1990; Garcia et al., 2008; Singh et al.,
2010). Several recent researches reported that limonene also produces significant effects on the
cardiovascular system, promoting, among other actions, vasorelaxation, decreased heart rate, and
hypotension (Bastos et al., 2010; Peixoto-Neves et al., 2010).

However, use of limonene in foods can be challenging, firstly due to its relatively hydrophobic
nature limiting its use in most food systems; secondly, it is easy to lose during storage because of
its volatile nature; thirdly, it can deteriorate through acid-catalysed and auto-oxidation reactions
(Bertolini et al., 2001).

Limonene degradation occurs primarily from oxidation reactions that

result in the loss of lemon-like odours and the formation of off-flavours, described as flowery,
pinery, and minty, that are produced by the degradation products, e.g. epoxide limonene oxide
and the ketone carvone (Buckholz and Daun, 1978).

To extend its application range and

improve its stability, food scientists have put numerous efforts into delivery of limonene,
commonly in the form of an emulsion and in a reconstituted emulsion system using
microcapsules (Djordjevic et al., 2008; Jafari et al., 2008a).

1.2.4

Microencapsulation technology

Microencapsulation is a technology that allows sensitive ingredients to be enveloped as a “core”
material with a polymer matrix or “wall”.

The development of microencapsulation products

was started in the 1950’s by the National Cash Register Company (USA) in research into
pressure-sensitive coatings for the manufacture of carbonless copying paper (Green and
Scheicher, 1955).

This technology is now well developed and widely used within different

areas, including the pharmaceutical, chemical, cosmetic, foods and printing industries (Heinzen,
2002).

In foods, microencapsulation is currently widely used in the process of delivering

health-promoting food ingredients to protect ingredients from the environment during both
processing and storage, to enhance the ingredient bioavailability and efficacy (Hogan et al., 2003;
Kagami et al., 2003; Drusch et al., 2006), and to extend flavour perception and mouth-feel over a
longer period of time (Anandaraman and Reineccius, 1986; Bangs and Reineccius, 1988; Kim
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and Morr, 1996; Shefer and Shefer, 2003).

Lipids, flavours, vitamins, minerals, colorants, and

enzymes have been encapsulated (Dziezak, 1988; Shahidi and Han, 1993).

There are many ways to prepare microcapsules, including physical, chemical and
physicochemical techniques (Uhlemann et al., 2002).

Physical methods include spray drying,

spray chilling/cooling, fluidized bed coating, extrusion, freeze drying and co-crystallization
(Gibbs et al., 1999; Gouin, 2004; Desai and Park, 2005).

Interfacial polymerization and

molecular inclusion are chemical methods for encapsulation (Desai and Park, 2005).
Physicochemical methods mainly include coacervation, liposome-entrapment and organic phase
separation (Shahidi and Han, 1993; Gibbs et al., 1999; Desai and Park, 2005). The method
selection depends on the economics of processing, core sensitivity, requirements of particle size
in the microcapsules, physicochemical properties of core and wall materials, application and
release properties (Shahidi and Han, 1993).

Depending on the physicochemical properties of

the core, the wall composition, and the microencapsulation technique used, different types of
particles can be obtained, as shown in Figure 1.4.

simple
Figure 1.4

multi-core

matrix

multi-wall

irregular

Structure of different types of microcapsules (redrawn from Gharsallaoui et al. 2007).

The growing interest by food technologists in the enormous potential of microencapsulation is
demonstrated by the exponential increase in the number of publications (non-scientific and
scientific articles, and patents) published over the years since the middle of 1950s, as illustrated
by Figure 1.5.

Some of the encapsulated food ingredients prepared by preferred

microencapsulation techniques are summarized in Table 1.1.
processes are spray drying and extrusion (Madene et al., 2006).

The two major industrial
However, extrusion normally

forms rather large particles (200-2000 µm) (Uhlemann et al., 2002), which limit the application
of extruded ingredients where mouthfeel is an important factor (Gharsallaoui et al., 2007).
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Freeze drying has been reported to have advantages in encapsulation of heat sensitive
components (Schwegman, 2009).

The process for encapsulation of LBCs by spray- and freeze

drying consists of two steps: the first is often emulsification of a core material, with a dense
solution of wall materials.

The second is drying or cooling of the emulsions.

Thus, not only is

the drying process important but the emulsion technique is also quite crucial.

Year
Figure 1.5
Trends in microencapsulation technologies. (Sources: Chemical Abstract Plus (CAPLUS).
(The keywords for the search were microcapsule/capsule/coated/coating/ with the name of different
techniques.)
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Table 1. 1

Microencapsulation of bioactive food ingredients by frequently used techniques in the food industry.

Core

Wall

Category

Examples

Acidulants

Ascorbic acid

Gelatin, ethylcellulose, maltodextrin/soy lecithin

Sorbic acid
Calcium propionate
Sodium chloride

Triglyceride
Glycerol monostearate
Vegetable oils, HPMC

citrus oil

Sugars
Nutritive sugars
(aspartame)
Annatto
β-carotene
Turmeric

Gum Arabic, gum Arabic/maltodextrin/modified
starch
Modified starch, hydrolysed starch
β-cyclodextrin
β-cyclodextrin
Maltodextrin/pea glucose syrup, skim milk, gum
Arabic/maltodextrin/modified starch
Stevia glycoside
Sucrose syrup, gum Arabic,
Monoglycerides/triglycerides
Gelatin/carbohydrates, PHBV
Corn starch, chitosan/SSPS
Gelatin/carbohydrates, soy protein isolate

Fish oil

NaCA/lactose/maltodextrin, barely protein

Linolenic acid

Maltodextrin/gum Arabic, zein

Rice bran oil
Phytosterols

CMC/whey protein
CMC/whey protein, deoiled lecithin/modified starch

Flavouring
agents

Mint oils
Onion oils
Garlic oils
Spice oleoresins
Sweeteners

Colorants

Lipids

Frequent used technique
for microencapsulation

Fluidized-bed coating,
extrusion

Inclusion complexation,
extrusion, centrifugal
extrusion, spray drying

Cocrystallization,
fluidized-bed coating

Extrusion, emulsion

Spray drying, freeze
drying, vacuum drying

References

(Knezevic et al., 1998; Chang et al., 2010;
Xie et al., 2010)
(Gouin et al., 2003)
(Nie et al., 2010)
(De Jong and Stokkers, 2007; Li et al.,
2010)
(Kim and Morr, 1996; Mahajan et al.,
2007; Badee et al., 2011)
(Baranauskiene et al., 2007)
(Chen and Liu, 2011)
(Ayala-Zavala et al., 2008)
(Krishnan et al., 2005; Avstrievskikh and
Tsibizov, 2007; Boursier, 2009)
(Bipin et al., 2011)
(Blonde, 1969; Goodacre et al., 1989;
Atchley, 2010)
(Winning, 1995; Teixeira et al., 2008)
(Berset and Marty, 1992; Hou et al., 2011)
(Winning, 1995; Tapal and Tiku, 2012)
(Heinzelmann and Franke, 1999; Wang et
al., 2011)
(Watanabe et al., 2002; Quispe-Condori et
al., 2011)
(Slater, 2007)
(Slater, 2007; Hendrickson et al., 2009)
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Vitamins and
minerals

Enzymes and
microorganisms

Fat soluble ( A, D,
E, K)

gelatin/acacia, β-cyclodextrin/HP β-cyclodextrin,
PG/PS80/proliposome, CMC/chitosan

Water soluble (C,
B1, B2, B6, B12,
niacin, folic acid)

PIB/EC, gum Arabic/maltodextrin, ZBP,
PEG/phospholipids,

Lipase, invertase,
amylase, protease

Egg PC, Alginate, polyelectrolyte,
sucrose/starch/hydrolysed PVA

Coacervation,
inclusion complexation,
spray drying,
liposome entrapment
Coacervation, spray
method, liposome
entrapment

(Banville et al., 2000; Junyaprasert et al.,
2001; Munoz-Botella et al., 2002;
Alencastre et al., 2006; Zhao et al., 2011)
(Koida et al., 1984; Taxi et al., 2003;
Gabizon et al., 2004; Onal and Langdon,
2005)
(Fugman et al., 1984; Dale et al., 1997;
Kokufuta, 1998; Stefan and Bahrim, 2007)

Abbreviation: PHBV = poly(3-hydroxybutyrate-co-3-hydroxyvalerate); HPMC = hydroxypropyl methylcellulose; SSPS = soybean soluble polysaccharides; CMC = Carboxymethyl cellulose; HP =
hydroxypropyl; PG = propylene glycol; PS80 = polysorbate80; PIB = polyisobutylene; EC = ethyl cellulose; PEG = polyethylene glycol; ZBP = zein-bound-particle; PC = phosphatidylcholine; PVA
= polyvinyl alcohol.
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1.2.5

Emulsion science and technology

An emulsion is a suspension of one phase in another in which it is immiscible, with one of the
phases existing as discrete droplets suspended in the second phase, and it contains an interfacial
layer between the two phases including substances known as surfactant material (Dalgleish,
2004).

The substance making up the droplets is called the dispersed phase whereas the

substance making up the surrounding liquid is referred to as the continuous phase. Generally,
the mean diameters of the droplets in emulsified food products is somewhere in the range of 0.1
to 100 μm (McClements, 2007).

It is common practice to describe an emulsion as being

oil-in-water (O/W) or water-in-oil (W/O), where the first phase mentioned is the dispersed phase
and the second phase mentioned is the continuous phase.

Since the aim of this research was to

deliver oil into aqueous food system, only O/W emulsions were considered.

1.2.5.1

Emulsion types for delivering lipophilic components

According to the spatial organisation of the oil and water phases, an O/W emulsion can be
classified into several types, including single layer oil-in-water (O/W), water-in-oil-in-water
(W/O/W), multilayer oil-in-water (M-O/W) and solid lipid particle (SLP) emulsions (Figure
1.6).

Single layer
Oil-in-water (O/W)
Figure 1.6

Water-in-oil-in-water
(W/O/W)

Multilayer oil-in-water
(M-O/W)

Solid lipid particle
(SLP) emulsions

Different kinds of structured O/W emulsion systems (redrawn from (McClements 2010)

A single layer O/W emulsion system is the basic type of emulsion which is important and
potentially used in foods.

The oil droplets are dispersed in an aqueous continuous phase and

only one layer of emulsifiers surround the droplet surface (Dalgleish, 2004).

The delivery

systems contain some potential advantages: firstly, emulsions can be made completely from
food-grade ingredients and can be created by using simple processing operations; secondly, it
could be possible to deliver components which are polar, nonpolar and amphiphilic within the
same system (McClements, 2005b); thirdly, emulsions can be used either directly in wet or in
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dried powders, which may facilitate the efficiency of their transport and utilization
(Soottitantawat et al., 2003; Desai and Park, 2005).

However, it may contain certain limitations,

e.g. physical instability when exposed to environmental stresses, e.g. change of pH, modification
of temperature and the presence of high concentration of minerals; limitation of the types of
emulsifiers that can be used to form the interfacial layer which limits the protective ability of the
system to a small range (Dalgleish, 2004).

All these limitations could be solved by the wise

selection of emulsifiers (McClements, 2005b). Furthermore, because of its ease of preparation
and low cost, this technology has been widely used in food industries.

In recent studies, more

complex emulsifier systems (combinations of different components by either physical blending
or chemical reaction), e.g. Maillard reaction products (MRPs), have been utilised to improve the
properties of O/W emulsion system to protect the delivered ingredients (Chung et al., 2008).
They are also applied to control over the release rate of active agents in response to specific
environmental triggers (e.g. pH, salt concentration, temperature) due to the ability to manipulate
the thickness and properties of the interfacial layer (Chung et al., 2008).

Apart from the simple O/W emulsions, in recent years, there has been an increasing application
of various types of emulsions in the food industry for lipophilic bioactive components which are
composed of more sophisticated configuration. The first type of emulsion is called a multiple
emulsion or double emulsion, for example, water-in-oil-in-water (W/O/W) emulsions, which is
an emulsion within an emulsion.

It is described as oil droplets trapping microsized water

droplets which are dispersed in a bulk aqueous phase, and requires at least two stabilising
surfactants (Garti and Bisperink, 1998; McClements et al., 2007; Morais et al., 2008). Another
complex emulsion delivery system is named a multilayer oil-in-water emulsion (M-O/W) which
consists of oil droplets surrounded by multilayer interfacial membranes, comprised of an ionic
inner emulsifier layer to produce a “primary” emulsion and one or more oppositely charged
biopolymer layers to produce a “second” or “third” emulsion (Güzey and McClements, 2006a).
Solid lipid particle (SLP) emulsions are similar to simple O/W emulsions, consisting of oil
droplets coated with emulsifier suspended in an aqueous continuous phase. However, the lipid
phase is fully solid or contains partially solid lipid with mean diameters ranging between
50-1000 nm (Battaglia et al., 2007).

Some researches stated that complex emulsion systems have some potential merit.

For example,

a W/O/W emulsion has a highly protective ability to chemical degradation of functional
components caused by interaction with other water soluble ingredients (Cournarie et al., 2004).
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M-O/W emulsion could have better resistance to environmental stresses, e.g. chilling, freezing,
dehydration, thermal processing, or mechanical agitation by controlling the composition and
properties of the interfacial layer (Ogawa et al., 2003b; Gu et al., 2005; Harnsilawat et al., 2006).
An SLP emulsion has the ability to improve physical stability of the emulsion-based delivery
system by trapping a solid lipophilic bioactive component within a solid lipid matrix (Shah et al.,
2007). All these systems have excellent and exciting opportunities for slow or controlled
release of entrapped active compounds (Cournarie et al., 2004; McClements et al., 2007; Shah et
al., 2007).

Nevertheless, they have various drawbacks, which limit their application in

industrial processing.

Multiple emulsions are relatively complex to formulate, bulky and prone

to various routes of physical degradation. Moreover, double emulsions consist of large and
polydispersed droplets which are thermodynamically unstable with a strong tendency for
aggregation (Garti and Benichou, 2004).

The main limitation of multilayer emulsions is that

high concentration of emulsions (> 5 wt%) could not be prepared due to the tendency for
aggregation (McClements et al., 2007).

The major limitation of SLP emulsions is that at high

temperatures, which are used to avoid crystallization of the lipid phase during the
homogenisation process, may cause chemical degradation of heat-sensitive lipophilic
components (Ribeiro et al., 2003; McClements et al., 2007).

1.2.5.2

Emulsion characteristics

The efficient production of high-quality emulsion-based food products depends on understanding
the relationship between their bulk physicochemical characteristics and their colloidal properties,
as well as on the successful implementation of this knowledge in practice.

The main

characteristics of emulsions are droplet size and size distribution, droplet charge and interfacial
properties.

Droplet size
Many of the most important properties of an emulsion are determined by the size of the droplets
that they contain, such as the stability (McClements and Dungan, 1993), the visual properties
(Chantrapornchai et al., 1998), and the rheological properties (Pal, 1996) of an emulsion.
Consequently, it is particularly important for food scientists to control, measure and report
reliably the size of the droplets within the emulsion.

If all the droplets are the same size, the

emulsion is then referred to as “monodisperse”, which is shown in a single number with a unit,
radius or diameter.
range of sizes.

However, in practice, droplets in food emulsions normally occur in a wide

This is defined as a “polydisperse” emulsion, which is characterized by
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droplet size distribution (DSD) (Güzey and McClements, 2006a; McClements, 2007). DSD is
defined as the number (or volume) of droplets that fall into specified size categories
(McClements, 2007).

It is more convenient to represent the full DSD by a measure of the

central tendency (mean values) (McClements, 2007).

Various means may be applied to control

the DSD, for example, varying homogenisation conditions or system composition.

Smaller

droplets can be produced by increasing the intensity or duration of homogenisation, or by
increasing the concentration of the emulsifier used in the emulsion (Walstra, 1993; McClements,
2007). Numerous analytical techniques can be applied to analyse the droplet size and size
distribution, including microscopy (Kalab et al., 1995; Kirby et al., 1995), scattering (light, x-ray,
neutron) (Shukla et al., 2002; O'Hagan et al., 2005), electrical pulse counting (McClements,
2005c), sedimentation techniques (McClements, 2005c), ultrasonic spectrometer (Coupland and
McClements, 2004) and electroacoustics (McClements, 2008).

The technique selection is

based on the droplet size of the sample and the detection range of the instrument.

Droplet charge
The formation of droplet charge is due to absorption of molecules to their surface that are ionised
or ionisable. The electrical characteristics of the droplet depends on the type and concentration
of the surface-active molecules present as well as the physical properties of the surrounding
aqueous phase (for example, the charge of proteins depends on the pH of the solution compared
with their isoelectric point) (Tadros, 1994; McClements et al., 2007).

The droplet charge is

quite important in an emulsion because it determines the nature of its interactions with other
charged species, e.g. small ions, or its behaviour in the electric field (McClements, 2005b; Güzey
and McClements, 2006a). Aggregation of droplets in an emulsion could be prevented when the
droplets were coated by the same type of emulsifier, which present the same electric charge, and
the charge of the droplets is sufficiently large, giving an electrostatic repulsive force (Gupta and
Muralidhara, 2001; McClements, 2005a).

Different emulsifiers have different electrical

characteristics, e.g. Tween has a smaller negative electric charge (Silletti et al., 2007), lecithin
has a larger negative charge (El-Shaboouri, 2002).

Therefore, the electrical characteristics can

be controlled by carefully selecting the emulsifier-types.

The electrical characteristics of an emulsion droplet are often represented by the zeta-potential,
which is considered as the electrical potential that exists at the "shear plane" of a particle, which
is some small distance from its surface.

Zeta-potential is derived from measuring the mobility

distribution of a dispersion of charged particles as they are subjected to an electric field
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(McClements, 2007).

As this electric potential approaches zero, particles tend to aggregate.

Particle electrophoresis and electroacoustics are the main techniques to measure the droplet
charge in emulsion systems (McClements, 2005c; McClements, 2008).

Many of the

commercial instruments available for measuring the zeta-potential of emulsion droplets combine
particle

electrophoresis/electroacoustics

measurements

with

dynamic

light

scattering

measurements so that both the droplet charge and the droplet size distribution can be determined
using the same instrument.

Interfacial properties
The interfacial layers of O/W food emulsions contain adsorbed materials, e.g. emulsifier
molecules, in order to prevent them from aggregation.

The interfacial characteristics are

described as the nature of the interfacial region (≈1 to 50 nm thick) (McClements, 2007) that
separates the oil and aqueous phases, including its thickness, composition, interfacial tension,
electrical charge and rheological properties (McClements and Demetriades, 1998). The electric
charge of the interface influences the interaction with other molecules, and therefore the
emulsion stability. The thickness and rheology of the interfacial layer influences the stability of
the emulsion, and also determines the rate of which molecules are adsorbed or desorbed from the
surface of the droplets (McClements, 2007). The properties of the interfacial layers depend not
only on the type, concentration and interactions of materials adsorbed but also on the events that
occur before, during and after emulsion formation, e.g. complexation, competitive adsorption,
layer-by-layer formation (Rousseau, 2000; Dickinson, 2003).

Therefore, the interfacial

properties of an emulsion could be controlled by selection of specific emulsifier types.

The

interfacial information, such as thickness, concentration profile at an interface, adsorption
kinetics and changes in molecular conformation, can be obtained by using some analytical
techniques, including microscopy, reflection, spectroscopy and small angle scattering (Malmsten
et al., 1995; McClements, 2005c).

1.2.5.3

Emulsion stability

The stability of emulsions normally refers to the ability to resist changes in its physicochemical
properties during the processing and storage (McClements et al., 2007). In general, emulsions
are thermodynamically unstable systems because contact between oil and water molecules is
energetically unfavourable due to the different densities of water and oil. Hence, they tend to
break down and minimize the area of contact area over time (McClements and Demetriades
1998). The primary physical mechanisms of instability are creaming, flocculation, coalescence
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and Ostwald ripening (Sæther et al., 2004) as shown in Figure 1.7.

Kinetically stable emulsion

Creaming
Figure 1.7

Coalescence

Flocculation

Ostwald ripening

Illustration of primary physical mechanisms of instability.

Creaming is the process in which droplets move upward due to their lower density compared
with the surrounding liquid.

The creaming rate can be reduced by lowering the droplet radius,

by increasing the continuous phase viscosity or by decreasing the difference in density between
the two phases (Beydoun et al., 1998).

Coalescence refers to the increase in droplet size by

accretion and gradually leads to the separation of the oil and the aqueous phase (Sæther et al.,
2004). This process is always irreversible.

Ostwald ripening is the process by which larger

particles grow at the expense of smaller ones due to the higher solubility of the smaller particles
(Gibbs–Thomson or Kelvin effect) and to molecular diffusion through the continuous phase
(Capek, 2004; Tadros et al., 2004; McClements, 2005a).

Ostwald ripening occurs in O/W

emulsions containing large amount of water soluble lipids, such as essential oils, since slightly
water soluble oil can transfer between droplets at significant rates (Taylor, 1998; Kabalnov, 2001;
Capek, 2004).

Flocculation is the process whereby two or more droplets stick together but maintain their
individual integrity (McClements, 2005a; McClements et al., 2007). The interaction energy is a
combination of attractive force, which is dependent on London-van der Waals forces, and
repulsive force due to surfactants present at the interface (Weiss et al., 2008).

Generally, two

types of droplet–droplet interactions are distinguished, i.e. bridging flocculation and depletion
flocculation (McClements, 2000).

Bridging flocculation normally occurs when a high

molecular weight polymer at a significantly low concentration adsorbs onto two or more
emulsion droplets, forming bridges.

Depletion flocculation occurs due to the presence of a
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non-adsorbing biopolymer in the emulsion continuous phase, which can promote association of
oil droplets by inducing an osmotic pressure gradient within the continuous phase surrounding
the droplets (McClements, 2000).

If the added biopolymer is either unadsorbed or poorly

adsorbed, it is squeezed out of the area between two approaching emulsion droplets.

The bulk

phase concentration between the emulsion droplets becomes less than the overall solution
concentration, resulting in osmotic imbalance.

The net effect is that the droplets are attracted

towards each other, resulting in flocculation.

The attraction energy is determined by the

concentration of the polymer, and the range of interaction depends on the radius of gyration of
the biopolymer molecule (McClements, 2000).

The bonds formed during depletion flocculation

are generally weak, flexible and reversible.

The extent and nature of the flocculation can

strongly influence the properties of the emulsion, such as appearance, rheology and sensory
perception (McClements, 2005a).

Emulsion stability has been reported to affect the quality and functionality of dried
microcapsules (Kim and Morr, 1996). Thus, it is necessary to produce a stable emulsion before
drying.

The stability of emulsions during processing is affected by many factors, including

emulsifiers, temperature, pH, ionic strength and high pressure either individually or collectively
(Hunt and Dalgleish, 1995; Keogh and O'Kennedy, 1999; Je and Rosenberg, 2000; Djordjevic et
al., 2004; Comas et al., 2006; Güzey and McClements, 2006b; Choi et al., 2007; Wooster and
Augustin, 2007; Yuan et al., 2008; Jafari et al., 2008b).

1.2.5.4

Emulsifiers and their role in bioactive delivery systems

The wall materials need to have emulsifying characteristics since it is crucial for spray drying to
produce microcapsules to form a stable emulsion of fine droplets of the core material mixed with
the wall solution (Risch and Reineccius, 1988).

Thus, an effective wall material must first be

an effective emulsifier defined as a surface-active molecule with hydrophilic (water soluble) and
lipophilic (oil soluble) parts, that can spontaneously migrate from solution and adsorb onto the
dispersed lipid droplets interfaces (Reineccius, 1988).

Once adsorbed, they facilitate further

droplet disruption by lowering the interfacial tension, thereby reducing the size of the droplets
produced during homogenisation (Reineccius, 1988).

Emulsifiers also reduce the tendency for

droplets to aggregate by forming protective membranes and/or by generating repulsive forces
between the droplets (McClements, 2008).

A good emulsifier should rapidly adsorb to the

surface of the lipid droplets formed during homogenisation, rapidly lower the interfacial tension
by a significant amount, and protect the droplets against aggregation during emulsion processing,
21

storage, and utilization (Walstra, 1993; McClements, 1999). The large group of emulsifiers,
including natural, synthetic and semi-synthetic emulsifiers, can be easily divided into two groups
based on their molecular weights, namely the small-molecule or low molecule weight (LMW)
surfactants and polymers (McClements et al., 2007).

Despite successful elaboration of many

synthetic polymers as delivery systems (Chen et al., 2006), these cannot be used in food
applications that require compounds generally recognized as safe.

Low molecular weight surfactants
Food grade surfactants, or small-molecule surfactants include glycerol (monoglycerides and
diglycerides), sorbitan esters of fatty acids, polyoxyethylene sorbitan esters of fatty acids,
phospholipids, lecithins and sucrose esters (Bos and Vliet, 2001). They contain long-chain fatty
acid residues, which provide the hydrophobic group binding to the lipid phase of the O/W
interface and causing adsorption (Krog and Sparsø, 2004).

The head groups of these

surfactants are quite different, and include glycerol, substituted phosphoglyceryl moieties (in
phospholipids) or sorbitan highly substituted with polyoxyethylene chains (Garti, 2002a) (Figure
1.8). These substances provide various hydrophilic-lipophilic-balance values, which determine
their usage in different types of emulsions.
A

Figure 1.8

B

Structures of glycerophospholipid (A) and polysorbate (B).

LMW surfactants generate low interfacial tensions because these molecules adsorb strongly to
the O/W interface and have few steric constraints to prevent them from packing closely (Lee et
al., 1996; Bos and Vliet, 2001). However, adsorbed layers of these small molecules may be
quite easily disrupted because they generally do not give highly cohesive or viscous surface
layers (Bos and Vliet, 2001).

Biopolymers
Proteins and polysaccharides are the two most important biopolymers in food emulsions.
Proteins act as emulsifiers but they behave differently from the small molecules, because of their
individual molecular structures. Specific proteins, generally give many food emulsions their
characteristic properties.

When a protein adsorbs onto an O/W interface, the hydrophobic
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regions of their structures, which are created by clusters of amino acid side chains, lie on or
partially dissolve in the oil phase. Some structures may be considered as especially important,
e.g. a hydrophobic side of an α-helical portion of a protein, created by the hydrophobic side
chains which lie outside the peptide core of a helix (Krochta, 2002).

Compared with LWM surfactants, proteins behave in a different way as surfactants.

Emulsions

formed by proteins are more stable against coalescence because steric repulsion between the
protein-covered oil droplets is very effective in opposing aggregation (Palazolo et al., 2005).
These are less sensitive to high salt concentrations than LWM surfactants (Gu et al., 2005).
Moreover, proteins can form a viscoelastic film around the oil droplets or air cells via
non-covalent intermolecular interactions and via covalent intermolecular disulfide cross-linking,
but not in the LMW surfactants (Dickinson, 1997). Protein adsorption may often be considered
as being irreversible because adsorption and desorption of protein tends to be considerably
slower due to the higher molecular weight and the co-operative nature of adsorption compared
with LMW surfactants.

However, many proteins are not very suitable for making fine

emulsions; in other words, it takes more energy to obtain small droplets than with small molecule
surfactants (Bos and Vliet, 2001). This is primarily due to their large molar mass, and the
structure of the protein itself (the polypeptide backbone) will prevent close packing at the points
of contact with the interface (the side chains), and as a result, a thicker O/W interface can be
produced (Bos and Vliet, 2001; Dalgleish, 2004).

Also, the molar concentration of proteins is

small at a given mass concentration, causing the Gibbs elasticity to be relatively small, which
means that prevention of recoalescence is less efficient (Krog and Sparsø, 2004; Palazolo et al.,
2005). Furthermore, the adsorption layer of proteins on the droplets obtained by emulsification
is not an equilibrium layer, different from that of the LWM surfactants (Krog and Sparsø, 2004).
Some researchers have been interested in determining the mechanism of protein adsorption on
the oil droplet surfaces.

Literature shows that most of the proteins adsorbed to interfaces are

capable of changing conformation at the time of adsorption or afterwards (Douillard et al., 1993;
Rodriguez Patino et al., 2007). When a protein absorbs onto the interface, it is affected by
spreading pressure induced by an external force (e.g. stirring), which pulls apart the native
structure to maximize the amount of hydrophobic contact with the oil interface (Douillard et al.,
1993). Consequently, surface denaturation occurs.

Proteins with well-known specific emulsifying properties are from milk, soy, meat, fish, egg
and plant origins (Nieuwenhuyzen and Szuhaj, 1998).

Milk proteins consist of two main
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classes: caseins and whey proteins which have been well studied as emulsifiers (Hunt and
Dalgleish, 1994; Euston et al., 1995; Euston et al., 2001; Hogan et al., 2001a; Srinivasan et al.,
2002; Djordjevic et al., 2004; Harnsilawat et al., 2006; Vega and Roos, 2006).

Bovine casein consists of four types of protein fractions with substantially different properties:
αs1-, αs2-, β-, κ-casein, respectively approximating 44 %, 11 %, 32 % and 11 % of the whole
casein, respectively (Robson and Dalgleish, 1987; Fox, 2001). Generally, all caseins have
relatively random and flexible structures, and contain a high level of prolines, which prevents the
formation of secondary structures (α-helices, β-sheets, and β-turns) and tertiary structures,
making the caseins stable to denaturation and contributing to high surface activity (Fox, 2001).

Commercially, caseins are also made into a number of other variants, including sodium caseinate,
calcium caseinate, potassium caseinate, or a combination of these, and rennet casein
(McClements, 2005b).

Caseins and caseinates have good interfacial properties and amphiphilic

character, in particular sodium caseinate (NaCA) which offers the physical and functional
characteristics required to encapsulate lipid core materials (Vega et al., 2005; Vega and Roos,
2006). For example, NaCA is relatively soluble and can be dispersed rapidly in an aqueous
phase and is easily absorbed at the oil-water interface (Kinsella, 1984), which is due to the
removal of calcium phosphate that is usually present in milk caseins. Emulsions stabilised by
NaCA are relatively heat stable, especially at pH 6.5 (Guo et al., 1989; Hunt and Dalgleish,
1995), although NaCA molecules in emulsions are more susceptible to degradation than those in
solution during heating (Srinivasan et al., 2002). However, at extremely high temperature, e.g.
over 132 °C, the emulsifying capacity of NaCA reduces significantly (Guo et al., 1996). The
drawback of NaCA is sensitivity to pH, limiting its application in food systems (Chen, 2002).
However, some researchers (Lieske and Konrad, 1994) found that although it has poor solubility
near its isoelectric point, the encapsulation properties of the soluble fraction increased
dramatically (Lieske and Konrad, 1994).

The surfactant properties, described as above, give sodium caseinate the encapsulation capacity
as a primary emulsifying agent for various applications, such as spray drying (Pedersen et al.,
1998; Hogan et al., 2001a; Sliwinski et al., 2003). When NaCA is used as an encapsulating
wall material, the protein concentrations should be higher and oil phase volumes are better to be
lower than those normally used in emulsion studies, where dilute protein solution and high
oil/protein ratios are applied (Tornberg, 1978; Britten and Giroux, 1993).

A thicker interfacial
24

layer around the surface of the droplets helps to protect the encapsulated materials during the
drying process.

Researches on factors influencing protein load on the surface of the droplets

have been studied and found that increasing the ratio of oil to protein decreases protein load on
the surface of oil droplets (Hunt and Dalgleish, 1994; Hogan et al., 2001a). Hogan et al. (2001a)
reported that protein load values decreased from 3.1 mg/m2 and 2.0 mg/m2 when oil to protein
ratios increased from 0.21 to 0.50, but did not further decrease when the ratio increased to 3.0.

The other common protein emulsifier, whey protein, is also a complex mixture of different
protein fractions: β-lactoglobulin (55 %), α-lactalbumin (24 %), serum albumin (5 %) and
immunoglobulins (15 %) (Morr and Ha, 1993; Fox, 2001). Because of their compact, globular
conformation, whey proteins remain highly soluble at all pH values and even at their isoelectric
points (around 5) tend to be denatured above the thermal denaturation temperature (90 ºC, 10
min for native whey proteins) (Monahan et al., 1996; Fox, 2001). There are two commonly
used whey proteins used in encapsulation, namely whey protein isolate (WPI) and whey protein
concentrate. Compared with NaCA, whey proteins have higher nutritional values, with whey
protein concentrate containing 35-75 % or more protein and WPI at least 90 % protein (Keogh
and O'Kennedy, 1999).

The emulsifying ability of whey proteins is poorer than that of NaCA,

since they are naturally globular and need to be unfolded before adsorbing to an oil/water
interface (Je and Rosenberg, 2000).

However, whey proteins have been used successfully as a

wall system to encapsulate milk fat via spray drying (Keogh and O'Kennedy, 1999). This is
supported by another study done by Young et al. (1993a), showing that using whey proteins as a
wall system to encapsulate anhydrous milk fat by spray drying obtained an encapsulation yield
higher than 90 %.

In another study, Caraway essential oil has also been encapsulated in a wall

system consisting of whey proteins which should provide it with an effective protection against
oxidation (Bylaite et al., 2001).

A small number of naturally occurring polysaccharides having hydrophobic character, e.g. gum
Arabic, which have been chemically modified to introduce nonpolar groups, e.g. modified
starches, can be used as emulsifiers (McClements, 2008).

Gum Arabic (GA) is the most

commonly used biopolymer emulsifier in flavour beverage emulsions (Tan, 1997).

It is

composed of molecules with a highly branched arabinogalactan attached to a polypeptide
backbone (Randall et al., 1989).

The hydrophobic polypeptide chain anchors the molecules to

the oil droplet surface, while the hydrophilic arabinogalactan extend into the solution, providing
stability against droplet aggregation through steric and electrostatic repulsion (Philips and
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Williams, 1995; Islam et al., 1997; Jayme et al., 1999). GA has potential to form a stable
emulsion by itself because it can act both as an emulsifier that has the ability to form a protective
film around emulsion droplets, and as a stabilizer that can prevent or retard the dynamic
instability of emulsion system. However, the surface active portion in GA is relatively small,
and the concentration of GA needed to obtain long-term emulsion stability is rather high (12 %
for a 20 % orange oil emulsion) (Williams and Phillips, 2000). McNamee et al. (1998) also
showed that a stable emulsion with droplet size < 1 µm could only be produced by an oil to GA
ratio < 2.0. This result further indicates that formation of a fine and stable emulsion requires a
large quantity of GA.

GA was also found to be the least effective material for orange oil

emulsions when compared with WPI, NaCA and soy protein isolate (Kim and Morr, 1996).

Complex emulsifier systems
Since emulsifiers vary considerably in their ability to form and stabilize emulsions, as well as in
their cost, ease of utilization, ingredient compatibility and environmental sensitivity, there is not
a single emulsifier that is ideal for use in every food product.

At present, there are few natural

emulsifiers that can be used in foods that are capable of providing good emulsion stability to
freeze-thaw cycling, thermal processing, and high mineral contents (Ogawa et al., 2003b).

For

this reason, extensive researches on more complex emulsifier systems, e.g. combination of
emulsifiers or emulsifier with non-surface active carbohydrates, have been carried out to
improve emulsion stability (Dickinson et al., 1990; Dickinson and Yamamoto, 1996; Agboola et
al., 1998; Bos and Vliet, 2001; Bylaite et al., 2001; Comas et al., 2006; Güzey and McClements,
2006b; Gu et al., 2007; Wooster and Augustin, 2007; Mun et al., 2010).

In many food systems, e.g. ice cream and whipped creams, LMW surfactants are used together
with proteins. This is not because they are necessary to produce an emulsion but their primary
role is to control stability (Dickinson and Yamamoto, 1996; Agboola et al., 1998; McCare, 1999;
Euston et al., 2001; Scuriatti et al., 2003; Gu et al., 2005; Jiménez-Flores et al., 2005; Comas et
al., 2006).

For example, in the whipped cream processing, a stable product is only achieved

by destabilization of the initial O/W emulsion, which means fat droplets are able to absorb to and
stabilize air bubbles during the whipping process.

Destabilization of an emulsion cannot occur

in the absence of an LMW surfactant, such as phospholipids, as the emulsions are stable to
coalescence (van Aken, 2003).

LMW surfactants are able to displace or interact with proteins

from the fat globule surface and lower emulsion stability.
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In recent studies, combination proteins with carbohydrates having non-surface activity have been
investigated in order to improve the stability of emulsions (Hogan et al., 2001a; Güzey and
McClements, 2006b; Wooster and Augustin, 2007; Mun et al., 2010). Current researches show
that addition of carbohydrates to emulsion systems increases the emulsion stability to
freeze-thaw

cycling.

Gu

et

al.

(2007)

studied

the

influence

of

sucrose

to

β-lactoglobulin-stabilised emulsions. They found in the presence of sucrose to emulsion prior
to freezing greatly improved its freeze-thaw stability. Mun et al. (2008 & 2010) concluded that
maltodextrin could improve the stability of an emulsion to endure freeze-thaw cycling and a
freeze drying process.

They also found that maltodextrin with high dextrose equivalent (DE)

value had better performance for stabilising. However, Klinkesorn et al. (2004) demonstrated
that in the presence of a high concentration of maltodextrin, rapid creaming of an emulsion
would be promoted.

This combination has also been extensively studied in microencapsulation

(Rosenberg and Young, 1993; Young et al., 1993a; Young et al., 1993b; Heinzelmann and Franke,
1999; Heinzelmann et al., 2000; Chung et al., 2008).

1.2.5.5

Emulsification techniques and conditions

A stable emulsion with minimum droplet size can increase the microencapsulation efficiency and
the shelf-life of encapsulated core materials (Ishido et al., 2002; Minemoto et al., 2002;
Soottitantawat et al., 2003; Soottitantawat et al., 2005).

To achieve this, selection of

emulsifiers, emulsification techniques and conditions are crucial.

Generally, there are two

types of emulsification techniques: hydrostatic emulsification, e.g. ultrasound and Ultra-Turrax,
and dynamic high pressure emulsification, e.g. two-stage high pressure homogenizer and
microfluidiser (Floury et al., 2003). Mongenot et al. (2000) showed clearly that the use of
ultrasound compared to the use of Ultra-Turrax increased aroma retention and limited the
diffusion of the most volatile and polar compounds during drying when the wall material has low
emulsifying ability and a low viscosity.

However, no significant difference in emulsion size

was observed between these two techniques.

Jafari et al. (2008b) compared the efficiency of

Microfluidiser and Ultrasonifier (or Ultrasonic dismembrator).

Of the two device methods,

microfluidisation produced the most stable emulsion with a small droplet size. The emulsion was
then converted into powders showing the least amount of unencapsulated oil.

They also

demonstrated that the different performance of hydrostatic and dynamic high pressure emulsification
techniques on the emulsion properties is mainly due to their different effects on the biopolymers.
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Besides emulsification techniques, homogenisation conditions, including pressure and the number of
passes, can significantly influence the properties of emulsions.

Je and Rosenberg (2000)

demonstrated that the surface coverage of the globules by protein is affected by the number of
homogenisation passes.

For instance, a higher number of homogenishomogenisationation

passes will give rise to a relatively greater surface coverage, then emulsion stability will be
dependent on steric forces and emulsion becomes less sensitive to the salt concentration. Yuan
et al. (2008) studied β-carotene emulsions by varying the first stage and second stage pressures from
60 to 140 MPa and 6 to 14 MPa, respectively.

Their results showed that increasing the

homogenisation pressure could largely decrease the droplet size because the shear forces and
turbulence are pressure dependent.

They also found that increasing the number of cycles through

the homogenizer resulted in significant decrease in droplet size and size distribution of emulsions.
These results are in line with the findings of other authors (Jimenez et al., 2004; Tan and Nakajima,
2005). However, “over processing” may occur when the homogenisation pressure is relatively high.
Yuan et al. (2008) found an optimum pressure of about 100 MPa in which, droplet size and
distribution reached a minimum, but after pressure over that point, the stability of emulsions was
reduced.

Floury et al. (2003) worked on methylcellulose as the emulsifier and observed that

emulsification at high pressure, > 150 MPa, could lead to degradation of long chain molecules and
formation of polymers with significantly smaller molecular weight.

This degradation of

methylcellulose reduced its emulsifying ability and consequently increased droplet collision and
aggregation in association with adjacent droplets.

They concluded that overall, a pressure less

than 150 MPa was optimum for production of real sub-micron emulsions without any
‘‘over-processing’’.

1.2.6
1.2.6.1

Drying
Drying techniques

Drying is one of the most widely used methods for large-scale production of encapsulated
flavours and volatiles (Deis, 1997).

During drying processes, water in an encapsulated system

is reduced to a level to inhibit or slow down the growth of spoilage microorganisms as well as
the occurrence of chemical reactions.

In addition to this preservation aspect, it also reduces the

costs and/or difficulties of product packaging, handling, storage, and distribution due to the
reduced weight and bulk volume of dried products and their longer shelf stability (Gharsallaoui
et al., 2007; Toledo, 2007).

There are numerous drying techniques commonly used for food

products, among which spray- and freeze- drying processes are most suitable for drying O/W
emulsions that are closely related to encapsulated products as powders.
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Spray drying food emulsions have been used in the food industry since the late 1950’s and their
production is a well-established process that can produce large amounts of material (Gouin,
2004).

It is defined as the transformation of emulsion into a dried particulate form (e.g.

powders, agglomerates or granules). The emulsion system is atomized, i.e. it is broken up into
a spray of fine droplets, and is ejected into a drying chamber. The spray is then contacted with
and suspended by a hot drying medium (generally air or more rarely an inert gas as nitrogen),
allowing the moisture to evaporate and the droplets to be transformed into dry particles of almost
the same size and shape

(Barbosa-Cánovas et al., 2005; Gharsallaoui et al., 2007).

A typical

drying process is shown in Figure 1.9.

Figure 1.9

Typical spray drying (open cycle, co-current) layout (adapted from Barbosa-Cánovas et

al., 2005).

Spray driers differ in size, shape and atomizer. Two types of atomizers are widely used:
high-pressure and centrifugal wheel (Barbosa-Cánovas et al., 2005) although other types of
atomizers exist, e.g. ultrasonic, two-fluid, disc/cup rotating, and pneumatic (Huang et al., 2006;
Xiao et al., 2008; Stepanov et al., 2011).

The main advantage of a pressure atomizer is

controllability to the finished powder size, while a centrifugal atomizer is suitable for viscous or
corrosive materials.

In a pressure atomizer, a 1-fluid pressure nozzle is used most commonly,

while a 2-fluid pressure nozzle can be used in some special cases, e.g. granulation (Legako and
Dunford, 2010).

There are several drawbacks when applying spray drying to dehydration of O/W emulsions.
For example, some low-boiling point bioactive components can be lost during the drying process
and the core substance may also be on the surface of the capsule, which may encourage
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oxidation and possible flavour changes of the encapsulated products (Dziezak, 1988; Desobry et
al., 1997; Madene et al., 2006).

Moreover, this technology used an elevated temperature which

is necessary for drying. High temperatures and the presence of oxygen may lead to increased
oxidation of certain components such as PUFAs. In addition, this technology produces a very
fine powder (typically in the range of 10-100 μm in diameter), which may need further
processing to make the dried particles more soluble if these are applied in a liquid matrix
(Madene et al., 2006).

Nevertheless, the merits of the spray drying process have ensured its dominance
(Barbosa-Cánovas et al., 2005; Desai and Park, 2005; Madene et al., 2006; Gharsallaoui et al.,
2007): 1) it is relatively inexpensive for operating compared with many other techniques; 2) it is
an easy and continuous drying operation; 3) it is adaptable to full automatic control; 4) it is an
effective technology for large-scale production; 5) it is possible to produce specific constant
powders throughout the dryer when drying conditions are held constant; 6) it can produce free
flowing particles of a small size and spherical shape with a well-defined particle size distribution,
and therefore good physical stability of the finished products; and 7) its relatively short drying
time, when compared with other drying processes, e.g. drum drying, makes it relatively suitable
for drying certain heat sensitive properties, e.g. flavour.

Freeze drying (lyophilisation) is one of the most useful drying processes that is used to dry
heat-sensitive substances which are unstable in aqueous solution (Barbosa-Cánovas et al., 2005).
The freeze-drying process mainly consists of three steps (Barbosa-Cánovas et al., 2005): 1) the
product is frozen; 2) the product is dried under sublimation of ice under reduced pressure; and 3)
the water vapour is removed.

Figure 1.10

A common freeze-drying system is shown in Figure 1.10.

A common freeze-drying system (adapted from Barbosa-Cánovas et al. 2005).
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Freeze-drying is recognized as the best method of producing dried food products of the highest
quality (Schwegman, 2009). However, only a few literature references (Desobry et al., 1997;
Heinzelmann et al., 2000; Madene et al., 2006; Choi et al., 2007) can be found that state that
freeze drying of an O/W emulsion can be an alternative method for the production of a dry
emulsion.

These researches have shown the merits of the application of freeze drying to

emulsions: it can prevent deterioration due to oxidation or chemical modification of the products
since the drying process is carried out under vacuum conditions, so there is a virtual absence of
air.

Moreover, the drying temperature is lower than the ambient temperature. Therefore,

products that decompose or undergo changes in structure, texture, appearance, and flavour as a
consequence of high temperature can be dried under vacuum with minimal physical and
chemical damage (Barbosa-Cánovas et al., 2005).

However, this drying method is less attractive than others for commercial applicability.

Firstly,

it is very expensive and the cost is almost 50 times higher than that of spray drying (Desobry et
al., 1997) because of its slow drying rate and the use of a vacuum.

Secondly, it is energy

intensive because the product has to be first frozen and then heat applied to sublime the ice and
bound water.

In addition, it requires a long processing time due to the resistance to heat and

mass transfer (Kim, 1996).

Another important reason that prevents the extensive use of this

technique is that a homogeneous ice crystal distribution is hard to form because of the difficulty
to set a heat-removal system (Geankoplis, 2003).

Spray drying was chosen to be the main drying method in the current research since it can
manage to produce a large quantity of samples, with consideration being given to application in
industrial production.

In addition, many researchers have reported that this technology could be

utilized to produce microcapsules with good protection of bioactive components (Reineccius,
1988; Hogan et al., 2003; Jimenez et al., 2004). On the other hand, freeze drying was selected
as a comparative method due to its ability to sensitive materials, in order to confirm the quality
of microcapsules produced by the spray drying method.

1.2.6.2

Factors influencing the performance of spray drying

Apart from the different types of spray drier, many other factors, including infeed properties and
drying conditions, affect the performance of spray drying on encapsulation of sensitive bioactive
components, and are detailed as follows:
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Solid content of infeed emulsion
With the increase of the emulsion total solids, the retention of core materials improves, which is
due to rapid formation of a semipermeable membrane (allowing evaporation and diffusion of
water but effectively retaining flavour compounds) on the droplet surface (Rosenberg et al., 1990;
Rosenberg and Sheu, 1996). However, solubility of wall material limits the increase of solid
content. The insoluble material does not have the ability to protect the core but can lead to
processing problems, e.g. agglomeration and difficulties in atomization.

Molecular weight (size) and relative volatility of the core material
The increase of molecular size of core materials generally results in a slow diffusion rate,
subsequently, the molecules will take more time to reach the atomized droplet surface during
drying and retention will increase. Moreover, the surface of the droplet becomes impermeable
to the core substance more quickly during drying, when diffusion effectively stops at low
moisture content (Goubet et al., 1998). On the other hand, relative volatility of a compound is
calculated with respect to water (Bhandari, 2004). Retention of aroma compounds is based on
their relative volatility in the mixture before drying. The higher the relative volatility, the lower
the retention is.

Types of wall materials
Wall materials containing good emulsifying ability and film-forming ability effectively protect
the core materials either by loss or oxidation/evaporation since they can not only form a stable
emulsion but also form a fine and dense network during drying, which could prevent lipid
separation from the emulsion during dehydration.

Ratio of oil to wall materials
Hogan et al. (2001a) have studied the microencapsulation properties of NaCA by the method of
spray drying and use of soy oil as the dispersed phase.

They found that increasing the oil to

protein ratio from 0.25 to 3.0 resulted in a progressive decrease in microencapsulation efficiency
from 89.2% to 18.8%.

They also concluded that the oil to protein ratio should be no more than

unity, otherwise the formed emulsion could be destabilised during spray drying.

Viscosity of infeed emulsion
The viscosity of an emulsion is quite important because it strongly influences the behaviour on
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drying, the movement of core materials to the surface of powders, the size of dried powders and
the thickness of encapsulant (Reineccius, 1988; Rosenberg et al., 1990).

Rosenberg et al. (1990)

found an optimum in retention of volatiles as a function of alginate concentration, which
corresponded to an emulsion viscosity ranging from 125 to 250 mPa·s for ethyl caproate
emulsions containing GA and approximately 105 mPa·s for allylguaiacol emulsions containing
maltodextrin. They claimed that emulsions with these optimum viscosities were quite easy to
atomize and ideal spherical particles were formed.

Emulsion stability
The microencapsulation efficiency of core materials is reported to be influenced by the stability
of the initial emulsion: the better the stability, the higher the efficiency.

For example, Liu et al.

(2000) did a series of work on the effect of emulsion stability on the retention of emulsified
hydrophobic flavours during spray drying (Liu et al., 2000; Liu et al., 2001). They found the
natural log of mean droplet diameters was linearly proportional to the natural log of time. The
final retention correlated negatively with the emulsion stability.

This result demonstrated that

unstable emulsion was broken inside the droplet, resulting in appreciable loss of flavour during
drying.

Emulsion size
Recent researches have reported that emulsion size has a considerable effect on the
microencapsulation efficiency of hydrophobic core materials (Risch and Reineccius, 1988; Sheu
and Rosenberg, 1995; Liu et al., 2001; Minemoto et al., 2002; Soottitantawat et al., 2003;
Soottitantawat et al., 2005).

All their results show that the microencapsulation efficiency

improved with decreased droplet size of initial emulsion. Risch and Reineccius (1988) claimed
that a smaller emulsion size yielded a higher total oil content of the microcapsules and lower
unencapsulated oil on the dried powders dehydrated from orange oil emulsions with GA or
modified starch as wall material.

Flowrate of dry air
Generally, high flowrate of dry air causes rapid heat and mass transfer associated with the drying
process (Coumans et al., 1994).

Thus, less fat migration to the droplet surface takes place

before a crust or semipermeable membrane forms, giving high retention of the core material.
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Inlet and outlet temperatures
Since the outlet temperature is normally subject to the inlet temperature and the feed rate (Kim et al.,
2009b), the effect of outlet temperature on encapsulation of food oils is controversial and unclear;
however, a low outlet temperature is preferred (Jafari et al., 2008a).

main parameter to influence the drying behaviour.

Thus, inlet temperature is the

In general, at high drying temperature, the

moisture is evaporated quickly and the surface solidifies rapidly, which consequently reduces the
surface fat (Jafari et al., 2008a).

However, if the inlet temperature is too high, ballooning

occurs when steam is formed in the interior of the drying droplet, causing the droplet to puff,
thereby producing a thin-walled hollow particle.

On the other hand, when the drying

temperature is too low, the semipermeable membrane forms slowly, resulting in migration of
more dissolved solids to the droplet surface. This leads to low encapsulation yield and sticky
powders (Rosenberg et al., 1990; Anker and Reineccius, 1998).

An inlet air temperature of

150-200°C and an outlet temperature of 70-90°C are commonly used in the commercial production
of spray dried milk products (Young et al., 1993a; Fäldt and Bergenståhl, 1996; Keogh and
O'Kennedy, 1999; Kim et al., 2009b).

Infeed temperature
In low viscosity systems, a reduction of infeed temperature may help increase the microencapsulation
efficiency of the core substance, due to the increase of infeed viscosity. On the other hand, infeed
temperature should be increased to the point that higher infeed solids may be used, resulting in better
retention (Thijssen, 1971). One problem with high infeed temperatures could be microbial growth
in these materials and probably oxidation of oils or evaporation of volatile compounds before drying
(Reineccius, 2001).

1.2.7

Current research status for delivering fish oil

Although encapsulation of fish oil has been extensively studied in these two decades (Table 1.1),
oxidation of fish oil during processing and storage, due to inefficiency of encapsulants and high
drying temperature, remains a challenge to overcome.
lipid oxidation.

Many efforts have been made to prevent

This includes discovery of new natural wall material (e.g. sugar beet pectin)

(Drusch 2007), modification of natural wall materials (e.g. modified cellulose, modified starch)
(Kolanowski et al., 2004; Drusch and Schwarz, 2006; Drusch et al., 2006; Kolanowski et al.,
2006a),

physical

blends

(e.g.

emulsifiers

with

carbohydrates)

(protein-polysaccharides conjugates) (Augustin et al., 2006).

and

MRPs

Other methods, including

addition of antioxidants (Kamal-Eldin and Yanishlieva, 2002; Medina et al., 2003; Jacobsen et al.,
2008), optimization of processing conditions and modification of infeed emulsion compositions,
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have also been tried to improve the properties of dried fish oil microcapsules (Thijssen, 1971;
Coumans et al., 1994; Jafari et al., 2008a; Kim et al., 2009b) .

Not many researches have been reported to protect the oxidation or off flavour of a fish oil with a
relatively high content of EPA and DHA in microcapsules successfully during storage. Kim
(1996) tried to apply complex wall materials containing gelatin, agar and span 80 (1:3:1) for
encapsulation of fish oil (25 % wt in total solid). They found the retention of EPA and DHA
was 80 % after 3 days at the storage temperature of 30 °C. Tan et al. (2009) observed less than
80 % of EPA and DHA left after 7 day-storage at 40 °C when alginate/starch blends were used as
wall materials to encapsulate the fish oil.

More recent research by Shen et al. (2010), detected a

90 % retention of EPA and DHA in microcapsules containing different ratios of chitosan, glucose
and Hi-Cap after 4 weeks under 25 °C without light and oxygen. However, since the fish oil
they used did not contain a high concentration of EPA and DHA (less than 30 % of total oil), it
probably oxidized more slowly compared with those containing a high content of EPA and DHA.

In addition, a fishy odour was reported to be perceived in microcapsules (Kolanowski et al.,
2007b; Lawlor et al., 2010) and cannot be accepted by some consumers, which limits their
application. Few studies have been reported to put efforts into masking the unpleasant fishy
odour but it is quite useful to find some strategies to improve the sensory profiles of fish oil
products.

In a recent study, Serfert et al. (2010) studied the impact of different flavours,

including apple, orange, lemon, crisped mint, banana and vanillin, on odour masking. They
observed that apple/vanillin in a ratio more than 1.0 was comparatively the most effective for
masking the fishy odour and improving the taste of the reconstituted fish oil microcapsules.

1.2.8

The merits and implication of co-encapsulation

Co-encapsulation (CE) of different core materials can enhance the bioactivity of individual
components (Halwanil et al., 2008). This technology has been widely used in drug delivery
systems in recent years, either in liposome form or in capsule form (Gürsoy et al., 2004; Iyer and
Kailasapathy, 2005).

However, CE has not been reported in the literature to deliver more than

one bioactive component in microcapsules into a food matrix.

Co-encapsulation of fish oil with phytosterols has a promising synergistic effect on health
benefits.

It has been recently reported that intake of plant sterols and fish oil together has

synergistic effects on cardiovascular diseases since both of them can reduce the cholesterol and
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the ratio of LDL/HDL (Micallef and Garg, 2008; Khandelwal et al., 2009).

Besides the

cardioprotective effect, Micallef and Garg (2009) found that intake of both LBCs reduced
systemic inflammation in hyperlipidemic individuals. Therefore, co-encapsulation of fish oil
with PE may have promised benefits for health.

Further, it has been reported that phytosterols

could promote oxidation stability of other bioactive lipids susceptible to oxidation (Yasukazu and
Etsuo, 2003).

Introducing limonene into the system is believed to have a positive effect on

masking the fishy odour.

In addition, limonene can add extra value in term of health benefit

with respect to its bioactivity.

1.3

Objectives

The main objective of the present study was to obtain stable and good quality fish
oil-microcapsules through co-encapsulation with phytosterol esters (PE) and limonene. Since
co-encapsulation of fish oil, d-limonene and PE has not been investigated, therefore the
properties of the microcapsules, the oxidative behaviour of fish oil in this complex system, and
the interactions between the core materials and wall materials, were therefore explored.

To achieve the overall aim, the following specific objectives were set:


To select the optimum conditions for delivering fish oil (including the emulsion
homogenisation conditions, the type, ratio and order of addition of emulsifiers, and solid
content, the ratio of oil to emulsifiers) by studying the physicochemical properties of the
emulsion system;



To select the best ratio of core materials by investigating the physicochemical properties and
oxidation stability of CE emulsion systems;



To investigate the microstructure of selected emulsion systems as affected by components
interaction using small angle x-ray scattering (SAXS);



To select the optimum conditions of spray drying for dehydrating emulsions;



To compare the physicochemical properties and oxidative stability of spray-dried and
freeze-dried CE microcapsules;



To study the interaction of components in wall materials;



To study the release properties of spray-dried CE microcapsules using in vitro digestion
model;



To apply the spray-dried CE microcapsules in real foods and to evaluate the change of
properties for selected food products during storage.
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Chapter 2
Physicochemical Properties of Emulsion Systems Containing
Different Emulsifiers for Delivery of Fish Oil
2.1

Introduction

A fine and stable emulsion system is crucial for the production of high-quality microcapsules,
with such properties as low surface oil, high retention of core materials and low risk of lipid
oxidation (Section 1.2.6.2).

The type of emulsifiers in the wall materials and the

homogenisation conditions are the two important parameters affecting the emulsion properties
(Section 1.2.5.4, 1.2.5.5). When selecting the emulsifiers, their abilities to act as encapsulants
have to be considered simultaneously.

A suitable material that can be used in spray drying as

an encapsulant should possess not only a high emulsifying ability but also a high stability, a
tendency to form a fine and dense network during drying, and should not permit lipid separation
from the emulsion during dehydration (Roos, 1993).

In addition, a concentrated wall material

solution should have low viscosity and possess good film forming properties (Dziezak, 1988).

Protein from dairy origin is one of the important nutritive components, and it can contribute to
surface activity and emulsion-stabilising properties in the food.

Furthermore, protein films

from dairy are generally excellent oxygen and aroma barriers and can be used in developing
microcapsules for controlled core material release for food applications (Lee and Rosenberg,
2000). However, certain factors need to be considered when using proteins in encapsulation of
food ingredients, such as pH and ionic strength in the solution, and the process involved (e.g.
thermal processing, drying, chilling, homogenisation and mechanical agitation), which may lead
to protein denaturation and instability of the encapsulation system (McClements, 2004).
Combinations of the dairy proteins (e.g. whey protein) with the “fat-based” emulsifiers (e.g.
lecithin, fatty acid glycerides) was reported to give unique emulsion stability (Güzey and
McClements, 2006a).

A complex blend of proteins with carbohydrates has also been shown to

improve protein stability during the drying process (Section 1.2.5.4).

Therefore, in current

research, carbohydrates including gum Arabic and maltodextrins with different DE values as
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well as a new food ingredient, soluble corn fiber (PROMITOR™ 70) were selected to blend with
milk protein as emulsifier. Gum Arabic has been used as an emulsifier and as a stabiliser
(Section 1.2.5.4).

It is a carbohydrate in nature and may protect the protein from heat

denaturation during spray drying.

Furthermore, a high concentration of gum Arabic can be

applied due to its high solubility and low viscosity, making it a suitable wall material.

On the

other hand, previous studies have shown that addition of a suitable concentration of
maltodextrins can improve the stability of a protien-stabilised emulsion, althought they are not
surface active (Section 1.2.5.4).

The other selected wall material, soluble corn fiber

(PROMITOR™ 70), is made from drying of corn syrup.

It has health benefits as it contains a

minimum of 70 % dietary fiber, which is also a prebiotic (Tate & Lyle, 2011).

The objective of this chapter was to select the best emulsifier system and the optimum
emulsifying conditions to produce a stable sub-micron emulsion to deliver fish oil by studying
the physicochemical properties of the emulsion systems at neutral pH condition.

The scope of

the work is as below:


To select the homogenisation conditions (pressure and number of passes) for producing
stable emulsions;



To estimate the emulsifying ability of different wall materials;



To select a suitable combination of biopolymer as emulsifiers with WPI as a major wall
component to deliver fish oil;



To compare the order of addition of the selected biopolymers on the emulsion stability and
properties;



To assess the effect of adding different types of lecithins on the stability and properties of
emulsion;



To compare the order of addition of lecithins (aqueous or oil phase) on the emulsion stability
and properties;



To compare the properties of emulsions made using different solid content and oil to
emulsifier ratios.
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2.2

Materials

All the ingredients used in the experimental work were provided as gifts to support this research.
Whey protein isolate (WPI, ALACENTM 895) and sodium caseinate (NaCA, ALANATETM 180)
were provided by Fonterra Co-operative Group Limited, Auckland, New Zealand (refer to Table
1, Appendix 1 for composition).

Soluble corn fiber (SCF, PROMITOR™ 70), Maltodextrins

(STAR-DRI® 100, MD DE10 and STAR-DRI® 180, MD DE18), and Gum Arabic (GA) were
provided by Tale & Lyle, Shanghai, China (refer to Table 2 and Table 3, Appendix 1).
Lecithins (Ultralec® P Deoiled, ThermolecTM 200 and ThermolecTM WFC) were supplied by
Archer Daniels Midland Co., Decatur, Illinois (Table 4, Appendix 1).

Fish oil (Croda

IncromegaTM TG3322) was given by Nutura New Zealand, a division of Chemcolour Industries
(NZ) Ltd (specification in Table 5, Appendix 1).

Petroleum ether (ECP-AR, New Zealand), ethanol (96% v/v, BDH Laboratory Supplies, Poole,
England), sodium hydroxide (Univar, Ajax Finechem Pty Ltd, New Zealand) and hydrochloric acid
chloride (Romil Pure Chemistry, UK) were of analytical grade.

Coomassie brilliant blue protein

assay kit was purchased from Nanjing Jiancheng Institute of Biotechnology, Nanjing, China.
All water used was Milli-Q grade and resistance was typically 1.8 X 107 ohm/cm; water was
processed with instrumentation from Millipore Corporation (Bedford, MA, U.S.A).

2.3

Methods

2.3.1

Emulsion preparation

Since emulsions were dried into powders by spray dryer in the later stage, all the formulations
were prepared according to encapsulation requirements (30 % solid content and ratio of
oil/emulsifier 1:1).

The procedure of emulsion preparation was modified from Khwaldia et al. (2004) and Hogan et
al. (2001a).

Aqueous phases were prepared by dissolving powdered WPI of concentrations

ranging from 7.5 to 15 wt% and other emulsifiers in Milli-Q water at 55°C in a shaking water
bath for 60 min, after which the solutions were left standing at room temperature for 12 h to
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ensure complete dispersion. The resulting mixtures were adjusted to pH 6.7 using NaOH (1M).
Emulsions were prepared by mixing aqueous solution and fish oil to give 15 wt% oil in the final
emulsion.

The mixtures were then blended by the Ultra-Turrax T25 homogeniser (IKA

labortechnik) operated at 13, 500 rpm for 1 min to make pre-emulsions and further homogenized
in the two-stage valve homogenizer APV-1000 to gain fine emulsions.

The following

parameters were studied:
(1) Effect of homogenisation conditions

Three different pressures (40, 60 and 80 MPa) with

four different number of passes (1, 2, 3 and 4 passes) were studied.
(2) Emulsifying ability of biopolymers

Emulsions were prepared as having 15 wt% fish oil and

1 % biopolymer solution (WPI, NaCA, MD DE18, MD DE10, SCF, GA, respectively).
(3) Effect of blending WPI with other biopolymer

The effect of combining WPI with other

biopolymers including NaCA, MD DE18, MD DE10, SCF and gum Arabic as emulsifiers were
studied at different ratios of WPI/biopolymers at 1:1, 4:1, 9:1. The emulsions were prepared as
having total solid content of 30 wt%, and oil/emulsifiers ratio of 1.0.
(4) Effect of order of addition of biopolymers

The effect of the order of addition of WPI and

NaCA, or WPI and SCF on the emulsion properties was examined using emulsions prepared
with the combination of WPI/NaCA, WPI/SCF at ratios of 4:1 and 1:1, respectively, at total solid
content of 30 wt%, oil/emulsifiers ratio of 1.0 (Table 2.1).

The above ratios were selected

based on the results from Section 2.3.1(3).
(5) Effect of the addition of lecithins

The effect of combining WPI, WPI/NaCA (4:1) or

WPI/SCF (1:1) with different lecithins (Ultralec P, Thermolec 200 and Thermolec WFC) at
concentrations of 0.075, 0.15 and 0.20 wt% were examined.

Emulsions were prepared at total

solid content of 30 wt% and oil/emulsifiers ratio of 1.0 (Table 2.2).
(6) Effects of dispersing lecithins in aqueous phase or oil phase
using lecithins with concentration of 0.20 wt%.

This effect was examined

All emulsions were prepared with biopolymers

of WPI, WPI/NaCA (ratio of 4:1) or WPI/SCF (ratio of 1:1), total solid content of 30 wt% and
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oil/emulsifiers ratio of 1.0.
(7) Effects of oil/emulsifiers ratio and total solid content
oil/emulsifier ratios of 0.33, 1.0, 1.5 and 3.0.

This effect was studied using

The emulsions were prepared using the

combination of WPI and NaCA at a ratio of 1:4 and total solid content of 30 wt%.

The effect of

emulsion total solid content was investigated using 10, 20, 30 and 40 wt % solid content. The
emulsions were prepared using a combination of WPI and NaCA at a ratio of 1:4 and an
oil/emulsifiers ratio of 1:1.

The optimum homogenisation conditions obtained from (1) were applied for preparing emulsions
for (2) to (7)
Table 2.1

Formulation of order of addition of WPI & NaCA or WPI & SCF

Biopolymers

Order of addition of biopolymers

WPI/NaCA
(4:1)

Dissolve both WPI & NaCA together
Make emulsion with WPI first, then add NaCA solution
(WPI first)
Make emulsion with NaCA first, then add WPI solution
(NaCA first)
Dissolve both WPI & SCF together
Make emulsion with WPI first, then add SCF solution
(WPI first)
Make emulsion with SCF first, then add WPI solution
(SCF first)

WPI/SCF (1:1)

Table 2.2

Type of Lecithin

WPI

Ultralec P (UP)
Thermolec 200 (T200)
Thermolec WFC (TWFC)
Ultralec P (UP)
Thermolec 200 (T200)
Thermolec WFC (TWFC)
Ultralec P (UP)
Thermolec 200 (T200)
Thermolec WFC (TWFC)

WPI/SCF
(1:1)

Ratio of
oil/emulsifier

30

1:1

30

1:1

Formulations of biopolymers with different lecithins

Biopolymer

WPI/NaCA
(4:1)

Total solid
(%)

Addition of lecithin
(wt %)

Addition of biopolymer
(wt%)

Addition of oil
(wt%)

0.075, 0.15, 0.20

15

15

0.075, 0.15, 0.20

15

15

0.075, 0.15, 0.20

15

15
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2.3.2

Creaming stability studies

Emulsion stability was performed by an accelerated storage test and evaluated by measuring the
extent of the gravitational phase separation (Gu et al., 2005).

Several tests with varying time

and rotation speed were done to discriminate the relative stability of the emulsions.

For the

measurements, emulsion samples (5 mL) were transferred into test tubes (internal diameter = 10
mm, height = 125 mm), tightly capped and centrifuged (Heraeus labofuge 400, DJB Labcare Ltd.,
UK) at 3000 rpm for 30 min. After centrifugation, a number of emulsions was separated into a
optically opaque “cream” layer at the top and a turbid “serum” layer at the bottom.

The total

height of the emulsion (HE) and the height of the serum layer (HS) were measured. The extent
of creaming was characterized by a creaming index (CI):
𝐶𝐼 = 100 × (𝐻𝑆 /𝐻𝐸 )

Eq.(2.1)

The height of the serum layer provides an indication of the creaming stability of the emulsions:
the higher the serum layer, the more unstable the emulsions.

Experiments were conducted on at

least two freshly prepared samples with two analyses per sample.

2.3.3

Freeze-thaw cycling stability studies

The method of studying emulsion stability in freeze-thaw cycling was conducted by following
the method of Ogawa et al. (2003b). Emulsion samples (5 mL) were transferred into test tubes
(internal diameter = 10 mm, height = 125 mm), followed by freezing in a - 20ºC freezer for 20 h
and then thawing by placing them at room temperature for 4 h. The freeze-thaw cycling
experiment was conducted in duplicate and its influence on emulsion properties was measured
after each cycle.

2.3.4

Droplet size

Emulsion droplet size distribution (DSD) was determined by Mastersizer 2000 (Malvern
Intruments Ltd, UK), following the method of Granger et al. (2005).

A relative refractive index

of 1.456 and an absorptive index of 0.003 (Granger et al., 2005) were used to calculate the
particle size distribution from the measured scattering pattern. The emulsions were pre-diluted
(obscuration 10-20%) to prevent multiple scattering effects. The samples were characterized by
the mean droplet size diameter, which was evaluated by several ways.

The most commonly
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used mean droplet size values are the number-weighted mean diameter (d10), the
surface-weighted mean diameter (d32) and the volume weighted average diameter (d43). The
definations are as:
𝑑10 = ∑𝑛𝑖 𝑑𝑖 /∑𝑛𝑖

Eq.(2.2)

𝑑32 = ∑𝑛𝑖 𝑑𝑖3 /∑𝑛𝑖 𝑛𝑖2

Eq.(2.3)

𝑑43 = ∑𝑛𝑖 𝑑𝑖4 /∑𝑛𝑖 𝑛𝑖3

Eq.(2.4)

where ni is the number of droplets with a certain size, and di is the diameter of this specific
droplet size (Kaczmarski and Bellot, 2003; McClements, 2007).

The volume weighted average mean diameter was used to express the result in current research
since it is most often reported in the literature and is calculated based on the volume, the results
being in highly sensitive to the presence of large droplets and consequently giving an accurate
interpretation of average droplet size of the samples with bimodal distribution (Kaczmarski and
Bellot, 2003).

All emulsions were analysed 5 h after preparation.

The particle size

measurements were made on at least two freshly prepared samples, with two analyses made per
sample.

2.3.5

Zeta-potential

The Zeta-potential of the emulsion was measured following the method of Ogawa et al. (Ogawa
et al., 2003a).

Emulsions were diluted to a droplet concentration of approximately 0.06 wt%

using Milli-Q water prior to analysis to avoid multiple scattering effects.

Diluted emulsions

were then injected into the measurement chamber of Zetasizer 2000 (Malvern Intruments Ltd,
UK), and the zeta-potential was determined by measuring the direction and velocity that the
droplets moved in the applied electric field.

The Smoluchowsky mathematical model was used

by the software to convert the electrophoretic mobility measurements into zeta-potential values
(Dukhin and Goetz, 2002).

It was assumed that the viscosity of the aqueous solution

surrounding the particles was the same as water, which is a reasonable assumption since the
concentration of the free emulsifiers in the emulsions was extremely low (< 0.03%) after sample
dilution.

All emulsions were analysed 5 h after preparation.

The zeta-potential measurements

were conducted on two freshly prepared samples, with three readings made per sample.
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2.3.6

Emulsifying efficiency

This test was conducted by following the method of Hogan et al. (2001a). Emulsion sample
(5g) was used for extraction with petroleum ether (25 mL) for 5 min under constant shaking
using a shaker (KS 125 basic IKA Labortechnik, Malaysia). The upper petroleum ether phase
containing extractable fat was transferred into a pre-weighed round bottom flask.
aqueous phase was re-extracted with 10 mL petroleum ether.

The lower

The organic phase extracts were

combined and the solvent was evaporated from the sample using a rotary evaporator (BÜCHI
R-114, Switzerland).

The sample was further dried in an oven at 103°C for 1 h.

The

emulsifying efficiency (EE) was calculated as follows:
𝐸𝐸 = (𝑇𝑜𝑡𝑎𝑙 𝑜𝑖𝑙 − 𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 𝑜𝑖𝑙)/(𝑇𝑜𝑡𝑎𝑙 𝑜𝑖𝑙) × 100

Eq.(2.5)

where total oil refers to the amount of oil added in the formulation.

2.3.7

Rheological properties

The rheological properties were conducted according to the methods of Arora et al. (2003) and
Batista et al. (2006).

The rheological measurements were performed using a controlled-stress

rheometer (AR-G2, TA, USA) with a parallel plate geometry (diameter 40 mm) at 25 °C.

Flow

behavior and viscoelastic measurements on emulsions were performed after the emulsions were
aged for 24 h at 4°C.
applied stress.

Flow curves indicate the shearing behavior of a material in response to

Flow measurements were performed by ramping shear rate from 4 to 400 s-1

(0.2-8.0 Pa shear stress) within 7 min.

The function of ‘Best Fit, using Stress vs. Rate’ in the

software (Rheology Advantage Data Analysis), was applied to analyze the flow curves and
estimate the yield stress.

According to the R2 in that function, the Power-Law model and the

Herschel-Bulkley model (where standard error obtained was the lowest compared to other
models) were used to fit the data of the emulsion samples. These two models are defined as:
=
=

( )
0

Eq.(2.6)
( )

Eq.(2.7)

where σ is shear stress, γ is shear rate, n is flow behaviour index, σ0 is yield stress and K is
consistency index.
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The viscosity of the whole emulsion system is presented as apparent viscosity 𝜂𝐸 , defined as the
ratio of shear stress to rate of shear of a non-Newtonian fluid (Doran, 1995):
𝜂𝐸 =

/

Eq.(2.8)

Relative viscosity of emulsions was applied in this experiment to investigate the droplet-droplet
interactions (McClements, 1999; Quemada and Berli, 2002). Relative viscosity 𝜂

𝑖

is

defined as:
𝜂

𝑖

= 𝜂𝐸 /𝜂

Eq.(2.9)

where 𝜂𝐸 is the apparent viscosity of the emulsion at a particular shear stress
and

𝜂

is

the

viscosity

of

the

continuous

phase

at

the

same

shear

stress

(Quemada and Berli, 2002).

2.3.8

Total surface protein measurement

The surface protein concentration in emulsions was determined using the modified method of
Srinivasan et al. (1999).

The amount of protein adsorbed onto the fat surfaces of the emulsions

was determined by measuring the protein content of the aqueous subnatant phase following
centrifugation (Heraeus labofuge 400, DJB Labcare Ltd., UK) at 3000 rpm until phase separation
was clear.

The subnatant phase was removed by syringe and filtered through a 0.2 µm

Millipore filter, and the protein content was determined by Coomassie brilliant blue protein assay.
The principle of this assay is to measure the absorbance at 595 nm of the chemical bond formed
by the interaction between the anions of the dye and the –NH3+ group of proteins.

The

percentage of protein adsorbed onto the oil surface was expressed as protein load (%):
𝑃𝑜𝑡𝑒𝑖𝑛 𝑙𝑜𝑎𝑑 (%) = (𝑇𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑)/(𝑇𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑎𝑑𝑑𝑒𝑑) × 100

2.3.9

Eq.(2.10)

Statistical analysis

Mean values ± standard deviations were reported for each sample.

The experimental data were

subjected to analysis of variance in a one-way ANOVA using SAS 9.1. The significance level
was determined at 95 % (p < 0.05).
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2.4

Results and discussion

2.4.1

Homogenisation conditions for emulsion preparation

This experiment aimed to select the most suitable homogenisation conditions to produce a stable
and uniform emulsion with minimum droplet size.

Figure 2.1 presents the average droplet size,

expressed as d43, of O/W emulsions stabilised by WPI influenced by the homogenisation
pressures and number of passes.
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Figure 2.1
Average droplet size expressed as d43 of O/W emulsions containing 15 % WPI and 15 %
fish oil as a function of pass number and homogenisation pressure. Error bars represent standard
deviation. Bars with a different letter are significantly different (p < 0.05) from one another.

When comparing emulsion size results, it can be seen that the average emulsion droplet size
decreased with the increase of pressure and the number of passes.

The droplet size produced at

the pressure of 80 MPa was smaller than those produced at 40 MPa and 60 MPa. The mean
droplet size dropped dramatically below 1 μm from 1 pass to 2 passes for all pressures
investigated. The values are 0.875 μm, 0.771 μm and 0.562 μm produced by 40, 60 and 80
MPa, respectively.
more passes.

Then the droplet sizes decreased steadily when the emulsion experienced

Not all the samples in this test had monomodal distribution as shown in Figure

2.2.
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Figure 2.2
Effect of homogenisation pressures (A, with 4 passes) and number of passes (B, at pressure
of 80 MPa) on the droplet size distribution of O/W emulsions containing 15 % WPI and 15 % fish oil
(wt % of total emulsion).

A small mean droplet size did not necessarily mean that a uniform emulsion was obtained.

As

shown in Figure 2.2 A & B, by increasing the homogenisation pressure and the number of
passes, the second peak shifted towards the left (small size area) and the size distribution was
still bimodal under most of the conditions.

A monomodal size distribution was observed at 80

MPa at least through 4 passes although the distribution was not ideally narrow as there was a
tailing phenomenon.

A similar result was reported by Jafari et al. (2007a). This could be due

to slower adsorption rate of WPI on the droplet surface and shorter residence time inside the
interaction chamber at high energy densities through each pass.

Since the residence time in the

interaction chamber of a high pressure homogenizer is in the range of milliseconds, the
emulsifier needs to have a high adsorption rate (which is shorter than the residence time) to fully
cover the newly formed interface (after successful disruption of big droplets) as rapidly as
possible and to protect them against re-coalescence before new droplets leave the emulsification
area.

As reported (Krog and Sparsø, 2004), WPI have a low adsorption rate mainly due to their

high molecular weights and complex structures, and therefore cannot quickly cover the newly
formed droplets within milliseconds. So, after disruption of big droplets into smaller droplets
by passing through the high pressure homogenizer for 1 and 2 passes, the emulsifier did not
manage to cover the surface of all new droplets in the given short time.

Nevertheless, the

average droplet size did not reduce much (Figure 2.1) at the specified pressure, especially those
at 80 MPa, and did not tend to break down further to a smaller droplet size. These results were
in agreement with the finding of Bouaouina et al. (2006).

These authors stated that high
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pressure emulsification could facilitate interface adsorption of proteins by modifying their 3D
structures (a better unfolding), and resulting in smaller emulsion droplet size.
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Figure 2.3
Stability of O/W emulsions containing 15 % WPI and 15 % fish oil as a function of pass
number and homogenisation pressure. Error bars represent standard deviation. Bars with a
different letter are significantly different (p < 0.05) from one another.

The results of the creaming stability have been presented in Figure 2.3.
quite similar to that of emulsion droplet size.

The overall trend was

Obviously, an emulsion produced at a pressure of

80 MPa was the most stable one since it had the lowest creaming index at any number of passes.
Generally, the creaming index decreased with an increase in the number of passes for all
pressures.

This trend was more significant at a pressure of 80 MPa and a steep decrease

occurred when the emulsion passed more than once through the chamber of the homogenizer.
However, after 4 passes, the value of creaming index shows little change.

This change could be

influenced by the smaller and narrow distribution of droplet size obtained from the higher
pressure and larger number passes.

Furthermore, the results of freeze-thaw stability of the emulsion also indicated that higher
pressure and more passes produced a more stable emulsion (Table 2.3).

In the case of

emulsions produced at a pressure of 40 MPa, phase separation was visually observed after 2
cycles. However, emulsions produced at 80 MPa showed a uniform structure during the first
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two cycles. Je and Rosenberg (2000) demonstrated that a higher number of homogenisation
passes and higher pressure could give a relatively greater surface coverage for globular proteins.
This increases the thickness of the interfacial layer, protecting the interfacial membrane from
disruption by ice crystals and/or crystallized fats during freezing and then prevents the oil release
or droplet coalescence after thawing.

Table 2.3 Effect of homogenisation conditions on freeze-thaw (F-T) cycling stability of O/W emulsions
containing 15 % WPI and 15 % fish oil
Homegenisation pressure (MPa)

Pass number

Number of F-T cycling
1

2

3

1
2
3
4
5
6

PS
PS
Uniform
Uniform
Uniform
Uniform

−
−
PS
PS
PS
PS

−
−
−
−
−
−

60

1
2
3
4
5
6

PS
Uniform
Uniform
Uniform
Uniform
Uniform

−
PS
Uniform
Uniform
Uniform
Uniform

−
−
PS
PS
PS
PS

80

1
2
3
4
5
6

PS
Uniform
Uniform
Uniform
Uniform
Uniform

−
Uniform
Uniform
Uniform
Uniform
Uniform

−
PS
PS
PS
PS
PS

40

PS = Phase separation.

According to the above results, homogenisation conditions of 80 MPa and 4 passes are adequate
to produce an emulsion with smaller droplet size, narrow size distribution and good stability and
these processing conditions were chosen for subsequent study.

2.4.2

Emulsifying ability of biopolymers

This experiment aimed to evaluate the emulsifying ability based on the emulsion property
(droplet size) and stability (creaming and freeze-thaw).

Several biopolymers were selected for
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studying their emulsifying ability, including whey protein isolate (WPI), sodium caseinate
(NaCA), maltodextrin DE10 (MD DE10), maltodextrin DE18 (MD DE18), soluble corn fiber
(SCF) and gum Arabic (GA).

The concentration of biopolymers was based on the

concentration of the transient point (CS) of WPI obtained from a later test, which was 1 wt%.
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Figure 2.4
Droplet size distribution of O/W emulsions containing 15 % fish oil stabilised by 1.0 %
biopolymers.
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When comparing the emulsion size results of different biopolymers (Figure 2.4), it can be seen
that the droplet size and distribution of droplets varied among emulsions stabilised by different
biopolymers. WPI- and NaCA-stabilised emulsions (Figure 2.4 A & B) had similar average
droplet size, 0.17 and 0.13 µm, respectively.
had a tiny second peak at around 1 µm.

However, it is noticeable that the WPI emulsion

The GA emulsion (Figure 2.4 F) had an average

droplet size of 2.04 µm and a much narrower monomodal distribution compared with other
emulsions. Maltodextrins and SCF seemed to have very poor emulsifying ability since the oil
droplets were relatively large and had a relatively broad size distribution (Figure 2.4 C, D & E).
It is not surprising since most of polysaccharides are so hydrophilic that they are not surface
active (Krog and Sparsø, 2004). However, with an increase of DE value, the distribution peaks
of MD shifted towards the left (small size area) and have a better shape compared with the lower
DE value MD.

SCF or resistant maltodextrin (with DEs from 20-36) contains 70 % dietary

fiber, which is also labelled as corn syrup or corn syrup solids (Blanchard and Katz, 2006).

The difference between the mean droplet size and size distribution of the above emulsions is due
to different emulsifier properties of biopolymers such as adsorption rate, molecular weight,
conformational adjustment, the ability to reduce interfacial tension, excess surface concentration,
etc. (Jafari et al., 2007a) since other parameters (e.g. oil content, amount of emulsifiers) were
kept constant.

The literature reported that the mechanism of protein adsorption involved a slow

diffusion of the biopolymer from the bulk phase to the subsurface region followed by adsorption
of polymer segments at the oil-water interface (Arboleya & Wilde, 2005; Pugnaloni et al., 2004).
In the case of globular proteins, such as whey proteins, the polypeptide chains are normally
highly folded in solution, with the hydrophobic amino acids locating in the interior (away from
water) while hydrophilic amino acids tend to position themselves at the exterior surface (in
contact with water).

During protein adsorption, the predominantly nonpolar regions on their

surface face the oil phase.

The conformational changes of protein during emulsification are

referred to as ‘surface denaturation’ (McClements, 2004; Damodaran, 2005), and can promote
droplet flocculation, and then re-coalescence, through increased hydrophobic attraction by new
exposed segments and disulfide bond formation between proteins adsorbed onto different
droplets (Jafari et al., 2007a).

In addition, at high pressures, the interfacial membranes formed
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by WPI can be disrupted leading to re-coalescence of emulsion droplets (Jafari et al., 2007a).
Compared with the complex structure of whey proteins, caseinates have an open and flexible
random coil structure that facilitates the rapid rearrangement of their structures rapidly.
Furthermore, extensive protein-protein interactions at the interface may lead to the formation of
an interfacial membrane, and may therefore provide better protection against droplet
re-coalescence (McClements, 2004).

This could be the reason why the NaCA-stabilised

emulsion had a better droplet size distribution during high pressure homogenisation than the
WPI-stabilised emulsion.

Previous research (Randall et al., 1989; Dickinson et al., 1991) reported that gum Arabic (GA)
has two distinct fractions: a high molecular mass arabinogalacto-protein complex (AGP),
representing about 30 % of the total mass, and a lower molecular mass fraction.

In the above

researches, it was concluded that the AGP fraction is responsible for the emulsifying ability of
GA.

Compared with proteinaceous emulsifiers, the surface activity of GA is rather low

(Williams and Phillips, 2000). Consequently, relatively high concentrations of GA are required
to produce stable emulsions of smaller droplet size.

McNamee et al. (1998) reported that only

an oil to GA ratio < 2.0 could produce monomodal distribution with droplet size < 1 µm as being
sufficient to produce a stable emulsion.

Since the ratio of oil to GA in this study was 15.0, the

concentration of GA seems to be insufficient for the surface-active materials to fully coat all the
oil droplets, which may lead to oil droplet re-coalescence during homogenisation.

The

tendency for emulsion droplets to break down during homogenisation is dependent on the
strength of the interfacial forces that hold the droplets together, compared with the strength of
the disruptive forces in the homogeniser (McClements, 2008). The lower the interfacial tension
between oil and water, the easier it is to disrupt a droplet.

It seems that GA probably does not

have a good ability to decrease the interfacial tension, and requires more energy to deform and
disrupt a droplet compared with proteins.

One of the aims in this study was to produce a stable emulsion with the lowest possible droplet
size. Thus, NaCA seemed to be the best choice as a suitable emulsifier, according to the
average size and distribution of the droplet size.

However, it was observed from the
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experiments that increasing the concentration of NaCA would increase the viscosity of the
emulsions.

A thick and creamy Greek yoghurt-like viscoelastic semi-solid was obtained when

the concentration of NaCA exceeded 7.5 wt%, leading to a failure to process the emulsion by the
high pressure homogeniser.

NaCA is also sensitive to a change in pH, which limits its

application in food systems.

In addition, the low solubility of NaCA may bring further

challenges for scale-up in the manufacturing process.

At higher concentration, the insoluble

NaCA would influence the measurements (e.g. droplet size, protein load) and give incorrect
results.

WPI, on the other hands, has good solubility and ability to dissolve in a wide range of

pH, and also contain high nutrition value (Section 1.2.4.1). Based on the above reasons, WPI
was selected as the main emulsifier for all the subsequent work in this project.

Figure 2.5 shows that increasing the concentration of WPI (from 0 to 1 wt%) can reduce the
emulsion droplet size (d43) significantly (p < 0.05) compared with concentrations higher than
1 %.
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Figure 2.5
Droplet size distribution of O/W emulsions containing 15 % fish oil stabilised by different
concentrations of WPI.

When considering whether there is enough emulsifier to produce a uniform emulsion, two key
parameters should be taken into account, namely the characteristic saturation concentration and
the characteristic adsorption concentration (McClements, 2007).

These two critical
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concentrations are defined as the minimum amount of polymer required to completely cover all
of the droplet surfaces and the minimum polymer concentration required to ensure the adsorption
occurs faster than collisions. The effects of concentration on the emulsion droplet size were
studied in a few researches (Narsimhan and Goel, 2001; Lobo and Svereika, 2003; Tcholakova et
al., 2004). They demonstrated that there are two regimes for emulsifier concentration:

the

emulsifier-rich regime in which droplet size does not depend on concentration of emulsifier but
is determined by the interfacial tension and the energy density; and the emulsifier-poor regime in
which droplet size strongly depends on the initial concentration of emulsifier (Figure 2.6). The
concentration of the transient point (Cs) between the emulsifier-rich and -poor regimes is a
comprehensive reflection of the above two critical concentrations.

Tcholakova et al. (2004)

examined three different emulsifiers including whey protein concentration, sodium dodecyl
sulfate and Brij 58, and found that Cs was quite similar, approximately 0.1 wt%.

However, Surh

et al. (2006) reported the transient occurred at about 0.9 wt% WPC, which was quite close to our
result, of about 1 wt%.

It is noticeable that the second peak did not completely disappear by

increasing the amount of WPI, to even as high as 15 wt%.

This limitation could be due to the

promotion of droplet flocculation and then re-coalescence induced by conformational changes of
WPI during emulsification.

Oil droplet
Emulsifier-poor regime
Emulsifier
Oil droplet

Emulsifier-rich regime
Figure 2.6

A diagram to illustrate the emulsifier-poor and emulsifier-rich regime.

Table 2.4 presents that the effect of WPI concentration on the creaming stability of emulsions.
The result shows creaming stability was improved significantly (p < 0.05) when the WPI
concentration increased from 0 to 1 wt%.

Increasing the amount of WPI over 1 wt% did not

stabilise the emulsions further. This indicated that WPI by itself could not provide very good
stability for the emulsion systems despite its ability to form small droplets. The stability of an
emulsion droplet network against gravitational stress is related to its microstructure, which in
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turn is dependent on the type of droplet-droplet interaction (Blijdenstein et al., 2004).
Generally, two types of droplet-droplet interactions are distinguished, including bridging- and
depletion-flocculation (Figure 2.7) (Dickinson, 2003). The attraction energy is determined by
the concentration of emulsifiers (Blijdenstein et al., 2004).

When the concentration of WPI was

below CS, bridging flocculation normally occurred. This is because the amount of WPI was not
enough to completely cover all the droplets during high energy emulsification. A single WPI
molecule probably adsorbed on two or more emulsion droplets, resulting in the formation of an
emulsifier bridge between droplets (Blijdenstein et al., 2004). When the concentration of WPI
was over CS, the amount of WPI was more than enough to cover the surface of the oil droplets.
Thus, some of the WPI molecules did not bind to the droplet surface, and depletion of WPI from
a region around the emulsion droplets induced droplet-droplet attraction (Blijdenstein et al.,
2003).

Table 2.4 Effects of WPI concentrations on emulsion stability and freeze-thaw (F-T) stability of
emulsions
WPI concentration
(wt % of total emulsion)

CI
(%)

Number of F-T cycling1

0
0.1
1.0
5.0
10.0
15.0

n/d
87.5 ±1.3a
51.2 ±1.9b
49.8 ±2.3b
48.1 ±1.4b
47.5 ±1.7b

1
1
1
1
2
3

CI = Creaming index
n/d = not detected, since complete phase separation occurred (no emulsion in the system)
1
First time when phase separation was observed
Superscripts with different letter in the same column are significantly different (p < 0.05) from each other.

B

A

Oil droplet

Figure 2.7

Bridging flocculation (A) and depletion flocculation (B).
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Table 2.4 also shows the effect of WPI concentration on the freeze-thaw stability of O/W
emulsions.

Increasing the amount of WPI helped the emulsion to endure more cycles of

freezing and thawing and retard phase separation. This is because the higher concentration of
WPI in the surrounding aqueous phase could induce extensive protein-protein interaction,
resulting in the formation of a thicker interfacial membrane around the droplet surface.
Therefore, the partial or fully crystallised water and oil could hardly break the interface to
release the oil. However, flocculation was observed at higher concentrations of WPI (> 10 %),
which indicated that the emulsion systems were still unstable.

The results indicated that WPI alone could not produce an emulsion with high stability. Since
one of the aims of this project was to produce a fine emulsion with the lowest possible droplet
size and high stability, a combination of emulsifier could be applied to meet the objective.

2.4.3

Effects of blending WPI with other biopolymers

In order to improve the properties of O/W emulsion stabilised by WPI, physical blending of
other biopolymers with WPI was investigated.

Emulsion stability and properties, including

droplet size, zeta-potential, protein load, microencapsulation efficiency and rheological
properties, were estimated.

Creaming stability
The creaming stability of the fish oil-in-water emulsions was determined by measuring the
height of the serum layer formed at the bottom of the emulsions after centrifugation at room
temperature (Table 2.5).
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Table 2.5 Effects of blending WPI with other biopolymers on the creaming stability and freeze-thaw
(F-T) stability
Biopolymers

Ratio of biopolymers

CI

Number of F-T cycling

(%)
b

PS

creaming

WPI
WPI/NaCA

n/a
1:1
4:1
9:1

48.7 ±2.1
0.4 ±0.6g
1.3 ±0.8g
1.3 ±0.4g

3
3
3
3

1
1
1
1

WPI/MD DE10

1:1
4:1
9:1
1:1
4:1
9:1

9.0 ±1.1ef
11.5 ±0.7e
46.2 ±1.7bc
21.1 ±1.0d
43.4 ±1.6c
46.1 ±2.6bc

n/d
5
4
n/d
4
3

4
2
2
3
2
1

WPI/SCF

1:1
4:1
9:1

7.7 ±1.2f
6.8 ±0.8f
7.7 ±0.9f

n/d
5
5

6
3
3

WPI/GA

1:1
4:1
9:1

54.0 ±2.9a
46.1 ±2.6bc
46.1 ±1.0bc

7
6
5

6
5
4

WPI/MD DE18

Superscripts with different letter in the same column are significantly different (p < 0.05) from each other.
n/a = not applicable

A distinct serum layer was observed in some of the emulsions, whose height depended on the
different WPI/ biopolymer complex and the ratio of WPI to them.

A WPI/GA complex did not

show any improvement in creaming stability and its serum layer was even higher than the control
(WPI only) when the ratio of WPI to GA reached 1:1.

This could be attributed to promotion of

the depletion flocculation of the droplets by the non-adsorbed GA molecules in the aqueous
phase of the emulsions (McClements, 2000; Dickinson, 2003).

Partial replacement of WPI

with NaCA sufficiently prevented the formation of the serum layer with no significant difference
when using different ratios.

This could be attributed to the increase of viscosity in the

continuous phase (see Appendix 2) and a more negative charge of the droplets (~ – 47 to ~ – 54
mV, Table 2.6). The higher viscosity in the continuous phase could slow down the motion of
droplets and then prevent them moving closer to each other.

The WPI/NaCA-stabilised

emulsion droplets could generate strong enough electrostatic repulsion due to their high
magnitude of surface electrical charges (McClements, 2004), thereby preventing them from
coming into close proximity during accelerated gravity force.
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The influence of MD was more complicated and depended on the MD concentration and the DE
value.

The height of the serum layer decreased with an increase of MD concentration,

regardless of DE value.

In formulations with a high ratio of MD, emulsions containing MD

DE10 were significantly stable (p < 0.05) compared with those containing MD DE18.

Klinkesorn et al. (2004) introduced a critical flocculation concentration (CFC), which was
defined as the minimum amount of MD required to promote rapid creaming.

They

demonstrated that the CFC decreased as the DE decreased, being 21, 17 and 13 wt% for DE 20,
15 and 10, respectively.

The concentrations of MD with different DE values in this study were

1.5, 3.0 and 7.5 wt%, which did not exceed the CFC.

However, since the experimental

conditions, e.g. ratio of oil to biopolymers, emulsifier types, ratio of emulsifier to MD, are
different in the two studies, the CFC could not be the same. A decrease in creaming with
increase of MD may also occur above the CFC, due to the increased aqueous phase viscosity,
and the possibility that droplets form a 3D network (Demetriades and McClements, 1999;
Dokic-Baucal et al., 2004; Mun et al., 2008). Researches showed that MD with lower DE could
produce stable emulsion as high molecular fractions in these MD can associate in a different
manner as branched molecules added to amylose can form tightly packed segments or be
arranged like ‘fringes’ forming a network structure within the continuous phase (Chronakis,
1997).

In this way, droplets are held strongly in place so that they cannot easily rearrange and

expel serum from the emulsion structure (Dickinson et al., 1995).

On the other hand, the

research of Chronakis and Kasapis (1995) indicated that a higher DE resulted in reduction of
their gelling capability, therefore contributing to weak composite systems. According to these
theories, WPI/SCF-emulsions should have poor stability since the SCF had a DE value higher
than 20, whilst the results here showed an opposite effect. This could be attributed to several
factors, including the botanical source of the starch for PROMITORTM and STAR-DRI® brand
products in this research, which are from waxy corn and dent corn, respectively. Some other
factors, including the hydrolysis procedure and the amylose/amylopectin ratio (Dokic-Baucal et
al., 2004), could also be the reasons for the very different properties of SCF compared with these
two MDs under investigation.
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Freeze-thaw stability
Table 2.5 also presents the effect of other biopolymers and the ratio of WPI to these biopolymers
on the freeze-thaw stability of the emulsion.

As shown in the results, replacement of WPI with

NaCA did not improve the freeze-thaw stability of the emulsions.

In the presence of MD, all

emulsions were more stable during the freeze-thaw cycling, especially with a high concentration
of MD, when phase separation was not observed.
of 10 were more stable during cycling.

Emulsions containing MD with a DE value

A high concentration of MD (7.5 wt%) showed better

protection of the emulsions from either phase separation or creaming.

In addition, the stability

of the emulsions to freeze-thaw cycling progressively improved with increasing amounts of GA.
However, the best protection from freeze-thaw instability was achieved with an emulsion
containing WPI/SCF in a ratio of 1:1, showing a complete resistance to destabilisation after 6
repeated temperature-cyclings and no phase separation by visual observation after 7 times
cycling.

During frozen storage, a variety of different physicochemical processes may occur that may have
promoted emulsion instability, including fat crystallisation, ice formation, freeze-concentration,
interfacial phase transitions, and biopolymer conformational changes (Vanapalli et al., 2002;
Thanasukarn et al., 2004).

When oil-in-water emulsions are cooled to a temperature where the

fat becomes partially crystallized, they become susceptible to a phenomenon known as partial
coalescence (McClements, 2005a), resulting in the formation of irregularly shaped clumps that
usually decrease emulsion stability.

In addition, the crystallisation of water in an aqueous

phase during freezing can also promote emulsion instability in a number of additional
physicochemical processes.

When ice crystals form, oil droplets are forced into closer

proximity in an unfrozen aqueous phase, which may induce disruption of the interfacial layer and
promote droplet aggregation.

Possibly, the unfrozen water may not be sufficient to fully

hydrate the emulsifiers adsorbed to the droplet surfaces, leading to the promotion of inter-droplet
emulsifier interactions.

Further, ice crystals formed may penetrate into oil droplets and disrupt

their interfacial layers, thereby making them more prone to coalescence when they are thawed.
Therefore, to improve the freeze-thaw stability of the emulsion, thick interfacial layers should be
formed and the growth of ice crystals should be controlled in some way (Aoki et al., 2005;
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Thanasukarn et al., 2006).

Researches indicated that flexible random coil proteins adsorb preferentially at the oil-water
interface and form a thicker interfacial membrane on the surface of oil droplets compared with
globular proteins (Hunt and Dalgleish, 1994; Brun and Dalgleish, 1999; Dalgleish et al., 2002;
Sliwinski et al., 2003; McClements, 2008). However, protein-stabilised emulsions would be
expected to have a relatively poor stability to freeze-thaw treatment since interfacial layers
surrounding the oil droplets are all quite thin (2-5 nm) in comparison with other biopolymerformed membranes, and are capable of forming inter-droplet covalent bonds, prone to
penetration by fat crystals (Gu et al., 2007).

However, the addition of polysaccharides to the aqueous phase and the formation of a second
layer around the WPI-coated lipid droplets may increase the stability of the emulsions to
ice-crystallisation by altering a number of the above physicochemical processes.

The

mechanism of improvement in the emulsions’ stability during the freeze-thaw cycling is
probably attributed to increasing the osmolyte concentration in the aqueous layer by the
polysaccharides, thereby reducing the crystallisation temperature and limiting the formation of
ice crystals including their number, size and shape (Hartel, 2001). This could increase the
volume of unfrozen water available to the oil droplets, thereby decreasing the chance for the
lipid droplets to become closely associated during freezing and also increasing the unfrozen
water available to hydrate those adsorbed WPI (Palanuwech and Coupland, 2003; Ogawa et al.,
2003b; Thanasukarn et al., 2004).

Mun et al. (2008) showed that emulsions became completely stable after two cycles of
freeze-thaw once a critical MD level ([MD]crit) was exceeded.

They stated that this critical level

was dependent on the nature of the interfacial coating on the lipid droplets.
[MD]crit was 4 wt% for β-lactoglobulin-stabilised emulsion.
(7.5 wt%) used here was above this value.

They found the

The highest concentration of MD

The other two concentrations of MD used were 3 wt%

and 1.5 wt%, which were below the [MD]crit, leading to insufficient amounts of MD and poor
protection of emulsion instability during temperature cycling.
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Droplet size
Droplet size distribution (DSD) of emulsions stabilised by WPI and other biopolymers in
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Figure 2.8
Droplet size distribution of O/W emulsions containing 15 % fish oil stabilised by different
ratios of WPI and other biopolymers.
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Different types of biopolymers and ratios of WPI/biopolymers affected the emulsification
process for the same amount of fish oil. A bimodal DSD was observed for the emulsion
prepared by WPI only.

There are a couple of possible explanations for this observation.

First,

extensive flocculation of droplets may occur right after the emulsification and then probably
some coalescence of the droplets occurs in the flocculated emulsions (Kabalnov, 1998).
Secondly, at a high emulsifier concentration, non-adsorbed WPI may exist as aggregates in
solution, which probably have a different size and size- distribution.

This may not be the

reason for the appearance of the second peak since no peak was detected by Mastersizer 2000 in
the

WPI-solution

(same

amount

of

WPI

energy-input-homogenisation (data not shown).

in

the

emulsion

system)

under

high

Further, multi-scattering effects should have

been eliminated by dilution of the initial emulsions before measurement. Demetriades et al.
(1997) demonstrated that measurement of droplet sizes after dilution provides information about
the extent of strong flocculation in an emulsion.

Partial replacement of WPI with NaCA produced a narrow and monomodal size distribution of
emulsions regardless of concentration of NaCA (Figure 2.8 A).

When mixed proteins are used

as emulsifiers and both of them are in sufficient quantity, NaCA adsorbs preferentially at the
oil-water interface over WPI after emulsion formation because its flexible conformations induce
rapid structural rearrangement (Sliwinski et al., 2003). The fast adsorption rate and sufficient
concentration of NaCA allows its molecules to cover completely the fresh interface disrupted
from big oil droplets by high energy input.

The extent of droplet aggregation after emulsification was progressively reduced with increasing
amount of MD (Figure 2.8 B & C). Better performance was observed in DE 10 than DE 18 in
the same brand (STAR-DRI®).

SCF was the most effective for prevention of droplet

aggregation in WPI-stabilised emulsions, especially in the highest ratio of SCF to WPI (1:1)
showing a narrow size distribution and smaller average size of 0.17 µm (Figure 2.8 D).
Dokic-Baucal et al. (2004) compared the droplet size of emulsions containing M040 (DE 5) and
M100 (DE 10). They concluded that MD with low DE gave a higher viscosity of continuous
phase, because of the higher degree of polymerisation, resulting in smaller droplets in the final
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emulsion.

Another possible reason is the formation of a 3D network at higher concentration

of MD, preventing the droplets getting closer after emulsification.

In the presence of GA, emulsions showed monomodal size distribution but with a larger average
size of 6.96, 7.20 and 13.83 µm for different ratios of WPI to GA of 9:1, 4:1 and 1:1, respectively.
Ibanoglu (2002) found the same result that large droplets formed in the presence of GA. When
two emulsifiers are applied together in the emulsification process, competition of adsorption on
the oil surface occurs.

It is well known that globular proteins have slow adsorption rate because

of their rigid structure and therefore they unfold slowly.

In the structure of GA, it was

demonstrated that the emulsifying activity of GA comes from AGP because of its protein-rich
structure and high molecular weight.

The active component, polypeptide chain with 1600

amino acid residues, is located at the periphery of the molecules. This kind of structure may
facilitate the adsorption of AGP onto hydrophobic substances (Randall et al., 1989).

Further,

GA is a charge polysaccharide and the reduction in the interfacial area may result from the
repulsion between the same charges on the molecules in the bulk solution which affect protein
molecules approaching the interface (Haque and Kinsella, 1988). Thus, GA was more likely to
adsorb on the oil surface in the first place. The membrane formed by GA is thick, with
hydrophobic amino acid inside and hydrophilic polysaccharides outside the surface (Garti,
2002b). However, since the surface activity of GA is lower than that of proteins, the exchange
could occur during the emulsification process when WPI molecules finish rearranging their
structure and the hydrophobic groups are ready to adsorb onto the oil droplets. The high
volume of polysaccharides in the aqueous phase could promote the depletion of flocculation and
then coalescence.

Zeta-potential
The zeta-potential measurement (Table 2.6) indicated that droplets in all emulsion systems could
generate strong enough electrostatic repulsion due to their high magnitude of surface electrical
charges, all greater than -30 mV (Tantra et al., 2010).
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Table 2.6 Effects of blending WPI with other biopolymers on z-potential, protein coverage and
emulsification efficiency (EE) of emulsions
Biopolymers

Ratio of biopolymers

z-potential
(mV)

Protein load
(%)

EE
(%)

WPI

n/a

-36.7 ±0.6c

86.4 ±0.6ab

99.3 ±0.2abcd

WPI/NaCA

1:1
4:1
9:1

-54.5 ±1.8e
-47.9 ±0.7d
-47.6 ±0.9d

70.3 ±2.2h
79.8 ±3.1ef
82.1 ±1.2cde

99.1 ±0.0bcde
98.9 ±0.6cde
98.2 ±0.4f

WPI/MD DE10

1:1
4:1
9:1
1:1
4:1
9:1

-31.8 ±3.5abc
-32.8 ±3.5abc
-32.7 ±3.3abc
-34.3 ±4.4abc
-35.2 ±3.7abc
-36.3 ±1.2c

74.4 ±0.8g
85.2 ±1.6abc
87.3 ±0.7a
79.2 ±1.9ef
86.2 ±2.1ab
85.6 ±0.1ab

98.7 ±0.0e
99.1 ±0.0bcde
98.9 ±0.1cde
98.9 ±0.1cde
99.4 ±0.1abc
99.5 ±0.0ab

1:1
4:1
9:1
1:1
4:1
9:1

-29.6 ±1.6a
-29.9 ±1.0ab
-35.9 ±0.9c
-37.9 ±3.7c
-36.5 ±3.0c
-37.3 ±2.6c

63.2 ±0.8i
77.1 ±1.1fg
80.2 ±1.9def
83.4 ±0.4bcd
86.8 ±0.1ab
86.1 ±1.4ab

99.6 ±0.1a
99.5 ±0.0ab
99.5 ±0.1ab
99.2 ±0.1abcde
99.0 ±0.1cde
98.8 ±0.4de

WPI/MD DE18

WPI/SCF

WPI/GA

Superscripts with different letter in the same column are significantly different (p < 0.05) from each other.

Increasing the concentration of NaCA showed significant (p < 0.05) increase in the negative
charge of emulsion droplets, which may indicate improvement in stability of emulsion systems.
On the other hand, the zeta-potentials of WPI-stabilised emulsion droplets did not significantly
change with the addition of MD. However, the presence of SCF showed large effectiveness on
the surface charge of the droplets, which could be due to the existence of some long chain
molecules in SCF, induced by different methods of hydrolysis and different origins.
β-lactoglobulin bound to SCF, which has been attributed to the incorporation of non-polar tail
groups of proteins into helical coils formed by the chains of SCF (Wangsakan et al., 2001;
Wangsakan et al., 2003).

Partial replacement of WPI with GA did not show any significant

change in the surface charge between the droplets. Although the zeta-potential illustrates the
stability of the system to some extent, this might not be the most important factor in determining
the emulsion stability in some formulations, where depletion of the attractive forces exceeds the
repulsive forces.
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Total surface protein
Partial replacement of WPI with other biopolymers showed different effects on the percentage of
protein loading on the oil surface (Table 2.6). Adding GA into WPI stabilised emulsion did not
significantly (p < 0.05) affect the protein load.

However, with an increased ratio of NaCA in

the emulsifiers, the protein load significantly (p < 0.05) decreased. This result is in line with
the finding of Sliwinski et al. (2003). They explained that this could be the presence of some
denatured whey protein, which are more likely to increase the adsorbed amounts.

In the

presence of MD, a small replacement of WPI did not influence the protein load but when the
ratio of WPI to MD reached 1:1, the protein load reduced significantly (p < 0.05), especially at
lower DE values. This is probably due to the incorporation of the non-polar group of denatured
WPI, which originally adsorbed on the oil surface, into a helical coil formed by MD, which
prevented more WPI loading on the surface of droplets during homogenisation. The reason for
the reduction of protein load when replacement of WPI with SCF is probably similar.

Emulsification efficiency (EE)
The EE of emulsions (Table 2.6) was relatively high, above 98 %, which indicated that all
biopolymer complexes had excellent emulsifying ability for delivering fish oil, although there
was a statistical difference in the ME of emulsions containing different types and ratios of
biopolymers.

Rheological properties
All the flow curves were fitted by either a Power-Law model or a Herschel-Bulkley model
(Table 2.7), defined as Eq. (2.6) & (2.7).
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Table 2.7 Effect of blending WPI with other biopolymers on the rheological parameters of fish oil
emulsions derived from Power-Law model and Herschel-Bulkley model
Biopolymers

Ratio of
biopolymers

K
(Pa·
sn)

n

σ0
(Pa)

Std. error

WPI

n/a

0.60

0.58

4.91

12.62

WPI/NaCA

1:1
4:1
9:1

0.21
0.01
0.01

0.78
0.97
0.94

-0.43
n/a
-0.01

8.78
3.15
0.98

WPI/MD DE10

1:1
4:1
9:1
1:1
4:1
9:1

0.38
0.89
1.06
0.29
0.53
0.88

0.61
0.54
0.52
0.60
0.60
0.55

2.08
5.35
5.14
0.79
4.13
5.48

8.37
13.19
10.17
2.64
11.71
13.64

WPI/SCF

1:1
4:1
9:1

0.01
0.30
0.49

0.97
0.62
0.60

n/a
2.04
3.74

1.364
9.69
11.03

WPI/GA

1:1
4:1
9:1

4.26
1.78
1.40

0.44
0.53
0.55

17.23
15.32
15.99

7.54
12.87
13.27

WPI/MD DE18

K: consistency index
n: flow behaviour index
σ0: yield stress

Emulsions show shear thinning behaviour when the flow behavior index (n) is less than 1, shear
thickening behaviour when n is greater than 1, and Newtonian behaviour when n is equal to 1
(Ibanoglu, 2002).

Flow behaviour indices of most of the fish oil emulsions were between 0.4 –

0.6, indicating shear thinning behaviour. However, emulsions containing a lower concentration
of NaCA and the highest amount of SCF showed a near Newtonian fluid behaviour, for which n
values were close to 1, in agreement with the flow curves of emulsions shown in Appendix 3.
A linear dependence of shear stress on shear rate was exhibited in emulsions with WPI/NaCA in
ratios of 9:1 and 4:1 and that containing WPI/SCF in a ratio of 1:1.

K is a measure of the viscous nature of the emulsions and its trend is in agreement with that of
apparent viscosity vs. shear rate presented in Appendix 2. Replacement of WPI with other
biopolymers had influenced the apparent viscosity of emulsions to a different extent.

A low

concentration of NaCA reduced the viscosity, whilst increasing the concentration to 7.5 wt%
dramatically increased the viscosity.

The emulsion viscosity increased steeply with the
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increased amount of GA.

On the other hand, a lower percentage of MD increased the viscosity

to a small extent but an emulsion containing a high amount of MD had a much lower viscosity
compared with WPI-stabilised emulsion with no MD.

The apparent viscosity of emulsions reflects the combined information in rheology of the
continuous phase and emulsion droplets (Sherman, 1983; Dickinson, 2003).

The change in

viscosity of emulsions containing different biopolymers could not be explained only by the
different viscosity in the continuous phase. For example, a WPI solution and mixed protein
solution with a low percentage of NaCA had a similar flow behaviour and viscosity under the
same shear rates (see Appendix 2 & 3), whilst, emulsions stabilised by mixed proteins had a
remarkably lower viscosity than a WPI-stabilised emulsion.

Hence, the relative viscosity of

emulsions (defined in Eq.(2.8)) was then calculated to investigate whether the change of
rheological behaviour was related to droplet flocculation (McClements, 1999; Quemada and
Berli, 2002).

The variation of relative viscosity with shear stress for emulsions containing

different ratio of WPI with other biopolymers are shown in Figure 2.9.

Shear thinning

behaviour was observed in most of the emulsion systems, which indicates the extensive droplet
flocculation.

WPI/NaCA-stabilised emulsions showed very low relative viscosities but at high

concentration of NaCA, a relative viscosity slightly higher than unity across the whole shear rate
range was observed, the phenomenon would be expected to appear as a result of a slightly
flocculated emulsion.

In the presence of high concentration of MD, the relative viscosity of a

WPI-stabilised emulsion decreased.

At high concentrations of SCF, the relative viscosity of the

emulsion was relatively low, indicating that SCF at this concentration (7.5 wt%) could
sufficiently prevent droplet flocculation and thus improve emulsion stability.

In addition, there

was an appreciable decrease in the relative viscosity with increasing shear rate, which can be
attributed to progressive disruption of the flocculates as the shear rate was increased (Quemada
and Berli, 2002).
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Figure 2.9
Relative viscosity of O/W emulsions stabilised by WPI and WPI with other biopolymers in
different ratios. :WPI; :WPI/other biopolymer 1:1; :WPI/other biopolymer 4:1; : WPI/other
biopolymer 9:1.

According to the above results, WPI/NaCA-stabilised emulsion systems had the best properties
and were the most stable in the creaming test.

Since slight flocculation was observed at high

concentrations of NaCA, a ratio of WPI to NaCA of 4:1 was selected for further studies. On
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the other hand, a WPI-stabilised emulsion containing a high concentration of SCF presented an
outstanding stability in temperature cycling and also showed relatively high stability in an
accelerated creaming test, as well as good properties, such as being Newtonian fluid with low
viscosity and having small droplet size and narrow size distribution, and high droplet charge.
Based on these findings, a WPI/SCF ratio of 1:1 was also chosen in the later research work.

2.4.4

Effects of order of addition of biopolymers

Physicochemical properties and emulsion stabilities were studied in order to investigate the
influence of order of addition of WPI and NaCA or WPI and SCF, and to find out a proper way
to produce a fine and stable emulsion.

Emulsions prepared by different order of addition of proteins, either WPI first or NaCA first,
showed similar properties as emulsion produced with the proteins blended together (Table 2.8).
All the emulsions had small droplet size and monomodal size distribution, relatively high
z-potential and approximately 99 % EE.

In addition, all emulsions prepared by different order

of addition of proteins showed similar behaviour in their rheological properties. The flow
behaviour indices (n), were all close to unity (Table 2.9), indicating that these emulsions had
near Newtonian fluid behaviour. The flow curves shown in Appendix 3 were in agreement
with this result.

The viscous nature of the emulsion (K) (Table 2.9) and the apparent viscosity

vs. shear rate (Appendix 2) showed that an emulsion prepared by addition of WPI first had a
slightly higher viscosity compared with the emulsions produced by the other two order of
addition.

The relative viscosity of emulsions prepared by any order of addition of proteins

(Figure 2.10 A) did not change with an increase in the shear rate, indicating that no droplet
flocculation occurred after emulsification.

The creaming stability of the emulsions (Table 2.10)

was not largely affected either by adding WPI first or NaCA first although statistically the results
were significantly different (p < 0.05). On the other hand, the order of addition of the proteins
had no effect on the freeze-thaw stability of the emulsions.
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Table 2.8 Effects of order of addition of biopolymers on droplet size, z-potential, protein coverage and
EE of emulsions
Formulation

Order of
addition

d43
(µm)

z-potential
(mV)

Protein load
(%)

EE
(%)

WPI/NaCA

Together
WPI first
NaCA first

0.16 ±0.01ab
0.15 ±0.01b
0.17 ±0.00a

-47.9 ±0.7c
-51.4 ±1.8c
-52.2 ±2.9c

79.8 ±3.1a
66.5 ±0.0cd
68.6 ±0.6c

98.9 ±0.6b
99.1 ±0.1ab
99.1 ±0.1ab

WPI/SCF

Together
WPI first
SCF first

0.17 ±0.00a
0.17 ±0.00a
bimodal

-29.6 ±1.6a
-39.4 ±1.3b
-36.6 ±0.7b

63.2 ±0.8d
69.7 ±0.6c
74.0 ±0.6b

99.6 ±0.1a
98.9 ±0.2b
99.1 ±0.1ab

Superscripts with different letter in the same column are significantly different (p < 0.05) from each other.

Table 2.9 Effect of order of addition of biopolymers on rheological parameters of fish oil emulsions
derived from Power-Law model and Herschel-Bulkley model
Formulation

Order of
addition

K
(Pa·
sn)

n

σ0
(Pa)

Std. error

WPI/NaCA

Together
WPI first
NaCA first
Together
WPI first
SCF first

0.01
0.02
0.01
0.01
0.16
0.27

0.97
0.94
0.96
0.97
0.64
0.60

n/a
-0.03
-0.01
n/a
0.18
0.79

3.15
3.15
1.02
1.36
0.94
1.91

WPI/SCF

5

Together
WPI first
NaCA first

Relative viscosity

Relative viscosity

4

100

A

3
2
1
0

Together
WPI first
SCF first
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Figure 2.10 Relative viscosity of O/W emulsions stabilised by WPI/NaCA (A) and WPI/SCF (B) with
different order of addition.
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Table 2.10
stability
Formulation

Effects of order of addition of biopolymers on creaming stability and freeze-thaw (F-T)
Order of addition

CI

Number of F-T cycling

(%)
WPI/NaCA

WPI/SCF

Together
WPI first
NaCA first
Together
WPI first
SCF first

d

1.3 ±0.8
2.4 ±0.6cd
3.7 ±1.3c
7.7 ±1.2b
17.3 ±0.7a
17.3 ±0.5a

PS

Creaming

3
3
3
n/d
4
4

1
1
1
6
1
1

Superscripts with different letter in the same column are significantly different (p < 0.05) from each other.
n/d = not detected

The above results indicated that a change in order of addition of protein did not affect the
emulsion properties.

This is probably due to the re-emulsification procedure during high

pressure homogenisation at the last stage of each formulation preparation, which gives the
opportunity for the WPI and NaCA to adsorb competitively onto the surface of newly formed
droplets. Coarse emulsion produced by the Ultra Turrax gave bigger and uneven droplet sizes.
Under high pressure homogenisation, big droplets were further disrupted into smaller droplets
and the new interface was completely covered by proteins. The competition to adsorb onto the
new surface occurred between WPI and NaCA at this stage. Many researchers have shown that
a preference of NaCA over WPI for the oil-water interface (Hunt and Dalgleish, 1994; Brun and
Dalgleish, 1999; Dalgleish et al., 2002). Sliwinski et al. (2003) found that when the ratio of
WPI and NaCA was 4:1, the adsorbed amount of individual proteins on the interface was 80 %
NaCA and 20 % WPI.

Consequently, the properties of emulsions prepared by different order of

addition of proteins were similar since the concentration and proportion of WPI and NaCA were
the same in these three systems.

On the other hand, the order of addition of WPI and SCF showed an influence on DSD and
z-potential but not on EE (Table 2.8). The emulsions prepared by WPI/SCF blend together and
with addition of WPI first had a monomodal distribution and a smaller droplet size.

In contrast,

emulsions prepared by adding SCF first presented a bimodal distribution with a first peak at 0.1
µm and a second peak at 0.6.

Emulsions produced by adding WPI or SCF first had a higher

z-potential and similar surface charge with the droplets present in the WPI-stabilised emulsion
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(refer to results in Table 2.7). Additionally, a different order of addition of WPI and SCF
largely influenced the rheological characteristics of the emulsions. According to the results of
the flow behaviour index (Table 2.9) and flow curves (Appendix 3), blending WPI and SCF
together as the emulsifying solution produced an emulsion with Newtonian fluid behaviour,
whereas emulsions prepared by adding WPI first or SCF first had shear thinning behaviour.
Emulsions prepared with a WPI and SCF blend had relatively low viscosity but those prepared
by the other two orders of addition had a much higher viscosity at low shear rate, with the
emulsion produced by addition of SCF first having the highest viscosity (Appendix 2).

The

differences in the apparent viscosity of the emulsion was mainly induced by the extensive
flocculation of the emulsion droplets in systems produced by addition first of either WPI or SCF
since shear thinning was observed in the relative viscosity of these two emulsion systems with an
increase in shear rate (Figure 2.10 B).

This result was in agreement with the result of the

creaming index, which showed either that addition of WPI or SCF first gave a poor stability
against creaming.

The different effects of order of addition of WPI and SCF on the emulsion properties could be
explained by several reasons.

First, it could be due to the different interaction between WPI

and SCF when the order of addition is different.

By dissolving SCF and WPI together in water

and then making the emulsion, the non-polar groups of the surface denatured WPI adsorbed to
emulsion droplets might have been incorporated into the helical coils formed by the SCF chains.
By this mechanism, SCF molecules might have bound to the anionic surface active proteins that
were associated with the emulsion droplets, thereby reducing the negative charge on the oil
droplets (as discussed in Section 2.4.3). The presence of the SCF may prevent the formation of
more WPI loading onto the surface of the droplet during high pressure homogenisation and then
reducing the droplet-droplet attraction induced by the depletion of WPI on the surface.

By

adding WPI first to produce the pre-emulsion, there was no chance for occurrence of this
interaction since the non-polar group had already adsorbed onto the oil surface. Thus, the later
addition of SCF did not change the surface charge of the WPI-stabilised emulsion. This system
was not stable since depleted flocculation of the droplets occurred because of the high
concentration of non-adsorbed SCF molecules in the aqueous phase of the emulsion, in
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agreement with other studies (McClements, 2000; Dickinson, 2003; Dokic-Baucal et al., 2004;
Klinkesorn et al., 2004).

By adding SCF first to produce the pre-emulsion, the SCF molecules

adsorbed onto the oil droplets to form a coarse emulsion under high speed homogenisation (as
shown in Section 2.4.2), resulting in less SCF molecules being available to bind to the proteins.
However, this emulsion system was relatively unstable because of the non-surface active
compound (SCF) surrounding the oil droplets.

The interfacial layer was ready to be replaced

by WPI, a surface active component. During high pressure homogenisation, sufficiently large
stress is applied parallel to the interface that was covered with SCF. The SCF molecules may
then be dragged along the interface, leaving some regions with excess emulsifier and other
regions with depletion of emulsifier. The latter regions would be very sensitive to coalescence
if droplets come close together. Since the adsorption rate of WPI is relatively slow compared
with the duration of the applied stresses and collision frequency (Section 2.4.1), this could be the
reason that bimodal size distribution was observed using this order of addition.

In addition, the results of freeze-thaw stability (Table 2.10) indicated that these two orders of
addition had poorer resistance to freeze-thaw cycling. This is probably due to the extensive
droplet flocculation during freezing induced by the unstable emulsion systems, resulting in
droplets coming closer together and consequently giving more opportunities for coalescence.

2.4.5

Effects of the addition of lecithins

It has been reported that spray drying of lecithins with milk, soy and wheat proteins can produce
free flowing products with good handling and synergistic properties (van Nieuwenhuyzen and
Szuhaj, 1998).

However, combination of lecithin and protein can be antagonistic to the

emulsion stability because either the lecithin or the protein can be displaced from the interface
(Dickinson, 1993).

Thus, in this study, three different soybean lecithins were studied and their

effects on the properties and stability of biopolymer stabilised emulsions, especially
WPI-stabilised emulsion, were evaluated.

Ultralec P is an ultra-filtered, deoiled lecithin, which is present as dry powder with high
phosphatide content (97 %) and a hydrophilic-hydrophobic balance (HLB) of 7. Products of
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Thermolec brand are modified lecithins, in which Thermolec 200 is a chemically acetylated
lecithin with HLB of 7; whilst Thermolec WFC is an enzymatically (phospholipase A2)
phosphorylated, hydroxylated and acetylated lecithin with HLB of 10. The different properties
in these three selected lecithins are detailed in Appendix 1.

A fish oil emulsion stabilised only by lecithins was investigated first.

This experiment aimed to

find out if the concentration of lecithins used (0.2 wt% of total emulsion) was enough to form a
stable emulsion by itself and thus to illustrate indirectly if the changes of emulsion properties
were induced by lecithin itself or by the combined effect of lecithin and the biopolymers under
investigation.

Figure 2.11 presents the DSD of the O/W emulsions stabilised by the above

mentioned three lecithins dissolved in water. All the lecithins showed good abilities to form
sub-micron emulsions, with mean droplet size of 0.49, 0.40, 0.36 µm for Ultralec P, Thermolec
200 and Thermolec WFC, respectively. However, size distributions of the three emulsions did
not present narrow peaks and showed shoulders, revealing the existence of overlapping size
populations.

The creaming index was approximately 80 % for all the emulsions after an

accelerated creaming test (Figure 2.12).

These tests revealed that the concentration of the

selected lecithins used in this experiment could form small droplet sizes but unstable emulsions.
One possible reason may be due to flocculation or coalescence occurring right after emulsion
preparation, which might be induced by the low concentration of lecithins used and consequently
resulting in insufficient emulsifiers to cover the fresh surface disrupted by high pressure
homogenisation.
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Figure 2.12 Creaming index of O/W emulsions containing 15 % fish oil and 0.2 % Ultralec P,
Thermolec 200 and Thermolec WFC.

Next, the effect of lecithins on the WPI-stabilised emulsions was studied.

The results of

emulsion properties and stability, which are shown in Figure 2.13 & 2.14 and Table 2.11, 2.12
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& 2.13, revealed that the effects of various lecithins added into the aqueous phase on
WPI-stabilised emulsion were relatively different.

For example, addition of Ultralec P and

Thermolec 200 did not have any significant effect on the properties, creaming stability and
freeze-thaw stability of the WPI-stabilised emulsions except for the rheological properties. The
apparent viscosities of emulsions increased with the addition of lecithins but were independent of
the concentration of lecithins, as shown by K values in Table 2.13. Relative viscosity (Figure
2.14 A & B), showing the surface viscosity of emulsion droplets, decreased slightly with the
addition of these two lecithins at low shear rates, which indicates a slight improvement of droplet
flocculation.

However, addition of Thermolec WFC in the aqueous phase before emulsification

influenced the emulsion properties and was effective in improving the stability although
insufficient to prevent creaming. The result of DSD (Figure 2.13 C) shows that with the
increase of Thermolec WFC concentration, the latter peak became smaller and shifted to the left,
indicating that collision of droplets during homogenisation was reduced.

The apparent

viscosity of the emulsion with Thermolec WFC did not show any difference compared with the
WPI-stabilised emulsion without lecithin (Appendix 2).

The flow behaviour of all emulsions

displayed shear thinning properties (Appendix 3). However, in the presence of Thermolec
WFC, the relative viscosity of emulsions at low shear rate decreased more than emulsions with
Ultralec P and Thermolec 200, although it was still greater than unity at low shear stresses. The
enhancement of stability and properties of WPI-stabilised emulsions could be due to WPI
displacement by Thermolec WFC from the emulsion droplets, evidenced by the increase in
protein content of the continuous phase (Table 2.12). The significant increase (p < 0.05) of
protein amount in the aqueous phase occurred when 0.2 wt% of this lecithin was added into the
emulsion.

Previous research demonstrated that the improvement of emulsifying properties of

globular proteins was due to the formation of lecithin-protein-complexes during emulsification
(Nakamura et al., 1988).
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The different effect of lecithins on the WPI-stabilised emulsions was probably contributed by the
different HLB.

Emulsifiers with a high HLB value, 8-18, are predominantly hydrophilic and

are used to stabilise O/W emulsions, whereas emulsifiers with lower HLB numbers, 7-9, have
balanced hydrophilic and hydrophobic groups (McClements, 2005b). Thus, because of the high
HLB value of Thermolec WFC, its effect on O/W emulsions stabilised by WPI was more
pronounced than Ultralec P and Thermolec 200.

Table 2.11
Biopolymers

Effects of lecithins on creaming stability and freeze-thaw (F-T) stability
lecithins

Conc. of lecithins

CI (%)

Number of F-T cycling

(wt% of emulsion)
WPI

N/A
UP

WPI/SCF

PS

Creaming

N/A
0.075
0.150
0.200
0.075
0.150
0.200

48.7 ±2.1
49.1 ±6.4ab
47.6 ±2.5ab
46.3 ±2.5b
51.9 ±5.0a
49.4 ±2.2ab
47.6 ±1.8ab

3
3
3
3
3
3
3

1
1
1
1
1
1
1

TWFC

0.075
0.150
0.200

36.0 ±1.6c
36.7 ±3.0c
34.3 ±2.4c

2
2
2

2
2
4

N/A

N/A

1.3 ±0.8f

3

n/d

e

T200

WPI/NaCA

ab

TWFC

0.075
0.150
0.200

4.9 ±1.1
4.7 ±0.9e
4.6 ±0.8e

3
3
3

n/d
n/d
n/d

N/A
TWFC

N/A
0.075
0.150
0.200

7.7 ±1.2de
9.2 ±2.9d
9.2 ±1.8d
9.2 ±1.4d

n/d
3
3
3

6
2
2
2

Superscripts with different letter in the same column are significantly different (p < 0.05) from each other.
n/d = not detected

Effects of various lecithins on the properties of WPI/NaCA-stabilised emulsions were negligible
except for the decrease in relative viscosity.

Only the results of emulsion stability and

properties influenced by Thermolec WFC are shown here as an example (see Appendix 4 for the
results of Ultralec P and Thermolec 200).

The non-effectiveness of lecithins could be due to

the excellent emulsifying ability of the protein complex and the high stability of emulsions made
by this protein complex. Thus, the addition of lecithins did not further improve the emulsion
stability. Another reason could be the low ratio of lecithin to protein used in this research.
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The highest ratio of lecithin/proteins was only 1:75, which was much lower than others reported
in the literature (10:1) (Yamamoto and Araki, 1997; Comas et al., 2006).

Such a low amount of

lecithins may not be enough to affect the highly stable emulsion system by replacement of
proteins.

However, the reduction of droplet viscosity is probably evidence that lecithins

co-exist on the droplet surface with proteins.

Research carried out by Dickinson and Iveson

(1993) revealed that the presence of lecithin-protein led to a reduction of surface viscosity in the
emulsion droplets at pH 7 although the ratio of lecithin to protein they used was much higher.

Table 2.12

Effects of lecithin on z-potential, protein load and EE of emulsions

Biopolymers

lecithins

Conc. of lecithins
(wt% of emulsion)

z-potential
(mV)

Protein in
aqueous
(%)

EE
(%)

WPI

N/A

N/A

-36.7 ±0.6abc

13.6 ±0.6f

99.3 ±0.2ab

UP

0.075
0.15
0.2
0.075
0.15
0.2
0.075
0.15
0.2

-39.9 ±5.4bcd
-39.2 ±4.4bcd
-38.9 ±5.4bcd
-40.9 ±4.3cdef
-40.1 ±4.1bcd
-40.3 ±6.5bcde
-32.7 ±0.8ab
-32.7 ±0.4ab
-32.9 ±2.7ab

12.5 ±0.3f
14.3 ±0.1ef
14.3 ±0.4ef
14.3 ±0.4ef
13.6 ±0.1f
14.3 ±0.0ef
14.3 ±0.0ef
15.7 ±1.7def
17.8 ±1.8cd

99.6 ±0.1a
99.1 ±0.2ab
99.5 ±0.2ab
99.5 ±0.1ab
99.1 ±0.5ab
98.9 ±0.2b
99.4 ±0.1ab
99.4 ±0.2ab
99.4 ±0.1ab

N/A
0.075
0.15
0.2
N/A
0.075
0.15
0.2

-47.9 ±0.7fg
-52.6 ±1.2g
-47.7 ±1.1efg
-47.6 ±1.8efg
-29.6 ±1.6a
-46.4 ±2.8defg
-50.8 ±0.4g
-43.6 ±0.8cdefg

20.2 ±3.1bc
20.3 ±1.8bc
21.8 ±1.6b
21.5 ±2.0b
36.8 ±0.8a
18.2 ±0.2cd
20.3 ±0.8bc
17.3 ±2.5cde

98.9 ±0.6b
99.1 ±0.2ab
99.0 ±0.2ab
99.4 ±0.1ab
99.6 ±0.1a
99.5 ±0.3ab
99.5 ±0.4ab
99.3 ±0.4ab

T200

TWFC

WPI/NaCA

N/A
TWFC

WPI/SCF

N/A
TWFC

Superscripts with different letter in the same column are significantly different (p < 0.05) from each other.
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Figure 2.15 Effects of lecithin TWFC on droplet size distributions of O/W emulsions containing 15 %
fish oil stabilised by WPI/NaCA (A) and WPI/SCF (B).

Table 2.13
Effect of lecithins on rheological parameters of fish oil emulsions derived from Power-Law
model and Herschel-Bulkley model
Biopolymers

lecithins

Conc. of lecithins
(wt% of emulsion)

K
(Pa·
sn)

n

σ0
(Pa)

Std. error

WPI

N/A

N/A

0.60

0.58

4.91

12.62

UP

0.075
0.150
0.200

1.28
1.32
1.31

0.52
0.50
0.51

6.28
5.43
5.30

7.75
7.67
7.82

T200

0.075
0.150
0.200

1.19
1.20
1.41

0.49
0.50
0.47

4.89
5.20
4.77

7.15
7.32
5.91

TWFC

0.075
0.150
0.200
N/A
0.075
0.150
0.200
N/A

0.58
0.61
0.72
0.01
0.01
0.01
0.01
0.00

0.60
0.58
0.56
0.97
0.97
0.97
0.97
0.97

3.13
3.67
3.90
n/a
n/a
n/a
n/a
n/a

8.91
9.46
9.64
3.15
0.83
1.29
1.08
1.36

0.075
0.150
0.200

0.01
0.01
0.01

0.92
0.95
0.94

n/a
n/a
-0.01

1.16
1.79
0.37

WPI/NaCA

N/A
TWFC

WPI/SCF

N/A
TWFC
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Figure 2.16 Relative viscosity of O/W emulsions stabilised by WPI/NaCA (A) and WPI/SCF (B) with
Thermolec WFC. : WPI/NaCA or WPI/SCF, : biopolymers with 0.075 (wt % of emulsion) of
TWFC, : biopolymers with 0.15 (wt % of emulsion) of TWFC, : biopolymers with 0.20 (wt % of
emulsion) of TWFC.

On the other hand, different lecithins showed a similar trend in the effect of emulsions stabilised
by WPI/SCF, for example by addition of Thermolec WFC (refer to Appendix 5 for results of
other lecithins). The addition of lecithins did not influence the creaming stability of emulsions
made with WPI/SCF but had an antagonistic effect on the freeze-thaw stability (Table 2.11).

In

the absence of lecithins, the WPI/SCF-stabilised emulsion had high resistant ability to the
freeze-thaw cycling, but phase separation was observed when lecithins were introduced into the
emulsion system. This is probably due to the reduction of SCF concentration due to interaction
between SCF and lecithin in the solution, leading to a decrease of osmolyte concentration in the
aqueous phase and thereby increasing the crystallisation temperature and promoting the
formation of ice crystals (Hartel, 2001). As discussed in the interactions between WPI and SCF,
the SCF molecules bound non-polar groups onto the surface denatured WPI during
emulsification.

In the presence of lecithins, SCF might interact with the lipophilic fatty-acid

tails of the lecithins before emulsification, since globular proteins are normally highly folded
with hydrophobic amino acids tending to reside in the centre of the molecule in solution.

In

addition, in the presence of excess water, phosphatidylcholine forms a lamellar structure with the
non-polar group inside the layer. The combined SCF may be incorporated into the lamellar
phase, resulting in the decreased amount of SCF in the solution.
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Some properties, such as droplet size, of WPI/SCF-stabilised emulsions were not influenced by
the addition of lecithins (Figure 2.15 B). Moreover, emulsions with or without lecithins did
not show any difference in apparent viscosity and flow behaviour (Table 2.13 and Appendix 3)
although relative viscosity showed a slight reduction in the presence of lecithins (Figure 2.16 B).
On the other hand, some properties of emulsions had been significantly changed in the presence
of lecithins.

For example, droplet charge significantly increased (p < 0.05) in negative value

and protein content in the aqueous phase largely decreased but was independent of concentration
of lecithins (shown in Table 2.12). This might be explained by several possibilities. First,
because of the interaction between SCF and lecithin molecules, less SCF existed in the solution
and could contribute to binding with proteins on the surface of oil droplets, which may lead to
more protein adsorbing to the interfacial layer during high pressure homogenisation. Therefore,
a greater negative charge was detected on the droplet surface and less protein content could be
measured in the aqueous phase.

Another possible reason could be the presence of SCF

facilitating entrapment of protein into the liposome formed by phosphatidylcholine during high
pressure homogenisation.

Some SCF molecules may bind to the WPI, which has been

attributed to the incorporation of the non-polar group of denatured WPI into the helical coil
formed by the SCF chain. These SCF with WPI may further interact with lecithins leading to
entrapment of proteins in a liposome. Therefore, the protein content in the aqueous phase
decreased. This hypothesis might be explained by the finding of Patane et al. (2008), who
worked on liposome production. They compared one system with maltodextrin and another
one without maltodextrin and found maltodextrin could facilitate binding with hydrophilic
components, allowing entrapment in the liposome and efficiently preventing the entrapped
hydrophilic molecule from leaking from the liposome.

In this case, the increased negative

charge on the droplets could be enhanced by the adsorption of soy lecithin molecules, which
have a negative charge (Avdeef, 2008), onto the surface of the droplets.

2.4.6

Effects of lecithins in oil or aqueous phase

As three different ingredients (biopolymer solution, fish oil and lecithin) had to be incorporated
into the emulsion, it was important to determine whether the order of adding the components
influenced the properties of the final emulsion.

Therefore, lecithin dispersed in aqueous
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biopolymer solution or fish oil phase were studied using lecithin, 0.2 wt% of emulsion.

Results

revealed that different lecithins showed a similar trend in influencing the emulsion properties,
therefore only the results of Thermolec WFC are shown here as an example (refer to Appendix 6
for Ultralec P and Thermolec 200).

Table 2.14
Effects of Thermolec WFC (0.2 % of emulsion) in oil or aqueous phase on creaming
stability and freeze-thaw (F-T) stability
Biopolymers

lecithins

Lecithin in oil or

CI (%)

Number of F-T cycling

aqueous phase

PS

Creaming

a

WPI

TWFC

aqueous
Oil

34.5 ±2.5
19.3 ±2.9b

2
1

4
3

WPI/NaCA

TWFC

aqueous
Oil

4.9 ±0.5e
15.0 ±0.2c

3
3

n/d
n/d

WPI/SCF

TWFC

aqueous
Oil

8.5 ±1.3de
11.4 ±0.7d

3
3

2
2

Superscripts with different letter in the same column are significantly different (p < 0.05) from each other.
n/d = not detected

16

WPI

16

A

12

8
Aqueous
Oil

4

Volume (%)

12

Volume (%)

B

WPI/NaCA

8
Aqueous
Oil

4
0

0
0.01

0.1

1

10

100

1000

0.1

1

10

100

1000

Droplet size (m)

Droplet size (m)

16

0.01

C

WPI/SCF

Volume (%)

12
8
Aqueous
Oil

4
0
0.01

0.1

1

10

100

1000

Droplet size (m)

Figure 2.17 Droplet size distribution of O/W emulsions containing 15 % fish oil stabilised by WPI (A),
WPI/NaCA (B) and WPI/SCF (C) with lecithin TWFC dispersed in oil or aqueous phase.
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Table 2.15
Effects of Thermolec WFC (0.2 % of emulsion) in oil or aqueous phase on z-potential and
EE of emulsions and protein content in aqueous phase
Biopolymers

Lecithin in oil or
aqueous phase

z-potential
(mV)

Protein in aqueous
(%)

EE
(%)

WPI

Aqueous
Oil

-32.9 ±2.7a
-48.4 ±4.5c

17.8 ±1.3c
22.4 ±0.7b

99.4 ±0.1a
98.7 ±0.1b

WPI/NaCA

Aqueous
Oil

-47.6 ±1.8c
-36.7 ±3.7ab

21.5 ±2.0b
12.4 ±0.5d

99.4 ±0.1a
97.7 ±0.1c

WPI/SCF

Aqueous
Oil

-43.6 ±0.8bc
-38.9 ±3.7ab

18.2 ±0.2c
25.6 ±0.8a

99.3 ±0.4a
99.2 ±0.2a

Superscripts with different letter in the same column are significantly different (p < 0.05) from each other.

In the WPI-stabilised emulsion system, the creaming stabilising effects of lecithin (Table 2.14)
were found to be more pronounced when it was added to the oil phase than when added to the
water phase. All properties of emulsions were improved significantly when lecithin was added
into oil (p < 0.05). For example, in DSD (Figure 2.17 A), the second peak became relatively
tiny and the main peak had a much narrower distribution, which indicated that less coalescence
occurred during high pressure homogenisation.

Moreover, the droplet charge increased in

negative value (Table 2.15), indicating stronger electrostatic repulsion between droplets, thus
preventing them from coming into close proximity.

In addition, the flow behaviour of

emulsions turned from shear thinning to Newtonian fluid (Table 2.16 and Appendix 3), which
was contributed by the non-flocculation emulsion (shown in the result of relative viscosity in
Figure 2.18 A). These results are in line with the finding of Yamamoto and Araki (1997), who
studied the effects of crude soybean phosphatidylcholine and crude egg phosphatidylcholine
addition in an oil or water phase on the stability of emulsions made with β-lactoglobulin.

They

demonstrated these lecithins should be dissolved in the oil phase to make a more stable emulsion
with β-lactoglobulin.

This is due to the larger decrease of surface tension when lecithin was

added in the oil phase than when added in the water phase (Yamamoto and Araki, 1997).
Therefore, lecithin dissolved in the oil phase seems to be effective in making up the interfacial
layers and consequently less WPI is required on the droplet surface.

In this study, the protein

content in the aqueous phase was significant higher when lecithin was dispersed in the oil phase
than when dispersed in the aqueous phase (Table 2.15), indicating more proteins were displaced
by lecithin from the interfacial layer into the continuous phase. On the other hand, addition of
lecithin in oil phase destabilised the emulsions against freeze-thaw cycling. Phase separation
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was observed in the first cycle.

This is probably due to the thinner interfacial layer induced by

the replacement of protein from the droplet surface.

Table 2.16
Effect of Thermolec WFC (0.2 % of emulsion) in oil or aqueous phase on rheological
parameters of fish oil emulsions derived from Power-Law model and Herschel-Bulkley model
Biopolymers

Lecithin in oil or
aqueous phase

K
(Pa·
sn)

n

σ0
(Pa)

Std. error

WPI

Aqueous
Oil

0.72
0.01

0.56
0.97

3.90
-0.01

9.64
1.43

WPI/NaCA

Aqueous
Oil

0.01
0.88

0.97
0.53

n/a
5.24

1.08
12.10

WPI/SCF

Aqueous
Oil

0.01
0.12

0.94
0.76

-0.01
0.08

0.37
2.05
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Figure 2.18 Relative viscosity of O/W emulsions stabilised by WPI (A), WPI/NaCA (B) and WPI/SCF
(C) with Thermolec WFC dispersed in aqueous phase or oil phase.
: Thermolec WFC dispersed in
aqueous phase, : Thermolec WFC dispersed in oil phase.

As shown in Section 2.4.5, when lecithin was added into the aqueous phase, there was no
significant effect on the stability of emulsions made with WPI/NaCA.

Adding lecithin into the

oil phase seems to have an antagonistic effect on the stability and properties of
WPI/NaCA-stabilised emulsions.

The creaming index (shown in Table 2.14) increased
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significantly (p < 0.05) when lecithin was added into oil. This is probably due to the extensive
droplet flocculation after emulsion preparation, revealed by the results of relative viscosity
shown in Figure 2.18 B. The droplet size and distribution did not show any difference between
emulsions with addition of lecithin into the oil or aqueous phase (Figure 2.17 B).

This can

confirm only that there was no coalescence occurring after preparation but cannot verify the
absence of flocculation.

This is because before measuring the droplet size, emulsions were

diluted extensively in order to prevent multiple scattering. The increase of instability against
creaming may also be due to electrostatic repulsion that was not strong enough to prevent
droplets aggregation, induced by the decrease in the surface electrical charge of the emulsion
droplets (Table 2.15). The negative effects on the emulsion stability and properties when
lecithins were added in the oil phase may be contributed to by the competition of adsorption
between proteins and lecithin.

As shown in Table 2.15, the protein content in the aqueous

phase was significantly lower (p < 0.05) when lecithin was added into the oil than when added
into the aqueous phase. This may indicate more proteins adsorbed onto the droplet surface,
resulting in depletion of flocculation.

The effects of lecithin added into the oil phase or aqueous phase on the properties and stability of
emulsions made with WPI/SCF were similar to but not as significant as those observed in the
WPI/NaCA emulsion systems.

The main difference in these two emulsion systems is the

change in protein content in aqueous solution when lecithin was added into the oil phase or water
phase.

In the WPI/SCF-stabilised emulsions, the protein content in the aqueous phase

decreased significantly in the presence of lecithins (p < 0.05), with a much lower amount when
lecithin was dispersed into water than added into oil (Table 2.15). As discussed in Section
2.4.5, in the case of addition of lecithin in water, one of the possibilities of losing protein in
aqueous solution is probably due to its entrapment in liposomes formed by the lecithin.
However, adding lecithin into the oil phase may only result in formation of vesicles and reversed
hexagonal phases and only a small amount of protein could bind to these forms of lecithin (Fang
and Dalgleish, 1993).

Another possible reason could be due to less protein being adsorbed on

the surface of the oil droplet when lecithin was added into the oil phase, induced by the
hydrophilic tail exposure to the oil phase and making it readily available to adsorption on to the
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interface.

Although addition of lecithins into the oil phase could largely improve the stability of
WPI-stabilised emulsions and produce a narrow size distribution of droplets, creaming was still
not sufficiently prevented. Adding lecithins to emulsions made with WPI/NaCA and WPI/SCF
had antagonistic effects on emulsion stability.

Therefore, lecithins were not used in the

subsequent experiments, and WPI/NaCA and WPI/SCF were the main systems investigated for
further optimisation experiments.

2.4.7

Effects of solid content and ratios of oil to emulsifiers

This experiment aimed to find out whether solid content and the oil/emulfiers ratio had any
effect on emulsion stability.

Emulsifiers containing WPI and NaCA in a ratio of 4:1 were

applied in this experiment.

When investigating the effect of solid content, the ratio of

oil/emulsifiers was kept constant at 1:1.

A 30 wt% of solid content was applied when the effect

of different ratio of oil to emulsifiers was studied.

Table 2.17
Effects of solid content and ratios of oil/emulsifiers on creaming stability and freeze-thaw
(F-T) stability of emulsions stabilised by WPI/NaCA
Formulation
Solid content

Ratio of oil/emulsifiers

CI (%)
10 %
20 %
30 %
40 %
0.33
1.0
1.5
3.0

Number of F-T cycling
a

27.5 ±2.3
12.5 ±0.6b
5.0 ±0.2c
N/A
5.4 ±0.9c
5.2 ±0.4c
5.3 ±0.9c
5.2 ±0.3c

PS

Creaming

3
3
3
3
6
3
2
2

n/d
n/d
n/d
n/d
n/d
n/d
n/d
n/d

Superscripts with different letter in the same column are significantly different (p < 0.05) from each other.
n/d = not detected

The effects of solid content on stability against creaming and freeze-thaw cycling are shown in
Table 2.17. The result showed that changing the solid content had no effect on the emulsion
stability against freeze-thaw cycling. Phase separation were found in emulsions with different
solid content after 3 cycles but no creaming layer was observed visually.

However, the
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creaming index (CI) decreased with an increase of solid content, indicating the higher the solid
content, the higher the stability of emulsion against creaming.

The increase of creaming

stability could be contributed to by the lower Brownian motion of droplets (McClements, 1999)
induced by the increase of viscosity in the continuous phase (as shown by the consistency index,
K in Table 2.19). Another contributor is probably due to the decrease of depletion flocculation
induced by the reduction of protein load on the oil surface (Table 2.18). The electrostatic
repulsive force does not seem to contribute in this case, since the droplet charge was not affected
by the increase of solid content (Table 2.18).

In addition, emulsion droplet size and size

distribution did not reflect the improvement of emulsion stability since it was not influenced by
the change of solid content (Figure 2.19). This is reasonable since the ratio of oil to emulsifiers
was the same and sufficient emulsifiers were available to adsorb onto the droplet surface to make
a fine emulsion.
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Figure 2.19 Droplet size distribution of O/W emulsions with different solid content (A) and ratio of
oil/emulsifiers (B) containing 15 % fish oil stabilised by WPI/NaCA.

Table 2.18
emulsions

Effects of solid content and ratios of oil/emulsifiers on z-potential, protein load and EE of

Formulation

z-potential
(mV)

Protein load
(%)

EE
(%)

Solid content
(oil/emulsifier ratio: 1)

10 %
20 %
30 %
40 %

-49.0 ±1.7bc
-52.0 ±0.8c
-53.3 ±0.2c
-50.7 ±2.3bc

87.8 ±1.3a
79.8 ±0.4b
72.9 ±0.7cd
61.6 ±1.7f

99.8 ±0.1a
99.3 ±0.3abc
99.3 ±0.1bc
99.6 ±0.1ab

Ratio of oil/emulsifiers
(solid content: 30%)

0.33
1.0
1.5
3.0

-38.3 ±1.4a
-53.3 ±0.2c
-52.0 ±1.8c
-51.9 ±2.1c

67.1 ±0.9e
72.9 ±0.7cd
71.6 ±0.1d
74.9 ±0.2c

99.6 ±0.2ab
99.3 ±0.1bc
99.1 ±0.0c
99.0 ±0.4c

Superscripts with different letter in the same column are significantly different (p < 0.05) from each other.
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Table 2.19
Effects of solid content and ratios of oil/emulsifiers on rheological parameters of fish oil
emulsions derived from Power-Law model and Herschel-Bulkley model
Formulation

K
(Pa·
sn)

n

σ0
(Pa)

Std. error

Solid content

10 %
20 %
30 %
40 %

0.00
0.00
0.01
0.04

0.99
0.98
0.97
0.97

0.00
0.01
n/a
n/a

2.82
1.81
3.15
4.93

Ratio of oil/emulsifiers

0.33
1.0
1.5
3.0

0.16
0.01
0.01
0.01

0.98
0.98
0.97
0.94

n/a
n/a
n/a
-0.01

0.82
0.69
3.15
0.65

Table 2.17 also gives information about the effect of the oil/emulsifiers ratio on emulsion
stability. The results show that an increased oil/emulsifiers ratio had a negative effect on the
freeze-thaw stability, with phase separation being observed in the earlier freeze-thaw cycles.
This could be due to the reduction of thickness of the interfacial layer around the droplets, which
was more easily disrupted by the ice crystals or crystallised oil. Although the percentage of
surface protein loading on the oil droplets increased with increase of the oil/emulsifiers ratio
(Table 2.18), it does not necessarily mean that the interfacial layer was thickened.

In this case,

since the total solid content was kept constant, changes in the oil/emulsifier ratio not only altered
the amount of emulsifiers but also altered the volume of oil in the emulsion.

Increasing the

ratio of oil/emulsifiers increased the volume of oil and consequently the number of emulsion
droplets, since droplet size was not affected by different ratios (Figure 2.19). Consequently,
the amount of protein loading on each droplet was smaller compared with that seen with a low
ratio of oil/emulsifiers and the layer of interface was thinner and thus, poorly protected
emulsified oils came outside. On the other hand, different ratios of oil/emulsifiers did not have
a significant effect (p > 0.05) on creaming stability of emulsions after an accelerated gravity test
although a low ratio of oil/emulsifiers (0.33) had a significantly lower (p < 0.05) droplet charge
compared with other ratios.

For a ratio of oil/emulsifiers of 0.33, the high viscosity of the

continuous phase (Table 2.19), which retards the Brownian motion of droplets, could account
for the lower emulsion stability.
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2.4.8

Effect of heating

The emulsions produced will be spray dried in the later part of the study at a relatively high
temperature. The stability of the emulsion during heating is quite important as it determines the
properties of microcapsules, such as microencapsulation efficiency and oxidative stability during
drying and storage.

Therefore, the heat stability of the emulsions was investigated by

characterising the droplet size and rheological properties before and after heating. The heating
process during spray drying is for a relatively short time and is therefore hard to be monitored.
Low- temperature-long-time heating (62-65°C for 30 min) was applied to estimate the heating
stability of emulsions using two different formulations of emulsifiers, WPI/NaCA and WPI/SCF.
The behaviour of the emulsions in these two heating processes is probably different but this
experiment should give insight into the stability of emulsions enduring heating.
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Figure 2.20 Effect of heating on droplet size distribution of O/W emulsions containing 15 % fish oil
stabilised by WPI/NaCA (A) and WPI/SCF (B).

Table 2.20
Effects of heating on rheological parameters of fish oil emulsions stabilised by WPI/NaCA
and WPI/SCF derived from Power-Law model and Herschel-Bulkley model
Formulation

K
(Pa·
sn)

n

σ0
(Pa)

Std. error

Before heating

WPI/NaCA
WPI/SCF

0.01
0.00

0.97
0.97

n/a
n/a

1.36
1.36

After heating

WPI/NaCA
WPI/SCF

0.01
0.00

0.97
0.97

n/a
n/a

4.06
2.21

Results show that the droplet size and size distribution (Figure 2.20) and rheological properties
(n and K values in Table 2.20) of the emulsions made with WPI/NaCA and WPI/SCF did not
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change after heating, indicating good stability during the heating process.

2.5

Concluding remarks

Homogenisation conditions are crucial for producing a fine and stable sub-micron emulsion
system.

In this study, a two-stage high pressure homogenizer set up to 80 MPa with 4 passes

was an adequate condition to meet the requirements.

WPI is the most suitable material for encapsulation among the materials studied because of its
relatively high solubility, ability to dissolve in a wide range of pH, high nutritional value and
good emulsifying properties. However, WPI alone could not produce a very stable emulsion
system because of depletion of flocculation occurring during high pressure homogenisation at a
high concentration of WPI (> 1 wt%).

A combination of WPI and NaCA in a ratio of 4:1 had

the most significant improvement in the emulsion stability and properties.

Results also showed

that WPI/SCF in a ratio of 1:1 showed outstanding protection of the emulsion from phase
separation during freeze-thaw cycling and had a sound ability to prevent emulsion from
creaming.

The order of addition of biopolymers can greatly influence the emulsion stability and properties,
especially in the WPI/SCF system.

An emulsion prepared either by addition of either WPI first

or SCF first had poor creaming stability and freeze-thaw stability.

A physical blend of WPI

with SCF or NaCA together in water was the best order of addition for preparation of emulsions
with high stability and good properties.

The lecithin types (Ultralec P, Thermolec 200 and Thermolec WFC) can affect the emulsion
stability and properties depending on the emulsifier present in the emulsion systems.
WPI/NaCA system, lecithin addition had no effects on the stability of the emulsions.

In the
However,

in the WPI/SCF system, lecithins had a significant antagonistic effect (p < 0.05) on the
freeze-thaw stability and significantly changed (p < 0.05) the properties of emulsions, e.g.
increased droplet charge and increased protein content in the continuous phase.

In the
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WPI-stabilised emulsions, lecithin addition had synergistic effects on the emulsion stability and
properties but only Thermolec WFC significantly improved (p < 0.05) the creaming stability of
emulsions.

In the study of order of addition of lecithin on emulsion stability, different types of lecithin
showed similar trends.

The creaming stabilising effect of lecithin in the WPI-stabilised

emulsions was found to be more pronounced when added into the oil phase than when added into
the water phase.

The properties (droplet size, zeta-potential and rheology) of emulsions were

improved significantly (p < 0.05) when lecithin was added into oil. However, adding lecithin
into the oil phase showed antagonistic effect on the stability and properties of the WPI/NaCAand the WPI/SCF-stabilised emulsions.

An increased solid content had no improvement on the freeze-thaw stability of emulsions but
significantly protected (p < 0.05) the emulsion against creaming.

On the other hand, an

increased ratio of oil/emulsifiers had a negative effect on the freeze-thaw stability whilst not
affecting the creaming stability.

According to the above results, two emulsion systems were selected for further research work,
WPI/NaCA in a ratio of 4:1, and WPI/SCF in a ratio of 1:1.

A solid content of 30 wt% and

oil/emulsifiers in a ratio of 1:1 were applied at a later stage.
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Chapter 3
Properties of Fish Oil Emulsion Systems Containing Added
Bioactive Components
3.1

Introduction

Oxidative stability of fish oil emulsions is one of the key parameters in determination of the
quality of products and effort has been made to prevent it. Among them, adding antioxidants in
food emulsions has been found to be an efficient way to prevent the oxidation of fish oil.
Phytosterol, as a popular lipophilic bioactive component, has been reported to have ability to
prevent oxidation of other easily oxidised bioactive lipids (Yasukazu and Etsuo, 2003) as
mentioned in Chapter 1.

Furthermore, outstanding synergistic effects of fish oil and plant

sterols have been found recently on the prevention of cardiovascular diseases and systemic
inflammation (Micallef and Garg, 2008; Khandelwal et al., 2009; Micallef and Garg, 2009).

Fishy odour is another main problem explaining why products containing fish oil can rarely gain
a foothold in the market in addition to oxidation. D-limonene, as a volatile compound with a
favourable orange flavour, is believed to have the ability to mask the fishy odour (Serfert et al.,
2010). Fish oil capsules with an orange flavour have been marketed as a supplement for
children.

In addition to its function as a flavouring, d-limonene has been reported to benefit

human health by having chemopreventive activity against cancers, release of heartburn and
gastroesophageal reflux (Sun, 2007).

This chapter was therefore aimed to study the properties of a fish oil emulsion containing added
bioactive components, including phytosterol esters and limonene.

The following specific

objectives were set in order to achieve the above objective:


To investigate the quality of fish oil, phytosterol esters and limonene;



To investigate the effects of different amounts of phytosterol esters and limonene on the
physicochemical properties, oxidative stability and sensory profiles of fish oil emulsion
systems;
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To study the optimum method to produce an acidified LBC-emulsion by comparing the
properties of emulsions.

3.2

Materials

The materials for fish oil formulation were described in Section 2.2.1.

Phytosterol esters from

vegetable oil (CoroWiseTM, product code: SE-C100) and limonene from sweet orange oil
(VALENCIA) were donated by Cargill Incorporated (USA), and H & K Flavour (Shanghai,
China), respectively.

Glucono delta lactone (GDL) was purchased from AnHui XingZhou

medicine Food Co., Ltd. (China).

The chemicals used including methanol, chloroform and hexane (Ajax Finechem, New Zealand),
isopropanol and cyclohexane (Scharlau Chemie, S. A., Spain), ammonium chloride and sulfuric
acid (BDH Laboratory Supplies, England), magnesium chloride hexahydrate (ECP-AR, New
Zealand), acetic acid (Merck, Germany), ammonium thiocyanate and ferrous sulfate heptahydrate
(Sigma, New Zealand), barium chloride dihydrate (Analar, BDH Limited,UK) and p-anisidine
(Sigma, New Zealand), 2,2-diphenyl-1-picrylhydrazyl (DPPH) (Aldrich, New Zealand), Trolox
(Fluka, New Zealand), butylated hydroxytoluene (BHT) (Sigma, New Zealand ) were of
analytical grade.

3.3

Methods

3.3.1

Evaluation of the quality of bioactive components

3.3.1.1

Peroxide value (PV)

A rapid spectrophotometric method (Hornero-Méndez et al., 2001) was applied and modified for
the peroxide value measurement.

Calibration of Fe (III) — The 1000 µg/mL stock solution of Fe (III) was prepared by dissolving
FeCl3 in 1 % HCl. A working standard (10µg/mL) was obtained by 100 times dilution with
chloroform: acetic acid (2:3) from the stock solution. A set of different concentrations of Fe (III)
solution (0, 0.5, 1.0, 2.5, 5.0, 7.5 and 10µg/mL) was prepared by a series dilution of the working
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standard. 2 mL of each standard was taken and reacted with 200 µL saturated ammonium
thiocyanate solution.

The absorbance was measured at 470 nm against a blank consisting of

water (the spectrum baseline was corrected at 670 nm) after the mixture had reacted for 10 min.
A reaction blank was also performed. The calibration curve was obtained by plotting the
absorbance versus Fe (III) concentration (Appendix 13).

Preparation of Fe (II) solution — The Fe (II) solution was prepared by mixing BaCl2 solution
(0.4 g BaCl2•2H2O in 50 mL Milli-Q water) and FeSO4 solution (0.5 g of FeSO4•7 H2O in 50 mL
Milli-Q water), followed by adding 2 mL concentrated HCl and stored under cover. This
solution was prepared as freshly and it was discarded if a pale pink colour appeared with
addition of a few drops of thiocyanate solution.

Sample preparation — An aliquot of sample (approximately 0.02 g) was weighed into a 10 mL
screw-capped test tube.

1 mL of chloroform: acetic acid (2:3) was added into the test tube to

dissolve the lipid sample, followed by addition of 200 µL Fe (II) solution.

The mixture was

mixed for 15 s by a vortex mixer and then left in the dark for 10 min. Milli-Q water (2 mL) and
n-hexane with 7 ppm BHT (4 mL) was added to extract oil. The organic phase was discarded
and the aqueous phase was flushed by nitrogen to remove the remaining n-hexane. 2 mL of the
aqueous phase was transferred into a test tube and mixed with 200 µL of saturated ammonium
thiocyanate solution.

After 10 min, the measurement was undertaken as for the standard.

The

peroxide value of sample was calculated using the equation:
𝑃𝑉 (𝑚𝑒𝑞𝑢𝑖𝑣 𝑝𝑒𝑟𝑜𝑥𝑖𝑑𝑒/𝑘𝑔 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒) = (𝐴𝑠𝑚 − 𝐴𝑏1 )/(55.84 × 2 × 𝑚 × 𝑊𝑠𝑚 )

Eq.(3.1)

where Asm is the absorbance of the sample at 470 nm; Ab1 is the absorbance of the blank at 470
nm (both absorbances were corrected after subtracting the absorbance at 670 nm); m is the slope
of the calibration curve; Wsm is the sample weight (g).
The data were reported as mean ±standard deviation of triplicate measurements.

3.3.1.2

p-Anisidine value (AV)

The AV was determined according to the AOAC official method 365.93 (AOAC, 1990).
Extracted oil (approximately 0.2 g) was dissolved in n-hexane and diluted to 25 mL with the
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same solvent, which acted as test solution (a).
using n-hexane as the compensation liquid.

The absorbance (A1) was measured at 350 nm

Test solution (b) was prepared by transferring 5 mL

of test solution (a) into a test tube with addition of 1.0 mL of a 2.5 g/L p-anisidine in glacial
acetic acid.

The mixture was shaken vigorously and stored in the dark.

The absorbance (A2)

was measured at 350 nm exactly 10 min after the solution was prepared, using a reference
solution, which was the same preparation as test solution (b) but without the sample, as the
compensation liquid.

The p-anisidine value was expressed as:
𝐴𝑉 = 25 × (1.2𝐴2 − 𝐴1 )/𝑚

Eq.(3.2)

A1 = absorbance of test solution (a) at 350 nm,
A2 = absorbance of test solution (b) at 350 nm,
m = mass of the substance to be examined in test solution (a), in grams.
The data were reported as mean ±standard deviation of triplicate measurements.

3.3.1.3

Antioxidant property of phytosterol esters and limonene

The antioxidant property of phytosterol esters and limonene was determined by the modified
DPPH assay (Zhang, 2000).

An aliquot of samples (phytosterol esters and limonene) was

weighed and dissolved in dichloromethane.

Diluted sample (75 µL) was then added into DPPH

solution (6 × 10-5 M) and kept in the dark at room temperature for 30 min, when a plateau value
was reached.

The absorbance was measured using a UV-spectrophotometer (Shimadzu

UV-1201, Japan) at 515 nm.

The absorbance reduction is defined as the absorbance difference

between solvent blank and sample, was used in the calculation.

The DPPH radical scavenging

capacity (DRSC) is expressed as the Trolox equivalents (TE) (µmol) per mg of sample, based on
the Trolox standard curve.

This assay was performed in duplicate and the results were

averaged.

Trolox standards were prepared in acetone in a series of concentration (0, 25, 50, 100, 250, 500,
750, 1000 µm).

The measurement was the same as for the sample measurement.

Absorbance

reduction was plotted against the standard concentration.
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3.3.2

Preparation of emulsions containing fish oil, phytosterol esters and/or limonene
(LBC-emulsion) at pH 6.7 and pH 3.5

Some food systems, e.g. yoghurt, or beverage, are in an acid base although most foods are at a
neutral pH. Therefore, the study of properties of both neutral and acidic emulsions is essential
for delivering the emulsion system into foods with a low pH.

The procedure of emulsion preparation was similar to that described in Section 2.3.1. Emulsifier
solution (15 wt% of total emulsion) was prepared by dispersing protein mixtures (ratio of WPI to
NaCA 4:1) or a mixture of WPI and SCF (ratio of WPI to SCF 1:1) in Milli-Q water in a shaking
water bath at 55 ºC for 60 min. The solution was stored at room temperature for 12 h to ensure
complete dispersion and then adjusted to pH 6.7 using NaOH (1 M). The oil phase (15 wt% of
total emulsion) consists of different ratios of fish oil, phytosterol esters and limonene (Table 3.1)
was blended with the aqueous solution by an Ultra-Turrax T25 at 13,500 rpm for 1 min. A fine
emulsion was produced by 4 passes through the APV-1000 homogeniser at 80 MPa.

To prepare an acidified emulsion, the best ratio for the three LBCs, based on results from
emulsion properties, oxidative stability and sensory evaluation, was applied and three different
methods were investigated:
(a) The emulsion sample was acidified by adding D-δ-gluconolactone (GDL) granules (ratio of
GDL/protein = 0.30) and then mixed thoroughly for 5 min. A pH value of 3.5 was reached
after 24 h standing at 4 ºC;
(b) The emulsion was adjusted to pH 3.5 using HCl (5 M);
(c) The aqueous phase was adjusted to pH 3.5 using HCl (5 M) first, followed by formation of
an emulsion by homogenising the oil phase with an acidified aqueous solution using an
Ultra-Turrax T25 at 13, 500 rpm for 1 min, to produce a coarse emulsion, and then using the
APV-1000 homogeniser at 80 MPa for 4 passes to produce the fine emulsion.
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Table 3.1
pH 6.7

Formulation of fish oil (FO) emulsions containing phytosterol esters (PE) and/or limonene at

Biopolymers

Percentage of FO
in oil phase
(%)

Percentage of
PE in oil phase
(%)

Percentage of limonene in oil phase
(%)

100

0

0

75
75
75
75
75

25
20
12.5
5
0

0
5
12.5
20
25

50
50
50
50
50

50
40
25
10
0

0
10
25
40
50

100
75
75
75

0
25
12.5
0

0
0
12.5
25

WPI/NaCA (4:1)

WPI/SCF (1:1)

3.3.3

Physicochemical properties of the emulsions

Since some of the physicochemical properties of LBC emulsions at pH 6.7, e.g. zeta-potential,
rheological behaviour, had no significant difference from the emulsion containing fish oil only,
the results of these properties are not shown, and only droplet size and surface protein load are
reported here. The droplet size and surface protein load of emulsions containing different
compositions of LBCs were determined as described in Section 2.3.4 and Section 2.3.8,
respectively.
size.

Instead of a Mastersizer 2000, a Nano Zetasizer was applied to detect the particle

The reasons for this replacement were that particle sizes in these formulations were found

in the range of 100 nm to 200 nm, for which the Nano Zetasizer had a greater sensitivity for
detection. Also, the measurement of particle size and zeta-potential could be accomplished
using one instrument.

The physicochemical properties of the acidified emulsions including droplet size, zeta-potential,
rheological behaviour and surface protein load were investigated.
described in Section 2.3.4, 2.3.5, 2.3.7 and 2.3.8, respectively.

The methods are as

Stability tests, including
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creaming stability and freeze-thaw stability, were conducted and are detailed in Section 2.3.2
and Section 2.3.3, respectively.

3.3.4

Evaluation of oil phase oxidation by accelerated storage trial

Each emulsion sample (10 ± 0.5 g) was placed in a 50 mL tightly capped test tube with saturated
oxygen and stored at 45 ºC in an incubator (DRP-9162, Shanghai Sumsung Laboratory
Instrument Co., Ltd.).

After 24-hour-storage, each sample was taken out to be extracted using a

Modified Bligh and Dyer method (Katvi, 2005) and analysed for peroxide value and p-anisidine
value (Section 3.3.1), and compared with the initial sample before storage. The extent of oil
oxidation was expressed as the changes of peroxide value (PV) and p-anisidine value (AV) of oil
phase after the accelerated storage. Bulk fish oil and fish oil with 0.05 % BHT were stored
under the same conditions as the controls and analysed together with the samples.

The Modified Bligh and Dyer method (Katvi, 2005) was followed for extraction of the oil phase
from the emulsion systems.

The emulsion sample (approximately 10.0 g) was weighed into a

centrifuge tube. Cyclohexane (20 mL) and isopropanol (16 mL) were added into the sample
and blended with the Ultra-Turrax T25 at 8000 rpm for 2 min. Milli-Q water was further added
to maintain the ratio of 11:10:8 v/v/v (water: cyclohexane: isopropanol) and the mixture was
blended for 1 min. Phase separation was obtained by centrifugation at 3000 rpm for 5 min
using a Heraeus labofuge 400.

The upper organic phase was transferred into a 100 mL

round-bottom flask. The aqueous phase was further blended for 1 min with a mixture of
cyclohexane and isopropanol (20 mL, 87:13 v/v) for a second extraction.

After centrifugation,

the upper phase was removed and combined with the first extraction in a round-bottom flask.
The combined organic phase was evaporated by a rotary evaporator (BÜCHI R-114, Switzerland)
at 30 ºC to remove the solvent. The oil extracted was transferred to a 2 mL-Eppendorf tuble.
The round-bottom flask was rinsed twice with a 9:1 v/v mixture of chloroform: methanol (0.5
mL) and the solution was added into the tube.

The solvent was then completely removed under

nitrogen and stored at -20 ºC until further analysis of PV and AV within 48 h.
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3.3.5

Sensory evaluation

Emulsions prepared by different concentrations of fish oil, phytosterol esters and limonene and
WPI/NaCA in a ratio of 4:1 as emulsifiers were evaluated by a sensory panel.

All the samples

(20 ± 0.5 g) and individual raw materials were placed in 30 mL glass bottles. A thin layer of
cotton was used to hide the contents and the bottles were covered with glass tops.

Aluminium

foil was used to cover the bottles in order to mask possible colour differences between the
samples.

Half an hour after preparation, coded (three-digit random numbers) sample sets were

presented to assessors for evaluation.

Samples were evaluated using two sensory methods: a

duo-trio test and a scaling method according to two international standards (ISO 6658:1988 and
ISO 13299:2003), respectively.

Discriminatory Duo-trio Test
for the scaling method.

The Duo-trio test was conducted to select the suitable assessor

Evaluations were performed by 20 assessors aged 21 to 31 years old,

who were trained in the basic sensory methods and selected for their ability to discriminate given
differences. Two sets of samples were given to each assessor. Each set consisted of three
samples: two coded and one matched with the reference sample (emulsion containing 50% fish
oil and 50% limonene, and emulsion containing 75% fish oil, 12.5% phytosterol esters and 12.5%
limonene), and an individual score sheet.
matched the reference.

Each assessor had to indicate which coded sample

If no differences were apparent between the two unknown samples,

assessors were asked to guess.

Scaling Method

Sensory evaluation was carried out by 9 assessors who were selected from

the duo-trio test, based on the data reproducibility and panel sensitivity.

The sensory panel was

composed of five females and four males, 21-31 years of age. Half an hour after sample
preparation, coded (three-digit random numbers) sample sets were presented to assessors for
evaluation. The sensory panel was asked to sniff and evaluate the fishy odour and limonene
attributes of the samples. Raw materials, including fresh fish oil and limonene, were used as
references.

The intensity of attributes was measured on a linear scale, anchored “none” to

“strong” (0 = none, 1 = weak smell, 2 = strong smell).
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3.3.6

Statistical analysis

Mean values ± standard deviations were reported for each sample.

The experimental data were

subjected a one-way ANOVA using SAS 9.1. Significance was determined at 95 % confidence
limit (p < 0.05).

3.4

Results and discussion

3.4.1

Quality of fish oil, phytosterol esters and limonene

The quality of the materials used to prepare emulsion (fish oil, phytosterol esters and limonene)
can influence the quality of the emulsion produced. For instance, if the oil has already oxidised
before emulsification, a high score for off-flavour will be obtained in the sensory evaluation of
the emulsions.

In addition, oxidised oil used to prepare the emulsion will affect the oxidative

stability of the emulsion during storage.

If the oil is in the early stage of oxidation (e.g. at the

free radical generation and peroxide formation stages), the rate of emulsion oxidation will be
relatively fast during storage. However, if the oil is in the later stage of oxidation (secondary
products formation stage), the emulsions will be relatively stable against primary oxidation or
even show a reduction in peroxide value. Thus, it is important to make sure that are oil with
good quality is used to prepare the emulsion. This section aimed to evaluate the peroxide value
and the p-anisidine value of fish oil, phytosterol esters and limonene. The antioxidant property
of phytosterol esters and limonene was also investigated and was expressed as DPPH radical
scavenging capacity (DRSC).

The fish oil and phytosterol esters have low values of PV (Table 3.2).
little bit higher but is still acceptable.

In term of AV, phytosterol esters showed relatively low

value, followed by fish oil and then limonene.
processing.

The PV of limonene is a

The value of AV depends on the method of oil

Overall, the oils used in the current study were all of reasonable good quality.

Table 3.2 also presents the antioxidant activity of phytosterol esters and limonene. Phytosterol
esters showed a relatively high value in DRSC, indicating a higher antioxidant property. This is
in line with the finding of Yasukazu and Etsuo (2003), who stated that phytosterols could
increase oxidation stability of other oils which are more susceptible to oxidation.

In contrast,
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limonene had a very low value of DRSC but this does not mean that limonene does not have an
antioxidant property. The DPPH assay is based on the scavenging of DPPH free radicals.
Antioxidant activity of substances can act in other mechanisms, such as scavenging of
superoxide and hydrogen peroxide, scavenging of hydroxyl radicals, scavenging of peroxyl
radicals and ferric reducing power (Halliwell 1995; Dudonnéet al., 2009).

Table 3.2

Peroxide value and p-anisidine value of original bioactive components

Bioactive
components

Peroxide value
(mequiv peroxide/kg of sample)

p-Anisidine value
(unit)

DRSC
(µmol TE/mg sample)

FO
PE
limonene

2.9 ±0.2
3.0 ±0.3
8.7 ±0.2

8.3 ±0.5
3.7 ±0.3
15.7 ±1.6

n/a
1609.8 ±113.1
2.4 ±0.1

3.4.2

Physicochemical properties of LBC-emulsions at pH 6.7

This test aimed to evaluate the influence of phytosterol esters and limonene on the
physicochemical properties, including droplet size and protein load, of the fish oil based
emulsions.

Formulations with different percentages of fish oil and emulsifiers showed a similar

trend in their emulsion properties.

The effect of PE and limonene on the 50 % fish oil

emulsions containing WPI/NaCA is shown as an example (Figure 3.1 and 3.2) while other
results are in Appendix 7.

All the emulsions had a relatively small droplet size below 200 nm (Figure 3.1).
size of the emulsion containing only fish oil was 156 ± 4 nm.

The droplet

A 50 % replacement of fish oil

with PE significantly increased (p < 0.05) the emulsion droplet size to 180 ± 7 nm. However,
addition of limonene into the emulsion system markedly decreased the droplet size. When the
ratio of limonene to phytosterol esters was over 4:1, the droplet size of the emulsion significantly
decreased (p < 0.05) below 135 ± 4 nm.
al.

(2007b)

and

Bylaitë et

al.

These results were similar to those found by Jafari et
(2001a),

who

compared

fish

oil-emulsion

d-limonene-emulsion and olive oil-emulsion with caraway essential oil-emulsion.
these

studies

found

that

triglyceride-emulsions

had

a

bigger

droplet

with

Both of
size

than

hydrocarbon-emulsions. This could be due to the lower viscosity of limonene, which makes
shearing into small droplets easier. On the other hand, phytosterol ester has a higher viscosity,
102

which increases the viscosity of the oil phase and is consequently harder to be sheared into a
relatively small size.

200
a

Droplet size (nm)

175

b
b

b
150

c

c

40
10

50
0

125

100
Control

0
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10
40

25
25

% Limonene
% PE

Figure 3.1
Effect of different content of phytosterol esters and limonene on the droplet size of
emulsions containing 50 % fish oil and WPI/NaCA as emulsifiers. Control = emulsion containing fish
oil only. Error bars represent standard deviation. Bars with a different letter are significantly
different (p < 0.05) from one another.
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Figure 3.2
Effect of different content of phytosterol esters and limonene on the protein load on the
surface of droplets in emulsion systems containing 50 % fish oil and WPI/NaCA as emulsifiers.
Control = emulsion containing fish oil only. Error bars represent standard deviation. Bars with a
different letter are significantly different (p < 0.05) from one another.
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The results for protein load (Figure 3.2) show that the presence of limonene in high ratio (more
than 25 %) significantly (p < 0.05) increased the percentage of protein loading on the oil droplets
but PE did not show a significant (p < 0.05) effect on the protein load of fish oil based emulsions.
This is consistent with the result of Bylaitë et al. (2001b). They found more β-casein was
adsorbed at the hydrocarbon-aqueous interface than at the triglyceride-aqueous interface due to
the much lower interfacial tension at the triglyceride-aqueous interface.

3.4.3

Lipid oxidation of emulsions prepared by different ratios of LBCs at pH 6.7

The effect of phytosterol esters and limonene on the oxidative stability of fish oil-based
emulsions was studied. Changes of the oxidative extent in different content of fish oil had the
similar trend. Typical results are shown here for emulsions containing 75 % fish oil with
different ratio of phytosterol esters and limonene (Figure 3.3 and 3.4) while results of 50 % fish
oil-emulsions are in Appendix 8.
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a

WPI/NaCA
WPI/SCF

Change of peroxide value
after accelerated storage
(mequiv peroxide/kg)

b
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FO

FO+BHT 100 %FO
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25

12.5
12.5

25 % Limonene
0 % PE

75 %FO
Fish oil/emulsion system

Figure 3.3
Changes of peroxide value of the bulk fish oil, fish oil with BHT (0.05 %), 100 % fish
oil-emulsion and LBC-emulsions containing 75 % fish oil and different ratios of phytosterol esters and
limonene as oil phase. Error bars represent standard deviation. Bars with a different letter are
significantly different (p < 0.05) from one another.

Results of PV show that BHT could significantly (p < 0.05) retard the oxidation of fish oil
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compared with bulk fish oil during storage but the changes in PV were still relatively high, 92.6
± 2.6 mequiv peroxide/kg oil.

The change in PV in the LBC-emulsion systems was

significantly (p < 0.05) smaller than in bulk fish oil and fish oil with BHT, indicating high
protection of oil oxidation by the emulsifiers.

The emulsifier type did not significantly affect

the oxidative stability of the oil phase. However, this depends on the composition of the oil
phase. For example, in the WPI/NaCA system, the change of PV in an emulsion containing
100 % fish oil was approximately 32.0 mequiv peroxide/kg oil. Replacement of 25 % fish oil
with phytosterol ester or with phytosterol ester and limonene in 1:1 ratio significantly (p < 0.05)
lowered the change of PV to 15.4 ± 1.8 and 17.2 ± 2.3 mequiv peroxide/kg oil, respectively.
When 25 % fish oil was fully replaced by limonene, oxidation of the oil phase was extended,
with a change in PV of 27.4 ± 3.1 mequiv peroxide/kg oil. The difference effect of phytosterol
esters and limonene is probably due to the high antioxidant activity of the former, which could
protect fish oil from oxidation.

Change of p-Anisidine value
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Figure 3.4
Changes of p-anisidine value of the bulk fish oil, fish oil with BHT (0.05 %), 100 % fish
oil-emulsion and LBC-emulsions containing 75 % fish oil and different ratios of phytosterol esters and
limonene as oil phase. Error bars represent standard deviation. Bars with a different letter are
significantly (p < 0.05) from one another.

The effect of emulsification, emulsifier type and composition of oil phase on AV is similar to
those of PV after storage.

In contrast, the change of AV after storage and difference in AV
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between samples were not as large as those of PV.

This indicates that the storage condition,

emulsification and oil phase composition had a more significant effect on the generation of
primary oxidation products measured by PV, than on the production of secondary oxidation
products measured by AV.

3.4.4

Sensory evaluation of LBCs-emulsions

The effect of oil phase composition on the intensity of both limonene and fishy odour attributes
is shown in Figure 3.5.

Figure 3.5 A presents the results of intensity of limonene attributes in

the 75 % and 50 % fish oil-emulsions containing different amounts of limonene and phytosterol
esters. Results show that in emulsions containing 75 % fish oil, different concentrations of
limonene did not significantly (p > 0.05) influence the intensity of the limonene attribute despite
the lowest concentration of limonene (5 %) showing a slightly lower intensity.

In the 50 % fish

oil-emulsions, an increase of limonene content showed a slight increase in limonene intensity
although there was no significant (p > 0.05) difference among various limonene concentrations.
Figure 3.5 B presents the results of the fishy odour intensity of the emulsions. The intensity of
the fishy odour was significantly lower (p < 0.05) in the presence of limonene but independent of
its concentration. The masking of fishy odour by limonene could be contributed by its volatile
nature and orange-like flavour. The odour of fish was scored as very strong in emulsions
containing fish oil only and fish oil with phytosterol esters.
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Figure 3.5
Odour attributes of emulsions containing different ratios of fish oil, phytosterol esters and
limonene as the oil phase and WPI/NaCA as emulsifiers. A. fishy odour attribute, B. limonene
attribute. Error bars represent standard deviation. Bars with a different letter are significantly (p <
0.05) from one another.

According to the results of oxidative stability and sensory evaluation, the composition of LBCs
of 75 % fish oil, 12.5 % phytosterol esters and 12.5 % limonene was the best formulation and
was used in further research work.

3.4.5

Properties of acidified emulsions prepared by different methods

Acidified emulsions containing 75 % fish oil, 12.5 % phytosterol esters and 12.5 % limonene
were prepared by three different methods (Section 3.3.2).

Only the WPI/SCF system was
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studied because acidified the WPI/NaCA system gave gel like emulsions because NaCA barely
dissolved when the pH was close to its isoelectric point. A gel-like emulsions is not suitable for
spray drying.

Table 3.3 presents the stability and properties of the acidified emulsions prepared by different
methods. The result of the creaming index shows different acidifying methods can greatly
influence the creaming stability of the emulsions, among which the emulsion prepared by the
third method (acidifying emulsifier solution before emulsification, HClS) was the most stable,
followed by emulsion acidified by HCl and then by GDL.

This can be related to the droplet

size and size distribution of the emulsions. The polydispersity index (PDI) is used to describe
the droplet size distribution with the value reported to be between 0 and 1.

A PDI value of 0.1

represents monodispersity while values greater than 0.1 indicate polydispersity.

The values

between 0.1 and 0.25 indicate a narrow size particle distribution (Tantra et al., 2010).

Results

of PDI show the emulsion prepared by the HClS method had a narrow and monomodal size
distribution while emulsions prepared by the GDL and HCl methods had poor size distribution.
Small droplet size and narrow distribution makes stable emulsions (McClements and Dungan,
1993). The high PDI of emulsions produced by the GDL and HCl methods is probably due to
surface denaturation of proteins during acidification, which can promote droplet flocculation
(and then, re-coalescence) through increased hydrophobic attraction by the new exposed
segments and disulfide bond formation between proteins adsorbed onto different droplets. The
steric attractive depletion force induced by high protein load on the droplet is probably another
reason to explain unstable emulsions produced by the GDL and HCl methods (Je and Rosenberg,
2000). During emulsion acidification, when the pH is close to the isoelectric point, protein
aggregation occurs not only in dispersed proteins but also between dispersed proteins and protein
already adsorbed on the surface of the droplets during emulsification, resulting in more protein
adsorbing onto the droplet surface.

In the presence of polysaccharides, the strength of the

protein-protein interactions is enhanced (de Kruif and Tuinier, 2001). The relatively great
surface coverage leads to strong steric forces between protein- covered surfaces, either repulsion
or attraction.

In this case, emulsion stability seems to be dependent on a steric attractive

depletion force rather than an electrostatic repulsion force.

It is verified by the poorest
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creaming stability of the emulsion prepared by GDL, although it had the highest droplet charge.

Table 3.3

Effects of acidification methods on the properties of emulsions stabilised by WPI/SCF

Methods of
acidification
GDL
HCl
HClS

CI (%)

Number of F-T cycling
a

28.6 ±1.0
25.6 ±0.5b
6.4 ±0.1c

PS

Creaming

n/d
n/d
5

n/d
n/d
2

PDI

z-potential
(mV)

Protein load
(%)

0.71 ±0.06a
0.75 ±0.02a
0.12 ±0.03b

33.7 ±0.4a
18.2 ±0.1c
20.5 ±0.9b

77.6 ±0.6a
72.7 ±0.2b
62.8 ±0.9c

Results are represented as mean values of three replicates ±standard deviation for each sample
Superscripts with different letter in the same column are significantly different (p < 0.05) from each other
Abbreviation: GDL = pH was adjusted by D-δ-gluconolactone after emulsion formed; HCl = pH was adjusted after emulsion
formed; HClS = pH of emulsifier solution was adjusted before emulsion formed; CI = creaming index; F-T = freeze-thaw cycling

Table 3.3 also shows the freeze-thaw stability of the acidified emulsions prepared by three
methods.

The acidified emulsion produced by HClS could not fully endure the temperature

cycling. Phase separation occurred after the fifth cycling and a creaming layer was observed
after the second cycling.

However, emulsions prepared by the GDL and HCl methods were

relatively stable during the freeze-thaw cycling; neither phase separation nor creaming was
observed after seven cycles of temperature. The reason for this difference can be related to the
different interfacial thickness of emulsions prepared by these methods.

A smaller droplet size

means a bigger total surface area of the oil-aqueous interface, and a thinner membrane if the
amount of protein loading on the surface is the same. Therefore, an emulsion produced by
HClS has a much thinner interfacial layer since it has a smaller droplet size and a lower amount
of protein loading on the surface.

This is verified by the result of transmission electron

microscopy (Figure 3.6).
A

100 nm

B

200 nm

C

100 nm

Figure 3.6
TEM of emulsions prepared by different acidification methods. A. emulsion prepared by
GDL, B. emulsion prepared by HCl, C. emulsion prepared by HClS.
109

shear stress (Pa)

sh ear stress (P a)

100.0

σ0: 15.90 Pa
Herschel-Bulkley
yield
stress:
K: 11.83
Pa·s15.90 Pa
consistent
index: 11.83 Pa.s
n: – 0.28
flow behaviour index: -0.2816
std. error: 47.10
standard
error: 47.10

10.00
1.000

A

10.00

100.0

1000

sh ear stress (P a)

shear rate (1/s)

100.0
10.00

yieldPastress: 0.02122 Pa
σ0: 0.02
HClS
consistency index: 0.1023 Pa.s
K: 0.10 Pa·s
HCl
flow behaviour index: 0.8665
Herschel-Bulkleyn 0.87
standard error: 4.045
Herschel-Bulkleystd. error: 4.05

B

1.000
0.1000

yield
stress:
σ0: 0.001
Pa 1.182E-3 Pa
consistency index: 2.737E-3 Pa.s
K: 0.002 Pa·s
flow behaviour index: 1.016
n: –1.016
standard
error: 11.57

0.01000

std. error: 11.570

1.000E-3
1.000

10.00

100.0

1000

shear rate (1/s)
Figure 3.7
Flow curves of O/W emulsions containing WPI/SCF acidified by different methods, GDL
(A), HCl and HClS (B). Fitting model: Herschel-Bulkley. σ0 is yield stress and K is consistency index,
n is flow behaviour index.

Rheological properties of the acidified emulsions are shown in Figure 3.7 and Figure 3.8. The
flow behaviour of an emulsion prepared by GDL was far below 1, indicating shear thinning
behaviour.

An emulsion prepared by HClS showed Newtonian fluid behaviour, since its flow

behaviour index was approximately 1.

An emulsion produced by HCl presented a near

Newtonian fluid because the flow behaviour index was 0.8665, quite close to 1. All these
results are in agreement with the flow curves of emulsions (Figure 3.8). Flow curves also
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showed that the HClS acidified emulsion had the lowest viscosity, followed by the HCl and then
the GDL acidified emulsions. The reason for this difference is probably due to the different
droplet size and size distribution of the acidified emulsions produced by different methods. Pal
(1996) demonstrated that rheological properties of an emulsion are determined by droplet size.
A small droplet size produces a low viscosity and close to a Newtonian fluid, while a big droplet
size increases the viscosity of the emulsions.

Although emulsions prepared by GDL and HCl

methods had a similar droplet size distribution, the rheological properties were relatively
different.

This is probably due to formation of soluble protein aggregates and microgels in the

presence of GDL, leading to a significant shear thinning behaviour (Donato et al., 2011).
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Lipid oxidation of acidified emulsions prepared by different methods

The oxidative stability of acidified emulsions prepared by different methods was evaluated in
this study.

Table 3.4 shows the changes of PV and AV after the accelerated storage test at

45 °C under saturated oxygen.

The emulsion prepared by GDL showed significantly (p < 0.05)

smaller change of PV and AV compared with those prepared by the HCl and HClS methods.
The protection of oil phase from oxidation may be due to the thick and compact interfacial layer
formed by soluble protein aggregates in the presence of GDL and consequently preventing the
oxygen from going through the interface easily.

On the other hand, despite lower oxidative
111

stability was found in the latter two acidification methods, the oxidative degree during storage
did not differ between these acidified emulsions and the non-acidified emulsion (Figure 3.3 and
Figure 3.4), implying that denatured proteins caused by acidification did not accelerate the
oxidation of oil phase under current storage conditions.

Table 3.4

Changes of peroxide value and p-anisidine value in emulsions acidified by different methods

Methods of acidification

Change of peroxide value
(mequiv peroxide/kg)

Change of p-anisidine value
(unit)

GDL
HCl
HClS

13.4 ±2.0b
18.5 ±2.2a
19.4 ±2.4a

4.9 ±1.0a
6.6 ±0.8a
5.9 ±1.1a

Results are represented as mean values of three replicates ±standard deviation for each sample
Superscripts with different letter in the same column are significantly different (p < 0.05) from each other

Although the oxidative stability of emulsions acidified by GDL was higher, results of
physicochemical properties show that an emulsion prepared by the HClS method had better
properties and much more suitable for spray drying. Therefore, the HClS method was used in
preparation of acidic emulsion in the later part of the current research (Chapter 5).

3.5

Concluding remarks

The composition of the oil phase could influence the properties of the emulsions.

Partial

replacement of fish oil with phytosterol esters increased the emulsion droplet size while a high
concentration of limonene significantly decreased (p < 0.05) the droplet size and increased the
protein load on the droplet surface. Emulsification could largely protect the oil phase from
oxidation. Phytosterol esters have a relatively high antioxidant activity, resulting in better
retardation of oil oxidation.

Limonene had the ability to mask the fishy odour but the effect

may be independent of its concentration.

Based on the emulsion property data, the combination

of 75 % fish oil, 12.5 % phytosterol esters and 12.5 % limonene was chosen as the composition
of the oil phase for formulating the emulsion.

Acidification methods significantly affected (p < 0.05) the physicochemical properties, including
droplet size, zeta-potential, protein load and rheological properties, of the emulsions produced,
and oxidative stability of emulsions during storage.

Among the three methods studied, HClS
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was the most suitable method for producing a fine and stable sub-micron emulsion at acidic pH.
This method was then applied in the preparation of acidic emulsion in the subsequent
experiments (Chapter 5).
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Chapter 4
Investigation of Microstructure of Selected Emulsions by
Small Angle X-Ray Scattering
4.1

Introduction

Investigating the microstructure of food emulsions is crucial for a better understanding of the
physicochemical properties of delivery systems, is crucial for the selection of a suitable emulsion
system for delivering active components. Scattering experiments, including light, x-ray and neutron,
are the key techniques for studying structure and dynamics in many systems, e.g. colloids, polymers,
etc.

The different source of scattering provides these instruments with a various range of

wavelengths from several hundred nanometers for light to a tenth of a nanometer for x-ray and
neutron (Magner et al. 2000), which makes them suitable for detecting different sizes of particles.
Since all scattering processes give an inverse relationship between particle size and magnitude of
scattering vector Q, light scattering is the most suitable technique for investigating comparatively
large distance scales on the order of Q-1, whilst x-ray and neutron scattering are more appropriate for
examination of fluctuations at smaller distances (Magner et al. 2000).

Small angle x-ray scattering (SAXS) is an analytical method for investigation of the microstructure
of substance and has been widely used in the measurement of various small particles ranging from
1.0 to 200 nm (Kratky, 1982). The SAXS technique provides long-period structural information or
information about the shape, dimension or morphological properties of sub-particles (Li et al., 2001).
Because of this, in recent years, SAXS has been applied in various fields including physics,
chemistry, material science, geology and biological sciences (Li et al., 2001).

The main objective of this chapter was to investigate the factors influencing the structure of
emulsions, including the ratio of milk protein (WPI and NaCA), ratio of protein and polysaccharides
(WPI and SCF), addition of lecithins, order of addition of biopolymers and the effect of dispersing
lecithin in an aqueous or oil phase, using SAXS techniques.
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4.2

Theory of SAXS

The fundamental phenomenon of SAXS is the resonation of electrons with the frequency of the Xrays passing through the substance and emission of coherent secondary waves within a small angle
close to the incident beam, which interfere with each other (Kratky, 1982). SAXS is the elastic
scattering by a substance, with no change in the energy of the incident beam but only the direction
of the vector changes (Kratky, 1982).

In a SAXS instrument, a beam of x-rays is brought to a sample from which some of the x-rays
scatter, while most are either absorbed by the sample or simply go through the sample without
interacting with it (Jackson, 2008). The scattered x-rays form a pattern which is then detected by a
detector behind the sample perpendicular to the direction of the incident beam that initially hits the
sample. Since only a relatively low percentage of beam is scattered from the main beam, which is
quite weak, the non-scattered beam must be stopped without blocking the scattered radiation close to
it, otherwise such weak radiant cannot be detected (Kratky, 1982). On the other hand, the strong
non-scattered beam would destroy the detector which is designed for detection of a very low
intensity of beam (Kratky, 1982). SAXS, just like other instruments, has its detection range within
the dimension of the detector, but has a beam bigger than the radius of the beamstop or the pinholes
for focusing the beam (He and Smith, 2000).

The contrast factor provides information about different objects.

Light contrast relies on the

differences in the refractive indices, e.g. 1.33 for water, 1.45 for protein (Beliciu and Moraru, 2009).
X-rays are scattered by electrons and the coherent contrast factor depends on the difference in the
scattering length density (SLD) of different materials. For x-rays, the SLD is calculated by the
scattering length of an electron, called the classical electron radius (2.817 × 10-5Å), multiplied by
electron density (ρ) (Kratky, 1982). The electron density may be defined as the number of electrons
per unit volume. For dissolved particles, only the difference of electron density (ρ2 – ρ1) between
solute and solvent is effective. If ρ2 = ρ1, the X-ray beam could not identify the particle, since the
solution represents a homogeneous electron density continuum, and waves scattered into any
direction will be extinguished (Kratky, 1982). Thus, x-ray scattering is only observed when electron
density inhomogeneities of colloidal dimensions exist in the sample (Kratky and Stabinger, 1984).
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Since scattered intensity is not only related to the scattering angle but also influenced by the
wavelength of the x-rays, SAXS patterns are typically represented as scattered intensity I (Q), as a
function of the magnitude of the scattering vector Q instead of scattering angle. The magnitude of
the scattering vector Q is defined as
Eq.(4.1)
where λ is the wavelength of the incident radiation and 2θ is the scattering angle (Kratky, 1982).
The calculation of Q is illustrated by Figure 4.1.

Scattering
direction
ks
Incident
direction
Figure 4.1

θ

|Q|/2

ki
Elastic scattering triangle (redrawn from Kratky, 1982).

ki and ks are the wave number vectors of the incident and scattered beam, respectively. The
scattering vector is calculated by a vector relationship, which is Q = ki – ks. Since there is no energy
loss in elastic scattering, |ki| = |kc| = 2π/λ. Hence, |Q| = 2k sinθ = 4πsin(θ)/λ. Q value is inversely
proportional to the scale length. SAXS arises from inhomogeneities in the electron density on a
microscopic length scale in a range between several nanometers and several hundred nanometers
(Magner et al., 2000). When the size of the pores or of the dispersed objects is larger than a few
hundred nanometers, the scattering signal arises essentially from the interfaces.
Generally, the analysis of the SAXS data can be divided into two parts: model independent and
model dependent analysis. The former one calculates the direct manipulation of the scattering data
to provide useful information and the latter one builds a mathematical model of the scattering length
density distribution (Jackson, 2008).

In the model independent analysis, Porod approximation and Guinier approximation are taken into
account (Porod, 1982). Porod approximation considers the high-Q limit of scattering, to which the
only contribution comes from the interface between the phases of the system and the intensity
should drop to the fourth power of Q if the interface is sharp. It is stated as (Jackson, 2008):
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Eq.(4.2)
where S is the surface area of the particle. In long-slit collimation conditions, the curve ln[Q3I(Q)]
~Q2 tends to a straight line when the Q value is great enough, which is
[

]

Eq.(4.3)

where K is the Porod constant, which is an important parameter relating to structure, and I(Q) is the
scattering intensity revised by slit collimation (Rathje and Ruland, 1976). When the interface is
diffuse, the Porod law does not hold (Koberstein, et al., 1980). However, when Q is greater enough,
the curve still tends to be a straight line. When the interface is not clear, the value of the curve
decreases and appears as the negative deviation from the Porod law, which is
[

]

Eq.(4.4)

where σ is the thickness of the interface (Koberstein et al., 1980; Li et al., 2001).

Guinier approximation applies only at the very beginning of the scattering curve, at small Q values
(approximately close to 0), and is formulated as (Jackson, 2008):
[

]

Eq.(4.5)

where I(Q) is the scattering intensity of the sample, I(0) is the intensity of sample when Q→ 0 and
Rg is the so-called radius of gyration. The radius (R) of a sphere is related to the radius of gyration
as (Jackson, 2008):
√

Eq.(4.6)

This equation is suitable for all particle shapes.

In the model dependent analysis, the SAXS intensity I (Q) is calculated by
Eq.(4.7)
where P(Q) is the form factor of a particle, containing information on its size and internal structure,
S(Q) is the structure factor, which includes the effects due to the non-random arrangement of the
interacting particles, and bkgd is the intensity of background induced by the quartz capillary
(including path length) and water/buffer solution (Porod, 1982).

In a concentrated solution, the particles stand in a position and form a certain structure because of
inter-particle interference effects, e.g. attractive or repulsive forces. This kind of structure can
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greatly modify the scattered intensity leading to, for example, a small shoulder in the intensity
pattern (Porod, 1982). If a crystallographic structure forms, a Bragg peak appears (Pynn, 1990).
When the intensities from low concentrations of particles are extrapolated to infinite dilution, the
structure factor is equal to 1 and no longer disturbs the determination of the particle shape from the
form factor P(Q). P(Q) gives different scattering patterns depending on the properties of particles,
including shape, size and differences in SLD (Porod, 1982).

The form factor is related to the pair distance distribution function p(r) by a Fourier transformation
(Glatter, 1980):
∫

Eq.(4.8)

The structure factor is the Fourier transform of the total correlation function h(r) (Porod 1982):
Eq.(4.9)
∫ [

]

Eq.(4.10)

where g(r) is the pair correlation function for the scattering objects and n is the number of particles
per unit volume. The function g(r) corresponds to the probability of finding a particle at a distance r
relative to the probability of finding a particle at the same distance in an ideal gas, if a particle is
located at r = 0.

A similar Fourier transformation can be used to relate the scattering intensity with its real space
analog, the function i(r) (Jackson, 2008):
∫

Eq.(4.11)

In a low concentration of sample or a sample with weak inter-particle interactions, I(Q) – bkgd ≈
P(Q), which results in i(r) ≈ p(r). Otherwise, i(r) is influenced by the correlation effects and is
basically the sum of the p(r) and h(r) which is broadened due to the finite width of the p(r) function
(Jackson, 2008).

SAXS curves are normalized to sample transmission, radially averaged and background subtraction
(Glatter, 1982). The transmission coefficient (T) of the sample is an important parameter in data
collection and data analysis. It is defined as the ratio of direct beam intensity observed behind the
sample to that observed without sample (He and Smith, 2000). The transmission coefficient can be
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calculated if the adsorption coefficient and the sample thickness are given and ranges from 0-1 (He
and Smith, 2000).

It corresponds to a completed attenuation when T is equal to 0, while T = 1

represents complete passage. The Transmission coefficient is relatively important when doing
SAXS measurement over an inhomogeneous sample and thus the data can be normalized against
density variation (Fratzl et al., 1997). In general, two types of methods can be applied to measure
the transmission coefficient. One is the direct method by attenuating the beam mechanically using a
rotating disc or a moving slit and the beam stop out (Zemb et al., 2003). A direct measurement of
the beam pass through the sample is conducted using a beam monitor which can measure strong
intensity. The other one is called the indirect method, which measures the scattering from a material
with a theoretically known scattering cross-section, such as glassy carbon, placed after the sample
(Wignal and Bates, 1987; Dreiss et al., 2006). The Transmitted beam through the sample is
scattered by the material. The integrated intensity in a defined region on the detector represents the
transmitted beam intensity. This is a relatively rapid measurement since only the total number of
counts on the detector needs to be collected as a function of the sample position (He and Smith,
2000).

SAXS is statistically isotropic. Therefore, data collected from SAXS are no different between
particles with a stationary structure or a structure formed as a consequence of change in time, e.g.
rotation (Jackson, 2008). In irregularly shaped particles, such as ellipse, rectangular, rod-like,
triangle, or other irregular structures, the scattering has the same intensity regardless of their
orientation in space. The scattering pattern shows the rotational averaging, which takes over all
directions of the same distance of two pairs of electrons within the particle, no matter whether they
are isotropic or anisotropic in nature (Porod, 1982).

The background in the SAXS measurement is normally controlled by air scattering (if not under
vacuum), water/buffer scattering from solutions and scattering from capillaries (diameter and
thickness) (Rothwell, 1968). The scattering background can be estimated as a constant term but has
to be subtracted from the measured raw data since neglect of this procedure leads to strong
oscillations in the p(r) function or to an increase of the p(r) function at r = 0 (Glatter, 1982).
Subtraction of background can only be properly performed if the scattering curve shows a Q-4, from
Q-3 for slit smeared functions (Koberstein and Stein, 1983).
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The absolute intensity is normally applied in order to obtain a much better quantitative value from
analysis (Jeng, 2004). The absolute calibrated scattering intensity is expressed as the ratio of the
measured scattering intensity to the incident beam intensity (Orthaber et al., 2000). It can be used to
determine the number density and the specific surface area of the particles from the SLDs of one or
more phases in a multiphase system (Dreiss et al., 2006). It can also be applied to restrict the fitting
parameters of a given model to match the observed intensities (Wignal and Bates, 1987). In
addition, absolute data allow the comparison of results from the same sample among different
instruments for which the Q ranges, wavelengths, and scattering geometries are routinely different
(King, 1999). The absolute intensity can be obtained in two ways: direct and indirect determinations
(the same as the methods for transmission) (Wignal and Bates, 1987). Intensity calibration standard
samples can be divided into primary and secondary standards depending on whether they have been
calibrated using the preceding primary method or by simply comparing their scattering intensity
against that of some other primary calibration standard (Fan et al., 2010). For a long time, water has
been used as a secondary standard to calibrate SAXS data because of its strong incoherent
background (Wignal and Bates, 1987). However, it is not considered as a suitable standard for
laboratory SAXS measurements because the scattering is very weak and measurement time is long
(Fan et al., 2010). However, it has advantages, e.g. it is cheap, readily available and its differential
scattering cross-sections depends only on the temperature and isothermal compressibility and
therefore can be calculated (Fan et al., 2010). It has been reported that the flux-optimisation of a
pinhole collimated instrument coupled with a powerful rotating-anode camera could enhance the use
of water in routine analysis as a primary standard (Pedersen, 2004).

4.3

Materials

All ingredients used in this experiment were described in Section 2.2 and Section 3.2.

4.4

Methods

The SAXS experiment was carried out in the Australian Nuclear Science and Technology
Organisation (ANSTO), Sydney, Australia. Emulsion samples were prepared using the method
described in Section 2.3.1. Before measurement, the samples were diluted (or undiluted) depending
on the scattering intensity, e.g. if the concentration was too low, the scattering intensity would be
very weak even though the collection time was long. The dilution factor was tested and it was found
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that it only influenced the scattering intensity but had no effect on the transmission coefficient (T).
The diluted or undiluted samples were loaded into sealed reusable quartz capillaries with a 2 mm
path length and the scattering was then measured for 30 min at room temperature (25 °C). SAXS
measurements were obtained using a Bruker NanoStar SAXS instrument equipped with a Vantec
2000 area detector (effective pixel size 54 µm) and pinhole collimation for point focus geometry
with a wavelength of 1.54 Å. The optics and sample chamber were under vacuum to exclude air
scattering. Quartz capillaries were loaded in three different y-positions (ytop = 66.7 mm, ymiddle =
75.7 mm and ybottome = 84.7 mm) in a sample chamber with constant x-position (36.2 mm). The
distance from sample to detector was chosen to be 729.5 mm, which provided a Q range from 0.007
to 0.430 Å.

Data collected at ANSTO were normalized to sample transmission, rotationally averaged using
Bruker SAXS software 4.1.30, and the background was subtracted from capillary and water using
Igor Pro 6.22A (Wavemetrics) and macros provided by the National Institute of Standards and
Technology Center for Neutron Research (NCNR) website. This adjusts the scattering data to an
absolute intensity scale, obtaining a more accurate quantitative with respect to analysis and
facilitating comparisons among data from different sources. Scattering curves were plotted as a
function of absolute intensity, I, versus Q.

Reduced emulsion data were analysed using a combination of general power law and polydisperse
sphere (Schulz distribution) with a hard-sphere structure factor. The Power Law model indicates the
interface structures of emulsions or aggregates of biopolymers and is defined as (Schmidt, 1991):
Eq.(4.12)
If m is equal to 4, then the emulsion system has a sharp interface, which obeys Porod’s law;
otherwise it has a fractal rough interface when m is less than 4 (Syrbe et al., 1998; Aymard et al.,
1999). Generally, for nanoscopic scatterers, this plateau appears at Q> 0.1 Å-1, but for our emulsion
droplets this regime begins below the low-Q limit due to the large dimensions (> 1000 Å) of the
droplets.

When applying the Schulz formalism to the size distribution, the form factor P(Q) of the Schulz
distribution sphere is written as (Als-Nielsen and McMorrow, 2011)
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( )

∫

Eq.(4.13)

where N0 is the total number of particles per unit volume, Δρ is the difference in SLD of particle and
solvent (Table 4.1) and f (R) is a function of distribution. The (normalised) Schulz distribution is
[

]

Eq.(4.14)

where Ravg is the mean radius and x = R/Ravg, z is related to the polydispersity p, z = 1/p2−1 (AlsNielsen and McMorrow, 2011).

Table 4.1

X-ray scattering length density of emulsion components

Substance

SLD × 10-6 (Å-2)

References/comment

H2O

9.43

(Holt and White, 1999)

11.49

(Lin and White, 2009)

11.21

(Holt and White, 1999)

SCF

12.68

Calculated based on the physical parameters
(MW, no. of electrons and ρmass)

Lecithin

Head 11.0, Tail 9.0

(Gerelli et al., 2008)

Fish oil

8.85

Calculated based on the physical parameters
(MW, no. of electrons and ρmass)

Phytosterol

8.50

Calculated based on the physical parameters
(MW, no. of electrons and ρmass)

Limonene

7.95

Calculated based on the physical parameters
(MW, no. of electrons and ρmass)

a

WPI

NaCA

b

a

SLD value for β-lactoglobulin (major component of WPI)
SLD value for caseins
SLD = scattering length density
b

To investigate the interparticle interference effects, a hard-sphere system is used as a structure factor,
which is described by Percus and Yevick and Janich (Syrbe et al., 1998; Aymard et al., 1999):
Eq.(4.15)

K=dq
{

[

]

[

]}
(

)
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where d and np are the particle diameter and particle number density, respectively.

4.5

Results and discussion

4.5.1

An example of fitting

A typical SAXS pattern for an emulsion sample in this research is shown in Figure 4.2. Here the
total scattered intensity I (Q) is composed of two terms, the interfacial scattering intensity (IIF) of
emulsion droplets and the structure scattering intensity (IS) of the free emulsifier in solution.

(a) low-Q
(b) mid-Q
(a)

(c)
high-Q

Interface

Aqueous phase

(b)
Oil phase

Interparticle interaction
(c)
Free emulsifier

Figure 4.2
SAXS pattern for WPI-stabilised emulsion at pH 6.7 (a typical scattering pattern). Cartoon
illustrates different length scales and associated scattering based on the emulsion solution model. Power
Law + Schulz distribution hard sphere model fits are shown in bold.
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The interfacial term arises from the scattering of the emulsion droplets or their aggregates having a
size significantly greater than Qmin-1 (~ 2000 Å>>Qmin-1). This term was fitted by the Power Law
model and is shown in region (a), which is from low-Q up to 0.025 Å-1. The slope of the low-Q
region decreases as Q-m indicating the morphological properties of interfacial layer, e.g. a smooth,
sharp interface or fractal rough interface (Section 4.4). In this case, m is approximately 3.5,
indicating a rough and fuzzy interface. The interparticle interference of different emulsion droplets
is probably below the minimum Q accessible in SAXS since the interaction area is much larger than
the size of the individual emulsion droplets.

More detailed information on the inter-droplet

characteristics as well as the emulsion droplet size distribution may be discernible with ultra-smallangle scattering technology.

The term of IS arises from the size, morphology and interparticle interactions between substances
whose size or sub-structure falls within the experimental Q range. IS consists of a form factor and a
structure factor. Region (b), starting approximately from 0.025 to mid-Q, shows the interparticle
structure factor describing interactions between substances in solution, which could be oil or
emulsifiers. The scattering is more likely from an emulsifier than from an oil since the size of the
oil droplet is large (> 100 nm) (refer to Figure 2.5, results of light scattering in chapter 2).
Furthermore, the size of the WPI could not be detected by the Mastersizer 2000 (detection range
over 0.02 µm), which means that the WPI in solution is of relatively small size, at least < 200 Å,
and consequently the scattering in this range is probably from the WPI molecules. This hypothesis
is verified by the SAXS data, which show the SLD of the sphere is ~ 1.00 × 10-5, indicating that the
scattering was from WPI in solution but not from oil. The correlation effect is due to the high
concentration of free emulsifier (in this case, WPI) in solution, which did not contribute as an
emulsifier adsorbing on the interface of oil and water. Current results (Section 2.4.3) show ~ 14 %
of the added WPI was present in solution. However, this does not meant that 86 % of the total WPI
was tightly packed at the interface. Some of them were loosely bonded onto the interfacial layer due
to the high pressure homogenisation but because of the depletion force between the molecules of
WPI, the WPI could be likely to come off the interface when the emulsion stands for a long time,
and dilution probably enhances this phenomenon. In addition, the accelerated gravity method used
to obtain protein in solution for the surface protein load test may enhance the looser-bound
emulsifiers to become densely packed onto the emulsion droplets and then move towards the
creaming layer. Thus, the total protein gained in solution is probably far less than the actual value.
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The high concentration of free WPI molecules in solution caused an interparticle interference,
probably a repulsive force in this case. Region (c) at mid-Q to high-Q indicates the form and size of
the free WPI in solution. A model of a sphere with Schulz distribution provides the best fit for the
SAXS pattern of the WPI-stabilised emulsion, indicating that the form of WPI particles in solution
was spherical. According to the SAXS data, the mean radius of WPI was 18 Å in solution at pH 6.7.
This is consistent with the results of Aymard et al. (1996 & 1999), who found that the structure of βlactoglobulin is compatible with that of a sphere with a radius of 18.5 Å. The ratio of the monomer
is 17 Å, and the centre to centre distance of the dimer is 33 Å (Gimel et al., 1994). Thus, the result
indicates a mixture of monomers and dimers under this condition (emulsifier concentration, pH and
high pressure) with mainly monomers present.

4.5.2

Best-fit analysis

In order to find out the best fit for SAXS from emulsion samples in this research, the scattering from
mid-Q to high-Q was fitted by several models (Figure 4.2). The reduced chi-square (Sqrt) and the
fitting error (named residual) are the two key parameters to determine the quality of fitting (Kline,
2006). The reduced chi-square is defined as
{

}

Eq.(4.16)

where X2 is the chi-square, N is the number of data points and f is the number of degrees of freedom
in the fit (the number of free parameters) (Kline, 2006). From the definitions, it is clear that a
reduced chi-squared of data points fitted would signify that, on average, the model fit is within one
standard deviation of each datum point (Kline, 2006). A residual is an observable estimate of the
unobservable statistical error, which can be defined as:
̂

where Xi is independent of the individual datum points,
with mean , variance

Eq.(4.17)
is a random variable distribution,

and number of data n (Speigelman et al., 1991).
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A

B

C

D

Figure 4.3
SAXS pattern of WPI-stabilised emulsion with different fitting models. A. monodisperse
spheres with hard-sphere structure factor, B. polydisperse spheres (Schulz distribution) with hard-sphere
structure factor and holding polydispersity at 0, C. polydisperse spheres (Schulz distribution), D.
polydisperse spheres (Schulz distribution) with hard-sphere structure factor. Green dots: residual; Black
bold line: model fitting; Pink line: experimental data.

Figure 4.3 A shows the fitting result of the SAXS pattern to monodisperse sphere with a Gaussian
distribution model.

The residual of the fitting forms a non-random distribution although the

vibration amplitude of the distribution is low within the range of ‒10 to 10. The reduced chi-square
is 3.19, which is not bad but could be improved. These parameters indicate that this fitting
presumption did not provide realistic information of the emulsion samples. This could be due to the
polydispersion of particles of free emulsifier in solution. The hypothesis was further supported by
holding the polydispersity parameter in a fitting table of polydisperse sphere model close to 0. The
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fitting result (Figure 4.3 B) shows a high reduced chi-square (11.25) and a certain pattern
distribution of residual. The polydisperse sphere form factor with Schulz distribution provides a
relatively good fitting to the SAXS result of the WPI-stabilised emulsion sample (Figure 4.3 C).
This fitting shows a low value in reduced chi-square, which is 1.64. However, the distribution of
residual is still non-random, which indicates that there are some points missing in the assumption.
The scattering pattern at a Q range from 0.02 to 0.05 does not completely fit the model. This range
probably corresponds to the interparticle interference of substances. Thus, the structure factor must
be considered in the model fitting. The polydisperse sphere (Schulz) with hard-sphere structure
factor was then chosen and the fitting is shown in Figure 4.3 D. The fitting result shows a random
distribution of residual and a relatively low reduced chi-square, which is 1.15. Hence, we concluded
that the polydispersion model is the much more suitable model for our samples. The droplets can be
adequately described by a Schultz distribution with a hard-sphere structure factor.
4.5.3

Comparison of the model fitting parameters of different emulsions

The scattering of all emulsion samples was fitted in the Power Law + Schulz distribution with hard
sphere structure model, which gave good agreement with the data in most the cases. The results of
fitting parameters are shown in Table 4.2 to Table 4.4. In the tables, (-) power and volume fraction
are the fitting result of the Power Law and the parameters, including the mean radius, polydispersity,
the SLD of the sphere and the SLD of the solvent are obtained from the Schulz distribution model
with hard sphere structure.

The effect of proteins, including the ratios and order of addition, on the surface structures and
information of particles in solution is summarized in Table 4.2 (A). The model fitting results show
that in protein emulsions, regardless of the ratios and order of addition, particles in solution (midhigh Q region) had a similar mean radius of about 17 -18 Å with a polydispersity of about 49 – 54 %.
The variation of the SLD is probably due to the instrumental error since the difference between
individual data and the average is only 5-6 % (by calculation), which is acceptable in instrument
analysis, and the SLD values of WPI and NaCA are quite close. However, in the low-Q region, the
scattering shows decaying in the different Q-m. With the increase in percentage of NaCA, the m
value decreases below 3, indicating that the surface of the emulsion droplets or protein aggregates
becomes rough and fractal.
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Table 4.2
addition.

Model fitting parameters of emulsions influenced by biopolymers and their order of

(A) WPI and NaCA
Parameter

WPI

WPI/NaCA 4:1

WPI/NaCA 1:1

WPI first

NaCA first

(-) Power

3.52

3.17

2.76

4.71

4.52

Volume fraction (scale)

0.15

0.15

0.14

0.18

0.17

Mean radius (Å)

17.75

17.52

16.69

17.89

17.61

Polydispersity (sig/avg)

0.49

0.49

0.53

0.52

0.54

SLD sphere (Å-2)

1.00e-05

1.00e-05

9.92e-06

1.11e-05

1.11e-05

-2

9.43e-06

9.43e-06

9.43e-06

9.43e-06

9.43e-06

Parameter

WPI

WPI/SCF 4:1

WPI/SCF 1:1

WPI first

SCF first

(-) Power

3.52

3.47

3.22

4.19

4.17

Volume fraction (scale)

0.15

0.15

0.15

0.15

0.15

Mean radius (Å)

17.75

17.31

14.67

12.90

12.55

Polydispersity (sig/avg)

0.49

0.50

0.52

0.58

0.59

SLD sphere (Å )

1.00e-05

1.00e-05

1.09e-05

1.09e-05

1.09e-05

-2

9.43e-06

9.43e-06

9.43e-06

9.43e-06

9.43e-06

SLD solvent (Å )
(B) WPI and SCF

-2

SLD solvent (Å )

SLD = scattering length density

On the other hand, adding WPI or NaCA first to make the emulsion provides a sharp and smooth
surface since the slope of the low-Q region decreases to Q~-5. The results of fitting parameters
indicate that replacement of the WPI with NaCA did not change the form and structure of small
particles in the emulsion solution but affected the surface morphology of large particles. The
change in surface structure is probably contributed by the alteration of interfacial structure of
emulsion droplets and the presence of casein micelles. The scattering in WPI-stabilised emulsions is
only from the interface of the emulsion droplets since the WPI molecules in solution at pH 6.7 are
mainly monomers with a small proportion of dimers, which are relatively small (18 Å) as discussed
above. The relatively compact interfacial membrane formed by the WPI is probably the reason that
a smooth surface was detected by SAXS (Figure 4.4 A). This dense membrane is contributed by
enhanced interactions with neighbouring protein molecules through hydrophobic attraction or
disulfide bond formation, resulting from the unfolding of globular proteins at an interface that often
exposes amino acids that were originally located in the hydrophobic interior of the molecule
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(McClements, 2008).

In the presence of NaCA, the interface containing these random coil

biopolymers (Figure 4.4 B) is not as dense as that formed by the WPI, leading to a rough surface.
With an increased concentration of NaCA, the surface became more fractal, indicating that more
NaCA are occupied on the interface instead of WPI. The decrease in m value may be also due to
the formation of casein micelles whose size is similar to the emulsion droplets, 100 – 200 nm (since
the particle size distribution detected by the Mastersizer 2000 only shows a monomodal distribution).
The star-like shape of the aggregates in solution (Pitkowski et al., 2008) possibly contributes to the
slope of the low-Q region decay as Q~-3, indicating a rough and fractal surface. The star-like
structure is possibly corresponded by the “hairy” micelle theory which depicts the macropeptide
chains of ĸ-caseins extending outward from the micelle to form a roughened interface (Holt and
Dalgleish, 1986; Shukla et al., 2009).
A

B
\ Water
Oil

Figure 4.4
Proteins at oil-water interfaces. A. WPI only, B. WPI and NaCA.
lipophilic regions (modified from McClements, 2008).

= predominantly

The effect of SCF on the fitting result of the WPI-stabilised emulsions is presented in Table 4.2 B.
Replacement of the WPI with SCF slightly decreases the slope of the Power Law model, close to 3
in the low-Q region, indicating a rough and fractal surface. This phenomenon could be due to the
SCF molecules binding on the surface of the droplets. The helical coil structure of SCF molecules
can contribute to the fractal interface (Gorba and Tama, 2010). Formation of large aggregates from
polysaccharide self-association and the cross-association products of the WPI and SCF is another
possibility, providing a low slope for the scattering pattern in the low-Q region (Gorba and Tama,
2010). Results show that the particle size in solution (mid-Q region) decreases from 1.8 nm to 1.5
nm when 50 % of WPI is replaced with SCF. Furthermore, the polydispersity and SLD increased
slightly after replacement, indicating monomers of WPI and lower molecular weight carbohydrates
(~ 30 % in SCF) disperse and coexist in solution. On the other hand, adding WPI or SCF first to
make an emulsion slightly increases the slope of the Power Law to ~ -4, indicating a smooth and
sharp surface of the particles. In addition, these orders of addition decrease the mean radius of
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particles dispersing in solution, indicating that lower molecular weight carbohydrates are present in
the aqueous phase. This hypothesis is further supported by the increase of polydispersity of the free
emulsifiers in solution close to 60 % (Table 4.2 B).

Table 4.3
Model fitting parameters of WPI-stabilised emulsions influenced by lecithins and their
order of addition.
15%WPI

Parameter

1%WPI+0.2%lecithin
UP

T200

15 %WPI+TWFC
TWFC
1

0.2%

1%

2

aqueous

Oil

(-) Power

3.52

3.51

3.50

3.50

3.55

3.67

3.78

Volume fraction (scale)

0.15

0.16

0.15

0.15

0.15

0.15

0.15

Mean radius (Å)

17.75

15.63

17.21

16.85

16.53

17.67

17.62

Polydispersity (sig/avg)

0.49

0.72

0.67

0.68

0.70

0.50

0.49

SLD sphere (Å-2)

1.00e-05

9.86e-06

9.81e-06

9.81e-06

9.84e-06

1.00e-05

1.01e-05

-2

9.43e-06

9.43e-06

9.43e-06

9.43e-06

9.43e-06

9.43e-06

9.43e-06

SLD solvent (Å )

SLD = scattering length density
1
dissovling TWFC in aqueous phase
2
dissolving TWFC in oil phase

The effect of lecithins on the SAXS fitting parameters of the WPI-stabilised emulsions is
summarized in Table 4.3. Soy lecithin Thermolec WFC (TWFC) did not show significant effects
on the SAXS fitting results from emulsions containing a high concentration of WPI (15 %).
Although addition of TWFC increased the slope of the Power Law to more negative values, the m is
still less than 4, suggesting that TWFC at these concentrations did not improve the surface
morphology of the interfacial layer. The fitting result of the Power Law does not indicate that
TWFC replaced WPI molecules from the oil-water interface. On the other hand, the particle
information in solution, e.g. radius, polydispersity, SLD of spheres, does not show any difference
between emulsions with or without TWFC. However, this does not mean that no lecithin molecules
were dispersed in the aqueous phase. The scattering of lecithin was probably masked by the
scattering of WPI molecules because of the relatively low concentration of lecithin compared with
the WPI (in ratios of 1:75 and 1:15). This hypothesis is verified by the fitting result of the scattering
data from an emulsion containing the higher ratio of TWFC to WPI at 1:5. Result shows that the
mean radius of particles in solution slightly decreases and the polydispersity of particles rises to 0.68.
Furthermore, the SLD of particles in solution decreases to 9.81 × 10-6, indicating the TWFC
molecules dispersed in aqueous phase. The form of these particles is not clear but the scattering
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pattern of the mid-Q to high-Q range of these emulsion samples can fit the polydisperse sphere quite
well. The fitting results for the emulsions containing lecithin Ultralec P (UP) and Thermolec 200
(T200) are quite similar to that of the emulsion containing TWFC. The fitting parameters do not
show much difference in the emulsions produced by either dispersing lecithin in an oil or aqueous
phase, consistent with the finding of Counthaudon et al. (1991). The effect of lecithin TWFC on the
SAXS fitting results of WPI/NaCA- and WPI/SCF-stabilised emulsions is quite similar to that of the
WPI-stabilised emulsion (Appendix 9). The results of the SAXS data are not as good as expected
since the X-ray contrast between lecithins and proteins, and oil and water is quite small. In order to
gain information from the interface more clearly, small angle neutron scattering (SANS) is required
to improve contrast using the selective deuteration.
Model fitting parameters of WPI/SCF-stabilised emulsions at different pH are shown in Table 4.4.
Results indicate that the emulsion systems were relatively different at neutral and acidic pHs. At the
low-Q region, the slope decreases as Q~-3 and Q~-4 for data from samples at pH 6.7 and 3.5,
respectively, indicating a different surface structure. A sample prepared at neutral pH had a fractal
and fuzzy interface whilst a sample prepared at the acidic pH possessed a smooth and sharp
interface. The volume fraction of particles in an acidic emulsion is almost half that in the neutral
emulsion. The definition of volume fraction is the volume of a particle divided by the volume of all
the particles in the emulsion system. Hence, the smaller volume fraction of an acidic emulsion
indicates a smaller particle scattering in this region. The difference of scattering data for these two
emulsion systems is due to an increase of protein self-association at pH 3.5, which is closer to the pI
of WPI than is pH 6.7 (Syrbe et al., 1998). At this pH, self-association of protein plays a more
major role than does polysaccharide association and protein-polysaccharide cross-association.
Before emulsification, protein molecules are likely to aggregate, so the non-polar tail group of the
globular protein barely interacts with the helical coils formed by the SCF chains. Consequently,
only aggregated proteins adsorb onto the interface of the droplets during the emulsification process.
The droplet surface covered by globular proteins is smoother as shown in emulsions stabilised by
WPI only (Table 4.2 A). The smooth surface may be also contributed by the aggregates of free
proteins in solution (Aymard et al., 1999). Without the surrounding SCF, the emulsion droplet size
decreased. Thus, the volume fraction becomes smaller. These two emulsion systems are presented
in Figure 4.5.
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Table 4.4

Model fitting parameters of WPI/SCF-stabilised emulsions influenced by pH

Parameter

pH 6.7

pH 3.5

(-) Power

3.22

3.96

Volume fraction (scale)

0.15

0.08

Mean radius (Å)

14.67

11.73

Polydispersity (sig/avg)

0.52

0.55

SLD sphere (Å )

1.09e-05

1.12e-05

-2

9.43e-06

9.43e-06

-2

SLD solvent (Å )
SLD = scattering length density

A

B

Oil
droplet

Aqueous
phase

Figure 4.5
Emulsion system stabilised by WPI and SCF at neutral pH (A) and acidic pH (B). Red line
represents the polysaccharide and black line represents the protein.

On the other hand, the model fitting results of the scattering data in the regions from mid-Q to highQ show that smaller particles were more dispersed in the acidic solution than in the neutral solution.
This may be due to the absence of free monomer or dimer protein molecules are in solution because
of protein aggregation, and only small molecular weight carbohydrates present as free molecules in
aqueous phase at pH 3.5.

The SAXS measurement was only carried out on the samples which were stable during the trip to
ANSTO trip in Sydney (a total of 4 days). Emulsions containing phytosterol esters or limonene
were not stable during this period as depletion of flocculation occurred after 3 days.

Thus,

comparison of the SAXS data of samples with a different oil phase could not be conducted
successfully.
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4.6

Concluding remarks

Overall, the SAXS technique is a useful tool for investigating the structure of the selected emulsion
systems in this research, giving a more in depth understanding of the interfacial structure of
emulsion droplets and molecular information of the free biopolymers in solution.

The effect of

biopolymers (e.g. protein-protein, protein-polysaccharides, and their order of addition), lecithins (e.g.
different types, order of addition) and pH was studied by SAXS. The SAXS data of emulsions were
found to fit the Power Law in the low-Q region while the Schulz distribution sphere with hardsphere structure model could be applied to fit the mid- to high-Q region. The scattering data were
interpreted in terms of interfacial scattering from large polydisperse spherical structures at the
interface and the dispersion of small polydisperse spheres in solution. Results for emulsions with
different formulations show relatively different interfaces and different forms and size of free
emulsifiers present in solution. With an increased amount of NaCA, the surface becomes more
rough and fractal because of the presence of the star-like structure of casein micelles. Emulsions
containing a high concentration of SCF had a more fractal interface, mainly due to the helical coil
structure formed by the SCF chain oriented on the surface of the droplets. The pH showed a large
influence on the interfacial structure of emulsions stabilized by the WPI and SCF. In contrast to the
presence of WPI and SCF molecules at the interface at neutral pH, only aggregated protein
molecules adsorbed on the interfacial layer under acidic condition, as free protein molecules tended
to self-aggregate at pH 3.5 rather than interacting with polysaccharides. On the other hand, the
results do not indicate replacement of biopolymers by lecithins, even though the lecithins may
themselves become adsorbed onto the surface of the droplets.

The SAXS technique is still not perfect for gaining all the information of emulsion structure since
the contrast between different substances is quite small. For example, the similar SLDs of the WPI
and NaCA make it difficult to observe the replacement between these two proteins at the interface.
In addition, close SLD values of the lecithin head group and protein, and that of the tail group and
oil, produce only a small contrast and consequently yield little information on the competition
between biopolymers and lecithins adsorbed onto the interface. The small angle neutron scattering
(SANS) is needed for this purpose. A powerful characteristic of SANS is their ability to enhance
selectively the scattering power of various parts of the emulsion, using protonated or deuterated
133

molecules to improve the contrast (signal-to-background ratio). The droplet size of the emulsion
cannot be measured by SAXS since the maximum detection range of this instrument is 200 nm.
Details of the droplet size distribution may be obtained by using an ultra-small-angle scattering
technology with either an x-ray or neutron source.
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Chapter 5
Preparation of Microcapsules by Drying Methods and
Evaluation of Their Properties
5.1

Introduction

Drying is a method to convert liquid to solid, which has been widely used in the food industry to
transform dehydrated emulsions to microcapsules. As previously mentioned (Chapter 1), this
technology reduces the water content to a level that can inhibit the growth of microorganisms
and prevent the occurrence of chemical reaction, and consequently prolongs the shelf life of the
product.

In addition, microcapsules are easy to handle, store and transport.

The current research applied spray drying to dehydrate the emulsions since it is a
well-established and effective technology for large scale production. Many factors influence
the properties of spray-dried microcapsules, including the parameters of the spray dryer (inlet
and outlet temperature, flowrate) and properties of infeed emulsions (solid content, ratio of core
to wall, nature of oil phase, types of wall materials, viscosity, stability and droplet size) as
reviewed in Chapter 1.

Understanding the physicochemical properties of the spray-dried

microcapsules is essential to optimise the drying process and to reduce costs.

The most

important physicochemical properties of spray-dried microcapsules include the reconstitution
properties, glass transition temperature, water activity, microencapsulation efficiency and
interaction between components in the wall matrix.

The reconstitution process in water can be divided into four steps: wetting, submersion,
dispersion, and dissolution (Freudig et al., 1999). Generally, it depends on the microcapsule
droplet size, density, porosity, the presence of emulsifiers and the surface activity of the particles
(Vega and Roos, 2006).

The surface composition of microcapsules also plays an important role

in the reconstitution process.

For example, a sharp decrease in the reconstitution times was

found for spray-dried ice cream mixes after surface fat extraction (Vega et al., 2005).

Fast

reconstitution is also favoured by large particles with high porosity (Schubert, 1993). Surface
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coverage with hygroscopic components (e.g., lactose) yields good reconstitution properties
because of the small contact angle (Fäldt and Bergenståhl, 1996; Kim et al., 2002).

Water activity (aw) and the glass transition temperature (Tg) are the two factors determining the
stability of microcapsules during storage (Vega and Roos, 2006). Most deteriorative reactions
in food systems show the lowest rate when the aw is in the range from 0.2 to 0.4 (Labuza and
Shafiur Rahman, 2007).

Spray drying produces an amorphous state of wall materials with

rather low aw, especially in the presence of carbohydrates (Bhandari and Howes, 1999). Tg of
amorphous materials is the critical temperature at which the material changes its behaviour from
“glassy” to “rubbery” (Finzer et al., 2006).

It was found that the point where a solid turns to a

sticky state was reached at a temperature 10 to 20 °C above the Tg (Roos and Karel, 1991).
Therefore, the higher Tg, the more stable the system is during storage (Shafiur Rahman, 2008).

Microencapsulation efficiency depends on the amount of surface fats, which is often known as
the unencapsulated fat present on the surface of microcapsules.
leads to a lower efficiency of microencapsulation.

A higher amount of surface fat

In spray-dried samples, the particle

agglomeration induced by the surface fat reduces the flowability and dispersibility of
microcapsules (Kim et al., 2005; Kim et al., 2009a). The non-encapsulated fat has also been
related to shelf life of microencapsulated oil due to its susceptibility to oxidation as it is directly
exposed to oxygen, light and other inducing reagent (Hardas et al., 2002).

Interaction between wall materials may occur during a high temperature process such as spray
drying, especially in the presence of protein and carbohydrates, and can be investigated by many
techniques, such as X-ray diffraction (Touhami et al., 2002), Nuclear Magnetic Resonance
spectroscopy (Kogelberg et al., 2003), fluorescence microscopy (Panmai et al., 2002), and
Fourier Transform Infrared (FTIR) spectroscopy (Gu et al., 2010).

Among these techniques,

FTIR spectroscopy is readily available and easy to run (Jackson and Mantsch, 1995). Therefore,
it can be a useful technique for studying the interaction between wall components, e.g. in a
protein-carbohydrate system (Gu et al., 2010).
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In addition to spray drying, there are other methods used to dehydrate liquid emulsions (Section
1.2.4). Freeze drying was selected as a comparison to spray drying as it was hypothesized to
have advantages over spray drying for sensitive components because of its low temperature and
vacuum condition (Schwegman, 2009). However, it is less attractive than spray drying because
of its high cost, high energy consumption and long processing time (Kim and Morr, 1996;
Desobry et al., 1997).

The overall aim of this chapter was to produce good quality microcapsules using a suitable
drying method. The specific objectives were:


To study the optimum conditions for spray drying emulsions with selected emulsifiers;



To compare the properties of spray-dried microcapsules containing different wall materials,
including microencapsulation efficiency, water activity, glass transition temperature and
reconstitution behaviour;



To compare the properties of microcapsules produced by freeze and spray drying methods;



To investigate the interaction of components in wall materials using FTIR;

5.2

Materials

The ingredients and the chemicals are listed and described in Section 2.2.1 and Section 3.2.1.

5.3

Methods

5.3.1

Selection of optimum conditions for spray drying

Drying temperatures
The selection of optimum spray drying conditions was conducted using emulsions containing
milk proteins with fish oil as the core material.

The emulsion was prepared according to the

procedure described in Section 2.3.1. The ratio of WPI/NaCA was 4:1, the ratio of core/wall
was 1:1 and solid content was 30 wt%. After homogenisation, emulsions were cooled down to
room temperature before being fed into the spray drier.

The outlet temperature (70 ºC and 80

ºC) and inlet temperature (160 ºC, 170 ºC and 180 ºC) were tested to select the optimum
temperature.

Since the outlet temperature could not be directly controlled if the inlet
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temperature was too high, leading to a desirable outlet temperature, the flow rate needed to be
controlled.

A Centrifugal spray drier (GZ-5, Jiangsu Wuxi Yangguang Co., Jiangsu, China) (Figure 5.1) was
applied in this work. The drying capacity was 5 kg water/h and the diameter of the drying
chamber was 0.85 m.

Compressed air was used as the drying medium.

The spray drier was

equipped with an atomizing spray nozzle with a rotational speed of 25000 n/min.

Figure 5.1

A photo of the GZ-5 centrifugal spray dryer.

Effect of emulsion formulation
Selection of a suitable oil/emulsifiers ratio was conducted at the inlet temperature of 170 ºC,
outlet temperature 70 ºC and flow rate of 1.5 × 104 — 2.0 ×104 r/min.

The emulsion

formulations are detailed in Table 5.1.

Table 5.1

Formulations of emulsions for drying into microcapsules

Emulsifiers

pH

Ratio of emulsifiers
(wt/wt)

Core: wall
(wt/wt)

Solid content
(wt%)

WPI/NaCA
WPI/SCF
WPI/SCF

6.7
6.7
3.5

4:1
1:1
1:1

1:1, 1:2, 1:4
1:1, 1:2, 1:4
1:1, 1:2, 1:4

30
30
30
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5.3.2

Freeze drying conditions

The best emulsion formulation (from Section 5.3.1) was selected for freeze drying.

After

homogenisation, emulsions were cooled down to room temperature before being fed into the
dryer.

To prepare freeze-dried samples, the emulsions were placed in a petri dish (120 × 25 mm)

and frozen at – 20 ºC immediately after preparation. After 24 h, the frozen emulsion was dried
for more than 48 h at – 51 ºC under pressure less than 0.120 milibar using Free Zone 6 liter
Freeze Dryer System (model 77585-30, LabConco Corporation, USA).
process, the products were in a completely amorphous glassy state.

After the freeze drying

Immediately after drying,

the freeze-dried products were ground using a mortar and pestle.

5.3.3

Physical properties of emulsions before drying

The average droplet size and the distribution of emulsions before drying was determined using a
dynamic light scattering droplet size analyser which has a measuring range from 0.6 nm to 6 μm
(Zetasizer Nano ZS, Malvern Instruments Ltd., Worcestershire, UK). The measurement was
carried out at a fixed angle of 173°. The refractive indices of 1.46 for the material and 1.33 for
the dispersant were used to calculate the droplet size.

The particle concentration in the sample

was diluted 500 times with Milli-Q water to get the equivalent concentration to that used in the
Mastersizer 2000 to avoid multiple scattering effects during measurement.
were conducted at room temperature.

The measurements

The droplet size of the emulsions is described by the

cumulants mean (z-average) diameter, which depends on the Brownian motion of the particles.

The polydispersity index (PDI) is used to describe the droplet size distribution with the value
reported to be between 0 and 1.

A PDI value of 0.1 represents monodispersity while values

greater than 0.1 indicate polydispersity (Tantra et al., 2010).

Values between 0.1 and 0.25

indicate a narrow size particle distribution (Tantra et al., 2010).

The final particle diameter and

PDI were calculated from the average of three measurements.

Microstructures of infeed emulsion were observed using transmission electron microscope (TEM)
(Model H-700, HITACHI, Japan).

The diluted sample (6 × dilutions) was fixed with a 2 %
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glutaraldehyde solution in a buffer of 0.1 M sodium cacodylate, 0.05 % CaCl2 and 4 %
polyvinylpyrrolidine, pH 7, and postfixed in an imidazole-buffered solution of 0.5 % osmium
tetroxide (Berlin et al., 1979).

After dehydration by treatment with a graduated series of

ethanol and propylene oxide, the sample was embedded in resin and then electronically stained
by 1 % phosphotungstic acid.

The section was examined in magnification factors from 10,000

– 50,000.

5.3.4

Oil recovery and microencapsulation efficiency (ME)

Oil recovery
The oil recovery was calculated based on the sum of total non-volatile and the total volatile oil
retained in the microcapsules after drying.

The solvent extractable total non-volatile fat content

of the microcapsules was measured using the Röse-Gottlieb method (Richardson, 1985).
Microcapsules (1 ± 0.05 g) were weighed in a 250 mL separating funnel and dissolved in 9 mL
of warm Milli-Q water.

1.25 mL of ammonia solution was added and shaken well to break

down the wall materials.

Ethanol (10 mL) and diethyl ether (25 mL) were added and shaken

vigorously for 1 min, followed by addition of petroleum ether (25 mL) with shaking again
vigorously for 30 s. The upper ethereal layer was separated completely and clearly by standing
for a couple of minutes (a few drops of ethanal were added to help separation of the layers if
emulsion tended to form).

The clear ethereal layer was transferred into a beaker.

remaining liquid was extracted twice more using 15 mL of each solvent.

The

The extracts were

combined and evaporated in a forced air convection oven (Model MOV-112P, Sanyo, Japan) at
102 ± 2 ºC overnight.

The beaker was then placed in a dessicator until it cooled to room

temperature before being weighed.

The total volatile oil retained during drying was determined by Clevenger distillation (Miller et
al., 2008).

Approximately 30 g of dried microcapsule was dissolved in 250 mL of distilled

water in a 1000 mL round bottom-flask. Then solid food grade antifoam was added to the flask
and the clevenger trap was connected to the flask with a water-cooled condenser on the top.
The distillation was carried out for 2 h and the volume of distilled oil was read directly from the
collection arm.

A calibration curve was gained by plotting the volume of limonene versus the
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mass.

For determination of oil recovery, it was assumed that all the initial added oil was retained in the
oil phase after emulsification.

Thus, % recovery was calculated as follows:

% 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑜𝑓 𝑛𝑜𝑛𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑒 𝑜𝑖𝑙 = (

𝑇𝑜𝑡𝑎𝑙 𝑛𝑜𝑛𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑒 𝑜𝑖𝑙 𝑒𝑥𝑡𝑟𝑎𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 𝑝𝑜𝑤𝑑𝑒𝑟𝑠
) × 100
𝑇𝑜𝑡𝑎𝑙 𝑛𝑜𝑛𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑒 𝑜𝑖𝑙 𝑎𝑑𝑑𝑒𝑑 𝑖𝑛 𝑓𝑜𝑟𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛

Eq.(5.1)
𝑇𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑒 𝑜𝑖𝑙 𝑒𝑥𝑡𝑟𝑎𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 𝑝𝑜𝑤𝑑𝑒𝑟𝑠
% 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑜𝑓 𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑒 𝑜𝑖𝑙 = (
) × 100
𝑇𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑒 𝑜𝑖𝑙 𝑎𝑑𝑑𝑒𝑑 𝑖𝑛 𝑓𝑜𝑟𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛

Eq.(5.2)
𝑇𝑜𝑡𝑎𝑙 𝑜𝑖𝑙 𝑒𝑥𝑡𝑟𝑎𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 𝑝𝑜𝑤𝑑𝑒𝑟𝑠
% 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑜𝑖𝑙 = (
) × 100
𝑇𝑜𝑡𝑎𝑙 𝑜𝑖𝑙 𝑎𝑑𝑑𝑒𝑑 𝑖𝑛 𝑓𝑜𝑟𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛

Eq.(5.3)
The experiment was conducted in duplicate, and the mean value ±standard deviation was reported.

Microencapsulation efficiency (ME)
An aliquot of microcapsule (1 ± 0.05 g) was used in the determination of surface oil by
extraction using petroleum ether.

The method was described in the Section 2.3.6.

Since

limonene is volatile in nature, it would be evaporated at high temperature during spray drying or
under high vaccum during freeze drying and was not taken into account in the calculation of
surface oil. The total extractable oil includes fish oil and phytosterol esters.

ME was calculated as follows:

𝑀𝐸 (%) =

𝑇𝑜𝑡𝑎𝑙 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑎𝑏𝑙𝑒 𝑜𝑖𝑙 − 𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑎𝑏𝑙𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑜𝑖𝑙
× 100
𝑇𝑜𝑡𝑎𝑙 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑎𝑏𝑙𝑒 𝑜𝑖𝑙
Eq.(5.4)

The measurements are reported as the mean and standard deviation of measurements made on
duplicate samples.

5.3.5

Reconstitution properties

The speed of microcapsule reconstitution in water was assessed by mixing 0.5 g spray-dried
sample with 150 mL Milli-Q water at room temperature (25 ± 2 °C) at a constant stirring rate of
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400 rpm using a magnetic stirrer. The time for complete dispersion of microcapsule was
counted by a timer. The droplet size distributions of the resulting dispersions were determined
by the Nano Zetasizer (Malvern Instruments Ltd., Worcestershire, UK).

The dispersions were

also observed by optical microscopy (Olympus BX51/52, Japan) at 400 ×magnification.

5.3.6

Water activity

Water activity (aw) was measured using a water activity analyser (HydroLab 3, Rotronic, USA)
at a temperature of 25 °C. Measurements were performed in duplicate and the mean value was
reported.

5.3.7

Glass transition temperature

Samples for determining glass transition temperature (Tg) were stored at 30 % relative humidity
(saturated magnesium chloride solution) after drying and conditioning for 24 hours.

Tg was

conducted using a differential scanning calorimeter (DSC-7, Perkin Elmer, USA) with a liquid
nitrogen cooling system.

The microcapsule sample (5 ± 0.2 mg) was weighed in an aluminum

pan and an empty aluminum container was used as reference. The operating conditions were
under a nitrogen flow rate of 20 mL/min and temperature ramping from 20 to 120 ºC at a rate of
10 ºC/min (modified from Enrione et al., 2010).

The glass transition temperature was taken as

the onset point of the change on the heat flow curve.

5.3.8

Duplicate measurements were performed.

The microstructure of the microcapsules

The microstructure of the microcapsules was examined using an environmental scanning
electron microscope (ESEM) (FEI Quanta 200 F model, FEI company, Oregon, USA). The
samples were placed on the SEM stubs using two-sided adhesive tape and subsequently coated
with Pt using a Polaron SC 7640 sputter coater (Quorum Technologies Ltd., West Sussex, UK).
The coated samples were analysed using the ESEM at an accelerating voltage of 15 kV.

5.3.9

Interaction of components in wall materials

Fourier Transform Infrared (FTIR) spectroscopy was used to investigate if any interactions
existed between wall materials.

The FTIR spectra of spray-dried and solutions of individual
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wall material (i.e. WPI and SCF) and spray dried wall systems (WPI/SCF and acidified
WPI/SCF) were obtained using an FTIR spectrometer (PerkinElmer Spectrum 400,
FT-IR/FT-FIR spectrometer, USA).

Samples were kept on the diamond surface with a

consistent application of low pressure.

Infrared spectra were collected with a 4 cm-1 resolution,

from 4000 to 400 cm-1.

5.3.10

Background noise was corrected with a blank diamond.

Statistical analysis

Mean values ± standard deviations were reported for each sample.
subjected to a one-way ANOVA using SAS 9.1.

The experimental data were

The significance level was determined at 95 %

confidence limit (p < 0.05).

5.4

Results and discussion

5.4.1

Selection of optimum conditions for spray drying

This test was aimed to select the optimum parameters for spray drying of the emulsion.

These

include the inlet and outlet temperatures and ratios of oil to wall materials of the LBC-emulsions.
Several indices, such as water activity, glass transition temperature, reconstitution property and
microencapsulation efficiency, were applied to determine the properties of microcapsules dried
by different drying conditions.

Effect of spray drying temperature
Inlet temperatures of 160, 170 and 180 °C and outlet temperatures of 70 and 80 °C were applied
since they are commonly used in commercial production of spray-dried milk products, e.g.
whole milk and skim milk (Okos et al., 1992). The results are shown in Table 5.2.

There are significant differences (p < 0.05) in the properties of microcapsules dried under
different inlet and outlet temperatures.

Microcapsules obtained by higher inlet and outlet

temperatures had a significantly lower aw.

In contrast, lower Tg values were observed for

microcapsules dried under lower inlet and outlet temperatures. This is consistent with the result
of Maa et al. (1997), who found that an increase in outlet temperature reduced the aw of
spray-dried recombinant human deoxyribonuclease/lactose.

This result indicates that
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microcapsules dried at higher inlet and outlet temperatures should have longer shelf life than
those dried at lower drying temperatures.

Both the aw and Tg can be used to define the

relationship between the moisture and the chemical reaction rates during storage (Williams et al.,
1955). The level of moisture in dried dairy products is critical to the stability of the protein
(Sharma et al., 2009). An increase in moisture will result in a lower Tg, which would increase
the mobility of the protein, thus affecting the kinetics of degradation reactions. Thus, low aw
and high Tg would give samples a promising stability during storage.

Table 5.2 Properties of the spray-dried microcapsules containing fish oil with WPI/NaCA as wall
materials produced at different temperatures
Outlet
temp.

Inlet
temp.

Water activity
(aw)

（℃）

（℃）

80

160
170
180

0.196 ±0.000b
0.153 ±0.004d
0.159 ±0.006d

70

160
170
180

0.236 ±0.001a
0.196 ±0.002bc
0.188 ±0.003c

Glass transition
temperature (Tg)

Droplet size
distribution after
reconstitution
(PDI)

Microencapsulation
efficiency
(ME)
(%)

51.9 ±0.7c
54.4 ±0.3a
53.3 ±0.2b

1.000 ±0.000a
0.336 ±0.011c
0.650 ±0.129b

38.0 ±8.7c
38.5 ±1.1bc
21.9 ±2.9d

42.4 ±0.3e
49.0 ±0.4d
49.5 ±0.4d

0.388 ±0.059c
0.377 ±0.022c
0.322 ±0.012c

47.8 ±0.4ab
48.9 ±1.9a
29.1 ±1.0cd

（℃）

Superscripts with a different letter in the same column are significantly different (p < 0.05) from each other.

The ability for reconstitution in water is another important functional property of dried
encapsulates.

Since all the reconstituted emulsions showed bimodal distributions in this

experiment, the polydispersity index (PDI), instead of the average droplet size was used, to
compare the reconstitution properties. Results show that the redispersion of microcapsules
dried at the outlet temperature of 80 °C had a significantly (p < 0.05) higher PDI than those dried
under outlet temperature of 70 °C at any inlet temperatures except 170 °C.
represents narrower distribution of the particles.

A lower PDI

Thus, the results indicated that a lower outlet

temperature (70 °C) could produce narrower droplet size in the redispersed emulsions. Hogan
et al. (2001b) indicated that microcapsules with poor reconstitution properties were linked to the
presence of surface fat.

However, in the result of our experiment, the PDI and ME had low

correlation (-0.235) with each other, indicating that the droplet distribution of the reconstituted
emulsions did not fully depend on the efficiency of microencapsulation. Some researchers have
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pointed out that the degree of heat denaturation (Millqvist-Fureby et al., 2001) and aggregation
(Bernard et al., 2011) undergone by WPI during spray drying influenced the solubility of
microcapsules and the droplet size after reconstitution.

However, according to the results

(Table 5.2), there was no significant difference (p > 0.05) among the values of PDI in different
inlet temperatures with an outlet temperature of 70 °C.

The reason that a lower outlet

temperature produced a narrow distribution of droplet size is not clear.

The result in ME of microcapsules dried by different conditions indicates that both outlet and
inlet temperatures played an important impact on the amount of non-encapsulated oils. Under
the same outlet temperature, a higher inlet temperature decreased the ME of microcapsules.
There was a similar trend in the value of ME when encapsulated emulsions were dried under
different outlet temperatures but under the same inlet temperature. These results are consistent
with the finding of Drusch and Berg (2008) and Paramita et al. (2010).

This could be due to a

high air inlet temperature causing excessive evaporation, resulting in cracks in the membrane
and consequently inducing premature release of encapsulated ingredients (Zakarian and King,
1982; Gharsallaoui et al., 2007).

The non-encapsulated core materials may not necessarily be

correlated with the shelf life of the microencapsulated products in the case of volatile compounds,
e.g. orange oil (Finney et al., 2002), methyl linoleate (Minemoto et al., 1997), but may strongly
impair acceptability of product with core materials rich in polyunsaturated fatty acids (Drusch
and Berg, 2008).

A high quality of microcapsules should be high in microencapsulation efficiency and glass
transition temperature, and low in PDI and water activity. According to the current results, the
inlet temperature was set at 170 °C and outlet temperature at 70 °C for subsequent experiments.

Effect of emulsion formulations
The results of microcapsule properties as influenced by different compositions of wall materials
at an inlet temperature of 170 °C and outlet temperature of 70 °C are shown in Table 5.3.
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Table 5.3 Properties of fish oil microcapsules encapsulated by different wall materials and various
ratios of oil to emulsifiers
Formulations

Raito of

aw

oil/wall

Tg

Droplet size after

ME

(ºC)

reconstitution

(%)

z-average

PDI

(nm)
WPI/NaCA (4:1)

1

e

177 ±1a

0.15 ±0.02c

95.1 ±0.7b

1:4

0.19 ±0.00

1:2

0.19 ±0.00e

53.9 ±0.6a

269 ±2d

0.17 ±0.01cd

71.6 ±0.3c

1:1

0.20 ±0.00e

49.0 ±0.4c

n/a

0.38 ±0.02a

47.8 ±0.4d

WPI/SCF 1:11

1:4

0.25 ±0.00a

47.0 ±0.3d

136 ±1g

0.10 ±0.01e

98.8 ±0.6a

(pH 6.7)

1:2

0.24 ±0.00a

46.1 ±0.4e

144 ±1f

0.13 ±0.02de

99.0 ±0.3a

1:1

0.23 ±0.00

b

d

e

c

99.4 ±0.3a

WPI/SCF 1:11

1:4

0.22 ±0.01c

45.1 ±0.3f

195 ±1c

0.26 ±0.01b

98.8 ±0.8a

(pH 3.5)

1:2

0.21 ±0.00c

45.3 ±0.4f

199 ±1b

0.28 ±0.01b

98.8 ±0.6a

1:1

0.20 ±0.00d

44.9 ±0.6f

n/a

0.35 ±0.05a

95.3 ±2.1b

(pH 6.7)

50.4 ±0.3

b

46.5 ±0.5

160 ±1

0.18 ±0.02

1

4:1, 1:1 present the ratio of different wall materials.
Superscripts with a different letter in the same column are significantly different (p < 0.05) from each other.
n/a = not available. Z-average could not be expressed the average droplet size when it is a bimodal size distribution.

It was found that the aw of the dried samples were not affected by the ratio of oil to emulsifiers,
consistent with the result of Hogan et al. (2001b & 2001c).

However, there were significant

differences (p < 0.05) in aw and Tg between the different wall materials.

Microcapsules

containing protein mixture as wall materials had the lowest aw and the highest Tg.
Microcapsules containing WPI and SCF at neutral pH having the highest aw but not necessarily
the lowest Tg value. The difference in aw among different wall materials could be explained by
the different nature of wall materials which influences their properties.

Compared with proteins,

SCF has water-holding capacity, which leads to a trace amount of moisture left after drying
(Kagami et al., 2003) and hence higher aw, due to the presence of oligosaccharides.

Another

possible explanation was that the absorption of moisture could occur during collection of
microcapsules after drying, although only a limited change can exist below Tg (Sharma et al.,
2009). Results (Table 5.3) showed that the Tg value decreased when SCF was present in the
products.

Similar result was obtained by Shen (2011), who carried out microencapsulation of

astaxanthin with milk proteins and SCF. This was probably due to the amount of low molecular
weight carbohydrates (approximately 30 % wt/wt SCF) acting as plasticizers, which embed
themselves between the polymer chains, increasing the spacing and free volume.
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The results for the droplet size of the reconstituted emulsions showed that a higher oil load led to
a larger droplet size and broader size distribution (Table 5.3). The distribution of droplet size
was larger in the products with protein mixture and acidified WPI/SCF especially when the ratio
of oil to emulsifiers was higher (1:1).

The reconstituted emulsions produced with WPI and

SCF at neutral pH had the smallest droplet size with narrow size distribution.

In addition, less

time was required to dissolve microcapsules with SCF than those with protein mix (Table 5.6).
The pictures from the optical microscope (Figure 5.2) give a direct image for the size and size
distribution of the redispersed emulsion droplets.

A

D

G

B

E

H

C

F

I

Figure 5.2
Optical microscope pictures (200× magnification) of reconstitution of spray-dried
microcapsules in different formulations. A, B, C WPI:NaCA 4:1 in ratio of oil/emulsifiers 1:4, 1:2, 1:1,
respectively; D, E, F WPI:SCF 1:1 in ratio of oil/emulsifiers 1:4, 1:2, 1:1, respectively; G, H, I WPI:SCF
HClS in ratio of oil/emulsifiers 1:4, 1:2, 1:1, respectively.

The difference between the reconstituted properties of different ratio of oil to emulsifiers might
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be explained by the different amount of surface oil after drying which could be related to the ME.
Results of poor ME of high-oil-loading microcapsules in the WPI/NaCA system suggest that
large scale emulsion destabilization occurring during the drying process causing higher surface
oil on the particles, and consequently leading to poor dispersion of dried microcapsules, in
agreement with the finding of Hogan et al. (2001c).

The effect of different wall compositions

on the reconstitution properties could be explained by several reasons.

First, it was probably

due to the aggregation or inactivation of proteins during the drying process without any
excipients, e.g. carbohydrates (Lee, 2002).

The adsorption process of proteins at a mobile

interface (air-aqueous or aqueous-oil) comprises molecular diffusion to the interfacial region
followed by adsorption to the interface and subsequent, long-lasting molecular reorientation
(Tripp et al., 1995).

The addition of SCF could reduce the process instability of proteins.

Secondly, the other properties of SCF, such as their ability to absorb water, may make them a
wetting agent when reconstituted. Dollo et al. (2003) reported that the use of maltodextrin (DE
= 12.6) at 10 – 30% with NaCA as emulsifier could form stable and spray-dryable emulsions
which redispersed into their original emulsions (similar droplet size and size distribution)
compared with those encapsulated with NaCA alone. However, microcapsules with acidified
WPI showed poor reconstitution properties although 50 % SCF (wt/wt of wall materials) was in
the formulation. Denaturation of proteins induced by acid probably led to the poor solubility of
microcapsules after spray drying.
(Appendix 10).

Film experiments in this research supported this possibility

From the film experiment, acidified protein solution was found to form an

irreversible gel structure after heating at 90 °C for 30 min, which could not redisperse in water.
Bernard et al. (2011) also found that the solubility of whey proteins after spray drying at inlet
temperature of 170 – 260 °C significantly decreased due to protein denaturation.

Results show that the addition of SCF significantly increased the microencapsulation efficiency,
which is consistent with the finding of Young et al. (1993b), who demonstrated that ME of
anhydrous milk fat could be enhanced by the selection of wall components exhibiting different
functional properties, e.g. carbohydrates combined with whey proteins, which was much higher
than those obtained for WPI or any of the carbohydrates as the sole wall materials.

Hogan et al.

(2001a) suggested that the ME could be optimised using carbohydrates with DE > 18.5. The
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higher ME in formulations containing SCF may also be due to the prevention or repulsion of
polar solvent from reaching the fat in the microcapsule particles during extraction (Keogh, 2005).
However, when comparing the ME of the neutral and acidified WPI, the latter formulation had a
significantly lower ME (p < 0.05).

This result might be contributed to by the formation of a

more brittle network structure composed of strong short-ranged bonds at low pH (Kavanagh et
al., 2000; Weijers et al., 2002) due to the formation of dimmers, via hydrogen bonds, at
physiological pH by β-lactoglobulin, a major protein present in whey, whereas at pH 3.5 the
protein is mainly in the monomeric form (Corredig, 2006).

Based on the above results, it could be said that, overall, microcapsules encapsulated with
WPI/SCF had the best properties. However, other emulsion formulations still need to be taken
into account since different materials gave different properties (such as low oxygen permeability
and probably antioxidant properties) on protection from oil oxidation and flavour retention.
Therefore, three formulations were selected for further study, including the WPI/NaCA (in ratio
of oil to wall 1:4) at neutral pH, and two formulations of WPI/SCF (in ratio of oil to wall 1:2) at
neutral and acidic pH.

5.4.2

Properties of mother emulsions before drying

5.4.2.1

Droplet size and size distribution

Droplet size and size distribution of emulsions before drying are presented in Table 5.4.

Table 5.4
limonene

Droplet size and size distribution of emulsions containing fish oil, phytosterol esters and

Formulations
WPI/NaCA (pH 6.7)
WPI/SCF (pH 6.7)
WPI/SCF (pH 3.5)

z-average
(nm)

PDI

Width
(nm)

128.1 ±0.1b
152.4 ±0.6a
156.7 ±5.1a

0.097 ±0.009a
0.132 ±0.013a
0.118 ±0.030a

64.5 ±4.7c
74.9 ±3.7b
84.2 ±4.2a

Superscripts with different letter in the same column are significantly different (p < 0.05) from each other.

The droplet sizes of the three emulsion systems were all quite small but for the sample with
protein mix the size was significant lower (p < 0.05) than for the other two systems. The PDI
values of all systems were close to 0.1, which indicates a reasonably narrow size particle
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distribution and almost monodispersity. The width of dispersity is given for comparison of the
narrow distribution of each emulsion system since there was no significant difference (p > 0.05)
in the PDI value. The data show that the distribution of emulsions with the protein mix was
significantly narrower (p < 0.05) than that of emulsions containing WPI/SCF.

Emulsion droplet

size has been reported to influence the properties of the encapsulated ingredients. Chang et al.
(1998) mentioned that large atomised droplets could reduce the surface area to volume ratio,
resulting in a better retention of d-limonene, but it could also take a longer time for formation of
film around the larger droplets during the drying process, causing a greater loss of volatile
flavours. Soottitantawat et al. (2003) demonstrated that the increased emulsion diameter could
decrease the retention of d-limonene, especially for emulsion droplets in the range of the 0.5 to
2.0 µm.

In a subsequent research, Soottitantawat et al. (2005) pointed out that wall materials

with good emulsifier properties, such as gum Arabic, modified starch HI-CAP 100, have no
influence on flavour retention when compared to the emulsion size.

In the current study, the

droplet sizes of all the emulsion systems were small and their differences were less than 30 nm
compared with the researches mentioned above.

Furthermore, the size distributions (PDI) were

all relatively narrow, although the difference in width was significant (p < 0.05).

Therefore,

such a small difference in emulsion droplet size was unlikely to affect the properties of
microcapsules in this study.

5.4.2.2 Microstructure of mother emulsions
Emulsion microstructure indicates that the emulsion prepared with protein mix formed a thick
and uniform interfacial layer (Figure 5.3 A).

However, the interfacial layers formed by

WPI/SCF and acidified WPI/SCF (Figure 5.3 B & C) were thin and not even in thickness.
situation was worse in the case of the acidified WPI/SCF.

The

It is probably explained by the

difference in the ratio of core to wall, which was 1:4 in the protein mix formulation and 1:2 in
the acidified and the neutral WPI/SCF formulations. Another possible reason is the interfacial
structure of the adsorbed layer on the oil-water interface.

The interfacial membrane formed by

globular protein is thinner than that formed by random coil biopolymers (McClements, 2008).
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Figure 5.3
TEM photos of microstructure of emulsions encapsulated by (A) WPI/NaCA in core/wall
ratio of 1:4; (B) WPI/SCF and (C) acidified WPI/SCF in core/wall ratio of 1:2. The magnification was set
at 50,000. The bar shown at the bottom right of each photo represents 100 nm.

5.4.3

Properties of LBC-microcapsules after spray and freeze drying

After obtaining the optimum drying conditions (inlet temperature 170 ºC and outlet temperature
70 ºC, refer to Section 5.4.1) and the suitable formulation (WPI/NaCA at neutral pH in ratio of
oil/wall of 1:4, WPI/SCF at neutral and acidic pH in ratio of oil/wall of 1:2), spray drying was
conducted to encapsulate the oil phase (75 % fish oil, 12.5 % phytosterol esters and 12.5 %
limonene (wt/wt/wt of total core materials).

The properties of the LBC-microcapsules

including microstructure, recovery of volatile, non-volatile oils and microencapsulation
efficiency, thermo-properties and reconstitution properties) were determined and are discussed
below (Section 5.4.3.1 to 5.4.3.4).

5.4.3.1

Microstructure of LBC-microcapsules

Microstructural studies on microcapsules during or after drying provide valuable insight into the
fundamentals of emulsion droplet drying as well as the physical and chemical factors governing
microcapsule structure (Versteeg et al., 1980).

Figure 5.4 shows the outer topography of

microcapsules having different wall materials and oil loads, as visualized with ESEM in two
magnifications.

The droplet size seemed to be more affected by the ratio of core/wall rather

than the wall composition.

At the same ratio of core/wall of 4:1, microcapsules containing

WPI/NaCA and those using WPI/SCF as wall materials had a similar size, from 2.5 to 25 µm.
However, the droplet size was only around 1.9 – 16 µm at a core/wall ratio of 2:1, regardless of
wall composition.
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The outer surfaces of the spray-dried microcapsules were characterized by the presence of dents
due to shrinkage of liquid droplets during the early stage of drying and cooling resulting in
surface indentations (Rosenberg et al., 1985; Tosaki et al., 2009).

The results (Figure 5.4)

indicated that the difference in both wall composition and the core/wall ratio largely affected the
formation of dents on the outer surfaces of particles.

It was noticed that most of the particles

containing WPI/NaCA as wall materials have a spherical and regular shape with a smooth
surface, with only some of them showing dents on the outside surface.

On the other hand,

microcapsules containing WPI/SCF with the same ratio of wall/core as WPI/NaCA had shallow
dents or faint traces of shrinkage on the outer surface. Kim and Morr (1996) reported similar
results in the properties of microcapsules using proteins and gum Arabic. They revealed that
protein-encapsulated particles exhibited regular shape with fewer dents on the surface whilst
gum Arabic-encapsulated particles had highly dented surfaces.

This difference could be

attributed to the slow diffusion of the inner steam in the WPI/SCF wall matrix caused by the
water holding capacity of SCF, which could probably promote the growth of bubble nuclei
within the microcapsules’ wall matrices (Kagami et al., 2003) and cause the formation of dents to
a greater extent after shrinkage.

Occasionally, some cracks (holes) were observed in the

samples of WPI/NaCA (Figure 5.4 A) that could due to the viscoelastic properties of the wall
material during expansion at the final stages of drying. With the addition of carbohydrates to
protein, there was fewer visible cracks, which was consistent with the result of Bylaitë et al.
(2001b).

However, in the sample of acidified WPI/SCF, holes were observed, probably due to

protein denaturation by acid induced loss of structure (Figure 5.4 B).

On the other hand,

aggregated particles were observed in the acidified WPI/SCF samples, possibly because of the
higher surface oil on these particles.
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A

E
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H
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Figure 5.4
Outer structure of the microcapsules observed with ESEM.
A & E, WPI/NaCA core/wall = 4:1; B & F, WPI/SCF core/wall = 4:1; C & G, WPI/SCF core/wall =
2:1; D & H, acidified WPI/SCF core/wall = 2:1. A, B, C and D are at 1200× magnification. E, F, G
and H are at 2400× magnification.
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It is also noticeable that surface dents were more prevalent in small particles than in the large
ones.

Sheu and Rosenberg (1998) demonstrated that high drying rate, associated with small

particles, usually leads to a rapid wall solidification, consequently forming a less smooth surface.
On the other hand, the ESEM images show that only microcapsules with a high ratio of core/wall
had shallow dents or faint traces of shrinkage on the outer surface (Figure 5.4 C & G). This
result is consistent with the findings of Kagami et al. (2003) and Tan et al. (2005). The latter
suggested that it might be due to oil occupying some volume of the microcapsule, hence
affecting the mechanical strength of the microcapsule during spray drying.

With a low

core/wall ratio, the core material occupied a small volume of the microcapsule, and was thus
more likely to increase the shrinkage of the capsule during the spray drying process.

A

B

C

IV
OD

AC

IV
IV

Figure 5.5
The inner structure of the microcapsules observed with ESEM. A. WPI/NaCA; B.
WPI/SCF; C. acidified WPI/SCF. OD: oil droplets; IV: inner void; AC: air bubble.

Figure 5.5 presents the inner structure of the shattered microcapsules of WPI/NaCA at a
core/wall ratio of 1:4 and microcapsules of WPI/SCF at a core/wall ratio of 1:2.

A central void

was observed and occupied most of the capsule volume. Formation of the central void is
related to the expansion of the microcapsule caused by the increase of temperature within the
microcapsule during the last stage of spray drying (Rosenberg et al., 1988). Furthermore, the
inner structure of the microcapsules indicated that the core materials were dispersed within the
wall of the capsule in the form of small droplets. A closer look at the micrograph revealed that
the size of the droplets was estimated to be < 0.5 µm, very similar to the initial size of the
dispersed phase in the mother emulsions.

In addition, some air cells were observed in the wall

matrix of the acidified WPI/SCF-microcapsule (Figure 5.5 C).

This may indicate that
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microcapsules in this formulation were not as solid as the WPI/NaCA- and the
WPI/SCF-microcapsules at neutral pH.
Figure 5.6 shows the ESEM images of the freeze-dried samples with three different wall
materials at 500× and 1000× magnifications.
broken glass-like surface.

All samples showed an irregular, sharp and

Under the same freeze drying conditions, the structure of the

dehydrated emulsions was largely influenced by the wall materials.

The WPI/NaCA (Figure

5.6 A & D) and WPI/SCF (Figure 5.6 B & E) samples showed a solid, dense structure, but the
latter one had a thinner cake layer and rough surface.

Freeze-dried samples containing

acidified WPI/SCF as wall materials had a puffy and more porous structure (Figure 5.6 C & F).

A

B

C

E

F

D
EOD
EOD

EOD

Figure 5.6
ESEM photos of freeze-dried emulsions containing different wall materials.
A & D, WPI/NaCA; B & E, WPI/SCF; C & F, acidified WPI/SCF. A, B and C are at 500×
magnification. D, E and F are at 1000× magnification. EOD = encapsulated oil droplets.

In addition to the surface morphology, the ESEM can also be used to indicate the location of the
encapsulated oil.

Viewed along the broken edge of freeze-dried chips shown in Figure 5.6 D,

E & F, the empty imprints of the encapsulated oil droplets are visible as circular depressions of
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the dimensions. The droplets of WPI/NaCA samples were relatively small, which were quite
close to the droplet size of the initial emulsion.

However, the oil inclusions in the other two

formulations were bigger compared with the WPI/NaCA-dehydrated emulsion, especially the
acidified WPI/SCF-samples (> 1 µm) (by measurement). The results indicated that WPI/NaCA
emulsions were more stable during the process of freeze drying than WPI/SCF emulsions, in
agreement with the finding of Mun et al. (2008), who applied β-lactoglobulin and maltodextrin
as wall materials.

(As mentioned in Section 2.4.2, SCF is also known as corn syrup or corn

syrup solids and both corn syrup and maltodextrins are hydrolysed starches but with different DE
values.) They found the addition of maltodextrin reduced the stability of the β-lactoglobulin
stabilised emulsion (pH 3.5) during freeze drying as evidenced by the relatively large mean
particle diameters (d43 > 3 µm) after reconstitution.

The emulsion was susceptible to undergo

instability during freezing induced by several factors, including fat crystallization, ice formation,
freeze-concentration, interfacial transitions, and biopolymer conformational changes (Vanapalli
et al., 2002; Thanasukarn et al., 2004).

The formation of ice crystal promotes emulsion

instability, such as droplet aggregation caused by disruption of the interfacial layer, an
inter-droplet emulsifier interactions induced by insufficient unfrozen water being present to fully
hydrate the emulsifier molecules adsorbed to the droplet surfaces (Vanapalli et al., 2002;
Thanasukarn et al., 2004).

Research shows the addition of maltodextrin probably improved the

osmolyte concentration in the aqueous phase, therefore reducing its crystallisation temperature
and limiting the total amount and altered size and shape of ice crystals formed (Hartel, 2001).
Theoretically, the emulsions with SCF should be more stable than that with protein mixtures in
the freeze drying process since the small size of the ice crystal formed by introducing of SCF
into emulsion systems was observed (Figure 5.7). Other researches show that introducing
maltodextrin could prevent droplet aggregation by formation of a glassy phase around the
droplets that prevents them from coming close to each other(Allison et al., 1998) or by forming
hydrogen bonds with adsorbed emulsifier (Allison et al., 1999) and this preventing inter-droplet
protein interactions. The reason why addition of SCF could not produce stable emulsions
during processing in the current research is probably due to an insufficient amount being present.
Mun et al. (2008) demonstrated that the stability of emulsions to droplet aggregation improved as
increasing amounts of maltodextrin were added to them prior to freeze drying, with the
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emulsions becoming stable once a critical maltodextrin level was exceeded.

The ratio of

critical level of different maltodextrin to protein in their study was at least 16.67, which was
much higher than the one used in this research (which is 1.0). On the other hand, previous
studies have shown that increasing the thickness of the interfacial layers surrounding lipid
droplets can improve their stability to partial coalescence caused by the formation of partially
crystalline oil droplet (Vanapalli et al., 2002; Thanasukarn et al., 2004). Consequently, the
improvement of the emulsions to freeze drying may be partially attributed to the fact that
WPI/NaCA emulsions have thicker interfacial regions than the neutral and the acidified
WPI/SCF emulsions (Figure 5.3).
A

B

C

Figure 5.7
Typical ESEM photos of holes left after removal of ice crystals in freeze-dried emulsions,
4000× magnification. A. WPI/NaCA, B. WPI/SCF, C. acidified WPI/SCF.

The difference in microstructure would contribute to the properties of spray-dried and
freeze-dried samples, including flowability, reconstitution ability, microencapsulation efficiency,
thermal properties and stability of core materials (Desobry et al., 1997; Buffo and Reineccius,
2001; Miao and Roos, 2004).

5.4.3.3

Oil recovery and microencapsulation efficiency (ME)

The recovery (%) of the volatile, non-volatile and total extractable oil, surface oil and ME of
microcapsules after spray- and freeze-drying was presented in Figure 5.8 to Figure 5.10. The
difference in ME is mainly caused by the recovery of total oil and the change of surface oil.
The recovery of total oil in all formulations at different drying methods was quite high, in the
range of 89.2 – 96.9 % (Figure 5.8 C).
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Figure 5.8
Recovery of (A) non-volatile, (B) volatile and (C) total oil from the encapsulated LBCs
microcapsules containing different wall materials after spray drying and freeze drying. WPI/NaCA
and WPI/SCF samples were at pH 6.7. Acidified WPI/SCF sample was at pH 3.5. Data shown is
mean value ± standard deviation. Bars with a different letter within each graph are significantly
different (p < 0.05) from one another.

The retention of volatiles was calculated from the calibration curve (Appendix 11) of limonene.
The results (Figure 5.8 B) were more complicated compared with the non-volatiles and results
were significantly different (p < 0.05) for the two drying methods.

In the spray-dried samples,

microcapsules with WPI/SCF as wall materials had the highest retention of limonene
(approximately 83.3 %) after spray drying while microcapsules with protein mixture had the
lowest retention (around 59.5 %).

The loss of volatiles could occur during the drying process

until the shell formed at the last stage (Rosenberg et al., 1990). Thus, the stability of emulsions
during the spray drying is crucial.

As discussed in Section 5.4.1, the presence of SCF in the

wall material could improve the emulsion stability during heat processing as it could protect
proteins from denaturation (Bylaitë et al., 2001b).

In contrast to the spray-dried samples,

volatile retention in microcapsules containing protein mixture (which was 75.2 %), was
significantly higher than that in the samples with WPI/SCF and acidified WPI/SCF (55.0 % and
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14.2 %, respectively).

Upon the start of freeze drying, the surface of the solution becomes an

amorphous solid in which selective diffusion is possible (Karel and Langer, 1988).

This

means the nature of the aroma compound and wall materials are determinant to diffusion under a
fixed drying condition.

Previous research (Goubet et al., 1998) showed the above two key

points influenced the retention of encapsulated aroma compound during freeze drying.

The

retention of aroma compound is found to increase with its molecular weight and decease with its
polarity and relative volatility.

The retention of aroma compound is also found to increase with

the molecular weight of the carrier until an optimum is reached, and then decreases for materials
with very high degree of polymerization.

When compared with different drying methods, a

much higher amount of volatile remained in the microcapsules produced under spray drying than
that in the samples obtained using freeze drying, except for those with protein mixture as wall
materials.

This is due to the promotion of droplet-droplet interactions induced by dehydration

of emulsifiers when the water phase is frozen (Choi et al., 2007). Bigger droplets could increase
the emulsion instability and increase the possibility of encapsulated materials coming out of the
core when ice crystals were removed during drying. Since the time required for freeze drying is
quite long, the major loss of volatile could occur during the emulsion state.

Results (Figure 5.8 A) show that the recovery of non-volatile oil, including fish oil and
phytosterol esters, was significantly higher (p < 0.05) than that of the volatile fraction. This is
quite reasonable because of their non-volatile nature.

Another possible reason for this

difference can be related to the much lower interfacial tension at the triglyceride-water interface
than at the hydrocarbon-water interface (Fisher et al., 1985). Thus, limonene would concentrate
at the oil-water interface, making it easily to escape in the first instant during drying by diffusion
through the damaged wall matrices.

Non-volatiles, including fish oil and phytosterol esters, were the only components considered in
the measurement of surface oil in the current study.

Several reasons support this consideration.

Firstly, the percentage of non-volatiles added in the formulations was 7 times higher than the
volatile compound (limonene).

Secondly, most of non-emulsified volatile could evaporate

during the high temperature used during spray drying.

According to Bylaitëet al. (2001b), only
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1-2.5 % of the total volatile could be extracted from the whey protein concentration or whey
protein concentration/maltodextrin matrix as surface oil.

This means that the percentage of

volatile applied in the current study will contribute around 0.1-0.3% to the surface oil, which was
small compared with the non-volatiles. Furthermore, the solvent extraction method used in this
study may extract oil embedded in the wall matrix that is close to the particle surface.
According to the knowledge of interfacial tension discussed above, limonene was possibly
concentrated on the oil-water interface.

Therefore, the extracted “surface” volatile oil could be

mainly close to the interface and the amount of actual surface oil may be only be tiny, and may
not contribute to the total surface oil in this study.
Results (Figure 5.9) show that there was a significant difference (p < 0.05) in the surface oil
content of the microcapsules dried by different methods.

In the formulation of WPI/SCF, the

amount of surface oil was significantly higher in the microcapsules after freeze drying than those
after spray drying, especially acidified WPI/SCF encapsulated microcapsules. As discussed
under oil recovery in this section, the growth of big particles induced by the possible interaction
between droplets during freezing could increase the chance of emulsion instability, leading to the
presence of a higher amount of surface oil.

However, it was vice versa in the case of

microcapsules containing protein mixture as wall materials.

This is probably due to the thick

interfacial layer formed around the oil droplets (Figure 5.3) protecting the emulsion droplets
from being disrupted by ice crystals during freezing.
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Figure 5.9
Surface oil content of encapsulated LBCs microcapsules with different wall materials by
spray drying and freeze drying. WPI/NaCA and WPI/SCF samples were at pH 6.7. Acidified
WPI/SCF sample was at pH 3.5. Data shown is mean value ± standard deviation. Bars with a
different letter within each graph are significantly different (p < 0.05) from one another.
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Results (Figure 5.9) also show that wall compositions had a large effect on the surface oil
content of microcapsules produced by the same drying method.

In both drying methods, the

highest surface oil was obtained in samples containing acidified WPI/SCF.

The acid-induced

WPI denaturation could reduce the emulsion stability and probably the more brittle film forming
around the oil surface (Corredig, 2006). Structure of samples after freeze drying was observed
to be puffy, spongy and porous (Figure 5.6) since big ice crystals, formed in the slow freezing
process, were removed during drying.
easily released.

Therefore, during the cross breaking process, the oil was

Because of the brittle network structure formed by monomers of proteins at

pH 3.5 (Corredig, 2006), the interfacial layer around the droplets could not provide good
protection of the inner phase during heating, resulting in a leakage of the oil phase and
consequently a higher surface oil content.

Results (Figure 5.10) show that in spray-dried samples, although the surface oil content of
microcapsules with WPI/NaCA was the lowest (0.4262 g/100 g powder), ME of this sample was
significant lower than microcapsules containing WPI/SCF as wall materials.

This is due to the

lower retention of total oil in microcapsules with WPI/NaCA as wall materials.

On the other

hand, in freeze-dried samples, it is quite reasonable that samples containing acidified WPI/SCF
had the lowest ME due to their lowest oil retention and highest surface oil content.
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Figure 5.10 Microencapsulation efficiency of encapsulated LBCs microcapsules with different wall
materials using spray drying and freeze drying. WPI/NaCA and WPI/SCF samples were at pH 6.7.
Acidified WPI/SCF sample was at pH 3.5. Mean values of analysis for each sample are shown. Error
bars represent standard deviation. Bars with a different letter are significantly (p < 0.05) different
from one another.
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5.4.3.3

Glass transition temperature (Tg)

Samples were conditioned at 30 % RH for 24 h before Tg testing to eliminate the variation of
environmental effect (e.g. room temperature, humidity) on different drying dates. The results
are presented in Table 5.5. There was a significant difference (p < 0.05) in the Tg value of
samples produced with different wall materials.

This is probably due to the presence of sugars

(30 wt% of SCF) as discussed under the effect of emulsion formulations in Section 5.4.1.
However, the drying methods did not affect the Tg value, as no significant difference (p > 0.05)
was found between the samples in the same formulation, in agreement with the result of Desobry
et al. (1997). All of the Tg values were above 45 °C (the accelerated storage temperature in
current research), indicating that during the storage test, the materials were all in the glassy state.

Table 5.5

Tg value of the dehydrated emulsions dried by different methods
Samples

Drying methods

Tg value at 30%RH

WPI/NaCA

Spray drying

67.2 ±0.9a

Freeze drying

66.7 ±0.8a

Spray drying

56.5 ±0.3b

Freeze drying

56.2 ±0.4b

Spray drying

55.6 ±0.3b

Freeze drying

55.2 ±0.5b

WPI/SCF

Acidified
WPI/SCF

Superscripts with different letter in the same column are significantly different (p < 0.05) from each other.

5.3.4.4

Reconstitution

Table 5.6 and Figure 5.11 present the reconstitution properties, e.g. time to reconstitution,
droplet size and size distribution after reconstitution, for the spray-dried and freeze-dried
samples.

The freeze-dried samples showed a higher ability to reconstitution in cold water than did
spray-dried samples except for the WPI/SCF system at neutral pH. There was no significant
difference (p > 0.05) in the reconstitution speed of samples produced by different wall materials
for the freeze-dried samples. The different reconstitution ability of the spray-dried and the
freeze-dried samples was probably due to the structural and geometric differences resulting from
the different drying methods (Miao and Roos, 2004). The porous structures caused by removal
of ice crystals during freeze drying make the samples willing to suck up water like a sponge.
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Further, it is proposed that during freezing of the emulsion solutions, a sufficient amount of
unfrozen water molecules are hydrogen bonded to the carbohydrate and protein molecules.
During the freeze drying process, these nonfrozen water molecules are removed.

Exposure of

the dehydrated materials to water results in a rapid uptake of water to replace the hydrogen
bonded but removed water molecules, a process enhanced by the open structure and high surface
area of the freeze-dried solids (Shefer and Shefer, 2003).

During spray drying, the water was

rapidly removed, resulting in shrinkage and more intra molecular hydrogen bonding of
carbohydrate and proteins. This may reduce the dissolution rate of spray-dried powders.

Table 5.6
drying

Reconstitution properties of the dehydrated emulsions produced by spray drying and freeze

Drying methods

Spray drying

Freeze drying

Samples

Time to
reconstitution
a

Droplet size after reconstitution
z-average (nm)

PDI

b

0.109 ±0.028c

WPI/NaCA (pH 6.7)

9.07 ±0.08

144.5 ±1.7

WPI/SCF (pH 6.7)

2.40 ±0.03c

137.0 ±2.3c

0.145 ±0.002b

WPI/SCF (pH 3.5)

4.05 ±0.04b

169.9 ±4.7a

0.185 ±0.008a

WPI/NaCA (pH 6.7)

2.43 ±0.06c

147.7 ±0.7b

0.103 ±0.010cd

WPI/SCF (pH 6.7)

2.43 ±0.02c

139.0 ±0.4c

0.143 ±0.016bc

WPI/SCF (pH 3.5)

2.49 ±0.06c

n/a

0.190 ±0.034ab

Superscripts with different letter in the same column are significantly different (p < 0.05) from each other.
n/a = not available. Z-average could not be expressed the average droplet size when it is a bimodal size distribution.

For the spray-dried samples, samples containing WPI/SCF as wall materials showed a faster
redispersion rate than samples with WPI/NaCA.

It has been reported that a larger droplet size

assists in dissolution of spray-dried microcapsules (Vega and Roos, 2006). However, in the
current study, microcapsules containing WPI/NaCA required the longest time to completely
dissolve, although they had a similar range of sizes as microcapsules with WPI/SCF as wall
materials.

Therefore, it seems that for spray-dried samples, the effect of types of wall materials

on reconstitution speed was more important than the droplet size of microcapsules.

The

possible reason for the poor redispersion ability of microcapsules with proteins as wall materials
is due to protein denaturation occurring during the thermal drying process, as discussed in
Section 5.4.1.

On the other hand, the rapid dispersion of samples containing SCF as part of the

wall materials is due to the nature of the SCF, e.g. easily adsorb water, making them a wetting
agent during reconstitution.
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Results (Table 5.6) show that there was no significant difference (p < 0.05) in the droplet size
and size distribution of reconstituted emulsions from the spray-dried and the freeze-dried
samples in the same wall matrix, except for samples with acidified WPI/SCF as wall materials.
These reconstituted emulsions had a relatively small size and narrow monomodal distribution,
quite similar to the mother emulsions, which indicates that the emulsions were quite stable
during the drying process.

Figure 5.11 provides visible evidence for these findings.

It has

been reported that the ratio of wall to core is important for emulsion stability during drying and
consequently influences the reconstituted properties. Dollo et al. (2003) reported that the use of
maltodextrin (DE = 12.6) at 10 – 30% with NaCA as emulsifier rendered stable and
spray-dryable emulsions which redispersed into their original-like emulsions as long as the ratio
of wall materials to oil phase was higher than 1.35. According to our formulations, the ratio of
wall to core was 2 and 4 for the WPI/SCF and WPI/NaCA systems, respectively, which seems to
have the ability to keep the emulsion stable during drying and thus have a similar droplet size to
the mother emulsions.

A

B

C

D

E

F

Figure 5.11 Optical microscope pictures (200× magnification) of reconstitution of spray-dried and
freeze-dried microcapsules. A & B & C, spray-dried samples; D & E & F, freeze-dried samples. A &
D, WPI/NaCA; B & E, WPI/SCF; C & F, acidified WPI/SCF.

These results indicate that the emulsion system with WPI/SCF as wall materials is stable to both
dehydration methods as well as the reconstitution process while the acidified WPI/SCF-emulsion
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was probably stable in the spray drying method but not the freeze drying method and vice versa
for WPI/NaCA, taking into account both the ME (Section 5.4.3.2) and microstructure (Section
5.4.3.1).

5.4.3

Interactions of components in wall materials

Interactions of components (protein and carbohydrate) in wall materials were investigated by
Fourier Transform Infrared (FTIR) spectroscopy.

The principle of FTIR is based on the

absorption of an electromagnetic wave by an oscillating dipole (Lefèvre and Subirade, 2001).
The type of chemical bond and the vibration mode determines the frequency of absorption
(Lefèvre and Subirade, 2001).

Many factors can affect the vibration of the chemical groups

including physical states, molecular conformation, formation of hydrogen bond and medium
environment, resulting in change in the frequencies and shapes of the bands of the infrared
spectra (Lefèvre and Subirade, 2001). The mid-infrared region ranging from 4000–400 cm-1 is
the most widely used range (Kacurákováand Wilson, 2001).

Figure 5.12 A shows the whole spectrum of SCF influenced by WPI and Figure 5.12 B presents
the fingerprint region (800-1500 cm-1) (Kizil et al., 2002) of SCF powder and solution, WPI/SCF,
and acidified WPI/SCF.

The fingerprint region is difficult to utilize for identification of the

individual bands since the C-O and C-C vibrational modes are highly overlapped in this region
(Rubens et al., 1999; Kacurákováand Wilson, 2001), but the change in frequency and shapes of
band can indicate hydrogen bond formation between materials (Lefèvre and Subirade, 2001).
According to the result shown in Figure 5.12 B, the fingerfrint region of WPI/SCF and acidified
WPI/SCF was more similar to that of SCF solution than to SCF powder.

In addition, the bands

were shifted to a lower wavenumber from 1026 cm-1 in SCF solution to 1009 cm-1 in SCF
powder. With the addition of WPI, the bands in SCF were moved back to a higher wavenumber,
1020 cm-1 and 1023 cm-1 in WPI/SCF and acidified WPI/SCF powders, respectively. These
results indicate that to some extent, the effect of WPI (either under neutral or acidic conditions)
on the spectra of SCF was quite similar as the impact of H2O. After dehydration of SCF, the
hydrogen bond between SCF and H2O was replaced by the hydrogen bond of SCF molecules.
When the SCF solution coexisted with WPI, H2O molecules were substituted with WPI to form a
hydrogen bond. The interaction between WPI and SCF was further verified by the change of
spectrum in the O-H stretch region of SCF. With coexistence of WPI during spray drying, the
band in 3239 cm-1 in SCF powder was shifted to a higher wavenumber, 3273 cm-1 and 3281 cm-1
in pH 6.7 and pH 3.5 systems, respectively. Moreover, the addition of WPI altered the shape of
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the vibration band and decreased its intensity.

Carpenter and Crowe (1989) also found that

bands assigned to the O-H stretching modes in carbohydrates were decreased in intensity and
shifted to higher frequencies in the presence of protein.
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Figure 5.12 FTIR spectra of (a) SCF powder, (b) WPI/SCF powder, (c) acidified WPI/SCF powder and
(d) SCF solution. A. whole spectra, B. amplified region, wavenumber from 800-1500 cm-1.

The protein-carbohydrate interaction may further be confirmed in the study of WPI spectra as
influenced by SCF, shown in Figure 5.13. The most distinctive spectral features for proteins
are the amide I and II bands (Cooper and Knutson, 1995). The frequency of amide I, which
originates from the C=O stretching vibration, is seen in the region from 1680-1630 cm-1. The
absorption of amide II, which results from the N-H bending vibration and from the C-N
stretching vibrations, is in the range of wavenumber from 1570-1510 cm-1 (Jackson and Mantsch,
1995). The exact frequency of the amide I and II absorptions will be influenced by the strength
of any hydrogen bonds involving amide C=O and N-H groups (Jackson and Mantsch, 1995).
Compared with amide I, amide II was even more sensitive to the change of environment.

After

dehydration, the amide II band of WPI was moved to a lower wavenumber, from 1551 cm-1 in
protein solution to 1516 cm-1 in dry powder. However, in the presence of SCF, the band was
shifted back to higher wavenumber, over 1530 cm-1 for both neutral and acidic pH-solutions.
This illustrates that the addition of SCF partially restored the change in strength of hydrogen
bonds involving the N-H group, which was influenced by drying. This result also verifies that
the carbohydrate, SCF, took the place of H2O molecules in formation of hydrogen bonds with
WPI.

On the other hand, the loss of the band for the N-H group may occur in the presence of

SCF since the amide II band was only restored half way towards the initial wavenumber in the
protein solution.

Farhat et al. (1998) found that while the intensity of bands associated with

Maillard products such as the Amadori compound (C=O), Schiff bases (C=N), and pyrazines
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(C-N) increased, those compounds with functional - NH2, especially from lysine, may be lost.
Other researchers (Augustin et al., 2006; Oliver et al., 2009b) suggested that spray drying of
protein and carbohydrate might cause chemical changes such as promotion of a Maillard reaction
between protein and carbohydrate.

Therefore, the change in the amide II band in the presence

of SCF may be due to the formation of Maillard products caused by the heating process.
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Figure 5.13 FTIR spectra of (a) WPI powder, (b) WPI/SCF powder, (c) acidified WPI/SCF powder and
(d) WPI solution. A. whole spectra, B. amplified region, wavenumber from 1400-2000 cm-1.

5.5

Concluding remarks

Spray drying conditions, including inlet and outlet temperatures, had a significant effect on the
properties of the dehydrated emulsions, e.g. aw, Tg, reconstitution and ME.

Consideration of all

these indices, with temperatures of 170 °C and 70 °C being chosen as inlet and outlet
temperatures, was given to production of good quality microcapsules.

In spray-dried samples, the composition of the wall materials influenced the properties of the
resulting microcapsules.

Protein matrix showed poor protection for inner materials during

spray drying. A high quality microcapsules sample could only be obtained at lower oil loading.
Introducing SCF into wall materials improved the properties, including oil recovery, ME and
reconstitution of dried microcapsules.

The acidified WPI/SCF microcapsules had poorer

physicochemical properties compared with neutral sample containing WPI/SCF as wall matrix.
In the morphological studies, aggregated particles and cracks were observed in the spray-dried
acidified microcapsules, which further demonstrated lower quality. Dents were observed in
almost all the particles in spray-dried microcapsules containing SCF as wall material whilst
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microcapsules with a protein matrix showed more spherical and regular particles with fewer
dents on the surface.

Dehydrated emulsions produced by lyophilisation presented a remarkable difference in
properties compared with those dried using spray drying.
irregular, sharp and broken glass-like surface.

Freeze-dried samples showed an

After reconstitution, WPI/NaCA and WPI/SCF

samples at neutral pH showed a small droplet size (similar to that of the mother emulsion) with
narrow size distribution, indicating that these samples were stable during the freeze drying
process.

Most of the freeze-dried samples had a lower recovery of volatile components and a

higher surface oil, resulting in lower ME compared with those spray-dried samples, except for
the microcapsules containing WPI/NaCA. Freeze-dried samples had faster reconstitution rate
than spray-dried samples.

The study of the interaction between components in a spray-dried wall matrix showed that when
present in wall matrix, SCF molecules could replace water molecules to form hydrogen bonds
with WPI. The change in the position of the amide II band in the presence of SCF may be due
to the formation of Maillard products caused by the high pressure and heating process. The
interaction of protein and carbohydrate did not show significant difference in neutral and acidic
pH.

In conclusion, both spray drying and freeze drying are found to be suitable to dehydrate

emulsion system containing WPI/SCF as wall materials at neutral pH.

168

Chapter 6
Stability and in vitro Digestibility of LBC-Microcapsules
6.1

Introduction

The storage stability of spray-dried microcapsules is one of the most important criterions with
relevance to industrial requirements and includes two aspects: physical and chemical stability.
Physical stability of the microcapsules is related to their amorphous state, especially in systems
with high levels of low molecular weight carbohydrates (Bhandari and Howes, 1999). Dried
microcapsules show great sensitivity to moisture and temperature fluctuations during storage
(Vega and Roos, 2006).

Cohesion and caking are two phenomena of physical instability during

storage (Chang et al., 2005).

The susceptibility to deterioration during storage at high

temperatures and relative humidities for amorphous products has been related to their glass
transition temperature (Tg) (Aguilera et al., 1995; Christensen et al., 2002; Vega et al., 2005).
On the other hand, chemical stability is related to oxidative stability, which is quite crucial for
determination of the quality of microcapsules containing fish oil.

Surface fat is susceptible to

oxidation as it is directly exposed to oxygen, light and other inducing reagents, and may lead to
the development of rancidity (Hardas et al., 2002). Therefore, the non-encapsulated fat has
been related to the shortened shelf life of the microencapsulated oil (Drusch et al., 2006). Other
studies have observed that surface oil is not the only factor, as gas permeability and antioxidant
properties of wall materials are also important in determining the shelf life of microencapsulated
oil (Anker and Reineccius, 1988; Keogh and Kennedy, 2001).

Microencapsulation of the LBCs within a wall matrix has the potential to deliver these
components to the desired site in the body and to allow them to perform their required
physiological role.

Digestibility of the microcapsules is therefore another important aspect to

investigate before they can be applied in food product.

The digestion of the encapsulated LBCs

is activated after adsorption of lipase to the oil-water interface of emulsified oil droplets (Mun et
al., 2007). The release of encapsulated LBCs within the gastrointestinal tract is governed by
several factors including the characteristics of the core (Bonnaire et al., 2008), the composition
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and nature of the interface (Mun et al., 2007), other materials present in the system (e.g. fiber,
polysaccharides) (Beysseriat et al., 2006), the droplet size of emulsion in the digestion fluid
(which determines the total surface area available for adsorption of lipase) (McClements et al.,
2008) and the composition of digestion fluid including the concentration of bile salts and
calcium ions (McClements et al., 2008).

The overall aim of this chapter was to investigate the stability and in vitro digestibility of
microcapsules produced by spray drying and freeze drying.


The specific objectives were:

To study the effect of the oxidative stability of core materials in the spray-dried and
freeze-dried microcapsules;



To study the physical stability of spray-dried and freeze-dried microcapsules during storage;



To assess the effect of storage on sensory attributes (including fresh fishy smell, limonene
flavour, off-flavour, and limonene derivatives flavour) of the microcapsules;



To investigate the release properties of the spray-dried microcapsules using an in vitro
digestion model;

6.2

Materials

Most of the ingredients and the chemicals are listed and described in Section 2.2.1 and Section
3.2.1.

Standards, including gas chromatographic fatty acid standards 37 FAMES standards, the internal
standards (tridecanoic acid (C13:0) and tricosanoic acid (C23:0)), (R)-(+)-limonene,
(+)-limonene oxide (mixture of cis and trans) and (+)-carvone , and enzymes, including pepsin
from porcine gastric mucosa (3,200-4,500 units/mg protein), pancreatin from porcine pancreas (4
× USP specifications) and bile salts, were obtained from Sigma (Sigma-Aldrich, Chemicals Co.
St. Louis, MO, USA).

Sodium chloride, potassium chloride and sodium bicarbonate (Scharlau, Spain), calcium chloride
(Romil Pure Chemistry, UK) and 3-(N-morpholino)propanesulfonic acid (SERVA, Australia)
were of analytical grade.
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6.3

Methods

6.3.1

Evaluation of oil phase oxidation

The oxidative stability of microcapsules was evaluated in a storage trial at 45 ºC and 30 %
relative humidity (RH) (using saturated magnesium chloride solution) in a desiccator with
saturated oxygen for 7 days.

A sample of 30 g for each type of microcapsules was placed flat in

a Petri dish and the degree of lipid oxidation was periodically analysed on day 0, 1, 4 and 7.
Oil phases were extracted using a Modified Bligh and Dyer method (Katvi, 2005), described in
Section 3.3.4, and stored at ̵ 20 ºC. Peroxide value (PV), p-anisidine value (AV), fatty acid
profile and oxidation of limonene were estimated to indicate the oxidative stability of
microcapsules.

Oxidation of the emulsified LBCs straight after freeze and spray drying was

investigated using similar methods as described above.

6.3.1.1

Peroxide value (PV) and p-Anisidine value (AV)

The methods of PV and AV were described in Section 3.3.1.

6.3.1.2

Fatty acid profiles

The changes of fatty acid contents, especially of EPA and DHA, during spray drying and during
accelerated storage were determined using a gas chromatograph (GC) (Hewlett Packard 5890
Series II, Paolo Alto, CA) equipped with a flame ionisation detector (FID).

The methods of

Katvi (2005) and Chen (2005) were followed. The lipid sample (33-35 mg) was weighed into a
20 mL-Teflon-lined screw-capped Kimax tube. Internal standards (300 μL of tridecanoic acid
(C13:0) and of tricosanoic acid (C23:0)) were added, followed by 0.5 mL saponifying agent (0.5
M sodium methoxide solution). The mixture was heated and refluxed for 5 min at 60°C.
Methylating agent (3 mL, 2 g ammonium chloride in 60 mL methanol with 3 mL concentrated
sulfuric acid) was added to this hot saponified solution and refluxed for 30 min.
incubation, the mixture was cooled.

After

Hexane (10 mL) was added and the fatty acid methyl

esters (FAMEs) were transferred into the hexane layer by shaking for 2 min.

Saturated sodium

chloride solution (2.5 mL) was added and the mixture was shaken for 20 s. The hexane layer
was removed and placed in a GC vial. The vial was sealed under nitrogen ready for GC
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analysis.

All of the samples were analysed in duplicate and the data are presented as mean

values.

The column used for separation of FAMEs was a DB-225 fused silica capillary column (50 %
cyanopropylmethyl: 50 % methylphenyl silicone phase, 0.25 mm diameter, 0.25 µm film
thickness, 30 m length: J&W Scientific (Fisons), Folsom, CA). The temperature of the GC
oven was programmed at an initial value of 50 ºC for 1 min followed by ramping to 175 ºC at 25
ºC per min, then to 225 ºC at a rate of 4 ºC/min, where it was held for 5 min. The total run time
was 23.5 min per sample. The pressure was run at an initial column head pressure of 10 psi in
constant flow mode, equivalent to 1.6 mL/min column flow. The sample was injected into the
GC using a Hewlett-Packard Series 5890 auto-injector with the split flow of 33 mL min-1.

The

37-FAMEs standards were analysed for the identification of individual fatty acids in the sample.
The relative content of fatty acids in the sample was determined using the peak areas of the fatty
acids and relative response factor.

All of the samples were analysed in duplicate and the data

are presented as mean values.

6.3.1.3

Oxidation and retention of limonene

The procedure of sample preparation was conducted according to the modified method of Miller
et al. (2008).

The sample was weighed in a 12.5 mL Kimax tube, followed by addition of 0.5

mL saponifying agent.

The mixture was heated and refluxed for 5 min at 60°C at a hot plate.

After incubation, the mixture was cooled, and 3 mL hexane and 2.5 mL saturated sodium
chloride solution were added.

Samples were vortexed for 2 min.

The hexane layer was

removed and the remaining solution was re-extracted by 3 mL hexane.

The combination of

hexane layers was dried under a stream of nitrogen. The dried sample was re-dissolved in 2 mL
hexane and was then injected into the gas chromatograph to determine the quantity of limonene
and the limonene breakdown products, limonene oxide and carvone. The retention of limonene
was defined as the ratio of the amount remaining to the initial amount after drying. The amount
of breakdown compounds was expressed as the mass ratio of the breakdown products to the
retained limonene.

All of the samples were examined in duplicate and the data reported are

expressed as mean values.
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Analysis of limonene and its degradation products was conducted by GC-FID. The program for
the GC was adapted from Djordjevic et al. (2008) and Miller et al. (2008).

A DB-5

(5 %-phenyl: 95 % methylpolysiloxane phase, 0.25 mm diameter, 0.25 µm film thickness, 60 m
length: J&W Scientific (Fisons), Folsom, CA) was applied for separation of limonene and its
derivatives. The column temperature was programmed as follows: heating from 80 ºC to 110 ºC
at a rate of 3 ºC/min, then to 200 ºC at a rate of 20 ºC/min. The temperature was then ramped to
250 ºC in 2 min and held for 5 min in order to prevent excess long chain fatty acids from
accumulating on the GC column.

Injector and detector temperatures were 250 ºC and 220 ºC.

The split flow at injection was 0.9 ml/min and the pressure of the column was 12 psi.

The

external standard method was used to calculate the limonene, limonene oxide and carvone
quantities. A mixed standard was prepared in hexane at a concentration of each standard
approximately 1 mg/mL in a stock solution and stored at 4 ºC prior to use. Calibration working
standards were prepared fresh daily by serially diluting the stock solution in hexane to a
concentration range from 1 to 1000 µg/mL.

The retention of limonene was defined as the ratio

of the amount remaining to the initial amount after drying.

The amount of breakdown

compounds was expressed as the mass ratio of the breakdown products to the retained limonene.
All the samples were examined in duplicate and the data are expressed as mean values.

Validation of the assay was performed to obtain the reproducibility, effect of saponification and
the extent of sample partition between hexane and methanol (Appendix 12).

6.3.2

Sensory evaluation

A sensory evaluation was conducted for the spray-dried microcapsules and the reconstituted
emulsions after drying and at the end of the 7-day accelerated storage.

A trained panel

consisting of nine assessors with a sound knowledge of sensory methodology was employed for
this study. The sensory panel was composed of five females and four males, in the range of
21-31 years of age.

Samples (microcapsule 1.0 g, redispersed emulsion 20.0 g, FO 1.0 g, and limonene 0.5 g) were
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placed in 30 mL glass solvent bottles. The preparation of evaluated samples was described in
Section 3.3.5. Samples were evaluated using the scaling method detailed in Section 3.3.5.
The sensory panel was asked to sniff and evaluate the following attributes of the samples: dairy
flavour, fishy odour, off-flavor (oxidation of fish oil), limonene flavour, and carvone and
limonene oxide odour. Raw materials, such as milk proteins, fresh fish oil and limonene, and
oxidised materials including oxidised fish oil, carvone and limonene oxide were used as
references. The intensity of attributes was measured on a linear scale (0 - 9), anchored “none”
(scale 0) to “very strong” (scale 9).

6.3.3

Colour measurement

Colour measurement was performed on the spray-dried and freeze-dried microcapsules
encapsulated by different wall materials.

Colour was measured using a Minolta CR-400

colorimeter (Minolta. Company Ltd., Osaka, Japan).

Petri dishes (5 cm) were filled with

microcapsules after drying and after 7 day-accelerated storage.

Colour readings were taken by

placing the measuring head flat against the bottom of the Petri dish to allow uniformity in the
surface distribution of the sample. Colour determination was made between noon and 1.00 pm
on clear days. The sample was illuminated with D65-artificial daylight.

Each colour value

reported for different samples was the mean of three determinations.

The total colour

difference between the microcapsule samples after drying and after accelerated storage was
expressed as the colour index (ΔEab*), which was calculated according to the following equation
(McBride et al., 2004):
∗
∆𝐸𝑎𝑏
= (∆𝐿∗2 + ∆𝑎∗2 + ∆𝑏 ∗2 )1/2

Eq.(6.1)

∆𝐿∗ = 𝐿∗7 − 𝐿∗0

Eq.(6.2)

∆𝑎∗ = 𝑎7∗ − 𝑎0∗

Eq.(6.3)

∆𝑎∗ = 𝑎7∗ − 𝑎0∗

Eq.(6.4)

where, the number 7 means after 7 day-storage and 0 means after drying.

The total colour difference, ΔEab*, indicates the degree of colour difference occurring after
storage. The different extent of ΔEab* among microcapsules encapsulated by different wall
materials were compared.
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6.3.4

In vitro digestion

The in vitro digestibility of the LBC microcapsules was conducted according to the methods of
Kosaraju et al. (2009), Chung et al. (2011), Emenhiser et al. (1994) and Oliver et al. (2009a) with
modification.

Lipolysis of core materials was conducted by either using simulated intestinal

fluid (SIF) directly or using simulated gastric fluid (SGF) followed by SIF in sequence.

Preparation of SGF
To prepare the SGF, NaCl (0.1 g) was first dissolved in Milli-Q water (~ 40 mL). The solution
was then adjusted to pH 1.5 using 1 M HCl. Subsequently, pepsin (0.15 g) was dissolved in the
solution and made up volume to 50 mL with Milli-Q water.

The solution was prepared fresh

immediately prior to each digestion experiment.

Preparation of simulated intestinal fluid (SIF)
Buffer solution — 3-(N-morpholino)propanesulfonic acid (MOPS) (0.628 g) was dissolved in
Milli-Q water (~ 90 mL) and the pH was adjusted to 6.9 using 1 M HCl.

The final volume was

made up to 100 mL with Milli-Q water.

Electrolyte solution — NaCl (0.6435 g) and CaCl2 (0.167 g) were dissolved in MOPS buffer
(100 mL). The pH of the solution was adjusted to 6.9 using 2 M NaOH.

Bile salt solution — Bile salt (2.0 g) was stirred until dissolved (~ 2 h) in MOPS buffer (100
mL).

Pancreatin solution — Pancreatin (1.0 g) was weighed into MOPS buffer (100 mL) and stirred
using a magnetic stirrer at room temperature for approximately 4 h until dissolved. A clear
solution was formed after centrifugation (SORVALL® RC-28S centrifuge, Sorvall Products, L.P.
Newtown, CT) at 1, 2000 g for 10 min to precipitate the animal tissue.

A fresh pancreatin

solution was prepared daily.
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Core lipolysis after direct exposure of microcapsules to SIF
The microcapsule microcapsules (1.0 g) or wall material (amount equivalent to that in
microcapsules) (control) was reconstituted with electrolyte solution (2.5 mL) and bile salt
solution (1 mL) by stirring on a magnetic stirrer.

The mixture was adjusted to pH 6.9 (2 M

sodium hydroxide) then incubated at 37 ºC for 10 min in a shaking water bath, followed by
addition of pancreatin solution (1 mL). The reaction was terminated after 2 h, by addition of 10
mL absolute ethanol and vortexed for 30 s. The amount of free fatty acids released was titrated
with 0.0494 M sodium hydroxide (calibrated by potassium biphthalate) until a pre-determined
pH endpoint.

Core lipolysis after sequential exposure of microcapsules to gastrointestinal tract
The microcapsules (1.0 g) or wall material (amount equivalent to that in microcapsules) (control)
was added to SGF (3.6 mL) and mixture was stirred until dissolved. The mixture was adjusted
to pH 2.0 (1 M hydrochloride acid) then shaken in a water bath at 37 ºC for 2 h.
mixture was then adjusted to 6.5 in order to inactivate the pepsin.

The pH of the

The digestion in SIF was

carried out as described above.

Triplicate analyses were performed on each of the samples.

The extent of lipolysis was

expressed as the titrated mole of free fatty acids released as a percentage of total digestible fatty
acids.

The amount of titrated free fatty acids was obtained from the difference between the

volume of NaOH consumed by the microcapsules and the wall material (amount equivalent to
that in microcapsules).

The total digestible fatty acids were calculated according to the method

of Chung et al. (2011).

It was assumed that there was no acyl transfer of fatty acids on the

triglycerol molecule.

Thus the total amount of fatty acids released was due to the action of the

lipase in pancreatin. One mole of triglyceride could release two mole free fatty acids by
catalysis with the sn-1,3-specific pancreatic lipase, which was calculated by using 187.8 as the
saponification value for fish oil (AOCS, 1998).

Validation of the protocol
The ability of ethanol addition to inactivate the enzyme activity after direct exposure to SIF was
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estimated. The amounts of free fatty acids released immediately after addition of ethanol and
10 min after ethanol addition were compared. Since the endpoint of titration for each reaction
system was dependent on the matrix (Emenhiser et al., 1994), the endpoint of each formulation
was determined individually after sample digestion in the SIF model. Since the hydrolysis of
wall materials in SGF influenced oil release, the ratio of pancreatin to substrate (microcapsules)
for the sequential release study was estimated by taking a fixed concentration of pancreatin and
changing the mass of the substrate.

Four different amounts (0.25, 0.5, 1.0 and 1.5 g) of

microcapsules were applied in this study. The repeatability of the method was estimated by
testing the microcapsule samples on different days using the sequential release protocol. This
experiment was carried out on the same formulation of microcapsules (WPI/SCF in ratio 1:1 and
core/wall in ratio 1:2). All the experiments for method validation were performed in triplicate
and results shown are mean values ±standard deviation.

6.3.5

Statistical analysis

Mean values ± standard deviations were reported for each sample.

The experimental data were

subjected to a one-way ANOVA using SAS 9.1. The significance level was determined at 95 %
confidence limit (p < 0.05).

6.4

Results and discussion

6.4.1

The stability study of the LBC-microcapsules

The stability of the LBC-microcapsules was studied after drying and in an accelerated storage
trial (45 °C, 30 % RH, under saturating oxygen) for 7 days.

6.4.1.1

Oxidative stability of microcapsules after drying

Figure 6.1 presents the changes in the peroxide value (PV) and the p-anisidine value (AV) of
LBCs samples after different drying processes.

The results shown in the graphs are the PV

differences between microcapsules and initial emulsions.

The quantification of PV was

calculated according to the standard curve in Appendix 13.

Emulsions undergoing spray

drying had significant changes in the PV and AV compared with those dehydrated by freeze
drying, indicating that lyophilisation was more effective in protecting against lipid oxidation
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during the drying process, due to the low temperature being used. The results are consistent
with the finding of Minemoto et al. (1997).

These authors compared oxidation of methyl

linoleate when encapsulated with either gum Arabic by hot air drying and freeze drying and
found freeze drying to be better than hot air drying (Slade and Levine, 1991).
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Figure 6.1
Changes in peroxide value and p-anisidine value of LBCs during spray drying and freeze
drying. S1 = WPI/NaCA at pH 6.7; S2 = WPI/SCF at pH 6.7; S3 = acidified WPI/SCF at pH 3.5. SD
= spray drying; FD = freeze drying. Data shown are mean values ± standard deviation. Bars with a
different letter within each graph are significantly different (p < 0.05) from one another.

Figure 6.1 also shows the effect of wall materials on the protection of core materials during
drying. Samples dehydrated by lyophilisation showed only slight increase in PV and AV after
drying, approximately 2.0 and 0.3 mequiv peroxide/kg, respectively. There was no significant
difference (p > 0.05) among the samples with different wall materials.

However, wall materials

did significantly (p < 0.05) influence the extent of oxidation of core materials when the emulsion
samples

were

dried

by

spray

drying.

Among

all

the

spray-dried

samples,

WPI/NaCA-encapsulated LBCs showed the lowest change in PV and AV from the values for the
initial emulsion.

The changes in PV of LBCs encapsulated by non-acidified WPI/SCF and

acidified WPI/SCF after drying were more than double in value that of core materials emulsified
by WPI/NaCA.
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The change in fatty acid (FA) profiles is another indicator illustrating the oxidative stability of
products.

Figure 6.2 shows the retention of FA profiles of encapsulated LBCs with different

wall materials after spray drying.

Polyunsaturated fatty acids (PUFAs) decreased and showed

significant difference (p < 0.05) in their retention in samples with different materials, while
saturated fatty acids (SFAs) and monounsaturated fatty acids (MUFAs) did not decrease during
drying. The loss of PUFAs was contributed to by n-3 fatty acids, among which the change for
DHA were more dominant than that for EPA. One possible explanation to these results is due
to the more highly unsaturated nature of DHA compared with EPA, leading to a faster oxidation
rate during drying.

150
a a a

a a a

a b ab

100

Retention
(%)

Retention
(%)

100

150

A

50

0

SFA

MUFA

FA

Retention
(%)

b

b

a

a

a

n-3 FA

n-6 FA

Unsaturated FA

150

100

a

50

0

PUFA

B

C
a

a

a

a

b

b

WPI/NaCA
WPI/SCF
Acidified WPI/SCF

50

0

EPA

DHA

PUFA
Figure 6.2
Effect of spray drying on the stability of (A) saturated fatty acids (SFA), monounsaturated
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materials. Data shown are mean values ± standard deviation. Bars with a different letter within each
graph are significantly different (p < 0.05) from one another.
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Numerous studies have compared the oxidative stability of lipids encapsulated by various wall
materials during spray drying. The chemical and physical natures of encapsulants have an
important role in the protection of core materials (Vega and Roos, 2006).

For example,

materials having a good emulsifying ability and heat resistant property could completely
surround the core materials, resulting in good protection of oil oxidation during high temperature
processing (Fäldt and Bergenståhl, 1994). The addition of a hydrophilic material, such as
carbohydrates, can reduce protein–protein interactions and consequently decrease fat globule
aggregation/coalescence in the emulsion formation and drying steps (Keogh, 2005).
this could not explain the result in this experiment.

However,

Rosenberg et al. (1988) demonstrated that

the formation of central voids caused by “ballooning” may induce the oxidation in the drying
process.

The larger central void observed in microcapsules containing SCF (Figure 5.5) could

be the reason for the lower oxidative stability during drying.

In addition, the higher ratio of

protein to oil in WPI/NaCA formed a thick interfacial layer in emulsions and thus probably
protected the oil oxidation.

6.4.1.2

Oxidative stability of microcapsules during accelerated storage

The influence of the wall composition and the drying process on the oxidative stability of the oil
phase in microcapsules during the accelerated storage test is shown in Figure 6.3 and Figure 6.4.
Results show that the encapsulated samples have a good protection from oxidation compared
with the bulk oil during a 24-hour storage period.

Both the total oil (Figure 6.3 A) and encapsulated fractions (Figure 6.3 B) exhibited similar PV
profiles with different drying methods and different wall compositions, but the total oil was 1.1
to 2.4 fold greater than the encapsulated oil. The higher oxidation seen for the total oil was
attributed to the surface oil outside the microcapsules, which was exposed to the oxygen and
therefore easily oxidised. This result was similar to the finding of Baik et al. (2004), who
reported that surface oil exhibited a 10-times higher PV than encapsulated oil. The biggest
difference in PV of total and encapsulated oil occurred in the freeze-dried acidified
WPI/SCF-microcapsules after storage for 7 days; 463.3 mequiv peroxide/kg for the total oil and
189.6 mequiv peroxide/kg for the encapsulated oil.

This is probably due to the higher surface
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oil, which was 17.2 %, compared with the other samples which were less than 3 % (refer to
Figure 5.9).
oxidation

This is consistent with the finding of Ahn et al. (2008), who investigated the

of

microencapsulated

sunflower

oil

and

demonstrated

that

increased

microencapsulation efficiency can lead to a decrease in lipid oxidation through reduction of the
free oil content.

600

Total Oil

A

Peroxide value
(mequiv peroxide/kg)

Bulk FO
S1 SD
S2 SD
S3 SD

400

S1 FD
S2 FD
S3 FD

200

0
0

Peroxide value
(mequiv peroxide/kg)

600

4

B

12

24
Hours

96

168

96

168

Encapsulated Oil

400

200

0
0

4

12

24

Hours

Figure 6.3
Changes in the peroxide value of bulk fish oil and core materials from microcapsules
during storage at 45 °C and 30% RH with saturated oxygen. A. Total oil; B. Encapsulated oil. S1 =
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Comparison of the PV in spray-dried samples showed significant differences (p < 0.05) among
the different wall systems.

The WPI/NaCA matrix retarded lipid oxidation.

In the

freeze-dried samples, the oxidative rate in total oil of samples containing WPI/SCF and
WPI/NaCA as wall materials decreased after 1-day storage but this did not happen in the
encapsulated core materials.

This could be explained by the decrease of extractable surface oil

from the microcapsules after storage (Table 6.4) due to the oxidation induced polymerization
(Hardas et al., 2002) despite surface oil only contributing a few percent to the value of total oil.
Baik et al. (2004) showed that the amounts of surface fish oil decreased gradually over storage
time but no significant change (p > 0.05) occurred for the encapsulated oil, in agreement with the
current research.
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Changes in p-anisidine value of bulk fish oil and core materials from microcapsules
during storage at 45 °C and 30 % RH with saturated oxygen. S1 = WPI/NaCA at pH 6.7; S2 =
WPI/SCF at pH 6.7; S3 = acidified WPI/SCF at pH 3.5. SD = spray drying; FD = freeze drying.
Error bars represent standard deviation.

The changes in AV for total oil during storage are presented in Figure 6.4. The AV of samples
containing WPI/NaCA and WPI/SCF showed a steady increase over the storage period.

The

value of AV for acidified WPI/SCF samples obtained from both drying methods steadily
increased over 4 days at a higher rate compared with other samples. From day 4, AV increased
markedly for these two samples.

However, the increased rate for the spray-dried sample with

acidified WPI/SCF was not as rapid as for the freeze-dried sample.

A slower increase of AV
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also occurred for the freeze-dried WPI/SCF samples, as observed for PV. Generally, PV and
AV showed a similar trend with good correlation (r = 0.98).

The changes in FA profiles were also used to evaluate the oxidative stability of microcapsules.
Table 6.1 shows the changes in SFA, MUFA and PUFA of bulk fish oil and core materials of
spray-dried microcapsules during accelerated storage. Almost no changes was observed in the
SFA content over the storage period.

For MUFA, after 24 hour-storage, fish oil showed a slight

decrease and the reduction was 11.2 %. Microcapsules showed little reduction within 4 days.
After 7-day-storage, retention decreased rapidly but slightly. The biggest change in retention
occurred for the PUFA.

All samples showed a decrease in PUFA after 1 day-storage, especially

bulk fish oil, which showed a dramatic loss.

In spray-dried samples, the reduction of PUFA

was steady within 4 days, while large decrease occurred after that period.

The loss of PUFA

was more significant in the acidified WPI/SCF samples compared with the other microcapsule
samples.

Table 6.1 Retention of saturated fatty acids (SFA), monounsaturated fatty acids (MUFA) and
polyunsaturated fatty acids (PUFA) in bulk fish oil after 24-hour-storage and in spray-dried
microcapsules containing LBCs during 7-day accelerated storage at 45 °C and 30 % RH with saturated
oxygen
Fatty acids
Storage time
Retention rate (%)
(day)
Sample

SFA

MUFA

PUFA

Bulk FO

WPI/NaCA

WPI/SCF

Acidified WPI/SCF

1

98.2 ±1.8

99.9 ±0.1

99.3 ±0.2

98.6 ±0.1

4

n/d

99.7 ±0.3

99.6 ±0.3

98.6 ±0.1

7

n/d

99.9 ±0.1

99.6 ±0.4

99.4 ±0.8

1

89.8 ±1.1

99.8 ±0.0

99.6 ±0.0

98.6 ±0.1

4

n/d

99.4 ±0.3

98.8 ±0.3

99.6 ±0.2

7

n/d

96.4 ±0.5

98.9 ±0.1

95.8 ±0.8

1

65.9 ±0.9

99.6 ±0.3

97.1 ±0.1

96.1 ±0.2

4

n/d

97.7 ±0.7

95.5 ±0.1

92.2 ±0.1

7

n/d

90.2 ±0.4

90.2 ±0.1

81.8 ±0.6

n/d=not determined.

The main PUFA in the core materials was n-3 FA (approximately 19.5 in ratio of n-3/n-6). Thus
the reduction in PUFA was mainly attributed by the loss of n-3 FA although the retention of n-6
FA declined significantly (p < 0.05) after storage (Figure 6.5). All the spray-dried samples
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showed good protection from the loss of n-3 FA with a 90.1 % retention for the WPI/NaCA
sample, 88.1 % for the WPI/SCF sample and 82.3 % for the acidified sample, compared with
bulk fish oil (64.8 % retention). Retention of EPA and DHA (Figure 6.6) showed similar
changes to the n-3 FA since they are the main contributors to the n-3 FA in the fish oil used in
the current study (Croda IncromegaTM TG3322, Appendix 1, Table 5).

In addition, loss of

DHA was more significant than reduction of EPA. For example, retention of EPA was 83.0 %
while retention of DHA was only 80.0 % in the acidified WPI/SCF sample.

A possible reason

to explain this is due to the higher unsaturation of DHA compared with that of EPA as
mentioned previously.

125

Bulk FO
WPI/NaCA
WPI/SCF
Acidified WPI/SCF

100

Retention
(%)

a

a

b

ab

b

c
75

d
d

50
n-3 FA

n-6 FA
FA

Figure 6.5
The change of omega-3 fatty acids (n-3 FA) and omega-6 fatty acids (n-6 FA) content in
bulk fish oil (FO) after 24-hour-storage and in the spray-dried microcapsules after 7-day-storage at
45 °C and 30 % RH in saturated oxygen. Data shown is mean value ± standard deviation. Bars with
a different letter within each graph are significantly different (p < 0.05) from one another.
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Figure 6.6
The change of EPA and DHA content in bulk fish oil (FO) after 24-hour-storage and in the
spray-dried microcapsules after 7-day-storage at 45 °C and 30 % RH in saturated oxygen. Data shown
is mean value ± standard deviation. Bars with a different letter within each graph are significantly
different (p < 0.05) from one another.

The difference in oxidative stability of the spray-dried samples may be contributed by the
different oxygen permeability of the wall matrix.

In the experiment of film properties

(Appendix 10), a film made from WPI/NaCA showed a significantly better barrier to oxygen
than that produced from WPI/SCF.

In addition, the higher ratio of wall to core leads to

formation of a much thicker layer surrounding the oil droplets, thereby leading to higher
protection from oxidation. Furthermore, the microcapsules containing acidified WPI/SCF were
easy to break (see the Section 5.4.3.1), which is probably an important factor effecting the
oxidative stability. Kagami et al. (2003) studied the relationship between oxidative stability
and the brittle property of microcapsules.

They demonstrated that if the microcapsules were

inclined to fracture, they might expose their inner core materials to the atmosphere, and thus be
expected to have a lesser ability to protect lipids from oxidation.

The changes in PV and AV are probably not fully attributed to the oxidation of the unsaturated
FA. High reduction of unsaturated fat did not necessarily contribute to higher PV and AV
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using bulk fish oil and acidified WPI/SCF-microcapsules as examples, the PV of the
microcapsules was 463.3 mequiv peroxide/kg after storage, more than 4 times higher than that of
fish oil stored after 1 day (105.6 mequiv peroxide/kg).

However, the retention of PUFA was

65.9 % for fish oil and 81.8 % for the microcapsules.

This result indicates not only that the

oxidation of unsaturated fats but also other factors might contribute to the higher PV and AV.

In

the current research, a combination of three materials, fish oil, phytosterol esters and limonene,
was applied as the core.

Therefore, it was suspected that the other two materials would

probably contribute to PV.

The retention of phytosterol esters and limonene in microcapsules

was evaluated after accelerated storage.

The content of phytosterol esters showed no

significant change after storage (Appendix 14). The PV of phytosterol esters and limonene in
bulk after accelerated storage was then detected and results (Appendix 15) show that although
phytosterol esters did not contribute to the increase of PV, limonene showed a dramatic increase
in PV, illustrating that the increase in PV of microcapsules was partially attributed to the
oxidation of limonene (although only 12.5 % of limonene was present in the core).

The

increase in the PV of limonene could be due to two sources: the formation of hydroperoxides at
the initial oxidation stage of limonene; and the formation of derivatives, especially carvone, in
line with the oxidation of unsaturated fatty acids (Djordjevic et al., 2008).

The oxidation of

limonene is probably due to its higher surface tension at the interface between oil and water than
that of the triglycerides (fish oil and phytosterol esters) (Section 5.4.3.2), and this results in
limonene concentrating at the lipid-air interface where oxidative stress is higher (Fisher et al.,
1985). Another possible reason can be due to the higher peroxide value at day 0, indicating
primary oxidant products has occurred. Surface activity has been identified as an important
factor affecting oxidation.

For instance, Cercaci et al. (2007) demonstrated that differences in

the surface activity of phytosterols could influence their susceptibility to oxidation, since the
more surface active phytosterols oxidised to a greater extent than the less surface active ones.

The oxidative stability of WPI/NaCA spray-dried microcapsules with different core materials is
presented in Figure 6.7 and Figure 6.8. Upon storage, the PV (Figure 6.7 A) and AV (Figure
6.7 B) values for both samples steadily increased over the storage time and there was no
significant difference between these two samples.

Loss of EPA and DHA (Figure 6.8) during
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storage was significantly lower in co-encapsulated microcapsules than in fish oil-microcapsules,
which was approximately 1.13-fold for EPA and 1.14-fold for DHA. According to the results,
the co-encapsulated product had a higher stability towards oxidation than fish oil-microcapsules.
The protection of EPA and DHA may be due to the antioxidant property of PE (Section 3.4.1).
Yasukazu and Etsuo (2003) studied the antioxidant effects of phytosterol esters and its
components on the oxidation of methyl linoleate. They found that PE effectively suppressed
the oxidation of methyl linoleate solution.

This is also supported by the results of our storage

trial which showed that the co-encapsulated microcapsules had slightly lower PV and AV than
the fish oil-microcapsules. However, since the difference in PV and AV was not significant
between fish oil-microcapsules and co-encapsulated microcapsules when compared with the
retention of EPA and DHA, it seems that the phenomenon was due to the oxidation of limonene,
as discussed above.
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Peroxide value (A) and p-anisidine value (B) of fish oil-microcapsules and microcapsules
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Retention of EPA and DHA in microcapsules containing fish oil and microcapsules
containing fish oil (FO), phytosterol esters (PE) and limonene after accelerated storage. Data shown is
mean value ± standard deviation. Bars with a different letter within each graph are significantly
different (p < 0.05) from one another.

A comparison of lipid oxidation with data reported in other microencapsulation studies for oil
rich in long chain PUFA is difficult due to the differences in the core material composition and
stabilisation, the type and composition of wall materials used for encapsulation, the process,
storage conditions and the parameters used to monitor lipid oxidation.

For instance, the storage

condition conducted in current research was quite extreme, in which oxygen remained saturated
in the desiccator with a heating temperature of 45 ºC.

In most of the reported researches, the

storage conditions were more moderate, using only temperature elevation or increase of humidity
(Kagami et al., 2003; Baik et al., 2004).

Thus, it is hard to compare the extent of protection of

encapsulated lipids from oxidation with results from the literature, even when other factors
(mentioned above) are the same, due to the different mechanisms and rate of oxidation.
However, the effectiveness of fish oil protection in the current study may be compared with that
obtained in those studies that utilised a lower content of EPA and DHA and mild storage
conditions.

Kim (1996) achieved 80 % retention of EPA and DHA after 3 days at a storage

temperature of 30 ºC. Tan et al. (2009) encapsulated ROPUFA® fish oil (less than 50 % EPA
and DHA) and found less than 80 % EPA and DHA left after 7-day storage at 40 ºC without light
and oxygen.

In the current research, 90 % EPA and DHA was still retained after 7-day storage
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although a higher concentration of EPA and DHA in the core materials and much more extreme
storage conditions were used.

6.4.1.3

Retention and oxidation of limonene during storage

Citrus essential oils consist largely of monounsaturated and sesquiterpene hydrocarbon
compounds that degrade rapidly to form oxidation products consisting mainly of limonene oxide
and carvone (Westing et al., 1988).

In the current study, the flavour release and the oxidative

characteristics of the encapsulated limonene have been investigated for the spray-dried and
freeze-dried microcapsules with different wall materials compared with the bulk limonene.
Figure 6.9 presents values for the retention of limonene in the microcapsule samples and the
limonene which was not encapsulated (control).

Results show that all the encapsulated samples

had a significant higher retention of limonene than did the control, indicating good protection of
limonene by the wall matrices.

The spray-dried samples showed a higher retention of limonene,

all above 75 %, compared with the freeze-dried samples.

Considering the effect of wall

compositions, limonene underwent the least loss when encapsulated by WPI/NaCA with up to
88.2 % and 65.1 % retaining in spray-dried and freeze-dried samples, respectively.
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Figure 6.9
Retention of limonene in microcapsules after 7-day accelerated storage. S1 = WPI/NaCA
at pH 6.7; S2 = WPI/SCF at pH 6.7; S3 = acidified WPI/SCF at pH 3.5. SD = spray drying; FD =
freeze drying. Data shown are mean values ± standard deviation. Bars with a different letter within
each graph are significantly different (p < 0.05) from one another.
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The decrease in limonene levels reflected the overall loss of volatiles in the microcapsules due
either to oxidation to its derivatives or evaporation during storage.

In the control sample,

limonene loss was primarily due to oxidation as oxidation products, i.e. limonene oxides and
carvone, are formed (Table 6.2). The formation of limonene oxides was much higher than the
formation of carvone.

The results agreed with those of Anadaraman and Reineccius (1986),

who concluded that limonene oxide had a relatively faster rate of formation than carvone.

In

microcapsules, especially the freeze-dried samples, only trans-limonene oxide was observed in a
tiny amount although the freeze-dried samples showed significantly lower retention of limonene
(p < 0.05) after storage, suggesting that the loss of limonene in the samples was mainly because
of evaporation due to the diffusion of volatile through wall materials rather than by oxidation.
The much lower retention of limonene in freeze-dried samples after storage may be caused
primarily by the diffusion of flavour through the matrices of the shell wall (Rosenberg et al.,
1990). The flavours were protected and retained by the walls of the capsule as long as the
capsule structure was intact (Rosenberg et al., 1990).

Since a porous and spongy structure of

dehydrated emulsions was produced by freeze drying, it is reasonable to expect higher loss of
flavour.
Table 6.2 Formation of limonene derivatives in bulk core materials and microcapsules after 7-day
accelerated storage
Drying
methods

Sample

Control
WPI/NaCA
Spray-dried

WPI/SCF
Acidified WPI/SCF
WPI/NaCA

Freeze-dried

WPI/SCF
Acidified WPI/SCF

Limonene derivatives (mg/g core materials)
transLimonene oxide

cisLimonene oxide

Carvone

6.113 ±0.311

3.073 ±0.283

2.790 ±0.103

b

n/d

n/d

a

n/d

n/d

a

n/d

n/d

b

n/d

n/d

b

n/d

n/d

b

n/d

n/d

0.117 ±0.008

1.178 ±0.054
1.242 ±0.023
0.128 ±0.005
0.111 ±0.003

0.131 ±0.010

Superscripts with different letter in the same column are significantly different (p < 0.05) from each other.
n/d = not detected.

Results also reveal that WPI/SCF encapsulated LBCs had significantly (p < 0.05) higher
formation of limonene oxides and lower limonene retention after storage compared with the
WPI/NaCA samples.

The above conclusion did not fully agree with results by others.

Bylaitë
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et al. (2001b) studied the properties of caraway essential oil spray-dried microcapsules
containing milk protein-based matrices.

They found that partial replacement of WPI by various

maltodextrin enhanced protective properties of solidified capsules against oxidation and release
of volatiles during storage.

The better protection of limonene by WPI/NaCA than by WPI/SCF

in the current study is probably due to the lower ratio of wall to core in the WPI/SCF system,
leading to a high diffusion of flavour going outside the matrix and oxygen diffusing into the
wall.

6.4.1.4

Changes in microcapsule properties during accelerated storage

The colour changes in microcapsules after accelerated storage are shown in Table 6.3. All
samples showed a relative extent of change from the initial samples, which decreased in
lightness and increased in red and yellow colours. Generally, the change in colour was greater
in freeze-dried samples than in the spray-dried samples. WPI/NaCA-samples showed a smaller
difference in colour for the initial microcapsules compared with the other two formulations.

Table 6.3 Colour difference in the spray-dried and freeze-dried microcapsules containing different
wall materials after accelerated storage trial
Drying
methods
Spray-dried

Freeze-dried

Sample

∆L*

∆a*

∆b*

∆Eab*

WPI/NaCA

-3.3 ±0.3d

1.1 ±0.1e

7.3 ±0.2d

8.0 ±0.3f

WPI/SCF

-4.2 ±0.2c

0.8 ±0.0f

10.7 ±0.2c

11.6 ±0.3d

Acidified WPI/SCF

-2.7 ±0.1d

1.2 ±0.1d

10.3 ±0.4c

10.6 ±0.4e

WPI/NaCA

-4.9 ±0.9c

2.3 ±0.1c

15.0 ±0.6b

15.9 ±0.9c

WPI/SCF

-11.1 ±0.3b

4.9 ±0.1b

15.3 ±0.1b

19.5 ±0.2b

Acidified WPI/SCF

-15.3 ±0.5a

8.7 ±0.1a

22.5 ±0.5a

28.6 ±0.6a

Superscripts with a different letter in the same column are significantly different (p < 0.05) from each other.

The results in Table 6.4 showed that the amounts of extractable oil in freeze-dried samples
decreased significantly (p < 0.05) after storage, whilst there was no significant difference (p >
0.05) in all spray-dried samples.
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Table 6.4

The extractable oil content in the spray-dried and freeze dried microcapsules

Drying methods

Sample

Extractable fat
(g/100g microcapsule)
Initial

Spray-dried

Freeze-dried

After storage

WPI/NaCA

a

0.43 ±0.01

0.43 ±0.02a

WPI/SCF

0.44 ±0.01a

0.44 ±0.02a

Acidified WPI/SCF

0.78 ±0.05a

0.79 ±0.01a

WPI/NaCA

0.20 ±0.01a

0.16 ±0.01b

WPI/SCF

0.62 ±0.01a

0.43 ±0.03b

Acidified WPI/SCF

5.11 ±0.16a

4.51 ±0.11b

Superscripts with a different letter in the same row are significantly different (p < 0.05) from each other.

There are two possible reasons to explain the significant changes in colour and the difference in
surface oil after storage.

Caking, which was visually observed after storage, could be the first

possibility. Similar results were observed by Drusch et al. (2006) who found the change in
colour was accompanied by caking of the microcapsule stored at 33 % or more RH.

The caking

of dehydrated products is due to the collapse of wall materials in responses to environmental
stresses, such as high humidity and/or increased temperature (Tsourouflis et al., 1976).

This

phenomenon is associated with a change of the polymer matrix from an amorphous state to a
supercooled melt, the glass-liquid transition (Le Meste et al., 2002).

In the case of a

polymeric material, the supercooled melt has a similar nature to viscoelastic rubber, and a glass
transition for dehydrated products is often described as a transition from the amorphous state into
the rubbery state.

In the current research, although the Tg values of all the products were much

higher than the storage temperature at 30 % RH (Section 5.4.3.3), the collapse of the wall matrix
could still take place since it is generally recommended that an amorphous material be stored at
least 50 °C below its Tg (Sharma et al., 2009).

The lower change in colour of the WPI/NaCA

microcapsules might be due to the higher Tg of the initial samples, which was 67.2 for
spray-dried and 66.7 for freeze-dried samples (refer to Table 5.5).

In the research of Drusch

and Berg (2008), a decrease in extractable fat accompanied by a colour change was observed.
This was thought to be caused by the loss of surface oil due to partial entrapment of oil in the
collapse matrix which reduced the porosity of the microcapsules.

They demonstrated that

reduction in surface oil did not necessarily mean that the encapsulated oil was well protected.
Data for the droplet size of the reconstituted emulsions showed the oil droplets were partly
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released from the wall matrix to form big oil droplets.

However, this mechanism cannot

explain all the results because the oxidative rate of total oil was shown to decrease after 4
day-storage, despite the bigger difference in colour and loss of extractable oil.

The second possible reason to explain the difference in colour and change in surface oil after
accelerated storage is the oxidation induced by polymerization.

Hardas et al. (2002) found the

same phenomenon in encapsulated milk fat microcapsules. They thought this may be due to
oxidation-induced polymerization, which reduces the extractability of the lipid materials.
Formation of pigment is one of the consequences induced by protein oxidation. The increase in
∆b* may be also due to the non-enzymatic browning induced by the reaction between aldehydes

and the amino groups of proteins. Charve and Reineccius (2009) related the colour changes to
the disappearance of aroma compounds and concluded that the loss of flavour was also
contributed to by the reaction of proteins and aldehydes.

In the current study, the aldehydes

probably came from the oxidation products of lipids, not from the limonene since there was no
limonene aldehyde detected in the GC analysis.

6.4.1.5

Sensory evaluation

Table 6.5 presents the results of sensory analysis of spray-dried and freeze-dried microcapsules
before and after accelerated storage. Sensory results reveal that after drying, an off-flavour was
almost not detected in the LBC-microcapsules.

A slight fishy odour was perceived in the

microcapsules but with no significant difference between the spray-dried and the freeze-dried
samples. The odour of limonene was scored as being slightly perceptible in the spray-dried
microcapsules but much stronger in the freeze-dried microcapsules. This could be due to the
different structure of the microcapsules, resulting in different diffusion properties of the matrix
as discussed before. Since WPI, as a dairy source of protein, was the main wall composition in
all samples, a slight dairy-like note was also perceived in all dried samples.

The odour

attributes were not significantly different (p < 0.05) between different wall materials.

After accelerated storage, an increase of fishy odour was detected in all the samples, which the
intensities in the spray-dried microcapsules being higher than those of the freeze-dried
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microcapsules but the intensities had no significant difference (p > 0.05) in different wall
materials except for the spray-dried acidified WPI/SCF. The off-flavour odour was perceived
in all samples after storage.

The spray-dried samples were scored significantly higher (p < 0.05)

in off-flavour than the freeze-dried samples.
spray-dried acidified WPI/SCF microcapsules.

The highest intensity was detected in the
After storage, the limonene attribute increased

only slightly in the spray-dried samples but increased greatly in the freeze-dried samples. The
intensity of the limonene attribute was perceived significantly higher (p < 0.05) in the WPI/SCF
sample compared with other samples. The flavour of limonene derivatives was perceived in
most of the samples except for the spray-dried WPI/NaCA microcapsules. Dairy-like attribute
was almost not detected in freeze-dried samples after storage while a similar intensity was
obtained in spray-dried samples before and after storage.

The sensory results obtained could be related to the results obtained by chemical analysis for oil
oxidation, and retention and oxidation of limonene over the storage period. For example, after
accelerated storage, the highest intensity of limonene derivatives was perceived in samples
containing WPI/SCF as wall materials.

Relating sensory evaluation to the results of formation

of limonene derivatives, there is agreement that the spray-dried samples with WPI/SCF had a
higher amount of trans-limonene oxide compared with other samples. On the other hand, in the
spray-dried samples, an off-flavour was scored highest in the acidified WPI/SCF microcapsules
after storage, which is in line with the result of PV and AV that WPI/SCF samples had the
highest PV and AV compared with other spray-dried samples. However, freeze-dried samples
containing acidified WPI/SCF as wall materials had a lower oxidative stability than spray-dried
samples while the intensity of off-flavour attribute was vice versa.

The difference between

sensory and chemical analysis is probably due to the much higher orange flavour detected in the
freeze-dried samples, which masked the other odours. This may also be the reason why a
dairy-like odour was not perceived in the freeze-dried samples. The result was in agreement
with the finding of Serfert et al. (2010) who studied the influence of flavour compounds on the
odour quality of reconstituted microencapsulated fish oil. The orange flavour was one of the
flavours investigated in the above study and results showed that increasing orange flavour to 0.2 %
(wt/wt total emulsion) could mask the fishy odour but not the taste of fish oil emulsions.
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Table 6.5

The intensity of odour attributes of LBC-microcapsules containing different wall materials after accelerated storage

Sensory attributes
(scale 0-9)

Day of storage

Dairy

0
7

WPI/NaCA
0.3 ±0.6a
0.3 ±0.5a

Fishy

0
7

0.8 ±0.6b
1.9 ±0.9a

0.8 ±0.4b
1.9 ±0.9a

0.8 ±0.6b
1.8 ±0.5a

0.8 ±0.4b
1.3 ±0.4ab

0.7 ±0.5b
1.2 ±0.6ab

0.6 ±0.7b
1.3 ±0.6ab

Off-flavour (oxidised FO)

0
7
0
7
0
7

n/d
1.8 ±0.6b
0.1 ±0.3d
0.1 ±0.3d
n/d
n/d

n/d
2.2 ±0.7b
0.2 ±0.4d
0.3 ±0.5d
n/d
0.3 ±0.5ab

n/d
2.8 ±0.8a
0.4 ±0.6d
0.3 ±0.5d
n/d
0.5 ±0.5a

n/d
0.7 ±0.8c
1.0 ±0.6c
2.2 ±0.6b
n/d
0.3 ±0.5ab

n/d
0.8 ±0.6c
1.1 ±0.7c
3.1 ±0.5a
n/d
0.4 ±0.5ab

n/d
1.0 ±0.9c
1.4 ±0.5c
2.5 ±0.7b
n/d
0.4 ±0.6ab

Limonene
Carvone & limonene oxide

Spray- dried sample
WPI/SCF
Acidified WPI/SCF
a
0.3 ±0.5
0.2 ±0.4a
0.2 ±0.4a
0.2 ±0.4a

WPI/NaCA
0.4 ±0.5a
n/d

Freeze-dried sample
WPI/SCF
Acidified WPI/SCF
a
0.2 ±0.4
0.2 ±0.4a
n/d
n/d

Superscripts with different letter in the same sensory attribute are significantly different (p < 0.05) from each other.
n/d = not detected
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6.4.2

In vitro digestion of spray-dried microcapsules

The release properties of the spray-dried microcapsules were evaluated using an in vitro model
system to simulate stomach and upper small intestine in a state of fasting.

In this study, the

release properties were expressed as the extent of lipolysis obtained by titrating the fatty acids
released as a percentage of total digestible fatty acids as detailed in Section 6.3.4.

6.4.2.1

Validation of digestion method

Validation of the method was first performed since it was crucial to obtain accurate results.

It

was done by studying the various factors involved such as the ability of ethanol to terminate the
activity of enzymes, the endpoint pH for each system, the substrate concentration and
repeatability of this method, in order to give an understanding of the parameters that may have
been a potential source of error.

To confirm that ethanol addition can inactivate the lipase activity, the amount of fatty acids
released immediately after ethanol addition and 10 min after ethanol addition were examined.
Figure 6.10 indicates that a 10-mL volume of ethanol (10 mL) was sufficient to inactivate the
enzyme.

Free fatty acids
(mol)

100
75
a

a

50
25
0
0

10
Time (min)

Figure 6.10 Percentage of fatty acid released immediately after ethanol addition and 10 min later after
direct exposure to SIF. Data shown are mean values ± standard deviation. Bars with a different letter
within each graph are significantly different (p < 0.05) from one another.

To evaluate fatty acids released during lipolysis, many researchers utilised a pH in the range
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8.0-9.0 as endpoint (Emenhiser et al., 1994). However, the endpoint for each system is actually
dependent on the matrix used (Emenhiser et al., 1994). To determine a suitable endpoint pH to
be used with each sample, a recovery study of tridecanoic acid (C13) was conducted using a
range of pH from 8.0 to 11.5.

Results (Table 6.6) show that complete recovery of C13 was

gained at pH 11.5, 11.0 and 9.5 for WPI/NaCA, WPI/SCF and acidified WPI/SCF systems,
respectively.

These endpoints were selected for the digestion study.

Recovery values

exceeded 100 % after those endpoint pHs in WPI/NaCA and WPI/SCF systems, which may be
attributed to saponification of the undigested oil.

It is quite interesting that with the increase of

pH, the trend in recovery of C13 in acidified WPI/SCF system was opposite to other systems.
This is probably due to large amount of NaOH attribute to neutralise the low pH of the acidic
system at the initial titration stage.

Table 6.6

Percent of recovery of tridecanoic acid (C13) as a function of endpoint pH

Endpoint pH
8.0
8.5
9.0
9.5
10.0
10.5
11.0
11.5

Recovery (%)
WPI/NaCA

WPI/SCF

Acidified WPI/SCF

94.1 ±0.2
95.0 ±1.2
96.3 ±1.3
96.7 ±1.2
96.7 ±0.6
96.7 ±1.2
97.6 ±0.0
101.1 ±0.0

95.0 ±0.2
95.8 ±0.5
95.8 ±0.0
95.8 ±1.2
95.8 ±0.9
96.7 ±0.3
101.5 ±0.9
109.8 ±1.9

118.4 ±2.3
111.4 ±1.8
106.2 ±0.8
100.8 ±0.3
95.7 ±1.3
92.3 ±0.4
88.8 ±0.2
83.6 ±0.5

The amount of substrate with a certain amount of pancreatin was examined in the
WPI/SCF-sample, as an example of the sequence taking place in an in vitro study. The rate of
lipolysis increased significantly (p < 0.05) with increasing substrate concentration (Figure 6.11).
However, the increase in the titrated free fatty acids was not proportional to the increase in the
substrate concentration. This trend was more remarkable when the amount of substrate was
increased from 1.0 to 1.5 g compared with an increase from 0.25 to 0.5 g and 0.5 to 1.0 g.
These results indicate that the amount of substrate was a rate limiting factor but all of the
selected amounts of substrate were in the range of enzyme activity. This was consistent with
Emenhiser et al. (1994) and Kosaraju et al. (2009). Therefore, 1.0 ± 0.1 g of sample was used
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in the experiment.

mol fatty acids released

100
a
75
b
50

c
d

25
0
0.5
0.25
1.0
1.5
Weight of substrate (g)

Figure 6.11 Rate of lipase in pancreatin hydrolysis of core materials in WPI/SCF microcapsules after
sequence in vitro study as influenced by mass of substrate. Data shown are mean values ± standard
deviation. Bars with a different letter within each graph are significantly different (p < 0.05) from one
another.

Table 6.7

Day 1

Day 2

Day 3

Repeatability of lipolysis of WPI/SCF-microcapsules in sequence in an in vitro study
Weight of sample
(g)

Volume of NaOH
(mL)

Fatty acid released
(µmol)

Lipolysis
(%)

1.003
1.005
1.010
0.995
1.005
1.008
1.028
1.015
1.013

1.25
1.25
1.20
1.20
1.25
1.25
1.30
1.25
1.20

61.75
61.75
59.28
59.28
61.75
61.75
64.22
61.75
59.28

11.03
11.01
10.52
10.68
11.01
10.98
11.20
10.90
10.49

Average: 10.85a %
STD deviation: 0.29
Average: 10.89a %
STD deviation: 0.18
Average: 10.86a %
STD deviation: 0.36

Superscripts with a different letter are significantly different (p < 0.05) from each other.

The repeatability tests were conducted with the same batch of sample (WPI/SCF- microcapsules)
on separate days.

The percentage of lipolysis obtained from different days showed no

significant difference (Table 6.7). The results in this table also presented the reproducibility of
the released fatty acid.

Using the results measured in day 3 as an example, they had the wider

range of values compared with those on the other two days. The percentage of lipolysis gained
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in three replicates was within a narrow range from 10.49 to 11.20 %. These results indicate the
method used in this in vitro study was suitable for routine testing of the encapsulated oil.
6.4.2.2

In vitro digestibility of microcapsules with different wall matrices

The in vitro digestibility of LBC microcapsules with and without pre-exposure to SGF is given
in Figure 6.12. Many factors affect lipolysis including droplet size, interfacial properties and
composition of the emulsion (Armand et al., 1992).

The ratio of oil to wall applied in this

experiment was 2:1 for all wall matrices, in order to keep this factor constant.

The initial

droplet size of initial was similar in all formulations. Thus, with both these factors constant, it
is possible to focus on other factors such as interfacial properties and the composition of the bulk
phase, which are known to be important factors in lipolysis (Klinkesorn and McClements, 2009;
Sun et al., 2009). The oil load of 20 % encapsulated by WPI/NaCA was also evaluated since
this was the ratio applied in the physicochemical and oxidation studies. This also can give
information about the effect of oil load on the digestibility of core materials.

Figure 6.12 clearly illustrates that the extent of lipolysis of core materials varied with different
encapsulant matrices, which decreased in the following order: WPI/NaCA > acidified WPI/SCF >
WPI/SCF, when subjected to the same sequential method.

From this result, it was expected that

lipid microcapsules containing only proteins as wall materials would be more easily lipolysed
than those containing protein and SCF.

There is a number of possible reasons to explain this:

first, the presence of proteases hydrolyzed the adsorbed proteins, thereby making the emulsified
oil more susceptible to digestion (Dickinson and Tanai, 1992); secondly, bile salts could displace
proteins, especially globular proteins, from oil-water interfaces and promote lipase activity
(Ivanova et al., 1990).

The protection of lipid from digestion in samples containing WPI/SCF

may probably be due to the presence of SCF.

It has been reported that the presence of soluble

fiber might reduce the digestibility of lipids through different mechanisms, including inhibition
of digestive enzyme activities and micelle formation (Beysseriat et al., 2006; Kosaraju et al.,
2009; Gudipati et al., 2010; Chung et al., 2011). Dietary fiber might bind to bile salts and
consequently reduce the amount of bile salts available to adsorb on the lipid droplet surface.
This could decrease the rate of digestion, since bile salts are required to solubilise lipid digestion
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products for continuous lipase activity (Beysseriat et al., 2006; Kosaraju et al., 2009). Another
possible reason is that some surface-active products, e.g. peptides, protein aggregates and
Maillard conjugates, may be produced during the spray drying process and they compete for the
oil-water interface, reducing the accessibility of lipase (Chung et al., 2011).

The extent of

reaction and the strength of the chemical bond formed could lead to a difference in lipid
digestibility of microcapsules containing non-acidified and acidified WPI/SCF as wall materials.
As shown in Figure 5.13, the amide II bond in the acidified system shifted back to smaller extent
and was in the lower wavenumber than non-acidified one, which indicates that either the bonds
in this group (N-H and C-N) were much weaker or the reaction was not as complete as the latter
one. Thereby, this probably allowed the lipase to come more easily into closer proximity to the
lipids through the possible mechanisms discussed above.

Pre-exposure of samples containing WPI/SCF as wall material to SGF did not enhance the extent
of lipolysis of core materials.

There are several explanations for this result: first,

re-emulsification of the oils by the protein hydrolysates produced by pepsin in SGF may occur
(Chung et al., 2011). Secondly, pre-exposure of microcapsules to SGF may alter the properties
of proteins due to the low pH environment in the stomach, influencing the digestibility of protein
in SIF, and then reducing the accessibility of enzymes and finally may affecting digestion in
subsequent exposure (Kosaraju et al., 2009).

Thirdly, the presence of SCF in the wall may

protect the protein hydrolyzed by pepsin and then prevent the oil being released from the wall
matrix in SGF. Therefore, the oil available for lipolysis in SIF (simulated intestinal fluid) was
similar in samples with or without pre-exposure to SGF.

Some researchers (Gudipati et al., 2010; McClements and Li, 2010) found that the higher ratio of
wall to core could impede the lipase activity and reduce the digestibility of lipids.

However,

there were no significant differences in the extent of lipolysis between microcapsules containing
20 % and 33 % oil. This result agreed with the finding of Kosaraju et al. (2009).

Emenhiser

et al. (1994) demonstrated that the digestibility was likely influenced by the nature of the method.
In an in vitro study, digestion products accumulated in the reaction mixture while the reactants
consumed were not replenished.

Under these conditions, bile salts micelles would become
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saturated with fatty acids and monoglycerols, minimising their ability to clear fatty acids off the
interface. The availability of free calcium could also become reduced due to the formation of
calcium fatty acids soaps, leading to lessening of its ability to deplete the fatty acids from the
interface.
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SIF
SGF+SIF

75

Lipolysis
(%)

b

a

a
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WPI/NaCA
20 %

WPI/NaCA
33 %

WPI/SCF

Acidified
WPI/SCF

Figure 6.12 Percentage of lipolysis after exposure of microcapsules to SIF and SGF+SIF. Data shown
are mean values ± standard deviation. Bars with a different letter within each graph are significantly
different (p < 0.05) from one another.

The influence of individual core materials on the digestibility of microcapsules was not
investigated in this research.

It has been previously reported that a higher concentration of

d-limonene reduces mineral adsorption, inhibits protein digestion and decreases the digestibility
of cellulose (Crane et al., 1957; Alvares et al., 1996).

The understanding of the role of interfacial composition on the digestion of emulsified lipids
may be important since this information could be used to select a proper system for the target
delivery of LBCs.

In some cases, it may be required to deliver the LBCs into the small

intestine and increase lipid bioavailability, in such examples, as diseases preventing efficient
digestion/adsorption of lipids, e.g. pancreatitis (Fave et al., 2004), improving health by
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increasing the adsorption of phytosterol to prevent cholesterol digestion or complete clearance of
cholesterol gall stones by oral intake of d-limonene (Vergunst et al., 1991). Sometimes, it may
be important to release special bioactive compounds into the lower gut to prevent diseases, e.g.
in colon cancer (Narayanan et al., 2001).

6.5

Concluding remarks

Using milk proteins as wall materials showed a better protection toward core material oxidation,
both in the spray drying process and during the accelerated storage. This wall material also
showed good protection against loss and oxidation of limonene over storage, despite giving
poorer retention of volatile components during a high temperature drying process.

Acidified

WPI/SCF-samples had the lowest protection on oil oxidation and presented the least
acceptability in sensory evaluation after the accelerated storage. Co-encapsulation of PE, and
limonene with fish oil could effectively prevent polyunsaturated fatty acids from oxidation
although the addition of limonene increased the PV and AV during accelerated storage trial.

All

spray-dried microcapsules showed a marked change in colour, especially those encapsulated with
acidified WPI/SCF after accelerated storage.

In freeze-dried samples, decreases in PV and extractable oil over storage period were observed in
total oil encapsulated by WPI/SCF.

Compared with spray-dried samples, the colour of

microcapsules also altered significantly after accelerated storage.

Lower limonene retention

and formation of more limonene oxides further indicates that freeze-dried samples had poorer
properties than spray-dried samples.

In the sensory evaluation, the higher intensity of limonene

flavour (caused by the high diffusion rate) masked the fishy odour and off-flavour.

Considering

the physicochemical and sensory properties, spray drying seems to be the more suitable drying
method to produce LBC microcapsules than lyophilisation.

A modified method for an in in vitro digestion study was validated for the spray-dried
microcapsules prepared in this research.

The pH endpoints were different for systems

containing various wall matrices, being 11.5, 11.0 and 9.5 for WPI/NaCA-, WPI/SCF- and
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acidified WPI/SCF-microcapsules, respectively.
digestibility of most samples in SIF.

Pre-exposure to SGF did not affect the

The ratio of wall/core also did not show any effects on

digestive properties. Microcapsules containing WPI/NaCA as the wall matrix showed the highest
extent of lipolysis, followed by those encapsulated by acidified WPI/SCF, and the
WPI/SCF-samples.

It is suggested that microcapsule samples with different digestibility could

be applied to the desired target site for special purposes.
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Chapter 7
Application of Spray-Dried Microcapsules in Real Food
Systems
7.1

Introduction

Despite the weight of evidence suggesting a beneficial effect of n-3 long chain-PUFA (LC-PUFA)
on human health, the average fish consumption in many western countries does not meet the
recommended intake of two to three servings of fish per week (Burr et al., 1989) and therefore
people are not consuming enough n-3 LC-PUFA. One way of increasing the intake of n-3 PUFA
without radically changing the eating habits of consumers is to fortify various food products with
fish oil, which would be both acceptable to the consumer and an effective means of increasing
the levels of n-3 LC-PUFA in the general population.

Based on previous studies, it appears that the most suitable foods for fortification with fish oil
are those that are frequently consumed and stored for a short period of time at a low temperature
in packaging that is not permeable to either light or air (Kolanowski et al., 2007a). One of the
best examples is dairy products.

Kolanowski et al. (2007a) found that a high level of

fortification was attainable for solid, high fat dairy products such as spreadable fresh cheese,
butter and processed cheese especially when used in conjunction with flavourings such as garlic.
These products maintained a constant sensory quality throughout a 4-week storage period.
However, consideration of the Australia and New Zealand food standards’ code may prove
difficult for fortification with n-3 LC-PUFA of high fat dairy products.

Ye et al. (2009) evaluated the fortification of processed cheese and found that the addition of fish
oil did not alter such physical properties as rheology. Kolanowski et al. (2006b) assessed the
texture of industrially produced spreadable fat fortified with fish oil and concluded that there was
no significant effect of the fish oil on the texture attributes. Studies have also shown that yoghurt
and yoghurt drinks enriched with n-3 LC-PUFA seem to have a very good oxidative stability and
acceptable sensory characteristics (Kolanowski et al., 1999; Jacobsen, 2008).

Whilst the

application of fish oil into food systems is not a novel concept, many systems have yet to be tried.

In the present study, spray-dried powders containing fish oil, phytosterol esters and limonene
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with different wall materials (WPI/NaCA and WPI/SCF) were applied into three food systems
including orange juice, ice-cream and yoghurt. There was a main focus on the effects of the
microcapsules on the properties of the foods during storage trials including the pH, melting rate,
hardness and rheology of ice cream, the pH, firmness and syneresis of yoghurt, and the pH,
soluble solids, colour and cloudiness of orange juice.

7.2

Materials

A commercial fish oil powder (ROPUFA® ‘10’ n-3 INF Powder, DSM Nutritional Products) was
provided by Davis Trading Company, Palmerston North, New Zealand. It contains a mixture of
n-3 polyunsaturated fatty acids (minimum 9%) of animal origin (fish oil) stabilized with
tocopherols, ascorbylpalmitate, rosemary extract, and sodium ascorbate (maximum 5%), finely
dispersed in a matrix of fish gelatin, sucrose (max 20% to 25%), and starch (max 20% to 25%)
(Borneo et al., 2007). It contains an average EPA content of 39.79 mg/g (SD=0.47, n=9) and an
average DHA content of 43.46 mg/g (SD = 0.07, n = 9) (Borneo et al., 2007).

Orange juice (Signature Range, New Zealand), light blue milk and skim milk powder (Anchor,
New Zealand) were purchased from a supermarket. Gelatine (GELITA NZ Ltd, Christchurch,
New Zealand) was purchased from a supermarket.

Monoglycerides (Panalite 90) and

polysorbate 80 were provided by Archer Daniel Midland Company Guar gum (GUAR-5) was
donated by Hawkins Watts Limited, Auckland, New Zealand. Modified starch (National 465)
was donated by National Starch & Chemical NZ Ltd., Auckland, New Zealand. Probiotic culture
(Probio-Tec®) was purchased from Chr. Hansen Company, Denmark.

7.3

Methods

Samples encapsulated by WPI/NaCA and WPI/SCF at pH 6.7 were applied into real food
systems, including orange juice (only samples encapsulated by WPI/SCF), ice-cream and
yoghurt. There was a main focus on the effects of these microcapsules on the properties and the
storage stability of the foods. The amount of microcapsules added to the food systems depended
on the regulation of Food Standard Australia New Zealand (FSANZ, 2011a; FSANZ, 2011b),
which claims that 50 mg EPA+DHA /serve for a fortified food is a good start and above 60 mg
EPA+DHA /serve is a good source claim. Thus, two different amounts (50 mg EPA+DHA /serve
and 75 mg EPA+DHA/serve) of powders were applied in this experiment. A commercial fish oil
powder (ROPUFA® ‘10’ n-3 INF Powder) (50 mg/serve) and a control with no encapsulated
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powders were also applied for comparison.

7.3.1

Application in ice cream

Giving consideration to health claims, the product was based on a low fat ice cream which
consisted of light blue milk and skim milk powder from Anchor. The formulation applied in the
experiment was the best one after product development. The method of product-preparation is
summarized in Figure 7.1.

Anchor Light blue milk

Blank or encapsulated powders
Skim milk powder and sugar
Gentle agitation
Dairy mixture
(without stabilizers and emulsifiers)

Gelatin dissolved in boiling water
Slowly poured into the mixture
Other stabilizers and emulsifiers
(monoglycerides, polysorbate 80 and guar gum)
Homogenized for 5 min in a scraped surface heat
exchanger
Final mixture
Set the freezer time of the ice cream machine to 11 min
Ice cream
Figure 7.1

Flowchart for the production of ice cream.

The ice cream was collected in separate opaque containers (500 mL) and carefully leveled to
avoid compaction. Finally, the ice creams were hardened at -20 °C and stored for 3 weeks and
tests were conducted on days 1, 7, 14 and 21. Three replicates of each ice cream were made.

The following tests were conducted for the ice cream: pH, melting rate, hardness, and rheology.
The pH values for the ice creams were measured with a pH meter (ORION model 320, Watson
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Victor Ltd, New Zealand). The melting rate of the ice cream samples was analyzed at room
temperature, according to the method of Tosaki et al. (2009). Ice cream samples with a known
weight were placed in a cheese making funnel (0.5 diameter) over a beaker and the amount of
melted ice cream passing through the funnel was weighed every 2.5 min during 60 min. The
percentage of melted ice cream was plotted against time and the meltdown properties of the
samples were determined. Melting rates were calculated from the linear portion of each melting
curve. The hardness of the ice cream was evaluated based on the methods of Karaca et al. (2008).
Hardness was measured as the force required for a probe (25 mm diameter cylinder probe) to
penetrate 1 cm of the ice cream on a TA.XT2 texture analyser (Texture Technologies Corp and
by Stable Micro Systems, Ltd.). The ice cream, which remained in plastic cups in an ice bath,
was penetrated by the probe in one place on its largest smooth surface.

Rheological

measurements were conducted by a physica MCR301 stress controlled rheometer (DA411534,
Anton Paar, Tru CapTM) coupled with a temperature control unit using a cone and plate system (4
cm diameter and 2°). Ice cream samples were allowed to melt at room temperature before
measurements. The viscosity was recorded at a shear rate of 100 s-1 at 20 °C.

7.3.2

Application in yoghurt

Product development was applied in yoghurt production in order to create a thick, creamy
consistency of product. The final protocol used in the application is shown in the following
flowchart (Figure 7.2)
Anchor light blue milk
Heated at a water bath at 85 °C
Modified starch (National 465) dispersed in cold milk
Slowly poured in with constant agitation Held at 85 °C
for 5 min
Cooled down to 42-44 °C
Encapsulated powders and sugar
Sprinkled the Probiotic
culture
Incubated at 42-44 °C overnight
Yoghurt
Figure 7.2

Flowchart of yoghurt production.
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To study their shelf life, the yoghurts were stored at 4 °C and samples were taken for analysis
after 0, 4, 7 and 14 days. A control sample, without encapsulated powders, was also produced
and analysed.

The samples for texture measurement were produced in individual cylinder

shaped containers with diameter 3 cm. The measurements were performed with a TA.XT2
texture analyser. The firmness of the yoghurt was recorded as the maximum force during a 20
mm penetration made with a 1.2 cm diameter probe at a speed of 1 mm/s (Salvador and Fiszman,
2004). The change of pH during storage was measured by a pH meter on the sample after
measurement of texture. Samples (125 g) for syneresis were prepared in square jars. Whey that
separated during storage was removed using a syringe. The syneresis index was applied to
express the amount of whey drained off during storage, which was calculated as milliliters per
container of initial sample. All samples were prepared in triplicates for different tests.

7.3.3

Application in orange juice

A store bought orange juice (Signature Range) was used into which the samples of microcapsule
powders were dissolved in.

The four orange juice samples consisted of a control (no

microcapsules), ROPUFA sample, and WPI/SCF samples with two different added amounts.
These samples were stored at 4 ºC in opaque plastic containers for a total of 28 days, and
samples were tested on days 0, 3, 7, 9, 23 and 28 for pH, soluble solids, colour, cloudiness and
viscosity.

The pH of the samples (10 mL) was measured using a digital pH meter (ORION Model 320,
Watson Victor Ltd, New Zealand). The soluble solids of juice samples were expressed as °Brix
and measured by a portable refractometer (ThermoFisher Scientific Inc, New Zealand). Colour
analysis was performed using a Minolta CR-400 colorimeter (Minolta. Company Ltd., Osaka,
Japan) and expressed in the CIE system (1931) in terms of L*, a* and b* values.

The

supernatant of juice samples after centrifugation at 1000 rpm for 15 min was subjected to a
spectrophotometer (Shimadzu UV-1700, Japan) to test the cloudiness change. Absorbance at 660
nm was recorded as the cloudiness value with Milli-Q water serving as blank (Versteeg et al.,
1980). Percentage of cloudiness change was calculated as:

𝐶𝑙𝑜𝑢𝑑𝑖𝑛𝑒𝑠𝑠 𝑐ℎ𝑎𝑛𝑔𝑒 (%) =

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑙𝑜𝑢𝑑𝑖𝑛𝑒𝑠𝑠 𝑣𝑎𝑙𝑢𝑒 − 𝐹𝑖𝑛𝑎𝑙 𝑐𝑙𝑜𝑢𝑑𝑖𝑛𝑒𝑠𝑠 𝑣𝑎𝑙𝑢𝑒
× 100
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑙𝑜𝑢𝑑𝑖𝑛𝑒𝑠𝑠 𝑣𝑎𝑙𝑢𝑒

Eq.(7.1)
The viscosity of all the juice samples was determined by a rheometer (Brookfield DV-III Ultra,
Thermo Fisher Scientific Australia Pty Ltd, Australia). The measurements of these tests were
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done in triplicates for each sample and average values are reported.

7.3.4

Statistical analysis

Mean values ± standard deviations are reported for each sample. The experimental data were
subjected to a one-way ANOVA using SAS 9.1. The significance level was determined at 95 %
confidence limit (p < 0.05).

7.4

Results and discussion

Two microencapsulated samples, WPI/NaCA- and WPI/SCF-microcapsules, were placed into a
diverse range of real food systems including orange juice, ice-cream and yoghurt. The purpose
was to see whether the addition of these microencapsulated fish oils would alter the properties of
foods such as the texture, colour, viscosity, and pH, and to investigate the change in these
properties during storage. These samples were also compared with a control which did not
contain any of the microencapsulated fish oil and with a sample to which a commercial sample
(ROPUFA® ‘10’ n-3 INF Powder) had been added. The short name and details of the samples
were shown in Table 7.1.

Table 7.1

Details and short names of samples added into food matrices

Microcapsules

Amount of EPA+DHA in food systems
(mg/per serve)

Short name

Control

n/a

Control

ROPUFA®

50

ROPUFA 50

WPI/NaCA

50

WPI/NaCA 50

75

WPI/NaCA 75

50

WPI/SCF 50

75

WPI/SCF 75

WPI/SCF

Sensory evaluation by a consumer is relatively important since the acceptability by customers
largely determines the product value in the market. Unfortunately, due to the time constraints, it
was difficult to arrange a formal consumer sensory trial for the products. Only an informal
sensory analysis was conducted by 9 experienced panel members in the food science laboratory
at the University of Auckland, after preparation of each product. The sensory results indicated
that all products containing ROPUFA and WPI/SCF sample did not have a noticeable fishy odour
but the ROPUFA sample gave a quite strong fishy aftertaste. The products containing the
WPI/NaCA-microcapsules had a slight fishy odour, especially those containing a high amount of
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addition, but did not leave a lingering aftertaste.

7.4.1

Effect of microcapsules on ice cream properties

Six ice-cream formulations were produced: a control, ROPUFA 50, WPI/NaCA 50, WPI/NaCA
75, WPI/SCF 50 and WPI/SCF 75, and were stored in a freezer at -18°C for 3 weeks. Tests,
including meltdown, pH, viscosity and hardness, were conducted on days 1, 7, 14 and 21.

The physical properties of the ice creams after 24-h aging are shown in Table 7.2.

The

meltdown tests indicate the shape retention ability of ice creams. It is one of the important
parameters to evaluate the quality of the ice creams (Karaca et al., 2008). The melting rate of ice
creams did not show significant difference (p > 0.05) between samples. An increase in the
amount of proteins and soluble fiber has been reported to reduce the rate of melting. Alvarez et
al. (2005) studied the influence of the addition of milk protein concentration and polydextrose on
the physical properties of ice creams and concluded that both of these components had
effectively decreased the melting rate and promoted the shape retention.

The insignificant

change in melting rate in the current study is probably due to the small amount of added
microcapsules.

Table 7.2

Physical properties of ice cream with/without microcapsules

Sample

Melting rate
(g/min)

pH

Viscosity
(mPa·
S)

Hardness
(N)

Control

0.78 ±0.02a

6.54 ±0.03a

8.36 ±0.00c

4.20 ±2.16c

ROPUFA 50

0.80 ±0.06a

6.50 ±0.03ab

9.48 ±0.05a

5.48 ±1.82c

WPI/NaCA 50

0.83 ±0.03a

6.49 ±0.01b

8.95 ±0.04b

24.33 ±9.48ab

WPI/NaCA 75

0.85 ±0.05a

6.53 ±0.01ab

8.02 ±0.16d

20.28 ±5.55ab

WPI/SCF 50

0.78 ±0.03a

6.51 ±0.01ab

8.98 ±0.21b

10.87 ±3.02bc

WPI/SCF 75

0.81 ±0.01a

6.50 ±0.02ab

8.07 ±0.06d

28.60 ±7.21a

Superscripts with a different letter in the same column are significantly different (p < 0.05) from each other.

There was some statistical difference in the pH of ice cream samples with very small difference
in values, ranging from 6.49 to 6.54. Lee and White (1990) studied the effect of ultrafiltration
retentates and whey protein concentrates on ice cream quality during storage and found a pH of
6.57 for their control ice cream, which is very similar to our finding. In addition, their samples
with whey protein concentrate had a lower pH than the control. Naidu et al. (1985) also found
that an increased amount of whey solids in ice-cream has had a tendency to reduce the pH.
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The results of viscosity showed a significant difference between samples. The viscosities of the
ROPUFA 50, WPI/NaCA 50- and WPI/SCF 50-samples were significantly higher (p < 0.05) than
the control.

These results support the findings of researchers who stated that the relative

viscosity decreased as the whey solids increased (Guy, 1980; Naidu et al., 1985). In general the
viscosity of the control ice-cream mix is lower than expected. This may have been due to the
light blue milk and skim milk powder, used as the raw materials, resulting in the low fat content
of the products. Lee and White (1990) measured a viscosity of 0.4125 Pa·s for their control icecream mix consisting of 12% fat.

The addition of microcapsules significantly changed the texture of ice cream except in the case
of ROPUFA 50. The higher concentrated WPI/NaCA- and WPI/SCF-samples were harder than
the other samples suggesting a poorer scoopability of the ice cream and inevitably a lower
consumer acceptance. However, the lower concentrated WPI/SCF-sample seems to have a
texture similar to the control which could suggest that these samples would be better suited to a
commercial product. The higher standard deviations of hardness indicated that the ice creams
were not uniform under the process conditions and the dissolution ability of microcapsules and
other ingredients.

The changes of the physical properties of ice cream samples during storage are shown in Figure
7.3. Throughout the storage period, there was slight fluctuation in the pH of the ice-cream mixes.
Taking into account the error of the measurements, it appears that the pH was relatively stable.
The viscosity of the ice-cream mixes remained relatively stable throughout the storage period
with only very small changes. Viscosity for most of the samples increased slightly during the
first week and then decreased. The texture of the ice creams changed significantly during
storage. By day 7, all of the samples except WPI/SCF 50 showed an increase in hardness, which
suggests some ice crystal growth within the mixture during storage at -18°C. After this period,
the general trend was for the hardness of the ice-cream mixes to decrease. This may due to a
faster melting rate induced by the larger ice crystals, resulting in the ice cream becoming softer
during the measurement period despite being contained in an ice bath.
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Figure 7.3

Changes in properties of ice cream with/without microcapsules during storage. A. pH;

B. Hardness; C. Viscosity. Error bars represent standard deviation.

7.4.2

Effect of microcapsules on yoghurt properties

Six yoghurt formulations were produced including the control, ROPUFA 50, WPI/NaCA 50 and
75, and WPI/SCF 50 and 75. The yoghurt samples were stored in a refrigerator at 4°C for shelf
life evaluation and tests, including syneresis, pH, and texture, which were conducted on days 0, 4,
7 and 14.

The amount of whey that separates from the yoghurt is an indication of the stability of the
product and the interconnected networks ability to retain the aqueous phase.

The greatest

amount of syneresis was observed on day 0 for all samples with no statistically significant
difference (p > 0.05) (Table 7.3). The amount of whey that was separated from the yoghurt
decreased throughout the storage period with no or very small amounts recorded on days 7 and
14, indicating product became more stable. This finding is consistent with Guven et al. (2005)
who also reported a reduction in whey separation during storage.

This indicates that the

stabilizer, national 465 that was used had a positive effect on controlling the syneresis of the
yoghurt mixtures even with the addition of microcapsules. The WPI/SCF 50-sample appeared to
be the most stable with no further whey separation for the rest of the storage period.
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Table 7.3
Parameter

Syneresis
(mL)

Physical properties of yoghurt samples with/without microcapsules during storage
Sample

Control

Storage (Day)
0

4

1.80 ±1.13a
bc

7

14

0.10 ±0.14c

n/d

n/d

c

ROPUFA 50

0.70 ±0.71

0.10 ±0.14

n/d

n/d

WPI/NaCA 50

0.75 ±0.78bc

0.50 ±0.71bc

n/d

0.10 ±0.14c

WPI/NaCA 75

1.05 ±0.07ab

0.05 ±0.07c

n/d

n/d

n/d

n/d

WPI/SCF 50

bc

0.80 ±0.42

c

n/d

WPI/SCF 75

0.45 ±0.35

0.10 ±0.14

0.25 ±0.35

0.08 ±0.11c

Control

4.12 ±0.03d

4.24 ±0.01abc

4.23 ±0.07abc

4.26 ±0.03ab

ROPUFA 50

4.19 ±0.01abcd

4.25 ±0.00ab

4.19 ±0.09abcd

4.26 ±0.04ab

WPI/NaCA 50

4.20 ±0.01abcd

4.23 ±0.06abcd

4.26 ±0.04ab

4.28 ±0.04ab

WPI/NaCA 75

4.18 ±0.02bcd

4.17 ±0.06bcd

4.19 ±0.01abcd

4.27 ±0.08ab

WPI/SCF 50

4.20 ±0.01abcd

4.19 ±0.04abcd

4.19 ±0.06abcd

4.29 ±0.04a

WPI/SCF 75

4.21 ±0.08abcd

4.13 ±0.00cd

4.20 ±0.01abcd

4.21 ±0.03abcd

Texture

Control

0.62 ±0.05bc

0.68 ±0.03abc

0.69 ±0.06ab

0.70 ±0.02ab

(N)

ROPUFA 50

0.65 ±0.01abc

0.63 ±0.02bc

0.61 ±0.03bc

0.64 ±0.04bc

WPI/NaCA 50

0.66 ±0.03abc

0.67 ±0.03abc

0.73 ±0.05a

0.73 ±0.06a

WPI/NaCA 75

0.64 ±0.02bc

0.64 ±0.01abc

0.65 ±0.01abc

0.65 ±0.01abc

WPI/SCF 50

0.62 ±0.04bc

0.61 ±0.04c

0.62 ±0.05bc

0.66 ±0.04abc

WPI/SCF 75

0.61 ±0.01c

0.62 ±0.00bc

0.60 ±0.03c

0.66 ±0.01abc

pH

bc

bc

Superscripts with a different letter in the same analysis are significantly different (p < 0.05) from each other.

There was no statistically significant difference (p > 0.05) in the pH of yoghurt samples (Table
7.3). This indicates that addition of microcapsules did not influence the pH of yoghurt. During
storage, there is very little variation in the pH for all samples, taking into consideration of the
error in the measurement. This result suggests that all the samples had great stability over this
storage period.

The results of firmness did not show any difference between samples. This may suggest that the
addition of microcapsules in the amounts used in this experiment had no noticeable effect on the
texture of the yoghurts. The firmness of the yoghurts remained relatively unchanged throughout
the storage period. The constant firmness and relatively stability during storage indicate that
application of both WPI/NaCA and WPI/SCF-microcapsules in yoghurt may be commercially
viable.
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7.4.3

Effect of microcapsules on orange juice properties

In this application, only ROPUFA 50 and WPI/SCF-microcapsules were applied. Microcapsules
containing NaCA had a lower solubility under the pH around its isoelectric point. Therefore, this
microcapsule was not used in this experiment. The juice samples were stored in 4 °C and tests,
including cloudiness, pH, solid content, viscosity and colour, were estimated after preparation
and during storage.
The cloudiness in juice is considered a significant quality factor contributing to the flavour,
aroma, and appearance of the juice (Cameron et al., 1999; Ferrentino et al., 2009). Cloudiness
loss can be attributed to the enzymatic activity of pectin esterase which de-esterifies pectin and
can be viewed as a loss in quality and therefore should be minimised (Ferrentino et al., 2009).
Figure 7.4 shows that cloudiness was initially higher in the WPI/SCF samples compared with
the control and commercial sample. This may have been due to the added proteins in these
samples contributing to the cloudiness.

Cloudiness is related to particle suspension which is

composed of a complex mixture of protein, pectin, lipids, hemicellulose and cellulose in addition
to other minor components (Cameron et al., 1999).

This hypothesis seems to be further

confirmed since the higher concentration of WPI/SCF-microcapsules also showed a greater
amount of cloudiness. Throughout the storage period, the cloudiness of this sample significantly
decreased in the initial period and then became stable over the remaining period. The slight
changes in the cloudiness measurements during the storage period for the control, ROPUFA and
WPI/SCF 50-juice samples indicate perhaps a great stability for these samples.

This may

suggest that addition of WPI/SCF using 50 mg EPA+DHA per serve could have a promising
outlook in its viability in food systems.
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Cloudiness of juice samples with/without microcapsules during storage. Error bars

represent standard deviation.

Table 7.4 shows the other physical properties including pH, solid content and viscosity of juice
samples. There was a general trend towards a slight increase in pH over this period with the
greatest change between day 0 and 7. However, the increase was only within a range of less than
0.15 for all samples which means that it could be considered that these products are fairly stable.
With no significant difference (p > 0.05) between the control and the rest of the samples, the
increase in pH is unlikely to be due to addition of microcapsules. Del Carov et al. (2004)
reported a significant increase in pH for citrus juices during storage at 4°C and similarly Cortes
et al. (2008) also reported an increase during storage despite high intensity pulse electric field
processing. This may indicate that some component within the orange juice itself is causing this
slight pH instability.

Juice samples containing microcapsules showed a significant increase in solid content, probably
due to the introduction of soluble proteins and/or polysaccharides in the wall materials. The
soluble solids of the juice samples did not seem to show the same trend throughout the storage
period. Samples with microcapsules showed a decreased tendency in the degree of Brix during
the storage whilst the degree of Brix in the control sample remained almost the same. The main
component of soluble solids in juice is the concentration of sucrose which should remain
constant throughout the storage period. Ferrentino et al. (2009) reported a slight decrease in
degrees Brix for untreated samples of red grapefruit juice in keeping with the first period of this
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storage trial. The loss of soluble solid content could be due to the non-homogenised systems or
unstable emulsion systems in the acidic environment. Unlike the sample containing ROPUFA
powder, the other samples could not be homogenised after addition of microcapsules. The
redispersed emulsions in juice samples were unstable during the storage either because of
flocculation or coalescence, resulting in a creaming layer. Since the sampling position in this
experiment was in the middle part of the sample, the change of creaming layer might influence
the measurement of the solid content.

Table 7.4
Parameter

Properties of orange juice with/without microcapsules during storage
Sample

Storage (Day)
0

7

21
ab

28

Control

4.10 ±0.01

4.19 ±0.02

4.17 ±0.03

4.18 ±0.01ab

ROPUFA 50

4.12 ±0.03cd

4.15 ±0.02bc

4.18 ±0.01ab

4.18 ±0.02ab

WPI/SCF 50

4.09 ±0.01d

4.18 ±0.02ab

4.19 ±0.03ab

4.21 ±0.04a

WPI/SCF 75

4.08 ±0.02d

4.19 ±0.02ab

4.17 ±0.01ab

4.19 ±0.01ab

Solid content

Control

9.47 ±0.15fgh

9.60 ±0.00ef

9.43 ±0.06gh

9.60 ±0.10ef

(°Brix)

ROPUFA 50

10.00 ±0.00ab

9.87 ±0.06bc

9.70 ±0.10de

9.80 ±0.00cd

WPI/SCF 50

9.97 ±0.06ab

9.60 ±0.10ef

9.57 ±0.15efg

9.67 ±0.06de

WPI/SCF 75

10.03 ±0.06a

9.60 ±0.10ef

9.70 ±0.10de

9.40 ±0.10h

Viscosity

Control

29.70 ±0.48f

39.05 ±0.60bc

41.78 ±2.98a

35.85 ±1.63d

(mPa·S)

ROPUFA 50

29.53 ±0.87f

31.15 ±0.84ef

32.73 ±1.79e

31.35 ±0.60ef

WPI/SCF 50

31.60 ±2.37ef

37.30 ±2.15cd

35.83 ±2.52cd

35.80 ±1.28bcd

WPI/SCF 75

31.60 ±0.34ef

40.03 ±1.43ab

37.50 ±0.88d

38.15 ±1.91d

pH

d

ab

Superscripts with a different letter in the same analysis are significantly different (p < 0.05) from each other.

The addition of microcapsules did not affect the viscosity of juice samples. Over the storage
period, the viscosity of samples showed a significant increase (p < 0.05) from day 0 to 7 except
for the sample containing ROPUFA fish oil powder. After this period, the control and WPI/SCF
75 decreased in viscosity while the viscosity of others remained constantly. Buedo et al. (2001)
demonstrated that Maillard reactions could be expected in high solid content juice samples (>
10 °Brix), as a result of the combined effects of high reactant concentration and low water
activity, which help the reactions to take place, resulting in high viscosity. Although the solid
contents in this experiment were not as high as in their experiment, this reaction could still occur.
The introduction of protein into the system could promote this Maillard reaction. The WPI/SCF
75-sample showed a faster increase in viscosity from day 0 - 7 compared with WPI/SCF 50.
However, the increasing rate in viscosity in WPI/SCF 50 seems to be less rapid than the control.
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It may be concluded that such an amount of protein in the system would not affect/alter the shelf
life of juice samples.
One-way ANOVA comparison of total colour difference (ΔEab*) (Figure 7.5), using the control
as the target sample, showed significant differences between the plain juice and samples
containing microcapsules. The biggest colour difference occurred in the WPI/SCF 75- sample.
Samples containing ROPUFA 50 and WPI/SCF 50 showed similar differences in colour, which
was 1.57 ± 0.36 and 1.71 ± 0.25, respectively. The change in colour of samples with the
microcapsules was expected since the redispersion emulsions appeared slightly cloudy in water.

The colour of juice samples stored after 28 days showed a significant difference (p < 0.05)
compared with their initial samples at the beginning of the storage (Figure 7.6). The individual
colour values, L* and b*, increased over the period of storage (Appendix 15), which was similar
with the finding of Tiwari et al. (2009), who conducted a storage trial on the effect of sonication
on orange juice and found that all three values increased. The biggest colour change after
storage occurred in the control sample, followed by the sample containing WPI/SCF 75.
ROPUFA and WPI/SCF 50-samples showed the lowest change compared with the initial samples.
This could be due to a Maillard reaction promoted by the higher amount of protein added,
resulting in a change in the b* value. As all samples experienced some sort of change in colour,
it can be noted that the microcapsules are not solely responsible for this change.

Carotenoid

pigments are responsible for the orange colour of juice and seem to be influenced by storage
conditions such as the length of time the juice is kept (Melendez-Martinez et al., 2003). In
addition, colour can also be influenced by product ripening which was not observed in this case
due to the prior processing of the commercial juice. This is in line with an increase in lightness
value instead of a decrease which would be attributed to the browning of the fruit.
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Total colour difference of juice samples with microcapsules. Total colour difference,

shows the difference between juice with microcapsules and control sample (one without

microcapsules). Data shown are mean values ± standard deviation. Bars with a different letter within
each graph are significantly different (p < 0.05) from one another.
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Total colour difference of juice samples with/without microcapsules after 28-day storage.

Total colour difference, ΔEab*, shows the difference between juice with microcapsules and control sample
(one without microcapsules). Data shown are mean values ± standard deviation. Bars with a different
letter within each graph are significantly different (p < 0.05) from one another.
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7.5

Concluding remarks

Application of spray-dried microcapsules containing the same amount of omega-3 fatty acids,
into three different food matrices including ice cream, yoghurt and orange juice showed
WPI/SCF-samples with the additional amount of 50 mg EPA+DHA per serve had an effect
similar to that with addition of the commercial product, ROPUFA, on the products. The addition
of LBC microcapsules also did not alter most of the parameters compared with the control
samples. In addition, an informal sensory analysis indicated that there was no noticeable fishy
odour in all the products containing WPI/SCF. These results suggest that this sample would be
better suited to a commercial product.
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Chapter 8
General Discussion, Conclusion and Future Work
8.1

General discussion

8.1.1 Outcomes of fish oil delivery in current study
As reviewed in chapter 1, an emulsion system is an effective and suitable delivery method to
encapsulate lipophilic components.

Among all types of emulsions, simple O/W emulsion

systems were chosen for current research due to their easy preparation and low cost, making
them more attractive to food industries. However, a simple O/W emulsion normally experiences
physical instability when exposed to environmental stress, e.g. change in pH and temperature
(Dalgleish, 2004). In the current study, effort was made into improving the physicochemical
properties of the emulsions by combining different components, including physical blends of
biopolymers, biopolymers with lecithins and different order of addition. The physical blend of
biopolymers showed different effects, either positive or negative, on the emulsion properties of
fish oil-emulsion. Combination of milk proteins (WPI and NaCA) in a ratio of 4:1 showed the
most improvement on emulsion stability against gravity, while WPI and SCF in ratio of 1:1 gave
an excellent protection for an emulsion from either phase separation or creaming during freezethaw cycling. Furthermore, this combination of protein with carbohydrate can produce a fine
and stable sub-micron emulsion at low pH.

Another outstanding achievement is that the fishy odour was successfully masked without
addition of artificial flavour. Co-encapsulation of fish oil with limonene in a concentration of
12.5 % total oil was able to mask the fishy odour due to the volatile nature and orange like
flavour of limonene. The limonene not only served as a flavouring but also as a bioactive
component due to its health effect (chapter 1). Moreover, the phytosterol esters incorporated
into the formulation of emulsion have a promising synergistic effect on cardiovascular diseases
and systemic inflammation when combined with fish oil (Micallef and Garg 2008; Khandelwal
et al., 2009). Current results showed that introducing phytosterol esters in a co-encapsulated
system helped to protect fish oil from oxidation, consistent with the finding of Yasukazu and
Etsuo (2003) who reported that phytosterols could increase oxidative stability of those
substances that were more susceptible to oxidation.
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The oxidative stability of encapsulated fish oil was much improved in the current research. Bulk
fish oil was easily oxidised when stored under accelerated conditions. Loss of EPA and DHA
was approximately 37 % and 39 %, respectively, after 24 hour-storage in accelerated storage at
45 ºC, 30 % RH with saturated oxygen. Co-encapsulated products showed approximately 90 %
retention of EPA and DHA after 7-day accelerated storage. This result shows a very significant
improvement in protection of fish oil with high EPA and DHA content compared with other
reported studies, such as those of Kim (1996), Tan et al. (2009) and Shen et al. (2010).

The higher ratio of emulsifier to oil (1:1), compared with most published emulsion studies, was
chosen in the current study based on consideration of drying the emulsions to produce
microcapsules, since there are merits in a dry emulsion form over a liquid form, including ease
of application, handling, transportation and longer product shelf life.

Spray drying is an

established industrial drying method used to produce large quantities of powder and it is found
that this drying technology is a good option for dehydrating liquid emulsions to dry powder
forms. A lipid ratio of wall to core should be at least 1:1 for core protection during spray drying
as reported by Gharsallaoui et al. (2007). Compared with the literature on microencapsulation of
lipids (Hogan et al., 2001b; Hogan et al., 2001c; Rusli et al., 2006), the lipid ratio of core to wall
of microcapsules obtained in current study was not considered as very high. However, the
decision for selecting this ratio of core/wall was based mainly on the high microencapsulation
efficiency (> 95 %) and sound redispersion capacity (monomodal distribution of droplet size) of
the microcapsules.

The outcomes of this research generally show that co-encapsulation of fish oil with PE and
limonene can be achieved through drying of emulsion and the microcapsules produced have
better stability and added health benefits. Despite the application of co-encapsulation for delivery
of bioactives into food matrix has been limited compared with pharmaceutical industry, it
provides a good potential when several ingredient with have synergistic effect to be added into
food in a single microcapsule system.

8.1.2 Biopolymer as emulsifier in fish oil emulsions
In order to select a suitable emulsion system, investigation of physicochemical properties and
stability of fish oil-emulsions is very important and it was therefore one of the major focus in the
current study. Apart from the conventional methods for emulsion characterisation (droplet size
and size distribution, zeta-potential, rheological properties, protein coverage and stability tests), a
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SAXS experiment was carried out to study the microstructure of the emulsion systems and this
helped to explain these emulsion properties from the prospective of polymer science.

Results of protein stabilised emulsions (Section 2.4.3) showed that a WPI-stabilised emulsion
was high in viscoelasticity but poor in stability, whereas mixed protein-stabilised emulsions had
low viscoelasticity but high stability against creaming. These differences were possibly caused
by the difference in surface structure of emulsion droplets and free polymer structure in the
system. In the WPI-only system, the interfacial layer surrounding the oil droplets is of a globular
proteinaceous nature, and is relatively thin and compact, and high in viscoelasticity
(McClements, 2008). This nature of the globular protein on the surface is contributed to by the
enhanced interactions with neighbouring protein molecules through hydrophobic attraction or
disulfide bond formation, caused by the unfolding of a globular protein at the interface, which
often exposes amino acids that were originally located in the hydrophobic interior of the
molecule. In mixed dairy protein systems, competition of adsorption onto the droplet interface
occurs. According to the SAXS result (Section 4.5.3), NaCA molecules were more likely to be
adsorbed onto the interface than were WPI. The interface mainly consisted of a flexible random
coil, proteinaceous in nature, which tends to have relatively open structures, and be relatively
thick, with low viscoelasticity (McClements, 2008).

On the other hand, the instability of WPI-stabilised emulsion is due to the depletion effect, which
is of particular important for polymers with extended and stiff molecular backbones and large
colloidal particles (Napper, 1983). The configuration is shown in Figure 8.1 B. Figure 8.1 A
shows the sufficient separation of colloidal particles. Once the surface oil droplets are fully
covered by WPI (big particles), the leftover WPI molecules (small particles) are present as free
particles in solution (Section 2.4.1 and Section 4.5.1). When the free polymer concentration
reaches becomes sufficiently high (e.g. when the bulk solution becomes “crowded” and the free
polymer suffers from entropy restrictions), dissolved polymer molecules are “pushed” towards
the surface of the colloidal particles and the depletion layer becomes thinner, consequently
destabilising the system (Fleer et al., 1984; Fleer et al., 1993). Displacement of WPI with NaCA
largely improved the stability of fish oil-emulsion, especially when the ratio of WPI/NaCA
reached 1:1, mainly due to the high viscosity in the continuous phase (Figure 1 A, Appendix 2),
which was contributed to by the formation of aggregated colloid particles, e.g. casein micelles
(100-200 nm), in the aqueous phase (discussed in Section 4.5.3).
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A

Oil droplet

B

WPI

Figure 8.1

Configuration of (A) sufficient separation; and (B) depletion flocculation of colloidal

particles (source from Kotelenz et al. 2009).

Emulsion systems containing WPI and SCF are more complicated. WPI acts as an emulsifier in
these systems which adsorbs onto the oil droplets while SCF performs as a co-polymer either
forming a second layer on the surface of colloid particles (e.g. WPI-stabilised emulsion droplets
or colloidal protein aggregates) or as free polymer in the aqueous phase (Section 4.5.3).

Current research showed that this kind of system was stable against centrifugal stress at neutral
pH, a result not in agreement with some other researches. Syrbe et al. (1995) observed that in
mixtures of native whey proteins with non-ionic hydrocolloids (e.g. long chain maltodextrins,
dextrans and methylcellulose), incompatibility occurred at pHs from 5 to 7 and high polymer
concentrations. Theoretically, the presence of stabilising polymer layers on the surface of the
colloidal particles tends to reduce the depletion layer thickness (as free polymer can intrude into
the adsorbed layer to some extent but this is no possible in the case of a hard sphere), thereby,
causing a destabilisation effect (Syrbe et al., 1998). The possible difference between our result
and the finding of Syrbe and others could be attributed to the difference of the free and adsorbed
polymer size ratio. Although the SAXS result (Section 4.5.3) could not give information about
the size of the absorbed SCF, the information on the surface structure indicated that big
aggregates from the free polymers were present in the solution. Therefore, the ratio of the free
and adsorbed polymer size would not be small. For a large ratio, with a thick adsorbed layer and
thin depletion shell forms, stabilisation will consequently prevail (Syrbe et al., 1998). Another
possible cause maybe the different concentrations of free polymers in the current study and
Syrbe et al.’s work. The concentration of polymers (50 wt% of total solution) that they applied
was relatively high, whereas in the current research, the addition of polymer concentration did
not exceed the critical flocculation concentration (see Section 2.4.3) and the adsorbed polymers
should be in a high amount due to the applied high pressure process during homogenisation. At
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low concentrations of free polymer, the entropy loss linked to the aggregation of colloidal
particles outweighs the depletion effect, so the systems remain stable.

Stability at low

concentrations of free polymer is predicted and observed in the literature (Napper, 1983; Fleer et
al., 1984; Fleer et al., 1993).

In emulsion systems containing WPI and SCF, the pH only influences protein self-association
(repulsion between protein WPI molecules) due to the non-ionic nature of SCF. In an acidic
emulsion system, with a pH close to pI of WPI in the current study, incompatibility, directly
correlated to protein self-association, is much stronger than at neutral pH, due to attractive
fluctuating dipole interactions.

SAXS results indicate obvious differences between acidic

emulsion and neutral emulsion systems (see Section 4.5.3) caused by large self-aggregation of
proteins at pH 3.5.

Although SAXS could help to explain the above phenomena, property changes due to the
competition between biopolymers and lecithins on the interface cannot be explained by using
this technology, which theoretically occurs between biopolymers and a small molecular weight
surfactant. In theory, the phenomenon of protein displacement can be described by two extreme
mechanisms (Dalgleish, 2004) as follows: 1) solubilisation, which is described as the watersoluble LMW surfactant binding to the protein to form a soluble protein-surfactant complex and
instead of adsorption at the interface, the surfactant interacts strongly with the protein; 2)
replacement, which is described as the phenomenon that occurs when the LMW surfactant
displaces the protein and has to bind at the interface because the interfacial tension for the
surfactant is lower than that for the protein. The extent to which protein is displaced depends on
the LMW surfactant concentration and type (Euston et al., 1995), and the environmental
conditions (e.g. temperature) (McCare, 1999).

It has been found that lecithin will cause

conformational changes in the adsorbed protein layer as well displacement of protein
(Nieuwenhuyzen and Szuhaj, 1998). It has also been reported that lecithin does not efficiently
displace the protein from an O/W interface when compared with other water-soluble surfactants
(Courthaudon et al., 1991). Some research have shown that LMW surfactants can still have
some effect on the adsorbed protein layer around emulsion droplets even though the
concentration of the surfactants is too low to cause protein displacement. They can interfere
with interprotein interactions within the protein layer, which can lead to a reduction in inter
facial viscosity of the protein film and consequently lead to a reduction in coalescence stability
(Dickinson et al., 1990).
224

To study the interaction between protein and lecithin clearly and in detail, a change of contrast
by neutron scattering technology should improve the results and give a greater in-depth insight
into this aspect (as concluded in Chapter 4).

8.1.3 Relation of biopolymer interactions with microcapsule properties
The spray-dried microcapsules containing WPI and SCF as wall materials were observed to have
some attractive properties, e.g. high oil load, good redispersion ability, possible application in
real food systems, and slow release in the gastrointestinal tract compared with those containing
mixed milk proteins (see Section 5.4.4.2, 6.4.2.2 and 7.4).

Although this formulated

microcapsule had a slightly lower oxidative stability during accelerated storage compared to the
mixed protein system, the retention of EPA and DHA was relatively high and similar to that of
the microcapsules with mixed milk proteins (see Section 5.4.4.2). These results were due to the
properties of SCF, including protection of protein from aggregation and fast adsorption of water.
It is probably also contributed to by the Maillard reaction products (MRPs) formed by the
interaction of protein and carbohydrate during processing. The shift of the amide II band in the
presence of SCF may verify the formation of MRPs (see FTIR analysis in Section 5.4.4).

The role of microencapsulation to retardation of oil oxidation may be due to several reasons, not
only to the physical barrier of the wall matrix against oxygen diffusion into the core but also the
antioxidant property of the wall materials. Protein inhibition of oil oxidation has been reported
and the mechanisms include reaction with free radicals, physical masking or embedding of lipids
and metal chelating ability (Toubal, 1971; Karel, 1975; Chen and Nawar, 1991; Wang et al.,
1991a; Wang et al., 1991b; Kawase, 1998). Although microcapsules containing WPI/SCF as
wall materials had a thinner interfacial layer and a lower protein concentration, they still had
high protection of EPA and DHA from degradation and a relatively low score in off-flavour
attributes after accelerated storage. This is probably due to the antioxidant property of MRPs
formed by protein and carbohydrate during processing. Some researchers reported that MRPs
have antioxidant properties offering protection of unsaturated oils (McGookin and Augustin,
1991; Wijewickreme and Kitts, 1998).

Some studies (Shepherd et al., 2000; Chevalier et al., 2001; Moreno et al., 2002; Diftis and
Kiosseoglou, 2003) have reported that protein-carbohydrate conjugates formed by the Maillard
reaction have superior emulsifying properties compared with protein alone, thereby satisfying an
important criterion for an encapsulant intended for microencapsulation of oils. This has been
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also confirmed in current study that in high oil load, much higher microencapsulation efficiency
was obtained in microcapsules containing WPI/SCF compared to microcapsules containing only
milk proteins as wall materials.

As visually observed in the application of microcapsules in juice (Section 7.4.3), microcapsules
containing milk proteins precipitated at acidic conditions (pH ~ 4.1), whereas microcapsules
containing a protein-carbohydrate mix dispersed rapidly. This may be due to the improvement
of protein stability over a wider pH range by glycation, compared with unmodified proteins
(Shepherd et al., 2000; Oliver et al., 2006).

Furthermore, in vitro digestion results (Section 6.4.2.2) show that the release of fish oil was
relatively different between the milk protein microcapsules and those containing protein and
carbohydrate. The digestion rate was relatively low when the latter was applied as wall materials,
similar to the findings of Kosaraju et al. (2009). They evaluated the digestibility of fish oil
physically encapsulated with milk protein, glucose and dried glucose syrup, and of their
conjugates from a Maillard reaction and found the oil release from the latter system was much
lower than from the former. This slow release property gives potential for delivery at the site of
the lower digestive tract, e.g. the colon, which may be beneficial to deliver bioactive
components/drug specifically for prevention of colon cancer (Roynette et al., 2004; Calviello et
al., 2007) and Crohn’s disease (Belluzzi et al., 1996).
8.1.4 Application and nutritional value assessment
The potential application of the co-encapsulated powder containing WPI and SCF as wall
materials is mainly in food products, either in powder or reconstituted emulsion form. Since milk
protein was applied as one of the main wall materials, the microcapsules can be used in dairy
products. Results (Section 7.4.1 and 7.4.2) show that the co-encapsulated microcapsules can be
used either in neutral pH or acidic pH dairy products. There was no evidence to show that
microcapsules were damaged and or that oils were released during rapid freezing of ice-cream
ingredients or during the fermentation in making yoghurt. Furthermore, addition of a suitable
amount of microcapsules did not significantly change the properties of the original product, such
as texture, viscosity, pH, etc., or the shelf life of the product. These results indicate that the
microcapsules may be applied in other dairy products, e.g. milk, cheese, margarine, and lactic
acid bacteria beverage. Another potential application may be in the beverage industry. Results
(application in juice) show that microcapsules containing WPI and SCF in a suitable addition
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dose did not affect or alter the shelf life of orange juice, which confirms their potential
application in beverages. Application of microcapsules may be also possible in cereal products.
Microcapsules in dry form may be mixed directly with the processed cereals and consumed by
customers as breakfast cereals. They may also be added into flour and be subjected to the
process of baking (bread, muffin and cookies) although their ability towards heat resistant was
not detected in this research.

Other applications might be in confectionary products, e.g.

chocolate filling, biscuit filling. However, the orange flavour may limit application of this
product, but replacement by other flavour components with a similar hydrocarbon structure, e.g.
lemon, lime flavour, may be possible without large alteration to the properties of microcapsules.

According to the amount of EPA and DHA applied in the current research (50 mg
EPA+DHA/serve) and specification of individual component used in the formulation (Appendix
1), the nutritional values of the composition in microcapsules (0.36 g/serve) are summarised in
Table 8.1.

Table 8.1
serving

Nutritional information of co-encapsulated microcapsules containing WPI and SCF per
Amount per serving

Total Calories (kcal)
From Carbohydrate (kcal)
From Fat (kcal)
From Protein (kcal)

0.24
4.8 ×10-3
0.46

Protein (mg)
Total Sugars (mg)
Dietary Fiber (mg)
Cholesterol (mg)
Phytosterols (mg)
β-Sitosterol (mg)
Campesterol (mg)
Stigmasterol (mg)
Fats (mg)
Saturated Fat (mg)
Unsaturated Fat (mg)
Omega-3 Fatty Acids (mg)
Omega-6 Fatty Acids (mg)
EPA (mg)
DHA (mg)
Limonene (mg)

110.4
24.6
84.0
0.8
14.3
.
.
.
.
.
.
77.3
5.1
72.2
58.1
3.2
30.0 – 40.0
20.0 – 27.3
6.7

Vitamin E (mg)
Sodium (mg)
Calcium (mg)

.
0.7
0.1

.
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The nutrition information shows that this product contains low calories, sugar content,
cholesterol and saturated fat, but is high in protein, dietary fiber, phytosterols, unsaturated fat
(especially omega-3 fatty acids), limonene and an extra mineral content, all of which are
beneficial to health. These data indicate that, in addition to the good source of EPA and DHA,
the product can add an extra amount of phytosterols to complement the low phytosterol intake in
a western style-diet (Czubayko et al., 1991; Gylling and Miettinen, 1994), although the value
cannot reach a dietary phytosterol intake (Richard and Ostlund, 2002; Katan et al., 2003). In
addition, introduction of SCF as filler in this product gives a promising low energy supply,
compared with many other carbohydrates, e.g. glucose/glucose syrup, which is widely used in
microencapsulation (Rusli et al., 2006; Drusch et al., 2007; Shen et al., 2010) as well as dietary
fiber.

8.1.5 Costing of the LBC-microcapsules
Price is another key point influencing the acceptability and popularity of a product in the market
place. A product with high nutrition value and low price will has good market competitiveness.
A brief estimation of product cost from factory to market could give a sound prediction as to
whether this product will have a high market value.

The standard cost models in the New Zealand dairy industry were first established by the New
Zealand dairy board in 1987 and existed in the same conceptual form until June 1998 when the
commercial pricing model replaced them (Nixon, 1998). A cost model was developed for every
product that was made by the processing companies. Economic analysis of microcapsules can be
referred to the practice of milk powder production in the dairy industry (Mellalieu and Hall,
1983; Benseman and Kernohan, 1984; Benseman, 1986; Luxton, 1999) since the production
process of microcapsules is similar to that of milk powder.

In the production of milk powder, the factory cost is the sum of all product unit costs including
the cost of raw materials and accessories, process power consumption, equipment depreciation,
wages of production workers, workshop expenses and management expenses (U.S. Department
of Agriculture, 1973; Clark, 1997).

Among all the costs, the cost of raw materials and

accessories is equal to the cost of raw material plus packaging costs, where the latter is 10 % of
the former. Workshop expenses and management expenses are approximately 1.5 % and 2 % of
factory cost, respectively (Clark, 1997; Saravacos and Maroulis, 2008).
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Estimation of product profitability includes consideration of the commodity price (factory sale
price), business cost and taxes, which is defined as product profitability = commodity price
business cost – taxes. Commodity cost is 120 % of business cost while taxes are 15 % of
commodity cost. Business cost is equal to factory cost plus non-production expenditures, where
the latter is 1.2 % of the former (Saravacos and Maroulis, 2008).

The rough cost estimation of raw materials is shown in Table 8.2.

Table 8.2

Cost estimation of raw materials

Component

Source

Quantity
(kg/tonne product)

Unit price
(NZ$/kg)

Price
(NZ$/tonne product)

Fish oil

Croda, UK

250.0

41.68

10420

Phytosterol esters

Cargill, USA

41.7

6.48

270.2

Limonene

H & K, China

41.7

7.13

297.3

Whey protein isolate

Fonterra, NZ

333.3

18.0

5999.9

Soluble corn fiber

Tate & Lyle, USA

333.3

1.9

633.3

Packaging

1762

Total raw materials

19382.7

Another approximation of costs includes: utilities and wages of workers which are
approximately NZ$ 100/ton product in total. Equipment depreciation is evaluated as
NZ$ 280/tonne product (Saravacos and Maroulis, 2008).

According to all the above information, it can be calculated that:
Factory cost = cost of raw materials + utilities & wages + equipment depreciation + workshop
expenses + management expenses
= (19382.7 + 100 + 280) / (1

.

)

= NZ$ 20479/tonne product
Business cost = factory cost + non-production expenditures
= 20479 + 20479 × 1.2 %
= NZ$ 20725/tonne product
Commodity price = business cost × 120 %
= 20725 × 120 %
= NZ$ 24870/tonne product
And then
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Product profitability = commodity price

business cost

ta es

= 24870 – 20725 – (24870 – 19382.7) × 15 %
= NZ$ 3322/tonne product
where the amount of tax the industry pays is the difference between the selling price
(commercial price) and the purchasing price of raw materials x 15 % of government tax.

According to the preliminary assessment, the commodity price of the co-encapsulated LBCmicrocapsules containing WPI and SCF as wall materials is approximately NZ$ 24.9/kg. This
price is 2 to 3 times lower than that of fish oil powder containing a similar amount of EPA and
DHA (15 – 20 %, 150 mg – 200 mg/g powder) on sale in the market, which is about NZ$58 – 84
(Alibaba 2011). In addition to reasonably high amount of EPA and DHA (15 – 20 %), the LBCmicrocapsules produced from current study also contain approximately 4 % PE and 2 %
limonene, giving this product a potential advantage in market competition.

8.2 Conclusions
Delivery and protection of lipophilic bioactive components, especially fish oil, by food-grade
emulsifiers is the subject of worldwide research in food industry. The quality of the final
products, e.g. shelf life, oil loading, sensory, etc., differs due to the preparation methods and the
original raw materials. The following conclusions can be made from current research:


According to the systematic study on the effect of emulsifiers on emulsion stability and
properties, milk proteins including WPI and NaCA in a ratio of 4:1 produced a submicron
emulsion with excellent stability against creaming, replacement of WPI with SCF by 50 %
gave the emulsion outstanding protection from phase separation during freeze-thaw
cycling and a sound capability against creaming by gravity, the order of addition of
biopolymers had a negative effect on emulsion stability and properties; addition of
lecithins showed an antagonistic effect on the stability and properties of WPI/NaCA- and
WPI/SCF-stabilized emulsions and this effect was greater when dispersing lecithins in an
oil phase.



Oil phase composition (fish oil, PE and limonene) affects the emulsion properties and
stability, especially the droplet size, protein load, oxidative stability and sensory profiles.
Among the tested combinations, an oil phase containing 75 % fish oil, 12.5 % phytosterol
esters and 12.5 % limonene was the best composition.
230



The interpretation from SAXS data indicates that the emulsions in the current research
had a large polydisperse spherical structure at the interface, and dispersion of small
polydisperse spheres in solutions. Emulsions stabilised by different emulsifiers showed
relatively different structures at the interface, and different forms and sizes of free
emulsifiers presented in solution. To some extent, the different microstructures of the
emulsions reflect differences in properties and stability.



Emulsions dehydrated by freeze- and spray- drying had significantly different properties,
e.g. microstructure, retention of volatiles, microencapsulation efficiency, colour and shelf
life. Spray drying was found to be a suitable method for production of microcapsules
containing bioactive components.



The composition of the wall materials influenced the properties of the resulting
microcapsules. Introducing SCF into the wall materials improved the properties of the
microcapsules, including retention of volatiles, microencapsulation efficiency and
reconstitution properties, but produced shallow dents on the surface of the microcapsules.
Although using milk protein as wall materials showed a slightly higher protection toward
oil oxidation and loss of volatile during drying and over storage, the oil load of the
microcapsules containing milk protein was 1.7 times less than those containing WPI and
SCF, indicating that they have a lower advantage in food manufacturing and product
development.



The results of FTIR show there were interactions between protein and carbohydrate.
During drying, SCF molecules could replace water molecules to form hydrogen bond
with proteins, which help protect molecules still dissolved in the emulsion systems during
drying and consequently improves the stability of the interfacial layer. The change of in
position of the amide II band may be due to formation of conjugates from a Maillard
reaction, which might account for the higher antioxidant property and higher resistance
towards in digestibility of wall materials containing SCF.



The study on mechanisms of microencapsulation technology towards retardation of oil
oxidation indicates that the distinguishing features of the thick interfacial layer of the
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emulsions and lower oxygen permeability of milk proteins may also played the role in
preventing oil from oxidation.


Microcapsules containing WPI and SCF showed the slowest in vitro digestibility either
with or without pre-exposure to SGF, showing resistance of wall materials to digestion
and indicating their potential application for slow release in the lower gastrointestinal
tract.



The results of application of microcapsules in real food systems showed that the
properties of the samples containing WPI/SCF (with the addition of 50 mg EPA + DHA
per serve) did not alter much during the study, suggesting their suitability in formulation
of a commercial product. In addition, the nutritional value assessment and commodity
price assessment proved further their good potential in the competitive market.

8.3 Future work
From laboratory to industry, much work and effort is required before a new product enters the
market. Current research is a new beginning to provide data for co-encapsulated bioactive
systems. The following are the potential future work:


One of the most important factors that determine whether a product has a place in the market
is consumer acceptability. Thus, a sensory evaluation by consumers should be conducted to
ensure acceptability of the products and to estimate their market potential.



More detailed investigation to test oil oxidation and shelf life should be conducted using
instrumental methods, e.g. gas chromatography-mass spectrometry with olfactory (sensory)
detection of odour-compounds.



The application of small angle neutron scattering (SANS) may be time consuming but it is a
precise technique, which is useful for investigation of the structure of emulsion systems,
even the dehydrated emulsion systems. Therefore, it is highly recommended for future work
as it will provide fundamental understanding on the interaction of components present in the
emulsion system.
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Researches can be carried out to investigate the changes of powder properties under
different environmental conditions, e.g. temperature fluctuation, and high pressure, in order
to estimate the scope of application in food.



Co-encapsulated powders produced in laboratory scale are standard powders, which do not
reconstitute well in water due to their fine dusty nature. In order to improve this property,
agglomerated and instant powders are normally produced in dairy industries.

These

processing procedures may influence the quality of powders, which may differ from those
produced in the laboratory. Thus, before scaling up to produce large quantity of powders, it
is essential to study the properties of the agglomerated/instant powders.


Current research mainly focused on delivering fish oil, preventing its degradation (especially
of EPA and DHA), and also sensory improvement by addition of other bioactive
components. However, the addition of these natural bioactive components may change the
digestion of fish oil and also the digestion profiles of these added components compared
with when they are present individually. Thus, in vitro study on the release properties of
phytosterol esters and limonene should be carried out.



Experiments to evaluate the in vivo effect of the LBC-microcapsules should be carried out as
the results from in vitro study may not give the same results as in in vitro environment.
Animal experiment or cell line can be applied for this purpose. For example, feeding rate
with microcapsules with or without LBC components and taking samples to test for EPA,
DHA, and cholesterol levels.



If the in vivo experiments using animal/cell line gave positive data, clinical trials with
human participants may be carried out to assess the health effect or the bioavailability of the
bioactive compounds.
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Appendix 1
Composition and Specification of Raw Materials

Table 1 Compositions of whey protein isolate and sodium caseinate.
ALACENTM 895

ALANATETM 180

Protein (N × 6.38) (g/ 100g)

92.0

92.7

Moisture (g/ 100 g)

4.8

4.3

Fat (g/ 100 g)

0.4

0.7

Total Carbohydrate (g/ 100 g)

0.5

0.2

Ash (g/ 100 g)

2.3

3.6

< 0.005

< 0.005

Protein types
Compositions

Inhibitory Substances (IU/mL)
Source: Fonterra Co-operative Group Limited, New Zealand

Table 2 Specifications of soluble corn fibre
Analysis
Moisture (%, max)
pH

Specification
6.0
3.5 – 5.5

Foreign matter (ppm, max)

16

Soluble fibre (%, min)

70

Sugar (%, max)

20

Source: Tale & Lyle, Shanghai, China
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Table 3 Composition of maltodextrin DE10 and maltodextrin DE 18.
Analysis

STAR-DRI ® products
100

180

9-12

16.5-19.9

Monosaccharide

0.6

1.5

Disaccharide

2.8

6.0

Trisaccharide

4.4

8.3

Tetrasaccharide

3.5

5.8

Pentasacchride

3.8

6.9

Hexasaccharide

5.7

10.2

Heptasaccharide

5.4

7.0

Otassacharide

4.0

4.1

Nonasaccharide

3.2

3.1

Decassaccharide

2.7

2.5

Higher saccharide

64.0

44.6

Dextrose equivalent (DE)
Saccharide distribution (%)

Source: Tale & Lyle, Shanghai, China

Table 4 Specifications of soybean lecithins.
Lecithin types
Analysis

Ultralec® P Deoiled
(deoiled)

ThermolecTM 200
(acetylated)

ThermolecTM 200
(hydroxylated, acetylated)

Acetone Insolubles,
% min

97

62

60

Viscosity
(stokes 25°C, max)

N/A

75

100

Form

Powder

Translucent fluid

Translucent fluid

HLB

7

10

10

Source: Tale & Lyle, Shanghai, China

Table 5 Specifications of fish oil.
Analysis

Specification

Acid value (mg KOH/g)

0.0 – 2.0

Peroxide value (meqO2/kg)

0.0 – 5.0

Anisidine value (unit)

0.0 – 20.0

Tocopherol (ppm)

2500 – 4000

EPA (%)

33.0 – 44.0

DHA (%)

22.0 – 30.0

Omega-3 FA (%)

60.0 – 100.0

Triglyceride (%)

50.0 – 100.0

Source: Croda, Australia

268

Table 6 Fatty acid composition of fish oil.
FA

Percentage (%)

C14

0.30  0.00

C16

1.75  0.02

C16:1

0.73  0.00

C17

0.13  0.00

C17:1

0.28  0.00
2.26  0.03

C18
1

C18:1n9t

4.68  0.05

C18:1n9c2

1.67  0.02

C18:2n6c

0.61  0.01

C18:3n6

0.52  0.00

C18:3n3

0.48  0.03

SFA

5.39

C20

0.31  0.00

MUFA

9.57

C20:1

1.31  0.01

PUFA

71.68

C20:2

0.24  0.00

n-3 FA

66.69

C20:3n6

0.44  0.00

n-6 FA

3.43

C20:4n6

1.89  0.02

EPA

38.85

C21

0.07  0.00

DHA

27.28

C20:3n3

0.11  0.01

C20:5n3

39.06  0.30

C22

0.21  0.00

C22:1n9

0.32  0.00

C22:2

1.57  0.01

C22:6n3

27.33  0.07

C24

0.09  0.00

C24:1

0.67  0.07

Percentage (%)

1

t = trans
c = cis

2
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Figure 1
Viscosity of continuous phase containing WPI with other biopolymers in different
ratios.
: WPI; :WPI/other biopolymer 1:1; :WPI/other biopolymer 4:1; :WPI/other biopolymer 9:1.
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Figure 2
Viscosity of O/W emulsions stabilized by WPI with other biopolymers in different
ratios. :WPI; :WPI/other biopolymer 1:1; :WPI/other biopolymer 4:1; :WPI/other biopolymer 9:1.
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Figure 3
Viscosity of O/W emulsions stabilized by WPI/NaCA (A) and WPI/SCF (B) with different
adding order.
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Figure 4
Viscosity of O/W emulsions stabilized by WPI with different types of
lecithins. :WPI; :WPI with 0.075 (wt % of emulsion) of lecithins; : WPI with 0.15 (wt % of emulsion)
of lecithins; : WPI with 0.20 (wt % of emulsion) of lecithins.
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Figure 5
Viscosity of O/W emulsions stabilized by WPI/NaCA or WPI/SCF with
TWFC.
:WPI/NaCA or WPI/SCF;
:biopolymers with 0.075 (wt % of emulsion) of TWFC;
:
biopolymers with 0.15 (wt % of emulsion) of TWFC;
: biopolymers with 0.20 (wt % of emulsion) of
TWFC.
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Figure 6
Viscosity of O/W emulsions stabilized by WPI/NaCA in different solid contents (A) and
various ratios of oil/emulsifiers (B).
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Figure 1
Flow curves of O/W emulsions stabilized by WPI with other biopolymers in different
ratios. :WPI; :WPI/other biopolymer 1:1; :WPI/other biopolymer 4:1; : WPI/other biopolymer
9:1.

15.00

Together
WPI first
SCF first

B

0
0

shear rate (1/s)

400.0

0

shear rate (1/s)

400.0

Figure 2
Flow curves of O/W emulsions stabilized by WPI/NaCA (A) and WPI/SCF (B) with
different adding order.
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Figure 3
Flow curves of O/W emulsions stabilized by WPI with different types of
lecithins.
:WPI;
:WPI with 0.075 (wt % of emulsion) of lecithins;
:WPI with 0.15 (wt % of
emulsion) of lecithins; :WPI with 0.20 (wt % of emulsion) of lecithins.
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Figure 4
Flow curves of O/W emulsions stabilized by WPI/NaCA or WPI/SCF with Thermolec
WFC.
:WPI/NaCA or WPI/SCF;
: biopolymers with 0.075 (wt % of emulsion) of TWFC;
:
biopolymers with 0.15 (wt % of emulsion) of TWFC;
: biopolymers with 0.20 (wt % of emulsion) of
TWFC.
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Figure 5
Effect of dispersion of TWFC in aqueous or oil phase in different emulsion systems with
WPI (A), WPI/NaCA (B) and WPI/SCF (C) on changes of shear stress and viscosity at increasing shear
rate.
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Appendix 4
Effect of Lecithin Ultralec P and Thermolec 200 on Stability
and Properties of WPI/NaCA-stabilised Emulsion Systems
Table 1 Effects of lecithins on creaming stability and freeze-thaw (F-T) stability
Biopolymers

lecithins

Conc. of lecithins

CI (%)

Number of F-T cycling

(wt% of emulsion)
WPI/NaCA

PS

Creaming

b

3

n/d

N/A

N/A

1.3 ±0.8

UP

0.075

4.4 ±1.7a

3

n/d

0.150

a

4.4 ±1.1

3

n/d

0.200

4.8 ±1.2a

3

n/d

0.075

a

3

n/d

a

3

n/d

a

3

n/d

T200

0.150
0.200

4.8 ±1.2
4.4 ±0.7
4.7 ±0.9

Superscripts with different letter in the same column are significantly different (p < 0.05) from each other.
n/d = not detected

Table 2 Effects of lecithin on z-potential, protein load and EE of emulsions
Biopolymers

lecithins

Conc. of lecithins
(wt% of emulsion)

z-potential
(mV)

Protein in
aqueous
(%)

EE
(%)

WPI/NaCA

N/A

N/A

-47.9 ±0.7b

79.8 ±3.1ab

98.9 ±0.6a

UP

0.075

-56.5 ±2.6c

79.8 ±0.4bc

99.2 ±0.0a

0.150

-54.4 ±1.7c

80.9 ±0.3ab

99.0 ±0.5a

0.200

-54.6 ±2.3c

81.9 ±0.2a

99.0 ±0.3a

0.075

-56.2 ±2.0c

80.8 ±0.6ab

98.4 ±0.3a

0.150

-45.8 ±4.3b

79.3 ±0.3bc

97.7 ±0.3ab

0.200

-37.6 ±3.4a

81.4 ±0.5a

98.6 ±0.2a

T200

Superscripts with different letter in the same column are significantly different (p < 0.05) from each other.
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Table 3 Effect of lecithins on rheological parameters of fish oil emulsions derived from Power-law model
and Herschel-Bulkley model.
Biopolymers

lecithins

Conc. of lecithins
(wt% of emulsion)

K
(Pa·
sn)

n

σ0
(Pa)

Std. error

WPI/NaCA

N/A

N/A

0.01

0.97

n/a

3.15

UP

0.075

0.01

0.95

n/a

1.89

0.150

0.01

0.96

n/a

1.29

0.200

0.01

0.96

n/a

1.38

0.075

0.01

0.97

n/a

0.99

0.150

0.01

0.94

n/a

1.32

0.200

0.01

0.98

n/a

1.15

T200
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Appendix 5
Effect of Lecithin Ultralec P and Thermolec 200 on The
Properties and Stability of WPI/SCF-stabilised Emulsion
Systems
Table 1 Effects of lecithins on creaming stability and freeze-thaw (F-T) stability
Biopolymers

lecithins

Conc. of lecithins

CI (%)

Number of F-T cycling

(wt% of emulsion)
WPI/SCF

N/A
UP

PS

Creaming

a

n/d

6

a

n/d

n/d

ab

n/d

n/d

0.200

3.7 ±1.1

bc

n/d

n/d

0.075

5.0 ±1.1ab

n/d

1

0.150

ab

4.9 ±0.5

n/d

1

0.200

4.9 ±0.8ab

n/d

3

N/A
0.075
0.150

T200

7.7 ±1.2
8.5 ±1.9

5.1 ±1.1

Superscripts with different letter in the same column are significantly different (p < 0.05) from each other.
n/d = not detected

Table 2 Effects of lecithin on z-potential, protein load and EE of emulsions
Biopolymers

lecithins

Conc. of lecithins
(wt% of emulsion)

z-potential
(mV)

Protein in
aqueous
(%)

EE
(%)

WPI/SCF

N/A

N/A

-29.6 ±1.6a

63.2 ±0.9d

99.6 ±0.1a

UP

0.075

-39.3 ±0.5b

76.9 ±0.9bc

99.7 ±0.1a

0.150

-48.6 ±0.8d

79.1 ±0.5ab

99.5 ±0.0a

0.200

-56.5 ±1.6e

75.5 ±2.1c

99.6 ±0.0a

0.075

-43.2 ±2.0c

79.7 ±1.7ab

99.4 ±0.0ab

0.150

-42.8 ±1.0c

81.8 ±0.6a

99.4 ±0.1ab

0.200

-48.6 ±1.0d

79.7 ±0.2ab

99.0 ±0.3b

T200

Superscripts with different letter in the same column are significantly different (p < 0.05) from each other.
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Table 3 Effect of lecithins on rheological parameters of fish oil emulsions derived from Power-law model
and Herschel-Bulkley model.
Biopolymers

lecithins

Conc. of lecithins
(wt% of emulsion)

K
(Pa·
sn)

n

σ0
(Pa)

Std. error

WPI

N/A

N/A

0.01

0.97

n/a

1.36

UP

0.075

0.01

0.97

n/a

1.01

0.150

0.01

0.93

n/a

1.38

0.200

0.01

0.95

n/a

1.11

0.075

0.01

0.93

n/a

1.58

0.150

0.01

0.96

n/a

1.13

0.200

0.01

0.94

n/a

1.19

T200
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Appendix 6
Effect of Lecithin Ultralec P and Thermolec 200 in Oil or
Aqueous Phase on Stability and Properties of Emulsions

Table 1 Effects of Ultralec P (UP) and Thermolec 200 (T200) (0.2 wt% of emulsion) in oil or aqueous
phase on creaming stability and freeze-thaw (F-T) stability.
Biopolymers

lecithins

Lecithin in oil or

CI (%)

Number of F-T cycling

aqueous phase
WPI

UP

PS

Creaming

46.3 ±1.6

a

1

1

39.3 ±1.1

b

1

1

47.6 ±1.1

a

1

1

Oil

38.2 ±1.4

b

1

1

Aqueous

6.0 ±0.8de

3

n/d

3

n/d

3

n/d

3

n/d

n/d

n/d

Aqueous
Oil

T200

WPI/NaCA

UP

T200

WPI/SCF

UP

T200

Aqueous

g

Oil

2.4 ±0.8

Aqueous

5.8 ±0.5def
gf

Oil

3.6 ±0.3

Aqueous

3.7 ±0.3gf
c

Oil

7.3 ±1.0

2

5

Aqueous

4.9 ±0.6ef

n/d

3

2

n/d

Oil

c

8.8 ±1.0

Superscripts with different letter in the same column are significantly different (p < 0.05) from each other.
n/d = not detected
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Table 2 Effects of UP and T200 (0.2 wt% of emulsion) in oil or aqueous phase on z-potential and EE of
emulsions and protein content in aqueous phase.
Biopolymers

WPI

lecithins

UP

T200

WPI/NaCA

UP

T200

WPI/SCF

UP

T200

Lecithin in oil or
aqueous phase

z-potential
(mV)

Protein in aqueous
(%)

EE
(%)

Aqueous

-38.9 ±5.4a

85.6 ±0.4b

99.5 ±0.2a

oil

-54.6 ±4.7ef

80.0 ±1.9cd

98.0 ±0.2d

aqueous

-40.3 ±6.5ab

85.7 ±0.0b

98.9 ±0.2bc

oil

-56.4 ±6.7d

80.6 ±0.1cd

97.5 ±0.1e

aqueous

-54.6 ±2.3d

81.9 ±0.2c

99.0 ±0.3ab

oil

-36.1 ±4.2a

87.9 ±0.0a

97.8 ±0.1f

aqueous

-37.6 ±3.4a

81.4 ±0.5c

98.6 ±0.2c

oil

-37.6 ±3.8a

87.9 ±0.5a

97.7 ±0.2e

aqueous

-56.5 ±1.6f

75.5 ±2.1f

99.6 ±0.0a

oil

-46.3 ±3.5bc

77.4 ±0.9e

99.4 ±0.1a

aqueous

-48.6 ±1.0c

79.4 ±0.2d

99.0 ±0.3bcd

oil

-43.6 ±4.3abc

72.7 ±0.3f

99.2

±0.0ab

Superscripts with different letter in the same column are significantly different (p < 0.05) from each other.

Table 3 Effect of UP and T200 (0.2 wt% of emulsion) in oil or aqueous phase on rheological parameters
of fish oil emulsions derived from Power-Law model and Herschel-Bulkley model
Biopolymers
WPI

UP

T200

WPI/NaCA

UP

T200

WPI/SCF

UP

T200

Lecithin in oil or
aqueous phase

K
(Pa·
sn)

n

σ0
(Pa)

Std. error

aqueous

0.65

0.49

3.55

5.36

oil

0.03

0.95

0.02

1.10

aqueous

0.70

0.53

3.88

8.36

oil

0.02

0.96

-0.01

2.56

aqueous

0.04

0.93

n/a

0.98

oil

0.90

0.48

4.89

10.29

aqueous

0.02

0.96

n/a

2.33

oil

0.85

0.51

5.02

8.96

aqueous

0.01

0.96

-0.01

1.09

oil

0.19

0.70

0.12

4.35

aqueous

0.03

0.90

0.01

0.89

oil

0.15

0.65

0.10

2.36
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Appendix 7
Effect of Phytosterol Esters and Limonene on Properties of
Fish Oil-emulsions
Table 1 Droplet size and protein load of emulsions made by WPI/NaCA as emulsifiers and different
combination of FO, PE and limonene as core materials.
Percentage of FO
(%)

Percentage of
PE
(%)

Percentage of
limonene
(%)

z-average
(nm)

Protein load
(%)

100

0

0

155.8 ±3.9b

76.3 ±3.7c

75

25

0

168.4 ±3.0a

79.0 ±0.5bc

12.5

12.5

151.3 ±0.1b

83.6 ±1.5a

0

25

137.6 ±0.6c

85.1 ±1.1a

Superscripts with different letter in the same column are significantly different (p < 0.05) from each other.

Table 2 Droplet size and protein load of emulsions made by WPI/SCF as emulsifiers and different
combination of FO, PE and limonene as core materials.
Percentage of FO
(%)

Percentage of
PE
(%)

Percentage of
limonene
(%)

z-average
(nm)

Protein load
(%)

100

0

0

145.6 ±4.3b

61.5 ±1.1c

75

25

0

154.5 ±0.1a

64.6 ±1.6b

12.5

12.5

145.6 ±5.2b

70.5 ±0.2a

0

25

131.3 ±2.3c

71.1 ±0.5a

Superscripts with different letter in the same column are significantly different (p < 0.05) from each other.
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Appendix 8
Oxidative stability in emulsions containing 50 % fish oil (in total oil) during accelerated
storage

PE in total oil
(%)

Lm in total oil
(%)

Peroxide value (mequiv peroxide/kg oil)

p-Anisidine value (Unit)

0h

4h

12 h

24 h

0h

4h

12 h

24 h

50

0

3.2±0.2

4.5 ±0.1

6.5 ±0.2

14.2 ±0.7

1.8 ±0.3

1.6 ±0.1

2.3 ±0.2

6.1 ±0.5

25

25

9.1 ±0.8

11.0 ±0.2

15.7 ±0.4

22.8 ±0.3

14.8 ±2.6

15.7 ±0.8

20.6 ±2.3

24.1±1.8

0

50

10.3 ±0.6

11.8 ±0.2

20.8 ±0.9

41.0 ±1.7

20.5 ±3.8

23.2 ±1.6

25.9 ±2.8

30.1 ±2.5
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Appendix 9
Model Fitting Results of WPI/NaCA- and WPI/SCFstabilised Emulsions as Influenced by Lecithins
Table 1 Model fitting parameters of WPI/NaCA-stabilised emulsions influenced by Thermole WFC
(TWFC) and their adding order.
Parameter

15% WPI/NaCA

1%WPI/NaCA+0.2%lecithin

15 %WPI/NaCA+TWFC

aqueous1

Oil2

0.2 %

1%

(-) Power

3.17

3.52

3.50

4.60

4.72

Volume fraction (scale)

0.15

0.15

0.15

0.17

0.17

Mean radius (Å)

17.52

16.99

17.57

17.57

17.66

Polydispersity (sig/avg)

0.49

0.69

0.66

0.54

0.52

SLD sphere (Å-2)

1.00e-05

9.80e-06

9.80e-06

1.11e-05

1.11e-05

SLD solvent (Å-2)

9.43e-06

9.43e-06

9.43e-06

9.43e-06

9.43e-06

SLD = scattering length density
1
dissovling TWFC in aqueous phase
2
dissolving TWFC in oil phase

Table 2 Model fitting parameters of WPI/SCF-stabilised emulsions influenced by Thermolec WFC
(TWFC) and their adding order.
Parameter

15% WPI/SCF

1%WPI/SCF+0.2%lecithin
1

2

15 %WPI/SCF+TWFC

aqueous

Oil

0.2 %

1%

(-) Power

3.22

3.74

3.69

4.26

4.27

Volume fraction (scale)

0.15

0.18

0.17

0.15

0.15

Mean radius (Å)

14.66

15.80

17.29

12.96

12.89

Polydispersity (sig/avg)

0.52

0.68

0.64

0.59

0.57

SLD sphere (Å-2)

1.09e-05

9.73e-06

9.71e-06

1.09e-05

1.10e-05

SLD solvent (Å-2)

9.43e-06

9.43e-06

9.43e-06

9.43e-06

9.43e-06

SLD = scattering length density
1
dissovling TWFC in aqueous phase
2
dissolving TWFC in oil phase
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Appendix 10
Thickness and Oxygen Permeability of Films Made by
Different Proteins
Methods
Film preparation
WPI and NaCA (9 wt%) were dissolved in Milli-Q water, and the pH was adjusted to 6.7 with 1
M NaOH at 55 ºC in a shaking water bath. The solution was then heated to 90 ºC for 30 min
with constant shaking and then cooled to room temperature. Glycerol (in the ratio of 3.6:1 WPI:
glycerol) was added to the solution and stirring continued for 10 min. After degassing using a
centrifuge at a speed of 12,000 rpm, the solution was uniformly placed on a plexiglass plate
(diameter 135 mm). Films were formed at room temperature and then stored at 25 ºC, 55 % RH
(saturated MgNO3) and conditioned for at least two days.
Measurement of oxygen permeability
Oxygen permeability was measured under controlled conditions (55 ± 2 % RH, 25 ± 2 ºC)
according to the method developed by Papkovsky et al. (Papkovsky et al., 2000) and Wang et al.
(Wang et al., 2010). The films were mounted between the upper lid and rubber ring with silicon
lubricant and fixed to the lower cup by screws, with an oxygen sensor inside. Nitrogen gas was
blown into the chamber through one pipe, while exhausting air through another, until the
nitrogen reading became stable within the chamber. Both pipes were then closed. The sensor
measured the increase in oxygen content over time. The original data were calculated using the
equation:
OP = (S/60β) × (V/20.5) × (273/298) × (1000T/A)/101.265 × 109/24
where OP is the oxygen permeability (cm3 µm/m2 d kPa), S is the slope indicating the
transmission rate of oxygen, β is the permeability coefficient (4.776), a constant value in this
study as all treatments were conducted under the same conditions (55 ± 2 % RH, 25 ± 2 ºC), A is
the surface area of the film (m2), T is the thickness of the test film samples (µm), and V is the
volume of the chamber (mL). The film thickness was measured using a handheld micrometer
caliper and was expressed as an average of nine readings taken randomly on each film sample.
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Results
The thickness and oxygen permeability (OP) of protein-films are presented in Table 1. Overall,
both protein films had low OP values. The results are in accordance with those reported by
McHugh and Krochta (McHugh and Krochta 1994) who concluded that edible films made from
protein/glycerol had a low OP. However, the properties of films made by WPI and NaCA were
significantly different. The thickness of films produced with the same solid content differed with
different proteins. WPI-film was almost 1.7 times thicker than NaCA-film, whilst the OP of the
former one was significant lower (p < 0.05) than the latter. If films are made with the same
materials, the OP should be lower in thick films but higher in thin films (Gounga et al., 2006).
However, in the case of WPI-film and NaCA-film, the results were vice versa, which could be
related to the more polar nature and more linear structure of NaCA leading to a higher cohesive
energy density and a lower free volume. Therefore, addition of NaCA in the WPI formulation
could improve the oxygen barrier capacity (OBC) of the system.
Table 1 Thickness and oxygen permeability of films made by different proteins
Film
Thickness
Oxygen permeability
(µm)
(µm·cm3/m2·day·kPa)
WPI
100.0 ± 2.7a
20.9 ± 0.3a
NaCA

61.3 ± 1.8b

16.9 ± 0.4b

Results are represented as mean values of three replicates ± standard deviation for each sample.
Superscripts with different letter in the same column are significantly different (p < 0.05) from each other.

The effect of glycerol as a plasticizer on film properties is shown in Table 2. Films prepared
with a different ratio of plasticizer showed different values in thickness. The thickness increased
slightly when the glycerol amount was increased in the film-forming solution. Generally the
WPI: glycerol ratio did not significantly affect the film thickness (p > 0.05). However, a
significant increase in OP was observed for films formed when the glycerol amount was
increased in the film solution. Glycerol may compete with water for the active sites on the
polymer, thus promoting water clustering and increased free volume in the polymers at low
moisture levels. The effect of glycerol concentration on diffusivity was greater than that on
solubility and resulted in increased permeability values (Lieberman and Gilbert 1973). Since the
SCF contains approximately 30 % low molecular weight carbohydrates, which act as a
plasticizer, the introduction of SCF may increase the OP in the system.

There is some relationship between the OBC of films and the oxidative stability of emulsions
and powders during storage. For example, samples containing WPI/NaCA, which had a higher
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OBC in film form, as emulsifiers and wall materials, were relatively stable during accelerated
storage. Nevertheless, the OBC of films could not be used as the sole contributor in real systems,
which vary not only in composition but also in structures.

In real emulsion systems, the

emulsifiers are only warmed to 55 °C to achieve dissolution without the denaturing procedure at
90 °C. Protein structures are changed after denaturation, leading to alteration of properties
(Walstra 2003). In addition, proteins at the surface of the oil-water interfacial layer are different
from those present in solution or in a dry form (Chittur 2003). In the case of spray-dried
powders, the structure of wall materials was formed rapidly because of sudden loss of moisture
and fast drying at a high temperature (170 °C). In the freeze-dried systems, water in a solid form,
as ice crystals, was sublimated under low pressure. However, the films were dried at room
temperature for a long time. Different preparative procedures between the model and real
systems determine differences in intermolecular interactions, molecular structures and OBC.
Hence, it is not sufficient to use only model systems of protein-films to speculate on the OBC in
either emulsion or powder systems.

Other factors should be taken into account, e.g. the

thickness of the interfacial layer surrounding the oil phase.

Table 2 Thickness and oxygen permeability of WPI-films made using different ratios of glycerol to
protein
Ratio of glycerol to protein
Thickness
Oxygen permeability
(wt/wt)
(µm)
(µm·cm3/m2·day·kPa)
0.28
100.0 ± 2.7b
20.9 ± 0.3c
0.33

104.2 ± 3.8ab

28.9 ± 0.6b

0.50

108.3 ± 4.7a

35.0 ± 0.5a

Results are represented as mean values of three replicates ± standard deviation for each sample.
Superscripts with different letter in the same column are significantly different (p < 0.05) from each other.
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Appendix 11
Calibration Curve of Orange Oil Using Clevenger
Distillation Method

4

y = a + b*x

Equation

Volume of orange oil (mL)

Residual Sum of
Squares

3

Adj. R-Square

0.00336
0.9985
Value

Volume of orange oil Intercept
Volume of orange oil Slope

Standard Erro

-0.0164

0.02598

1.10224

0.02136

2

1

0
0.0

0.5

1.0

1.5

2.0

Weight of orange oil (g)
Figure Calibration curve of orange oil using Clevenger distillation method.
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Appendix 12
Validation of the Assay for Limonene and Its Derivatives
Analysis
Method
The reproducibility of the assay was determined for three equal amounts of the same sample.
The effect of saponification on limonene and its oxidation products was investigated using the
external standards (equivalent to 0.2 mg of each individual standard).

Saponification was

conducted in duplicate after 0 min, 5 min and 10 min reaction times, then the solutes were
extracted into hexane and subjected to GC analysis using the same conditions as described in
Section 5.3.9. The extent of partition of samples between hexane and methanol was a test to
verify that hexane extracted the limonene and its derivatives totally from the saponification agent.
The test was carried out in duplicates. All the results are reported in mean value ± standard
deviation.

Results
Extraction ability of hexane
The GC results of limonene and its derivatives after extraction from saponifying agent and direct
dissolution in hexane are listed in Table 1.
Table 1 Content of limonene, limonene oxide (trans and cis) and carvone either directly in hexane or in
hexane layer extracted from saponifying agent
Hexane
Limonene
limonene oxide
Carvone
(µg/mL)
(µg/mL)
(µg/mL)
trans
cis

Directly dissolution
94.9 ±6.2a
98.8 ±6.2a
98.2 ±6.6a
101.6 ±6.6a
a
a
a
1 ext. from saponifying agent
92.7 ±1.2
84.8 ±0.1
83.9 ±0.1
68.8 ±1.3b
2 exts. from saponifying agent
93.5 ±2.3a
90.3 ±3.2a
88.5 ±2.1a
88.9 ±1.0a
3 exts. from saponifying agent
92.5 ±1.8a
88.4 ±0.2a
85.8 ±0.8a
85.7 ±0.3a
Superscripts with different letter in the same column are significantly different (p < 0.05) from each other.

The saponification agent extracted with hexane was almost complete after the first extraction
except for carvone. There was no significant difference in content of carvone extracted after
twice-extraction or three-times-extraction.

The slightly lower amount of limonene and its

oxidation products extracted from the saponifying agent is probably due to the partition
coefficient between methanol and hexane.
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Testing for the suitable saponification time
Mixed external standards (0.2 mL) were saponified as described in Section 6.3.1 and the
individual standard was quantitated by GC at 0, 5, and 10 min. The yields of each compound at

a

a

80

40

0

cis-Limonene oxide content
(ug/mL)

A
a

0

10
5
Time (min)

120
a

a

40

B
a

a

a

80

40

0

0

10
5
Time (min)
D

a

a

80

0

120

120

C

Carvone content
(ug/mL)

Limonene content
(ug/mL)

120

trans-Limonene oxide content
(ug/mL)

different saponification times are shown in Figure 1.

80

a

b

40

0
0

5
10
Time (min)

0

10
5
Time (min)

Figure 1
Effect of saponification time on the content of limonene and its derivatives. A. limonene,
B. trans-limonene oxide, C. cis-limonene oxide, D. carvone. Mean values of analysis for each sample are
shown. Error bars represent standard deviation. Bars with a different letter are significantly (p < 0.05)
different from one another.

The yields of limonene and limonene oxides did not change during the saponification, which
indicates saponification does not affect these compounds. This result is consistent with the result
of Miller et al. (2008). They found d-limonene peak response was similar between samples
where d-limonene was added before or after the saponification process. However, the yield of
carvone remained the same from 0-5 min followed by a significant decrease. Thus, the
saponification time selected for subsequent experiments was 5 min since there was no loss of
detected substances during that period.
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Results of reproducibility test
The results of the reproducibility test and the statistical summaries are given in Table 2. It is
seen from these data that the largest relative standard deviation (5.45 %) occurs for limonene.
However, for the method of trace analysis, there was an acceptable level of reproducibility for all
the four peaks.

Table 2 Reproducibility of content of limonene and its derivatives
Limonene and its derivatives (mg/g core materials)
Limonene
transcisLimonene oxide
Limonene oxide
Average
108.54
10.99
5.22
STD.
5.92
0.15
0.19
Relative STD. (%)
5.45
1.41
3.61

Carvone
4.09
0.06
1.36
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Appendix 13
Calibration Curve for Peroxide Value

1.5

y = a + b*x

Equation
Residual Sum of
Squares

0.00197

Adj. R-Square

0.99637

Absorbance at 470 nm

Value

1.0

Standard Error

Absorbance at 470 nm

Intercept

0.00802

0.01096

Absorbance at 470 nm

Slope

0.08566

0.00211

0.5

0.0
0

4

8

12

Fe (III) concentration (ug/mL)
Figure Standard Fe(III) calibration plot for the quantification of peroxide value. *Absorbances were
corrected by subtracting absorbance at 670 nm.
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Appendix 14
Oxidative Stability of Bulk Phytosterol Esters and Limonene
during Accelerated Storage

Table 1 The changes of individual phytosterol content during accelerated storage
Phytosterols

Content (mg/g phytosterol)
0 day

7 day

β-Sitosterol

414.4 ±3.8

a

415.8 ±2.9a

Campesterol

218.7 ±5.7a

217.9 ±6.1a

Stigmasterol

216.3 ±6.9a

214.6 ±10.2a

Superscripts with different letter in the same column are significantly different (p < 0.05) from each other.

Table 2 Peroxide value and p-anisidine value of phytosterol esters and limonene in bulk after
accelerated storage
Bioactive

Peroxide value

p-Anisidine value

components

(mequiv peroxide/kg of sample)

(unit)

0 day

7 day

0 day

7 day

PE

3.0 ±0.3

3.3 ±0.2

3.7 ±0.3

4.1 ±0.1

limonene

8.7 ±0.2

638.1 ±6.5

15.7 ±1.6

209.1 ±10.3
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Appendix 15
Change of Colour Values (L*, a*, b*) of Juice Samples during
Storage

Sample

Control

Day
L*
a*
b*

ROPUFA 50

L*
a*
b*

WPI/SCF 50

L*
a*
b*

WPI/SCF 75

L*
a*
b*

0

3

7

9

23

28

49.6 ±1.7

52.9 ±0.5

52.5 ±1.3

53.9 ±1.0

52.6 ±0.6

54.6 ±1.0

12.4 ±0.1

12.0 ±0.2

12.4 ±0.2

12.3 ±0.1

12.5 ±0.1

12.3 ±0.1

38.9 ±1.1

42.4 ±0.5

40.8 ±0.9

43.6 ±0.8

43.4 ±0.7

45.6 ±1.2

50.3 ±0.4

52.6 ±1.0

52.6 ±0.7

54.2 ±1.0

54.2 ±1.4

53.6 ±0.6

12.4 ±0.1

12.8 ±0.2

12.6 ±0.1

13.0 ±0.2

12.8 ±0.2

12.8 ±0.1

40.3 ±0.4

40.6 ±0.6

41.1 ±0.5

42.3 ±1.2

44.5 ±0.9

43.4 ±0.9

51.1 ±1.1

53.3 ±1.4

55.1 ±1.1

54.6 ±1.4

54.2 ±0.8

55.0 ±1.3

11.9 ±0.1

12.2 ±0.1

12.6 ±0.2

12.2 ±0.1

12.4 ±0.1

12.4 ±0.2

40.9 ±0.5

41.6 ±1.3

42.9 ±1.2

45.2 ±0.9

42.8 ±0.6

44.5±1.1

50.2 ±0.6

53.9 ±0.8

54.4 ±0.7

54.7 ±1.0

55.6 ±1.0

55.4 ±0.9

11.9 ±0.1

12.5 ±0.1

12.4 ±0.2

12.5 ±0.2

12.5 ±0.1

12.4 ±0.1

40.4 ±0.2

41.3 ±1.0

42.8 ±1.3

43.0 ±1.0

45.0 ±0.3

45.4 ±1.1
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Appendix 16
Publications
Abstract/posters (not including three university research showcases):
1. CHEN, Q., QUEK, S.Y.*, McGILLIVRAY, D. ‘Emulsification of fish oil and phytosterol
esters in water using milk proteins and dietary fiber: emulsion properties and oxidation
stability’, The World Dairy Submit (Diary Science and Technology session), Auckland, New
Zealand, 8-11 November, 2010.
2. CHEN, Q., QUEK, S.Y.*, McGILLIVRAY, D., WEN, J.Y., ZHONG, F. ‘Co-encapsulation
of bioactive components by milk proteins and protein/soluble corn fibre blends: Properties
and microstructure of powders.’ Functional Food Symposium, Auckland, New Zealand, 16
November, 2010, p. 50.
3. CHEN, Q., QUEK, S.Y.*, MCGILLIVRAY, D., WEN, J. ‘Emulsion delivery system for fish
oil, phytosterol esters and sweet orange oil: emulsion properties, oxidation stability and
sensory assessment’, The New Zealand Institute of Food Science and Technology (NZIFST)
Annual Conference, Auckland, New Zealand, 23-25 June, 2010, p. 36.
4. CHEN, Q., QUEK, S.Y., MCGILLIVRAY, D.J., EYRES, L., O'CONNOR, C.J. 'Stability of
oil-in-water emulsions: effects of milk protein mixtures and lecithin addition', World
Congress on Fats and Oil, Sydney, Australia, 27-30 September, 2009, p.109-109

Journal article:
1.

QIONG CHEN, SIEW YOUNG QUEK, DUNCAN MCGILLIVRAY, JINGYUAN WEN,
FANG ZHONG. ‘Co-encapsulation of fish oil, phytosterol eser and limonene using dairy
protein and soluble fiber as wall materials’, submitted to Food Chemistry and under review.

2.

QIONG CHEN, SIEW YOUNG QUEK, DUNCAN MCGILLIVRAY, JINGYUAN WEN,
FANG ZHONG. ‘A comparison of properties of the spray dried and freeze dried powders
co-encapsulated with fish oil, phytosterol esters and limonene’, submitted to Drying
technology and under review.

3.

Invited paper by Journal of food science and engineering. CHEN, Q., QUEK, S.Y.*,
McGILLIVRAY, D. ‘Emulsification of fish oil and phytosterol esters in water using milk
proteins and dietary fiber: emulsion properties and oxidation stability’, under preparation.
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