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ABSTRACT

Many bioactive compounds for health benefits are not readily stable against
degradation and their solubility is also very low. As a result, a delivery system is
required to encapsulate and protect bioactive compounds for their food applications.
Emulsion is one of the delivery systems which has been studied by many researchers.
But emulsion tends to destabilize during storage and its opaque optical properties
makes it difficult for its use and incorporation into clear foods or beverages without
affecting their original appearance. Therefore, microemulsion, which is known to be
transparent, has been investigated to some extent to encapsulate and deliver bioactive

compounds as a potential delivery system.

The objective of this research was to fabricate oil-in-water (O/W) microemulsions
which might be utilised as the delivery system for bioactive compounds. This thesis is
mainly composed of two sections. The first section was to produce microemulsions
via emulsion dilution method and water titration method as well as to study the
characteristics of these microemulsions. Beta-carotene was a type of bioactive
compound used in the second section to study the effect of beta-carotene on the
formation and properties of microemulsion which was fabricated using the same

methods described above.

At first, emulsion dilution method was employed to fabricate microemulsions with
different types and concentrations of oils, such as peanut oil, fractionated coconut oil,
isopropyl myristate (IPM), lemon oil and Capmul 708G, and also with different
surfactants (Tween 20, 40, 60 and 80). It was found that peanut oil and fractionated
coconut oil could not be utilised to form microemulsions by this method, whereas [IPM
and lemon oil had the ability to fabricate microemulsions. When 1% Tween 80 was
introduced as the surfactant and dilution medium, microemulsion could be formed

when the concentration of IPM was less than 0.1% and that of lemon oil was less than
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0.2%. Among the different types of Tween surfactants, Tween 80 was the most
efficient when its solution containing Tween micelles was used as a dilution medium
compared to the other Tween surfactants because more lemon oil could be

incorporated into the Tween 80 micelles with an increase in Tween 80 concentration.

In the following study, a water titration method was employed to create ternary or
pseudo phase diagrams which indicated the ability to fabricate microemulsions of a
mixture system. Various types of oils (Captex 100, Capmul PG-8, Capmul PG-12,
Capmul PG-2L, lemon oil, Capmul MCM C8, Capmul 708G and Captex 355) and
surfactants (Tween 80, Tween 20, Span 80 and Kolliphor EL) were used in this study.
Absolute ethanol and propylene glycol (PG) were also incorporated as cosurfactant
and cosolvent, respectively. It is concluded that all these oils and surfactants could be
utilised by the water titration method to produce microemulsions, however, their
ability to form microemulsions were different. Capmul 708G, which is a
monoglyceride, was the most efficient in terms of producing microemulsions
compared to diglyceride and triglyceride. Tween 20 and Kolliphor had the similar
emulsifying properties compared to Tween 80 whereas Span 80 was not efficient. Both
absolute ethanol and PG could assist the formation of microemulsions when they were

introduced into the mixture system of oil, surfactant and water.

In the following study, microemulsions containing 0.1% and 0.4% lemon oil and an
emulsion containing 1.5% lemon oil (larger oil droplets), which were fabricated by the
emulsion dilution method, were chosen to incorporate beta-carotene as a lipophilic
model bioactive compound into lemon oil in order to study its impact on the formation
and properties of the resulting microemulsion and emulsion systems. The
encapsulation of beta-carotene into 0.1% and 0.4% lemon oil caused a significant
increase in the particle size of the O/W microemulsions, but the particle size was still
within the size range of microemulsion. As a result, the beta-carotene-loaded

microemulsions containing 0.1 and 0.4% lemon oil were visually clear in appearance.
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However, the incorporation of beta-carotene did not increase and alter the particle size
of the emulsion containing 1.5% lemon oil. The microemulsion sample containing 0.1%
lemon oil and the emulsion containing 1.5% lemon oil were stored at 25 °C without
exposed to oxygen and light for one month. While, the microemulsion containing 0.4%
lemon oil was selected and placed at three different temperatures (4, 25 and 37 °C) for
1 month: at 4 and 37 °C without exposure to both oxygen and light and at 25 °C, four
different environmental conditions (i.e. with oxygen/light, with oxygen and without
light, without oxygen and with light, without oxygen/light). The results showed that
the rate of beta-carotene degradation was lower in all these three samples when
compared to the beta-carotene present in a hexane solution without encapsulation.
Higher temperature accelerated the degradation rate of beta-carotene. As a
consequence, the 0.4% lemon oil microemulsion at 4 °C exhibited the slowest

degradation rate of beta-carotene.

Next, the microemulsions fabricated by the water titration method were selected to
encapsulate beta-carotene to study the encapsulation capacity of these microemulsion
systems as well as their ability to protect beta-carotene against oxidative degradation
during storage. Capmul 708G, Tween 80, Milli-Q water and PG mixture system were
chosen to fabricate microemulsions and two formulations (L910 and L990) were
prepared to incorporate beta-carotene. L910 was comprised of 81% Capmul 708G, 9%
Tween 80, 5% water and 5% PG, whereas L990 contained 9% Capmul 708G, 1%
Tween 80, 45% water and 45% PG. It was able to see clearly from this experiment that
the L910 system could incorporate more beta-carotene than 1.990. Both L910 and
L990 could reduce the degradation rate of beta-carotene when loaded into them
compared to their presence in hexane solutions without encapsulation. Similar to the
previous experiment as described above, when the beta-carotene incorporated
microemulsions were placed at 4 °C and away from oxygen and light, beta-carotene
had the highest retention rate after storage for 1 month. Furthermore, beta-carotene

degradation rate in L910 was slower than that in L990, indicating L910 was more
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effective than L990 in terms of incorporating and protecting beta-carotene.

It is shown clearly from the present study that microemulsions could be formed via
the water titration and emulsion dilution methods. The type and concentration of oil
phase and surfactant had a significant influence on the determination of whether a
mixture system could form a microemulsion as well as the properties of the formed
microemulsion. The microemulsions produced by these two different methods could
be utilised to encapsulate beta-carotene as the incorporation of beta-carotene did not
have a significant influence on the properties of the original microemulsions.
Moreover, microemulsions provided the stability and protection to beta-carotene
against oxidative degradation that could be caused by oxygen, light and temperature
during storage, which might be possible to be applied to some liquid foods and

beverages.
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Chapter 1 Introduction

1.1 Background information

Nanotechnology has been a rapidly growing research area in various food sectors as
an emerging technology. According to the research papers and review articles, the term
nanotechnology is defined as the manipulation, fabrication, and application of
materials that have at least one dimension (length, width or height) smaller than 100
nm for their desired structural and functional characteristics (Huang et al., 2010,
Tarafdar and Raliya, 2012, Yu and Huang, 2013, Nakajima et al., 2015). The potentials
of nanotechnology have been explored in various food areas, including the
improvement of food preservation and packaging (Mihindukulasuriya and Lim, 2014,
Yu et al., 2016, Dar et al., 2019), the development of new functional foods and
beverages (Chen and Wagner, 2004, Rao and McClements, 2013) and the
improvement of nutrient delivery (e.g., bioavailability, controlled release and intake)
(Bilia et al., 2014, Cho et al., 2014, Acevedo-Fani et al., 2015). The important
application of nanotechnology is also linked to encapsulation that enables the design
and development of novel delivery systems for bioactive compounds with improved
water solubility, stability, functionality, and bioavailability which ultimately lead to
the development of new functional foods and beverages. The types of nanocarriers or
nanoencapsulation that have been developed include nanoemulsions, nanoparticles,
solid lipid nanoparticles, nanoliposomes, nanofibers, nanotubes and microemulsions

(Weiss et al., 2007, Momin et al., 2013, Onwulata, 2013, Singh, 2016).

Emulsions can be prepared via high energy or low energy emulsification methods.
High energy emulsification methods require a high energy input and high shear forces
using mechanical devices, such as high pressure homogenizers, microfluidizers, high
shear mixers and ultrasonic devices. However, the formation of nanometre-scaled
droplets smaller than 100 nm by high energy emulsification methods is not readily

feasible due to a significant amount of energy being lost through dissipation as heat.
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On the contrary, low energy emulsification methods use internal chemical energy
stored in ternary systems (oil-water-surfactant) to form microemulsions (< 50 nm) by
using intrinsic physicochemical properties of surfactant molecules and environmental
conditions. Thus, the low energy emulsification methods do not require a high
mechanical shear force in producing emulsions. Low energy emulsification methods
however have some limitations, because only a certain type of surfactants and oils can
be used. High concentration of synthetic surfactants is required to produce
microemulsions which limit their application in food industry, thus low energy
methods are mainly used and studied in the field of pharmaceuticals for delivery of
drugs. Nevertheless, low energy emulsification methods are increasingly investigated
for their use in food applications as the techniques are efficient in producing

microemulsion with droplets smaller than 50 nm with transparent optical properties.

In recent years, it has also been shown that microemulsions can be produced by using
another approach, which can be referred to as “emulsion dilution method”, involving
a two-step process: i) preparation of emulsions by high energy method and ii)
dissolution of oil droplets into aqueous surfactant micelle solutions (Rao and
McClements, 2012a). This technique also needs to be investigated more extensively
because of its high potential for food application in developing functional food
beverages. Therefore, it is necessary to find out the oils and surfactants which can be

utilised by this method to fabricate microemulsions.

Water titration method has been employed by most researchers to form
microemulsions via constructing ternary or pseudo ternary phase diagrams (Patel et
al., 2012, Lidich et al., 2016, Tang et al., 2019). Briefly speaking, water or buffer
solution was added dropwise into the mixture of oil (s), surfactant (s) and/or
cosurfactant. Different types of oils and surfactants as well as cosurfactant and
cosolvent were chosen to construct ternary or pseudo ternary phase diagrams in the

present study to find out the most suitable mixture systems to produce microemulsions.



Microemulsions are reported to be good delivery systems for bioactive compounds
(Amar et al., 2004, Ariviani et al., 2015, Chen and Zhong, 2015, Cheng et al., 2017,
Calligaris et al., 2019). In this research, beta-carotene was chosen to study the
encapsulation capacity and protection ability of microemulsions fabricated by the

aforementioned methods for bioactive compounds.

The objectives of the present research were:

To study the effects of types and concentrations of oils and surfactants on the formation
and properties of microemulsions using emulsion dilution method.

To investigate the effects of types and concentrations of oils and surfactants on the
formation and properties of microemulsions using water titration method.

To determine the effect of incorporation of cosurfactant and cosolvent on the formation
and properties of microemulsions using the water titration method.

To explore the encapsulation of beta-carotene on the properties of empty
microemulsions fabricated by emulsion dilution method and water titration method.
To explore the stability of beta-carotene encapsulated in the microemulsions with
different concentrations of oil phase fabricated by emulsion dilution method under
different environmental conditions.

To study the stability of beta-carotene incorporated in W/O and O/W microemulsions

produced by water titration method under different environmental conditions.



1.2 Overview of thesis

This thesis describes the fabrication of microemulsions via emulsion dilution method
and water titration method which can be utilised to encapsulate and protect beta-
carotene. This thesis is comprised of eight chapters which are listed as follows:
Chapter 1 lists the background information for conducting the present study and the
objectives of this study.

Chapter 2 is the literature review of this study which describes the methods to fabricate
microemulsions, formulation of microemulsions, properties and characterization of
microemulsions as well as lists the type of bioactive compounds that have been
encapsulated in the microemulsions in literature.

Chapter 3 shows the main methods and materials utilised in this study.

In Chapter 4, the emulsion dilution method was employed to fabricate microemulsions
with different types of oils and surfactants to study their ability to produce
microemulsions.

In Chapter 5, the water titration method was employed to fabricate microemulsions
with different types of oils and surfactants. Cosurfactants and cosolvents were also
introduced in this chapter. Ternary or pseudo ternary phase diagrams were introduced
to study the ability of different mixture systems of oil, surfactant, water with/without
cosurfactant and/or cosolvent to produce microemulsions.

Chapter 6 characterizes the encapsulation of beta-carotene into microemulsions and
emulsions fabricated via emulsion dilution method. The beta-carotene loaded samples
were stored at different conditions to determine the degradation rate of beta-carotene.
In Chapter 7, beta-carotene was incorporated into microemulsions (W/O and O/W)
produced by water titration method which were stored at different environmental
conditions to determine the protection abilities of these microemulsions on beta-
carotene.

Chapter 8 highlights the overall conclusions of the present research work and

recommends some ideas for future study.



Chapter 2  Literature Review

2.1 Introduction

In food industry, functional foods, which are aimed at using food to enhance health,
have been more focused on recently due to the demand of modern health-conscious
consumers, who are interested in foods that are health-enhancing and disease-preventing.
A simple way to produce functional foods is to incorporate bioactive compounds (such
as carotenoids, phytosterols, omega-3 fatty acids, polyphenols and fat-soluble vitamins)
into food products. However, these bioactive compounds are insoluble in water and
sensitive to food preparation conditions, including temperature change and exposure to
light and oxygen (McClements et al., 2007). In this respect, the introduction of delivery
system, in which bioactive compounds are incorporated and thus protected, is essential.
Microemulsion is one of the delivery systems that were normally employed in the

literature.

A microemulsion is a thermodynamically stable, homogenous, optically isotropic, low
viscous and transparent solution which contains the mixture of water, oil, surfactants
and possibly cosurfactants or cosolvents (Flanagan and Singh, 2006, Chauhan et al.,
2019). A microemulsion can be fabricated via low energy emulsification method,
including water titration method, oil titration method and cosurfactant titration method
as well as emulsion dilution method which is a combination of high and low energy
emulsification method. While employing the water titration method, a ternary of pseudo
ternary phase diagram is generally constructed to illustrate the formulation of water, oil,
surfactant and/or cosurfactant/cosolvent that can form microemulsions. Different types
of oils and surfactants were introduced by researches to produce microemulsions (Fanun
et al., 2001, Boonme et al., 2006, Anoopinder et al., 2016, Hu et al., 2019), but only a

few of them were food-grade ingredients.



In addition, though a number of studies have incorporated lipophilic bioactive
compounds into microemulsions, few of them have determined the effect of
microemulsions on the stability of bioactive compounds incorporated in them. In this
review, preparation methods, formulation and properties and characterization of
microemulsions are described. Some basic knowledge of lipophilic bioactive

compounds as well as bioactive compounds loaded microemulsions is also provided.

2.2 Emulsion

Emulsion is a type of dispersion system with two or more immiscible liquids, normally
oil and water, in which one liquid phase is dispersed as droplets into another phase
(McClements, 2005). The droplets suspended in emulsion are named as dispersed phase,
while the phase containing dispersed droplets is referred to as continuous phase. An
emulsion system containing oil droplets dispersed in aqueous phase is referred to as an
oil-in-water (O/W) emulsion, while the reverse system with water droplets dispersed in
oil phase is called a water-in-oil (W/O) emulsion. Emulsion, the particle size of which
is normally very large, is also known as conventional emulsion or macroemulsion
(McClements and Rao, 2011). It is thermodynamically unstable because the interface
between oil and water phase has larger positive free energy (McClements, 2011) and it
tends to have phase separation over time (McClements and Rao, 2011). In addition,
emulsion is opaque or turbid because the droplet size of emulsion is similar to the
wavelength of light, thereby the emulsion scatters light strongly (McClements and Rao,

2011).

2.3 Nanoemulsion
Nanoemulsion, which is also termed as mini-emulsion (McClements and Rao, 2011,

Saberi et al., 2014) and ultrafine emulsion (Fernandez et al., 2004, Yang et al., 2012),
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can be considered as conventional emulsion with very small droplets. It tends to be
optically transparent or translucent, since its particle size is much smaller than the
wavelength of light (Fernandez et al., 2004, Solans et al., 2005). However, there is not
a consensus on the exact range of nanoemulsion particle size, which, in the literature,
ranges from 10 nm to 100 nm up to 500 nm (Fernandez et al., 2004, Solans et al., 2005,
Lee and McClements, 2010, Sole et al., 2010, Anton and Vandamme, 2011, McClements
and Rao, 2011). In addition, nanoemulsion system is not thermodynamically stable and
has the tendency to breakdown after some time. Nevertheless, nanoemulsion is able to
remain stable for a long time, because small particle size ensures its stability to
flocculation, coalescences and gravitational separation (Tadros et al., 2004, Wooster et
al., 2008). Accordingly, nanoemulsion is a kinetically stable system (Fernandez et al.,
2004, Sole et al., 2010), which maintains its stability to dilution or temperature change
(Anton and Vandamme, 2011). Like conventional emulsion, the droplets suspended in
nanoemulsion are named as dispersed phase, while the phase containing dispersed
droplets is referred to as continuous phase. Nanoemulsion can be classified into oil-in-
water (O/W) nanoemulsion, which contains oil droplets dispersed in aqueous phase and

water-in-oil (W/O) nanoemulsion, in which water droplets dispersed in oil phase.

2.4 Microemulsion

A microemulsion is a thermodynamically stable, homogenous (heterogeneous at
molecular level), optically isotropic, low viscous and transparent solution which
contains the mixture of water, oil (or hydrocarbons), surfactants and possibly
cosurfactants or cosolvents (Paul and Moulik, 1997, Flanagan and Singh, 2006,
Chauhan et al., 2019). Like nanoemulsions, the size range of microemulsion particle
diameters defined is not the same in different journal articles, from 4 nm to 50 nm up to
200 nm (Flanagan and Singh, 2006, McClements and Rao, 2011, Rao and McClements,

2011, McClements, 2012). The author believed that the diameter of microemulsion was

7



smaller than 50 nm. The comparison of emulsion, nanoemulsion and microemulsion are

illustrated in Table 2.1.

Table 2.1 Comparison of emulsion, nanoemulsion and microemulsion

System Droplet diameter The@odynam1c Appearance
stability
Emulsion > 100 nm Unstable Opaque
Nanoemulsion | < 100 nm Unstable Translucent or transparent
Microemulsion | <50 nm Stable Transparent

Some researchers stated that microemulsions can also be termed as swollen micelles
(Paul and Moulik, 1997, Malcolmson et al., 1998, McClements and Rao, 2011).
However, Flanagan and Singh (2006) insisted a swollen micelle which is a system that
contains a low volume fraction of oil or water is different from a microemulsion, which
is referred to as a system with sufficient dispersed phase incorporated into the micelle
formed by the surfactant. A considerable number of surfactants that help form
microemulsions have ultralow interfacial tension, hence the free energy of the
microemulsion system is much lower than that of the phase-separated components. As
a result, microemulsions are able to be fabricated spontaneously, without the supplying
of any energy. However, in practice, a certain amount of external energy (i.e., stirring
and heating), is necessary when making microemulsions, due to the existence of kinetic
energy barriers between phase-separated components and the microemulsion, or slow

transport of components (McClements and Rao, 2011, McClements, 2012).

Microemulsions can be divided into single phase and multiphase microemulsions in
terms of phase conditions (Flanagan and Singh, 2006). In a single phase microemulsion,
if the oil concentration is very high, this microemulsion belongs to the W/O
microemulsion category. Whereas at very high water concentrations, the microemulsion

is an O/W microemulsion. Besides, other structures, such as lamellar liquid crystalline,
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micelle, reverse micelle and bicontinuous structures, may exist inside the single-phase

system. All these systems can exist either alone or together with other systems when
different concentrations of water, oil and surfactants are mixed to fabricate
microemulsions. The existence of multiphase microemulsions is because the surfactant
concentration is not enough. Multiphase microemulsions have three different
appearances, an O/W microemulsion in combination with an extra oil phase on the top,
a W/O microemulsion in combination with an extra water phase on the bottom and a
bicontinuous microemulsion with extra oil layer on the top and extra water on the bottom
(Flanagan and Singh, 2006). According to Winsor (1948), these three multiphase
microemulsions can be referred to as Winsor I, I and III systems. In addition, the single
phase microemulsion is named as Winsor IV system, which is the primary interest of
researchers in the area of food (Flanagan and Singh, 2006). Schematic graphs of Winsor

L, I, III and IV systems are shown in Figure 2.1.

Oil

Winsor [ Winsor 11 Witisor 111 Winsor IV

Water

Figure 2.1 Schematic graphs of Winsor I, II, III and IV systems.
Adapted from Winsor (1948)

2.4.1 Methods for preparing microemulsion
As has already been described, external energy is usually needed in the formation of

microemulsions although a microemulsion is an equilibrium system. In theory, high
9



energy can be employed to make microemulsions. However, a high energy method is
not efficient, and the mixture of water, oil and surfactant may have a high viscosity
which can limit the homogenization process (Flanagan and Singh, 2006). Therefore, the
high energy approach is seldom used to fabricate microemulsions. Low energy
emulsification method, which only requires very low energy input, has been employed
to fabricate microemulsions (Fanun, 2010, Araujo et al., 2018, Yadav et al., 2018, Guo
etal., 2019a). However, only certain types of surfactants and oils can be used to fabricate
microemulsion by the low energy emulsification method (Flanagan and Singh, 2006,

Chauhan et al., 2019)

2.4.1.1 Phase inversion temperature (PIT) method

PIT method depends on change in the spontaneous curvature of surfactant with changing
temperature (Talegaonkar et al., 2008). Only surfactant which is sensitive to temperature
change can be utilized in this method, i.e. polyethoxylated (PEO) non-ionic surfactants
(Flanagan and Singh, 2006). The change in temperature results in the change in the
hydration of the poly (oxyethylene) chains, thereby the curvature of surfactants change
(Solans and Sole, 2012). At low temperature, the head group of the surfactant is highly
hydrated; therefore, it is more soluble in water, so it favours the formation of O/W
microemulsion. But according to Anton and co-workers, not every polyethoxylated
(PEO) non-ionic surfactant could be employed in the PIT method. The PEO headgroup
of some PEO non-ionic surfactants are either too big or small, and the oil chain of some
PEO non-ionic surfactants are either too long or too short, which makes them not very
sensitive to temperature change, in other words, they cannot result in the phase inversion
with the change in temperature (Anton et al., 2007). In a PIT method, with the increase
in temperature, head group dehydrates progressively, causing the reduction in the
solubility of surfactant in water. At the phase inversion temperature, spontaneous
curvature of the surfactant molecule is zero and droplets have an ultralow interfacial

tension (Flanagan and Singh, 2006). Therefore, emulsion with very small droplet size is
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formed. A stable O/W microemulsion is fabricated after the emulsion is rapidly cooled
to a low temperature (Talegaonkar et al., 2008). PIT could be determined by measuring
viscosity changes during cooling (Souza et al., 2009, Chen et al., 2015) and turbidity

changes after heating (Chen et al., 2015).

Valoppi et al. (2017) utilized the PIT method to prepare O/W microemulsions with
lemon oil, peanut oil, Tween 80 and NaCl solution. The aqueous phase was prepared by
mixing 10, 15, 20 and 30% Tween 80 with 0.8M NaCl solution. Then, the aqueous phase
was added into the oil phase under magnetic stirring at 600 rpm for 10 minutes at
ambient temperature to fabricate the coarse emulsion. After that, the coarse emulsion
was transferred into a vial, sealed and heated at 90 °C, which was 15 °C higher than its
PIT, for 30 minutes. In the end, the sample was placed in an ice-water bath while it was

hand shaken until a transparent homogenous solution was obtained (Valoppi et al., 2017).

2.4.1.2 Emulsion dilution method

The emulsion dilution method (a combination of high energy and low energy
emulsification methods) was also employed by some researchers to make
microemulsions (Weiss and McClements, 2000, Rao and McClements, 2012a, Ziani et
al., 2012a, b, Salimi et al., 2014). The high energy emulsification approach was utilized
to make a small molecular surfactant stabilized O/W emulsion, which was then diluted
into a surfactant micelle solution. Schematic diagrams of emulsion dilution method are
shown in Figure 2.2. The principle of this method was the movement (or solubilization)
of oil molecules from initial emulsion droplets into surfactant micelles. It is well known
that the initial O/W emulsion is thermodynamically unstable. While, the surfactant
micelle solution is thermodynamically stable due to the decrease in free energy caused
by the hydrophobic effect (rearrangement of surfactant molecules, forcing part of the
surfactant to be removed from water). However, the monolayer formed by surfactants

may not be in the optimum curvature, which is able to be obtained after the transport of
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oil molecules into surfactant micelles until they become saturated (Ziani et al., 2012b,
a). As a result, the surfactant micelle whose effective diameter is 9.9 nm when swells,
while the initial emulsion droplets shrink, resulting in the change in the particle size of

the mixture system to the microemulsion range (Rao and McClements, 2012a).

Micelle solution Conventional emulsion

Concentration of oil phase increased

Figure 2.2 Schematic graphs of emulsion dilution method. 1. All the oil phase is
solubilised in micelles, forming microemulsions. Micelles are saturated at this point. II.
Mixture of microemulsion and emulsion droplets. III. Mainly emulsion droplets.

Rao and McClements (2012a) utilized lemon oils (1%, 3%, 5%, 10x) and Tween 80 to
form O/W microemulsions to study the effect of oil phase composition on the formation

and stability of the microemulsions. A 1% Tween 80 micelle solution was used to dilute
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the preformed 1% Tween 80 stabilized lemon O/W emulsion, the turbidity of the
emulsion decreased dramatically until reaching zero, which meant that oil droplet size
also reduced. In addition, the turbidity of the emulsion increased with an increase in
lemon oil concentration; as well the appearance of the emulsion changed from
transparent to opaque. On the other hand, at very low oil concentration, particle diameter
was very small, at around 12 nm, while after the surfactant micelles are saturated with
the oil, the emulsion system becomes a mixture of swollen micelles and non-dissolved
oil droplets, causing the increase in particle diameter and particle size distribution (PSD).
Though swollen micelles still exist, they scatter light much less than larger particles,
such that any light scattering by swollen micelles cannot be recognized by the DLS

instrument.

Similarly, Rao and McClements (2012c) utilized sucrose monopalmitate (SMP) and
Tween 80 to fabricate microemulsions, they stated that SMP had higher solubilization
capacity (the maximum amount of oil that can be solubilized in a given amount of
micelle solution) than Tween 80 if the concentration used was the same. This was
because SMP has a smaller hydrophilic headgroup than Tween 80, resulting in a higher
packing capacity and lower optimum curvature of SMP. In addition, the combination of
SMP and Tween 80 resulted in a much higher solubilization capacity, which was the
addition of solubilization capacities of SMP and Tween 80. On the other hand, they
adjusted the pH of the aqueous solution to 3.5, which is close to the pH of acidic
beverages, to study the stability of the final emulsions in acidic conditions. As a result,
emulsions stabilized by SMP had poor stability against acidic conditions, but a

combination of SMP and Tween 80, increased the acid stability of the emulsions.

2.4.1.3 Water titration method
Most researchers utilized the water titration method (dilution of surfactant and oil

mixtures with water at constant temperature) to fabricate microemulsions (Fanun et al.,
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2001, Boonme et al., 2006, Xu et al., 2010, Zhang and Zhong, 2010, Yi et al., 2012,
Basheer et al., 2013, Qu et al., 2014, Sevcikova et al., 2014, Chouhan and Saini, 2016,
Syed and Peh, 2018). In the water titration method, the mixture of oil and surfactant, at
a ratio of 1:9, 2:8, 3:7, 4:6, 5:5, 6:4, 7:3, 8:2 and 9:1, was titrated by water at a set
increment (normally 10%). A ternary phase diagram (TPD) can be accordingly created
with each ingredient taking up one apex of the phase diagram. If the mixture system
contains more than three components, a pseudo ternary phase diagram is used, with one
corner of the diagram is a fixed ratio of two components. Nine dilution lines (Figure 2.3)

exist on the ternary and pseudo ternary phase diagram, according to the ratio of oil to

surfactant.
Oil(s)
Water dilution line
Water (and/or Surfactant (and/or
cosolvent) cosurfactant)

Figure 2.3 Schematic diagram of ternary or pseudo ternary phase diagram. Arrow means
the direction of adding water to the mixture of oil(s) and surfactant (and/or cosurfactant).

In the literature, authors employed different ways to name the dilution line. Some used
dilution line x : y where x : y meant the ratio of oil phase to surfactant(s) (with or without
cosurfactant) (Zargar-Shoshtari et al., 2010). Some described dilution line as Nx which

x meant the percentage of surfactant(s) (with or without cosurfactant) in the mixture of
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oil and surfactant(s) (with or without cosurfactant) (Fanun, 2008). In this case, x was 10,
20, 30, 40, 50, 60, 70, 80 and 90. While, Dxy was employed by some other authors and
x : y represented the ratio of surfactant(s) (with or without cosurfactant) to oil phase
(Garti et al., 2006, Feng et al., 2009b). Along each dilution line, water is added dropwise
into the mixture of oil and surfactant under continuous stirring, thereby water droplets
are formed. If water content is higher than the critical amount, the coalescence rate of
water droplets is higher than that of oil droplets, so phase inversion occurs. At phase
inversion point, interfacial tension is minimum, resulting in the formation of small

droplets (Fernandez et al., 2004). The mechanism of water titration method is shown in

vV v %L
% 0 6020 °o|©
Oooooo%i)oov/o:g

O

Figure 2.4.

W/0 Bicontinuous System

Figure 2.4 Mechanism of water titration method
Adapted from: McClements and Rao (2011)

2.4.1.4 Oil titration method

A few researchers tried to fabricate microemulsions by oil titration method (titration of
surfactant and water mixtures with oil) (Garti et al., 2001, Flanagan et al., 2006, Rukmini
et al., 2012). Hamed et al. (2012) successfully fabricated clove bud essential oil (CEO)-
and eugenol-in-water microemulsions via the oil titration method. They at first prepared

5% Tween 20 micelle solution and then titrated the Tween 20 solution with CEO and

15



eugenol separately. The mixtures were then vortexed for 2 minutes before stored at 27
+ 2 °C for 24 hours. The experimental data showed that only 1.1% (v/w) CEO and 0.9%
(v/w) eugenol could be incorporated in the 5% Tween 20 solution to fabricated the O/W
microemulsions (Hamed et al., 2012). However, in another study, oil titration method
was employed to form the W/O microemulsions by Rukmini and co-researchers.
Specifically speaking, the mixture of Span 80, Span 20 and Tween 20 was mixed with
water before they were titrated by dehydrated virgin coconut oil dropwise (Rukmini et

al., 2012).

2.4.1.5 Other methods

It was also reported that oil phase (soybean oil and curcumin), surfactants (soybean
lecithin and Tween 80) and deionized water when mixed together under constant stirring
could fabricate microemulsions (Lin et al., 2012). On the other hand, cosurfactant
titration method was utilized by Swaroopa et al. (2014) to fabricate microemulsions by
IPM or oleic acid, Tween 80 or Cremophor RH 40, ethanol and water. In detail, water
and surfactant were added to the oil phase to form an macroemulsion via stirring. After
that, cosurfactant was added to the macroemulsion dropwise until a transparent solution
(microemulsion) was fabricated. Hu and co-workers used both cosurfactant titration
method and water titration method to prepare microemulsions with cyclohexane as the
oil phase, isopropanol as the cosurfactant, water as well as different kinds of surfactants,
including MOA-9 and Cremophor EL-10. They reported that the range of O/W
microemulsions and W/O microemulsions in the pseudo ternary phase diagrams

constructed by both methods were not significantly different from each other (Hu et al.,

2019)

2.4.2  Formulations of microemulsion
Microemulsion system is comprised of aqueous phase, lipid phase and surfactant, while

in some systems, the addition of cosurfactants and/or cosolvents is necessary.
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Formulations of microemulsions in some researches are indicated in Table 2.8.

2.4.2.1 Lipid phase

Types and concentrations of lipid phase have a large effect on the formation and stability
of microemulsions. According to Flanagan and Singh (2006), the formation of
microemulsion with LCT, which have large molecular weight, is more difficult than
making microemulsion with hydrocarbon mineral oils, since the long chain fatty acids
in the LCT molecules are too large to penetrate into the interfacial films. As a result,
most researchers who intended to study microemulsions normally used hydrocarbon
mineral oils to replace triglycerides (Weiss et al., 1997, Weiss and McClements, 2000,
Boonme et al., 2006, Basheer et al., 2013). In addition, MCT (Fanun et al., 2001,
Roohinejad et al., 2015, Ho et al., 2019), essence oil (Ziani et al., 2012a, b, Yadav et al.,
2018), monoglyceride (Thakkar et al., 2014) and diglyceride (Chen et al., 2013) were
utilized in some researches. There were also some studies using LCT to fabricate
microemulsions (Flanagan et al., 2006, Roohinejad et al., 2015, Subongkot and

Ngawhirunpat, 2017).

Malcolmson et al. (1998) utilized the polyoxyethylene surfactants, CI18:1E10
(polyoxyethylene-10-oleyl ether) and CI12E10 (polyoxyethylene-10-lauryl ether) to
make microemulsions via PIT method. Different types and concentrations of oils (three
alkanes, three 1-alkenes, isopropyl myristate and two triglycerides) were used to
investigate the effect of oil phase on microemulsion formation. If the surfactant used
was C18:1E10, heptane has the shortest chain length, hence it was able to penetrate the
interfacial film to the largest extent, resulting in the highest oil incorporation
concentration (8% heptane incorporated in 20-22% surfactant). The lowest
concentration of C18:1E10 to fabricate a microemulsion was 6%. While, if the chain
length of hydrocarbon oil increased to 16 (hexadecane), the maximum oil concentration

incorporated in the surfactant micelle solution was 5% and the lowest concentration of
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C18:1E10 needed to form a microemulsion was 8%. Similarly, when using 1-alkenes,
the incorporation of 1-heptene into the surfactant micelle was the highest, at about 8%,
compared with 5% and 6% for 1- hexadecane and 1-octadecene. Besides, the formation
area in the ternary phase diagram was similar for all these six hydrocarbon oils. If
surfactant was isopropyl myristate, maximum oil incorporation concentration was 7%
at 20% CI18:1E10 and the minimum concentration of surfactant was 10%. As for
triglyceride oils, soybean oil, which is LCT, had a higher maximum oil incorporation
concentration than Miglyol 812, which is MCT, while the area in ternary phase diagram
to form microemulsion with these two oils were similar. On the other hand, if using
CI12E10 as the surfactant, a microemulsion was formed only in a small area in ternary
phase diagram when soybean oil was the lipid phase. In addition, since the chain length
of hexadecane, 1-hexadecene, octadecane and 1-octadecene were 16 and 18, which were
much higher than 12 in hydrophobic part of the surfactant, maximum oil incorporation
concentration of these oils was very small. While if chain length reduced to 14 for
isopropyl myristate, which is closer to chain length of the surfactant, maximum oil
incorporation concentration was much higher and a much larger region in the ternary
phase diagram could form microemulsion. With the further decrease of chain length to

7 (heptane and 1-heptene), the region where microemulsions could form was even larger.

Similarly, Warisnoicharoen et al. (2000) utilized three different types of triglycerides
(tributyrin, soybean oil and Miglyol 812) and two different single-chain oils (ethyl ester
of fatty acid oil) to fabricate microemulsion, stating that if the surfactant used was
CI12E10, oil with the smallest molecular volume had the highest maximum oil
solubilization concentration. Nevertheless, if C18:1E10 was the surfactant, oil with the
largest molecular volume tended to be solubilized to the greatest extent. The reason for
this phenomenon may be because when using C12E10 as the surfactant, lower molecular
volume oil can be incorporated into the surfactant micelles, which are nearly spherical,

as a cosurfactant, while larger molecular volume oil cannot be readily incorporated since
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soybean oil and Miglyol 812 have already existed in a spherical form. On the other hand,
if the surfactant used was C18:1E10, oil with a very short chain may not be able to act

as a cosurfactant, while it tended to locate towards the center of micelles.

Essential oils could also be employed to fabricate microemulsions (Xu et al., 2010, Edris
and Malone, 2012, Chen et al., 2014, Cheng et al., 2017). According to Edris and Malone
(2012), the major compounds of the essential oils could determine the solubilization of
the oil into the microemulsion, but other small compounds had an effect as well. They
found clove bud oil could formed the largest amount of microemulsions, which followed
by thyme oil and oregano oil when they introduced these three phenolic-bearing
essential oils to create ternary phase diagrams with Tween 20 or Tween 80 and water.
The main compounds of clove bud oil, thyme oil and oregano oil were eugenol (85.29%),
linalool (44.4%) and carvacrol (58.57%), respectively. Clove bud oil could form the
largest amount of microemulsion was because unsaturated short-chain hydrophobic tail
of eugenol could help to increase the mobility of the interfacial film. For thyme oil
mixture system, linalool had a structure like surfactant, but its concentration was smaller
than eugenol, then it formed fewer amount of microemulsions. However, carvacrol,
which has a similar structure to eugenol, had a poor solubilization in microemulsion
systems. Besides, pure carvacrol formed fewer amount of microemulsions compared to

oregano oil (Edris and Malone, 2012).

2.4.2.2 Aqueous phase

In most studies, aqueous phase contained only water (Yang et al., 2017b, Nazari et al.,
2019, Tang et al., 2019) or phosphate buffer solution (Roohinejad et al., 2015,
Anoopinder et al., 2016, Ho et al., 2019). While, a few studies introduced cosolvent,
including propylene glycol (PG) (Garti et al., 2001, Cheng et al., 2017), glycerol (Garti
et al., 2001), into the aqueous phase. Polizelli and co-workers introduced sodium

chloride (NaCl) into mixture systems which contained soybean oil, sodium bis-2-
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ethylhexyl sulphosuccinate (AOT), L-a-phosphatidylcholine (PC) and water where the
ratio of AOT to PC was 1:1. It was found that microemulsion area in the TPD of the
mixture system without NaCl was 2.1%, while it increased to 6.6, 7.0, 8.2, 11.5 and 11.3%
if 2%, 5%, 8%, 11% and 15% NaCl were previously dissolved in the aqueous phase

(Polizelli et al., 2008).

2.4.2.3 Surfactant

Chemically, surfactants consist of both hydrophobic and hydrophilic groups which
exhibit amphiphilic property (Whitehurst, 2004). Protein, polysaccharide emulsifiers
and small molecular surfactants are generally utilized in the food industry. Emulsion
stabilized with protein and polysaccharide emulsifiers, which are natural ingredients, is
much safer than that stabilized with small molecular surfactants, which are synthetic.
Protein and polysaccharide emulsifiers cannot be utilized to fabricate microemulsion
alone, since only small molecular surfactants are able to generate ultralow interfacial
tension at a particular monolayer curvature (McClements, 2012). Non-ionic surfactants
have been normally utilized in researches because they have relatively low toxicity and
irritation potential (Flanagan and Singh, 2006). The commonly used non-ionic
surfactants are POE (polyoxyethylene oleyl ether, CmEn), polyoxyethylene ethers (e.g.,
Brji 30) and polyoxyethylene sorbitan esters (Tweens), labrasol (PEG-8 caprylic/capric
glycerides) and sucrose esters. The effect of surfactant on the formation of
microemulsion relies on the physicochemical structures of the surfactant. Apart from
non-ionic surfactants, anionic (Szymula, 2004), cationic (Johnson and Shah, 1985) and
zwitterionic (Patel et al., 2006, Chatzidaki et al., 2015) surfactants are also used to

produce microemulsions.

HLB and CPP (Critical Packing Parameter) values can be introduced to choose a suitable
surfactant. HLB is a value that indicates the affinity of surfactant for oil and water phase

(Hasenhuettl and Hartel, 2008, McClements and Rao, 2011). The HLB value is
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associated with the proportion of hydrophilic against hydrophobic parts in surfactants.
The emulsifiers with low HLB value are usually used in the formation of W/O emulsions,
while higher HLB value emulsifiers are used in the preparation of O/W emulsions

(Liang, 2001).

On the other hand, CPP is short for critical packing parameter of the surfactant micelle.

Equation 2.1 is used to calculate CPP:

CPP= — [2.1]

axl
On this equation, v is volume of the hydrophobic surfactant tail, a means the optimal
area of the headgroup, and 1 represents chain length of hydrophobic tail. If surfactant
molecules are associated with each other, they tend to form monolayers which have
optimum curvature. At optimum curvature, the monolayer has the lowest free energy,
any change in the optimum curvature, besides, needs the application of external energy.
If CPP equals to 1, monolayers with zero curvature are favoured; if CPP is more than 1,
optimum curvature tends to be concave, forming W/O emulsions; while if CPP is less
than 1, optimum curvature tends to be convex, forming O/W emulsions (Flanagan and
Singh, 2006, McClements and Rao, 2011). The change in temperature or composition
may result in the alteration in CPP of the surfactant. If ionic surfactant is used to form
the microemulsion, the addition of salts causes a reduction in hydrophilic headgroup

area of the surfactant, thereby increasing the CPP value (Lawrence and Rees, 2012).

Fanun (2009) indicated the ability to fabrication monophasic microemulsions of oil,
water and surfactant system was influenced by the chain length of the surfactant. They
utilized different types of sugar esters to create ternary phase diagrams with peppermint
oil and water, finding with the increase in the chain length of the surfactant, the
formation of monophasic microemulsions reduced. Edris and co-worker had the same
finding while they utilized Tween 20 and Tween 80 to fabricated microemulsions with

three different types of essential oils (clove bud oil, thyme oil and oregano oil) and water.
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They illustrated that mixture system with Tween 80 formulated fewer amount of
microemulsions compared to that with Tween 20 regardless of the type of oil used.
Besides, Tween 20 had a better ability to prevent the formation of liquid crystals
compared to Tween 80. The reason for these phenomena was due to the shorter tail of

Tween 20 which could interact more efficiently with the oils (Edris and Malone, 2012).

According to Lawrence and Rees (2012), double chain surfactants alone, such as
didodcecyl ammonium bromide (DDAB) and AOT, which have small headgroups
compared to their hydrophobic tails, are able to fabricate microemulsions. However,
single chain surfactants alone are not able to fabricate microemulsions since they cannot
decrease the interfacial tension sufficiently. The addition of cosurfactant is required for
single chain surfactants. Some detailed information about cosurfactants will be
discussed later in the following part. In addition, a second surfactant is added into the
mixture system can be used to facilitate the formation of microemulsion. According to
Patel et al. (2006), in a mixture system of a combination of Tween 80 and lecithin (ratio
was 2:1 or 3:1), propylene glycol and ethyl oleate had a decreased liquid crystalline
phase compared to that without Tween 80. And the microemulsion region for the mixture
system with Tween 80 and lecithin was larger than that for the mixture system containing

only lecithin.

2.4.2.4 Cosurfactant and cosolvent

In order to make microemulsions, high concentrations of surfactant are needed, which
may cause the issue of bio-incompatibility (Alany et al., 2000). Most single chain
surfactants are not able to reduce the interfacial tension small enough to fabricate a
microemulsion (Lee, 2011). Cosurfactants were introduced by some researchers (Feng
et al., 2009b, Zhang et al., 2009) to help in making microemulsions with decreasing
concentration of surfactant. Cosurfactant, which is short or medium chain alcohol,

amines or acids (Flanagan and Singh, 2006, Vaidya and Ganguli, 2019), is also an
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amphiphilic substance, which can reduce interfacial tension (Gradzielski, 1998), but it
cannot stabilize emulsions alone due to its small head group (McClements, 2005).
Cosurfactant is miscible with the surfactant. Adding cosurfactant into the surfactant can
further reduce the interfacial tension. Important functions of cosurfactant are that it is
able to increase the fluidity of the interface and increase the mobility of hydrocarbon
tail of the surfactant, making it possible for oil to penetrate between the surfactant tails.
In addition, since it partitions between oil and water phases, it can affect the solubility
properties of these phases. If ionic surfactant is used to prepare a microemulsion, the
cosurfactant has the ability to reduce interactive repulsions between the charged
headgroups of the surfactant (Lawrence and Rees, 2012). A cosolvent is a highly polar
molecule which is not particularly surface active, but it can change the physicochemical
properties of the surfactant (McClements and Rao, 2011) and change the properties of
the aqueous phase, for example, viscosity and solubility (Komaiko and McClements,
2016). Normally used cosolvents was polyols, such as propylene glycol and glycerol.
The term “cosurfactant” and “cosolvent” were sometimes mixed up in the literature.
Xiao et al. (2013) and Salimi et al. (2014) referred to glycerol and PG as a cosurfactant,

respectively.

When using POE surfactants to fabricate microemulsions, a cosurfactant was not
necessary, as a microemulsion was formed by heating the surfactant/oil/water mixture
system to 80 °C prior to cooling to room temperature (Flanagan et al., 2006). However,
if lecithin was used as the surfactant, the addition of cosurfactant was necessary (Trotta
et al., 1996, Flanagan et al.,, 2006). Lecithin is too lipophilic, as it has two long
hydrocarbon chains it cannot form a zero mean curvature surfactant layer spontaneously,
which is the basis to prepare bi-continuous microemulsions (Shinoda et al., 1991).
Besides, an oil and water mixture system with lecithin as the only surfactant tends to
form lamellar liquid crystals (Bergenstahl and Fontell, 1983). Cosurfactants can be used

to increase the hydrophilicity of U-type microemulsions (appearance of the
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microemulsion had no change with the increase in water concentration along one
dilution line in the TPD), it can be partially incorporated in the polar parts of the
surfactant layers to change the spontaneous curvature of the surfactant layers from being
slightly curved towards water to be more planar or curved towards oil, and to decrease
the stability of the lamellar liquid crystals, thus facilitating the formation of a
microemulsion (Shinoda et al., 1991). However, if the microemulsion which contains
cosurfactant is diluted, the cosurfactant may move from the interface to the continuous
phase, resulting in the breakdown of the microemulsion. In addition, the use of some
cosurfactants may cause toxicity and irritation, thus they cannot be used in the food
industry (Flanagan and Singh, 2006). According to Patel et al. (2006), a cosolvent can
be utilized to fabricate a microemulsion without the addition of cosurfactants. It is
known that water, oil and lecithin mixture systems are not able to form microemulsions.
Patel et al. (2006) employed propylene glycol (PG) as the cosolvent to replace 80% and
90% water and showed that these two formulations could form microemulsions, while
most regions in the phase diagram could only form a liquid crystalline phase. However,
if using PG as the aqueous phase, the region in the phase diagram that could form

microemulsion was much larger.

Zhang and co-workers employed different types of short chain organic acids, such as
propionic acid, acetic acid, butyric acid, hexanoic acid, sorbic acid, citric acid, lactic
acid, as the cosurfactants with glycerol monolaurate, Tween 80 and water mixture
system. Phase diagrams were created by titrating the oil-surfactant phase with the
aqueous phase. They stated that without the addition of cosurfactants, microemulsions
could not be fabricated. When propionic acid was introduced into the mixture system,
microemulsions were formed and the increase in propionic acid concentration resulted
in the formation of more microemulsions. Moreover, the increase in chain length of the
short chain organic acids caused the formation of fewer microemulsions in the phase

diagram (Zhang et al., 2009). Similar results have been found by Al-Malah et al. (2011),
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who illustrated the addition of acetic acid (a weak electrolyte) to Tween 80-diethyl
oxalate-water mixture system could fabricate more microemulsions in the pseudo
ternary phase diagram than with propanoic acid. A strong electrolyte, such as NaCl and
CaCl, did not have a significant effect on the formation of microemulsions (Al-Malah

etal., 2011).

Xu et al. (2010) prepared a neem O/W microemulsion successfully with a combination
of Tween-80 and sodium dodecyl benzene sulfonate (SDBS) acting as the surfactant.
Three different alcohols, amyl alcohol, hexyl alcohol and heptyl alcohol were also used
as the cosurfactants. Mixture systems with all these cosurfactants were able to form
microemulsions. In addition, it was concluded from the pseudo ternary phase diagram
they obtained that the region of microemulsions prepared with hexyl alcohol was a
larger area than that of microemulsions prepared with amyl alcohol and heptyl alcohol.
Moreover, Tween 80 and five different alcohols were utilized to prepare an isopropyl
palmitate-in-water microemulsion by Basheer et al. (2013), who found that formulations
with all these alcohols could fabricate microemulsions, and 1-butanol was the most
suitable cosurfactant, followed by 1-pentanol and 1-propanol. While, 1-ethanol and 1-
methanol were the least suitable cosurfactants, and the region for microemulsion
formation was the same for them all. However, different findings were reported by
Sevcikova et al. (2014) who showed the use of pentanol resulted in the largest
microemulsion area of the mixtures of 1-monoacylglycerol of C10:0, Tween 80 and
cosurfactant, while propanol acting as the cosurfactant lead to the smallest
microemulsion areas compared to when butanol, ethanol and pentanol were used as the

cosurfactants.
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Table 2.2 Compositions of microemulsions in the literature

Lipid phase
(encapsulated Surfactant Cosurfactant/cosolvent | Reference
compound)
Methanol,
Isopropyl palmitate | Tween 20, 40, 60, 80 | 1-ethanol, 1-propanol, | Basheer et al. (2013)
1-butanol, pentanol
Isopropyl palmitate | Brij 97 1-Butanol Boonme et al. (2006)
. EMD?, Flanagan et al.
Soybean oil POE, phospholipid 1-Propanol (2006)
. Soybean lecithin, Ethanol, 1-propanol, 1-
Isopropyl myristate Lysolecithin butanol Trotta et al. (1996)
. b Amyl alcohol, hexyl
Neem oil Tween 80, SDBS alcohol, heptyl alcohol Xu et al. (2010)
Sucrose Rao and
Lemon oil monopalmitate ester, | N/A McClements (2012¢)
Tween 80
Tween 20,40,60,80;
) polyoxyethylene-10- Weiss and
n-Tetradecane, isooctylphenyl ether N/A McClements (2000)

(Triton X-100)

Glycerol Tween 80 Propionic acid Zhang et al. (2008b)
monolaurate
Propionic acid, acetic
Glycerol acid, bqtyrig acid, .
Tween 80 hexanoic acid, sorbic Zhang et al. (2009)
monolaurate AP .
acid, citric acid, lactic
acid
Beta-carotene SDS Pentanol Szymula (2004)
n-octane CI12ES N/A Burauer et al. (2003)
Mixtures of
decaglycerol
monolaurate,
Diacylglycerol Oil hexaglycerol trioleate, | Sorbitol Chen et al. (2013)

Tween 80, Span 80,
sucrose ester and
sodium caseinate

Peppermint oil

Tween 80

Ethanol, n-propanol,
n-butanol

Chen et al. (2014)

Mixture of Tween 20

Barradas et al.

Sweet fennel oil and Span 80 N/A (2015)

Cinnamon oil Tween 80 Ethanol Wang et al. (2014)
oL Mixture of Tween 20

Spearmint oil,

orange oil, Capmul and labrasol, Tween PG Cheng et al. (2017)

MCM EP*

20, mixture of Tween
20 and Tween 60

I-monoacylglycerol
of C10:0, C11:0,
C12:0 and C14:0

Tween 80

Ethanol, propanol,
butanol, pentanol

Sevcikova et al.
(2014)
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Cassia oil Tween 80 Ethanol Xu et al. (2012)
Soybean oil Soybean lecithin, .
(curcumin) Tween 80 N/A Lin et al. (2012)
. Zhang and Zhong

Limonene Tween 60 Butanol (2010)
Adlay seed oil,
mixture of adlay
seed oil and Labrafil | Cremophor RH40 PEG“ 400 Quetal. (2014)
M 1944 CS
(triterpene)

. . Mixture of Tween 80 .
Olive oil and Span 20 PG Salimi et al. (2014)
Peppermint oil Mixture of Tween 20 N/A Chen and Zhong
(beta-carotene) and sunflower lecithin (2015)
Soybean oil Mixture of AOT and
(ascorbic acid, folic | phosphatidylcholine,
acid, ferrous sulfate, | mono-olein, mixture N/A Polizelli et al. (2008)
sodium acetate, of mono-olein and
NaCl) AOT
E'thl ester fish 01!, Deutch-Kolevzon et
triglyceride fish oil | Tween 80 PG 1. (2011)
(CoQ10) a
Ethyl butyrate, ethyl
caprylate, ethyl Cremophor EL-35 PG, ethanol Feng et al. (2009b)
oleate, n-octane
(vitamin E)

. Octaethylene glycol
Mixture of dodecane monododecyl ether N/A Ezrahi et al. (1997)

and pentanol

(C12E8)

Capryol 90

(phyllanthin) Cremophor RH 40 Transcutol P Hanh et al. (2015)
Diethyl oxalate Tween 80 Isopropyl glycol él(;ll\/{e)ﬂah etal.
Peppermint oil Mixture of Tween 20

(CoQ10) and sunflower lecithin N/A Chen et al. (2015)
Ethyl butyrate

(artocarpanone, Tween 80 PEG“ 400 Dong et al. (2016)
ascorbic acid)

Limonene Sodium oleate Citronellol, ethanol Klossek et al. (2014)

R (+)-Limonene,
MCT

Tween 60, 80,
Brij 96V, triglyceride
monooleate, L1695

Ethanol, PG, glycerol

Garti et al. (2001)

Jojoba oil
(lycopene)

Brij 96V

Hexanol

Garti et al. (2004)

Mixture of ethanol and

R (+)-Limonene Tween 80 Amar et al. (2004)
glycerol
Lauryl alcohol Labrasol Ethanol Patel et al. (2011)
(ketoconazole)
IPM Mixture of Tween 80| Moreno et al. (2003)
and lecithin
Monolaurin Tween 20 Pentanol, dodecanol Fu et al. (2009)
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Monolaurin

Tween 20, Tween 80,
mixture of Tween 20
and Tween 80

Mixture of Pentanol
and dodecanol

Fu et al. (2008)

Peppermint oil

Sugar caprate, sugar

laurate, sugar stearate,

EMDG?, Tween 80

N/A

Fanun (2009)

Jojoba oil

Brij 96V, Tween 20,
60, 80,

Ethanol, butanol,
pentanol, hexanol,
heptanol, octanol

Shevachman et al.
(2004)

Labrafil M 1944 CS

. Accenon CC Transcutol P Patel et al. (2012)
(carbamazepine)
Capryol .90 Cremophor RH40 Transcutol P Hu et al. (2012)
(curcumin)
Capmul PG-8§°,
Capmul PG-12", Prajapati et al.
Captex 200P%, Cremophor EL N/A (2011)
Capmul PG-2L"
Mixture of Span 80, Rukmini et al
Virgin coconut oil Span 20 and Tween N/A v et al
20 (2012)
. L Mixture of Span 80 Liu and Wang
a-Linolenic acid and Cremophor EL N/A (2010)
Oleic acid Tween 20 Ethanol Deng et al. (2015)
. Isotridecanol
D-limonene cthoxylate-6 Isopropanol Yang et al. (2014)
Olelg a01-d Cremophor RH40 Ethanol, n-butanol Zheng et al. (2013a)
(garlic oil)
Suqﬂower oil, hlg.h Tween 80 Ethanol Fasolin et al. (2012)
oleic sunflower oil
Labrafac lipophile
WL 1349, soybean )
oil, Labrafil M1944 Mixture of Tween 80 Transcutol HP Guo et al. (2016)
CS and Cremophor RH40
(myricetin)
Clove bud oil, .
thyme oil, oregano Tween 80, Tween 20 PG, ethanol Edris and Malone
oil (2012)
IPM Egg lecithin, soya | gy o) Ruth et al. (1995)
lecithin
IPM, lemon oil, Tween 20 Glveerin Aboudzadeh et al.
isoamyl acetate Y (2018)
Capmul PG-8° Cremophor EL Transcutol P Chouhan and Saini
(2016)
Orange oil Tween 80 PG Yadav et al. (2018)
(ramipril)
Ethyl oleate Labrasol Polyglycery1—6— Juskaite et al. (2015)
(resveratrol) 1sostearate
Capmul MCM Tween 80 PEG" 400 Thakkar et al. (2014)
%glzi’aclor 3:1 Mixture of Span PG Ozturk and Guven
80 and Tween 80 (2019)
monohydrate)
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IPM (resveratrol) | Cremophor RH40 | PEG" 400 | Tang et al. (2019)

“EMD or EMDG: ethoxylated mono- or diglycerides

®SDBS: sodium dodecyl benzene sulfonate

¢Capmul MCM EP: C8/C10 mono-/diglyceride

4PEG: polyethylene glycol

*Capmul PG-8, {Capmul PG-12, eCaptex 200P and "Capmul PG-2L: PG monocaprylate,
PG monolaurate, PG dicaprylocaprate and PG dilaurate, respectively.

2.4.3  Characterization of microemulsion

If the microemulsion is fabricated by the emulsion dilution method, then it must be an
O/W microemulsion. In the literature, only particle size, PSD and turbidity were
measured to characterize the microemulsions prepared by this method (Rao and

McClements, 2012¢, Ziani et al., 2012b).

On the other hand, as mentioned earlier, ternary phase diagrams or pseudo ternary phase
diagrams were introduced to study whether water-oil-surfactant (and
cosurfactant/cosolvent) mixture systems with different formulations lead to the
formation of a clear isotropic one phase microemulsion or other structures (coarse
colloidal dispersions, some liquid crystalline phases and gels) (Zargar-Shoshtari et al.,
2010). Characterization of microemulsions is carried out to determine phase behaviour
of microemulsions with different formulations. This method is comprised of two levels,
amacroscopic level and a microscopic level. At the macroscopic level, visual inspection,
viscosity and electrical conductivity measurements are introduced (Flanagan and Singh,
2006, Zargar-Shoshtari et al., 2010). On the other hand, microstructure of the
microemulsion is determined in the microscopic level (Flanagan and Singh, 2006).
Visual inspection is the simplest technique and is used to distinguish microemulsions

from coarse colloidal dispersions, liquid crystals and gels (Zargar-Shoshtari et al., 2010).

2.4.3.1 Optical property
The appearance of an emulsion is dependent on the way it interacts with electromagnetic
radiation in the visible region of light spectrum (Chantrapornchai et al., 1998).
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Microemulsion is a transparent solution. Visual inspection was generally employed by
researchers to construct the TPD in the water titration method (Xiao et al., 2013, Qu et
al., 2014, Guo et al., 2019a). However, apart from visual inspection, turbidity was also
measured by a UV/visible spectrophotometer in some literature (Rao and McClements,
2011, Rao and McClements, 2012c). In a study conducted by Rao and McClements
(2012c), 10% lemon oil emulsion was added into 1% SMP solution and the turbidity of
the emulsion decreased steeply in the first 200 seconds, then decreased slightly from
200 to 600 seconds, and remained constantly afterwards. The reduction in turbidity
meant that lemon oil droplets scattered less light, which was due to the decrease in lemon

oil concentration and/or the reduction in particle size (Rao and McClements, 2012c).

2.4.3.2 Electrical conductivity

Electrical conductivity is employed to determine whether a microemulsion is oil-
continuous or water-continuous (Flanagan and Singh, 2006). It is an indication of the
percolation threshold or PIT. Published literature included conductivity measurement to
characterize the mixture system, to be as an indicator for phase inversion (Shevachman
et al., 2004, Fanun, 2010, Zargar-Shoshtari et al., 2010, Deutch-Kolevzon et al., 2011,
Cheng et al., 2017). One or more dilution lines were chosen to determine the change in
conductivity with the addition of water. Some researchers directly measured the
conductivity of the mixture system (Shevachman et al., 2004, Klossek et al., 2014,
Cheng et al., 2017), while some researchers added a small amount of NaCl into the non-
ionic system to better detect conductivity changes (Fanun, 2010, Deutch-Kolevzon et
al., 2011). They claimed the addition of an electrolyte with small quantity to the system

did not have any influence on the area of microemulsion region.

Boonme et al. (2006) constructed a water/IPP (Isopropyl palmitate)/Brij 97+1-bunanol
(2:1) pseudo ternary phase diagram using the water dilution approach and utilized a Riac

CM/100 conductivity meter fitted with an YSI 3418 electrode to determine electrical
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conductivity. The results showed that when water concentration was less than 10%,
conductivity of the mixture system was very low, which illustrated that water mobility
was restricted (Fanun, 2007), thus the system was oil continuous. The conductivity
significantly increased if the water content increased from 10% to 30%, at which point
the conductivity increased sharply. The sharp change in conductivity at 30% water
content may be due to the transition of an oil continuous microemulsion (W/O) to a

water continuous microemulsion (O/W).

Similar trends of conductivity change have been reported by Zargar-Shoshtari et al.
(2010), who measured conductivity of IPM, Cremophor EL, Imwitor and water mixture
systems as well as Myritol 318, Tween 85, Transcutol P, Imwitor and water mixture
systems as a function of water content. In the Cremophor EL system, along the dilution
line 7:3, the viscosity was very low initially and slowly increased until 10% water
concentration. The viscosity steeply increased up to 40% water content, which was
slightly increased until reaching a plateau. Zargar-Shoshtari et al. (2010) illustrated the
maximum viscosity change existed when water concentration was about 23%. This
critical point (maximum viscosity change) is also known as the percolation threshold
(pc) point, at which W/O microemulsion transition to bi-continuous or O/W
microemulsions. @ is calculated from the electrical conductivity (do) relative to change
in water content (de) and this value changes in different mixture systems. Along the
dilution line 5:5, ¢c was 31%, while it was 21% and 25% along the dilution line 6:4 and
8:2 respectively for a Tween 85 mixture system. The increase in @ with the increasing
surfactant concentration may be due to the increase in hydration of ethylene oxide
groups caused by the greater interaction of water molecules with surfactant head groups

(Zargar-Shoshtari et al., 2010).

However, a mixture system of vitamin E/ethyl butyrate/ Cremophor EL-

35/ethanol/water along the dilution line D82 (Wvitamin E/ethyl butyrate : WCremophor
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EL-35/ethanol = 2:8), conductivity increased quickly when water concentration
increased from 0% to 28%, which kept constant when water concentration was between
28% and 40% and decreased substantially when water concentration was more than 40%.
Thus, at less than 28% water content, the system was a W/O microemulsion and at
greater than 40% water content, the system was an O/W microemulsion. Bi-continuous
microemulsion existed when the water content was between 28% and 40% (Feng et al.,

2009b).

2.4.3.3 Viscosity

Distinct mixture structures have different viscosities. A microemulsion is a Newtonian
liquid with low viscosity while a lamellar liquid crystal is a non-Newtonian structure
with relatively high viscosity. In addition, O/W microemulsions have a lower viscosity
than W/O microemulsion, since in W/O microemulsion this oil is the continuous phase,
which can have a higher viscosity than water (Zargar-Shoshtari et al., 2010). Similar to

conductivity, viscosity could also be an indicator of phase transition (Shevachman et al.,

2004, Feng et al., 2009b, Deutch-Kolevzon et al., 2011).

A rotational viscometer was used to measure the viscosity of a water/sucrose laurate
(L1695)/ ethoxylated mono-di-glyceride (EMDG)/(IPM + ethanol) mixture system as a
function of water content by Fanun (2007). The weight ratio of (L1695 + EMDG) and
(IPM + ethanol) was 4:6 and weight ratio of (L1695/EMDG) and (IPM/ethanol) was 5:5.
The author demonstrated that viscosity change depended on the alteration in structure
of the mixture system. At a water content below 20%, the viscosity of the mixture system
increased, and spherical droplets changed to non-spherical larger droplets. By increasing
the water content from 20% to 60%, the system viscosity decreased due to the movement
of surfactants to the water-oil interface in a bi-continuous structure. When the water
content was increased above 60% there was a slight increase in viscosity due to a change

from a bi-continuous microemulsion to O/W microemulsion, this was followed by a

32



sharp decrease in viscosity with further water addition as there was a decrease in the

inter-droplet interactions.

Besides, Zargar-Shoshtari et al. (2010) constructed a pseudo ternary phase diagram for
IPM/Cremophor EL/Imwitor/water mixture system and studied dynamic viscosity
change as a function of water content alteration. Along the dilution line 7:3, viscosity of
the system increased from 18 mPa/s to 34 mPa/s as water content increased to 20%,
which was followed by a gradual reduction in viscosity with the further increase in water
content. They also stated that the highest viscosity existed in water content 20% was
due to the presence of two different colloidal structures. That is to say, when water
concentration was 20%, W/O microemulsion altered to bicontinuous microemulsion or
O/W microemulsion. Similarly, when the ratio of vitamin E and ethyl butyrate to
Cremophoer EL-35 and ethanol was 2:8 in the microemulsions, viscosity increased
gradually when water content was between 10% and 30% and increased dramatically
when water content was about 30%. The maximum viscosity existed when water content

was 40% and it reduced substantially after that (Feng et al., 2009b).

2.4.3.4 Microstructure

Though the preparation of microemulsions is simple, characterization of their
microstructure is quite complicated. Many methods are required to fully characterize
the structure of a microemulsion (Flanagan and Singh, 2006). The already discussed
electrical conductivity and viscosity are two of the attributes which can be used to
identify microemulsion structures (Podlogar et al., 2004, Boonme et al., 2006, Zargar-
Shoshtari et al., 2010). In addition, nuclear magnetic resonance (NMR), small-angle
neutron scattering (SANS), small-angle X-ray scattering (SAXS), electron microscopy
(EM), differential scanning calorimetry (DSC) and polarized light microscopy were
employed in literature to characterize the microstructure of microemulsions (Moulik and

Paul, 1998, Mittal and Kumar, 1999, Glatter et al., 2001, Shukla et al., 2002, de Campo
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et al., 2004, Podlogar et al., 2004, Boonme et al., 2006, Fanun, 2007, 2008).

NMR NMR technique is applied to determine phase
structures, micellar size and shape, counterion binding, hydration, solubilization and etc
(Moulik and Paul, 1998, Mittal and Kumar, 1999). NMR-active nuclei, 1H and 13C are
usually measured in the researches, which can be found in most surfactant molecule.
NMR method measures self-diffusion coefficient (D) of each component in the mixture
system. By simply obtaining self-diffusion coefficients of oil and water, it is able to
elucidate whether a microemulsion is O/W, W/O or bicontinuous microemulsion (Mittal
and Kumar, 1999):

W/O microemulsion: Dwater << Doil and Doil is close to D0Ooil (DO means self-
diffusion coefficient of pure solvent);

O/W microemulsion: Doil << Dwater and Dwater is close to DOwater;

Bicontinuous microemulsion: Doil and Dwater both high.

Mittal and Kumar (1999) also calculated the relative diffusion coefficient, D/ Do, of
water and oil. If the value of D/ Dy for water and oil is of the same order of magnitude,
it is possible that the microemulsion is bi-continuous. On the contrary, an O/W or W/O
microemulsion exists if D/ Do values of water and oil have a difference of one order of

magnitude or more.

A microemulsion prepared with water, mixed surfactants (EMDG+L1695 1:1 w/w) and
R (+)-limonene has been studied along the dilution line N60 by pulsed gradient spin
echo nuclear magnetic resonance (PGSE-NMR) by Fanun (2008). According to the
criteria described above, when water percentage was less 20% and more than 70%, the
system was a W/O microemulsion and O/W microemulsion, whilst the system had a bi-
continuous structure with water percentage between 20% and 70%. Moreover, at 0.10

water volume fraction, diffusion coefficients for L1695 and EMDG were very low. The
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diffusion coefficient value for L1695 increased with increasing water volume fraction
up to 0.90, while at this point, the diffusion coefficient value for EMDG stayed the same
as that in 0.10 water volume fraction. This phenomenon indicated that EMDG was in

the centre of the hexagonal arrangement which was bordered by L1695.

Krauel et al. (2005) prepared microemulsions by mixing ethyl oleate, mixed surfactants
(sorbitan monolaurate and Tween 80), butanol and water. Three samples (SOR 4:6 with
10% water, SOR 6:4 with 30% water and SOR 9:1 with 10% water) were measured
using the self-diffusion NMR method. The self-diffusion coefficients of water, oil and
surfactant in each sample were measured and these values were compared with self-
diffusion coefficients measured for neat components. In a sample with the composition
s/0 4:6 and 10% water, oil had the highest diffusion coefficient and water and surfactant
had slower diffusion coefficients, it was considered to be a W/O microemulsion. For a
sample (SOR 6:4, 30% water), diffusion coefficients for oil and water were similar and
the surfactant had a slower diffusion coefficient, it was considered to be a continuous
microemulsion. While in the last sample, water diffused faster than oil and both water
and oil had a higher diffusion coefficient than surfactant, so the sample was determined
to be a solution, not an O/W microemulsion, in which oil and surfactant diffused at the

same speed.

SANS and SAXS Light scattering, SANS and SAXS are
three different categories of scattering techniques. In scattering approaches, an incident
radiation beam is applied to the sample and the receptor is used to record the intensity
and angle of the beam which is scattered by the sample in order to measure the size,
shape or structure of the sample (Acharya and Hartley, 2012). SANS and SAXS, the
combination of which is named as small angle scattering, are important methods to study
size, shape and internal structures of microemulsions. In small angle scattering, incident

beam of X-ray or neutron is scattered by the sample at a small angle of 0.1 to 10 ° close
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to the original beam (Singh, 2017). Moreover, the two types of scattering radiation
(neutron and X-ray) are sensitive to different physical properties of the sample. SANS
uses neutron, which has a wavelength of approximately 0.5 nm, to interact with the
atomic nuclei of the sample. While, SAXS uses X-ray, which has a wavelength of 0.1-
0.2 nm, to interact with the electron shells of the sample (Schroffenegger and Reimhult,
2019). The scattering length densities of the particles and the solvent determine the
scattering intensity (Fanun, 2008). As for SANS, the scattering length must be obtained
experimentally, since it is a complicated function of the atomic number. While in the
SAXS approach, scattering length density is proportional to the electron density, which

is a linear function of the number of electrons (Glatter et al., 2001).

Teubner and Strey model was normally introduced by researchers to analyze scattering
data (Regev et al., 1996, Ezrahi et al., 1997, Kohling et al., 2002, Fanun, 2008). It fits
with bicontinuous structure (Fanun, 2010) and gives two variables, namely repeat
distance (also called periodicity) and correlation length to describe the microstructure
(Acharya and Hartley, 2012). On the other hand, Feriberger and co-workers introduced
Generalized Indirect Fourier Transformation (GIFT) model, in which scattering
intensity is determined by the form factor P(q) and structure factor S(q). They also
indicated that GIFT model could be applied in globular microemulsions as well as
bicontinuous microemulsions (Freiberger et al., 2007). However, Podlogar et al. (2004)
pointed out the GIFT model could not fit to the sharp peak which was developed at low

q (scattering vector) values.

Shukla et al. (2002) used SANS method to measure the particle size of O/W
microemulsions, which were composed of mixed surfactants, different types of
pharmaceutical oils and a PG/H20. The results showed that very small particle size,
around 10 nm, was observed for the microemulsions. Besides, SANS technique was

employed by de Campo et al. (2004) to investigate the microstructure of dense
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microemulsions, which contained Tween 80, R (+)-limonene, ethanol glycerol and water
and the effect of each component on the microemulsion. They stated that Tween 80
micelles were slightly elongated in water, with a maximal diameter of 13 nm, and its
head group region was hydrated. The addition of R (+)-limonene swelled micelles,
making them a little more globular. In addition, ethanol could be redistributed into the
interface and helped reducing the aggregation number of Tween 80 molecules in the
micelles, resulting in the shrink of micelles. However, they pointed SANS could not

detect bicontinuous structures, which should be measured by self-diffusion NMR.

Podlogar et al. (2004) introduced SAXS technique with GIFT model to study the
microstructure of water/Tween 40/Imvitor 308/[PM system. They indicated that
scattering was very weak when the mixture had no water, and it substantially increased
with the addition of water. And, at 25% water percentage, the maximum scattering
intensity reached, which was reduced afterwards with the increase in water content.
They illustrated with the addition of water, W/O droplets converted from rod-like
micelles, cross-section and maximal dimensions of which were 5 and 14 nm, to more
spherical droplets. On the other hand, Fanun (2008) used Teubner and Strey equation to
obtain the values of periodicity and correlation length of the mixture system of
EMDG/L1695/R (+)-limonene/ water along the dilution line N60. They found that the
scattering curve had a single intensity maximum q # 0, which was followed by a high-
angle tail. Besides, with the increase in water content, the position of the maximum
moved to a lower angle. Periodicity and correlation length increased with the increase
in water content in the beginning, but the growth rate of correlation length was smaller
than that of periodicity. Correlation length reached its maximum when water
concentration was about 30%, and d increased over the whole range of water dilution

(Fanun, 2008).

Electron Microscopy (EM) EM involves transmission electron
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microscopy (TEM) and scanning electron microscopy (SEM). TEM is a useful method
to study the microstructure of microemulsions, since it is able to produce images directly
at high resolution (Mittal and Kumar, 1999). Cryo-TEM technique and freeze-fracture
TEM (FFTEM) technique (Vinson et al., 1991) were employed by researchers to
determine the microstructure of microemulsions. FFTEM, which includes cryofixation,
cryofracture, fractured surface replication with a thin carbon film and replicate cleaning,
is a type of cryo-TEM (Gulik-Krzywicki, 1997). In cryofixation step, the sample must
be frozen rapid enough to avoid phase separation, crystallization and etc. (Gulik-
Krzywicki, 1997). FFTEM method is also named as FE-EM (freeze etching electron
microscopy) method (Feng et al., 2009b). But in cryo-TEM the sample was frozen
directly, without any replica, before directly imaged (Belkoura et al., 2004). Regev et al.
(1996) studied the structure of system containing a 1:1:2 oil/alcohol/surfactant weight
ratio along the water dilution line using cryo-TEM method. They found that the system
exhibited spherical swollen micelles at high water content. If water percentage declined
to 60%, the local ordering of the closely packed spherical swollen micelles occurred.
When water content was 40% and 50%, various striated structures of distinct length,
thickness and order took the place of spherical structures. The structure of sample
containing 30% and 20% water was similar to that containing 50% and 40% water. In
addition, a ternary system of triglyceride/monoglyceride/water was established by
Gulikkrzywicki and Larsson (1984) and FFTEM was employed to measure the system
microstructure, which illustrated that microemulsion showed oriented stacks of small
smooth lamellae and liquid crystalline exhibited extended, regularly stacked, smooth

fractured lamellae.

SEM is not normally used to determine the microstructure of microemulsions due to the
invasive sample preparation (Acharya and Hartley, 2012). However, FESEM Cryo-field
emission scanning electron microscopy (cryo-FESEM) was introduced by Boonme and

co-workers to study the structure of microemulsion samples. Unlike conventional SEM
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which heats a tungsten wire filament or a Lanthanum Hexaboride (LaB6) filament to
generate and release electrons, FESEM employs a field emission cathode with a very
sharp tungsten wire tip (diameter < 100 nm) at one end (Joy, 2019). In the FESEM
approach, an electron beam after the cathode is placed in a negative potential and the
electrical field at the tip reaches approximately 10 volts/nm, rather than applying heat
to the cathode (Joy, 2019). In FESEM approach, electron beam emission happens after
the cathode is placed in a negative potential and the electrical field at the tip reached
about 10 volts/nm, rather than applying heat to the cathode (Joy, 2019). when It was
shown by Boone and co-workers that no globular structures were found by cryo-FESEM
when water content was less than 15%, above which microemulsion with globular
structures could be detected. But they also illustrated that cryo-FESEM could not
determine whether the globular microemulsion was W/O or O/W (Boonme et al., 2006).
Though the sample preparation process in cryo-FESEM is only comprised of freezing
and fracturing, the formation of ice crystals while transferring samples can sometimes
happen (Acharya and Hartley, 2012). Thus, extra attention should be paid to differentiate
the ice droplets and microemulsion particles. Boonme et al. (2006) explained ice
droplets exist on the surface of the mixture system instead of embedding into the system,

which helps to distinguish microemulsion droplets from ice contamination.

DSC DSC method is based on the fact that the
structure or composition of a material alters when it is heated or cooled. This change is
always accompanied by the exchange of heat. DSC is a method to measure the heat flow
into or out of a material when it undergoes a controlled temperature change (Alexander
et al., 2019). Boonme et al. (2006) Mapped DSC curves of pure water, pure [PP and
mixture system of IPP/water/Brij 97:1-butanol (2:1) with different concentrations of
water. They illustrated that there was a large exotherm at -18 ° C and an endotherm at 0
° C of pure water. When water content was less than 30%, no exotherm was detected of

the DSC curves of the mixture system. But when water content was more than 30%,
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exotherm was detected and it moved towards -18 ° C with the increase in water
concentration. Besides, pure IPP had a exotherm at 8° C and an endotherm at 12 °C. In
terms of the mixture system, exotherm and endotherm peaks of IPP could be detected
when water content was 0% to 25%, and became smaller with the increase in water
concentration, due to the dilution of IPP. When water concentration was between 30%
and 35%, IPP peaks disappeared. Thus, it could be concluded that when water content
was between 30% and 35%, water transferred from the internal phase into the external
phase, namely, W/O microemulsion altered into O/W microemulsion (Boonme et al.,

2006).

Polarized light microscopy Polarized light microscopy is a simple
way to distinguish liquid crystal from microemulsion. According to Basheer et al. (2013),
the phenomenon of birefringence appears when observing anisotropic liquid crystal
under polarized light microscope, in which some parts of the sample are dark and others

are light. Conversely, it appears dark if the sample is microemulsion due to its isotropic

property.

Other characterization methods Apart from the aforementioned methods,
there are some other methods which can be employed to study the structure of
microemulsions, such as electron paramagnetic resonance (EPR) spectroscopy
(Kalaitzaki et al., 2015), Fourier transform infrared spectroscopy (FT-IR) (Hao et al.,
1997, Zargar-Shoshtari et al., 2010) and etc. EPR spectroscopy uses an adequate spin
probe to study the interfacial properties of the surfactant monolayer. Kalaitzaki and co-
workers analyzed EPR data to obtain the values of order parameters and rotational
correlation times, finding these two values increased with the increase in water content
in one dilution line, which indicated that rigidity of the surfactant monolayer increased

(Kalaitzaki et al., 2015).
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Zargar-Shoshtari et al. (2010) determined using FT-IR spectroscopy the percentages of
free water (water molecules interact with each other), bound water (water molecules
interact with surfactant head group) and trapped water (non-hydrogen-bonded
monomers trapped between surfactant tails) of the cremophor EL/water/IPM/Imwitor
along the dilution line 7:3, finding that bounded water was relatively higher compared
to the other two in the initial. With the increase in water content, surfactant head groups
started to become saturated, resulting in the interaction of water molecules, so free water
concentration increased while bound water concentration reduced. In the meantime, the
percentage of trapped water, 10% of the total water content, did not change within the

whole dilution range.

2.4.3.5 Particle size and PSD

Dynamic light scattering (DLS) and static light scattering (SLS) techniques are
generally employed to measure the particle size and PSD of an emulsion. The principle
of DLS technique is to measure the intensity fluctuations which occurs when light is
scattered by particles that move randomly due to Brownian movement. The DLS
technique measures the intensity of the scattered light which is detected at a fixed angle
or several scattered angles. The scattered light intensity is then translated, via its
correlation function, into the diffusion coefficient of particles (D) which is used to

calculate the radius of particles (r) using the Stokes—Einstein equation (Equation 2.2).

KT
6mnD

[2.2]

where k is the Boltzmann constant, T the temperature in kelvin and ) the viscosity of
the aqueous phase (cP). DLS can measure particles with diameter between 3 nm and 5
um (McClements, 2007). When a laser beam passes through an emulsion, droplets in

emulsion scatter this laser beam.

Instruments that base on SLS technique have a Mie theory mathematical model, which

can predict the scattering pattern of an emulsion that relies on particle size and PSD of
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the emulsion. Particles of diameter range from 100 nm to 1000 pm are able to be
measured by SLS technique (McClements, 2007). Therefore, dynamic light scattering
was generally employed to determine the particle size and PSD of microemulsions
(Zargar-Shoshtari et al., 2010, Deutch-Kolevzon et al., 2011, Zheng et al., 2013a). PSD
of microemulsions normally only have one peak, which is not the case of nanoemulsions
and macroemulsions, the PSD of which can have one peak or sometimes multiple peaks

can be narrow or broad (McClements, 2012).

Before the measurement of particle size and PSD, a microemulsion is diluted to avoid
any particle interaction (Shevachman et al., 2004), but the microemulsion may
breakdown with water dilution (McClements, 2012). According to Kalaitzaki et al.
(2015), particle size determination of the concentrated microemulsion in the oil-rich
region was not possible because it contained a high concentration of surfactant. So, it is
well documented that so-called U-type microemulsions were chosen to determine their
particle size and PSD (Shevachman et al., 2004, Kalaitzaki et al., 2015). With the
addition of water, a W/O microemulsion changes into an O/W microemulsion gradually
and continuously without any phase separation, then these isotropic regions will form
U-type microemulsions, which are also named as water dilutable microemulsions (Amar

et al., 2004).

According to Kalaitzaki et al. (2015), who measured the particle size of R-(+)-
limonene/Tween 20/ethanol/PG/water system along the dilution line 7:3 via the DLS
method, the particle diameter reduced from 15 to 8.2 nm with an increase in water
concentration from 70% to 90%. This was because when water concentration was lower,
the attractive interactions between the dispersed oil droplets caused droplet aggregation

(Kalaitzaki et al., 2015).

Characterization of all the above properties provides useful information of phase
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behaviour of the mixture systems with different formulations of water, oil, surfactants
with or without cosurfactants, thereby a ternary phase diagram or pseudo ternary phase

diagram can be completely.

2.4.3.6 Stability

A microemulsion is a thermodynamically stable system under a certain condition,
meaning it tend to keep kinetically stable forever if the initial condition does not change
(McClements, 2012). However, if any of this condition was changed, for example, the
temperature was increased, the microemulsion might become unstable (McClements,
2012). Remaining stable is quite necessary in order that the microemulsion is to be
applied to food products. Some researchers employed a centrifuge to evaluate the
stability of a microemulsion (Juskaité et al., 2015, Shaaban et al., 2015, Yang et al.,
2017b). Juskaite et al. (2015) also used heating-cooling and freeze-thaw cycles to
determine whether a microemulsion was thermodynamically stable. Specifically
speaking, the tested microemulsions were stored at 4, 20, 32 and 45 °C for more than 2
days in the heating-cooling cycle, and at -21, 4 and 25 °C in the freeze-thaw cycle. The
microemulsion was considered to be stable if a microemulsion was still transparent
without any phase separation (Juskaité et al., 2015). On the other hand, Guo et al. (2016)
diluted the microemulsion for 100 and 200 times to study its stability via visual

inspection.

Valoppi and co-workers fabricate lemon oil microemulsion with Tween 80, NaCl
solution, lemon oil and peanut oil by PIT method. They diluted the microemulsion with
acidic solution with different pH values (2.1, 3.0 and 4.6), stored them at 20 °C and
measured their absorbance values. The results showed the microemulsion was stable
after diluted by acidic solution since no phase separation happened and the turbidity

value kept low during storage (Valoppi et al., 2017).

43



2.5 Microemulsion as a delivery system for lipophilic bioactive
compounds

Bioactive compounds are “nutritional” substances which naturally exist in small
quantities in foods and are produced in vivo or by food-processing operation (Kitts,
1994). There are a variety of bioactive compounds available, which are different in the
physicochemical and physiological properties due to their distinct molecular properties
(McClements et al., 2007). Due to their health-promoting properties, bioactive
compounds have attracted considerable interest in a number of fields, such as food,
pharmaceuticals, cosmetics. However, bioactive compounds used as functional
ingredients in foods are limited due to their poor solubility, chemical instability, and
undesirable sensory attributes (e.g. astringent, bitter, off-odours), leading to poor oral
bioavailability as well as reduced consumer acceptance (Kitts, 1994). In this review,

lipophilic bioactive compounds are mainly focused on.

Since bioactive compounds are sensitive to oxygen, temperature, light and other food
components, it is essential to design a delivery system to carry them. Besides, lipophilic
bioactive compounds are highly insoluble in water at ambient temperatures, which
limits their incorporation into food matrix (Rao et al., 2013). A suitable food delivery
system should have the following functions. First, it should be conveniently
incorporated into foods or beverages, and it should be compatible with foods or
beverages, which means that the delivery system must not influence appearance, flavour,
texture and shelf-life of them. Second, the bioactive compounds should be physically
and chemically stable during production, storage, transport and consumption. Third, it
should be able to control the release of the bioactive compounds at an expected rate in
the suitable place within the human body after consumption. Finally, it should be made
with food grade ingredients using simple and low cost processing method (McClements

et al., 2007).
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Microemulsion has been utilized by some researches as carriers to deliver bioactive
compounds (Spernath et al., 2002, Salimi et al., 2014, Roohinejad et al., 2015, Calligaris
et al., 2017, Cheng et al., 2017, Guo et al., 2019a). W/O microemulsions can deliver
hydrophilic bioactive compounds, while O/W microemulsions deliver lipophilic
bioactive compounds. Microemulsions have long been utilized in the pharmaceutical
area to incorporate drugs and much literature have reported that microemulsion could
enhance the oral bioavailablity of drugs (Cui et al., 2009, Kim et al., 2017, Yang et al.,
2017a). Only as few researchers employed in vivo approaches to study the
bioavailability of bioactive compound loaded microemulsions (Xiao et al., 2013, Salimi

et al., 2014).

2.5.1 Carotenoids

Carotenoids are natural pigments, which contribute to the yellow to red colours of many
foods and vegetables (McClements et al., 2007, Ribeiro, 2009). They are synthesized by
microorganisms and plants and more than 600 types of carotenoids are found in nature
(Ribeiro, 2009). The main structure of carotenoids is a 40-carbon polyene chain, which
may be terminated by ring structure or completed by oxygen-containing functional
groups (Namitha and Negi, 2010). Carotenoids are divided into two groups:
xanthophylls which contain oxygen (such as lutein and zeaxanthin) and carotenes which
do not have oxygen atoms (such as lycopene and beta-carotene) (McClements et al.,
2007). Since carotenoids have unsaturated chemical structures (i.e. eight isoprenoid
units containing conjugated double bonds), they are sensitive to oxidative degradation

against heat, light and oxygen (Ribeiro, 2009).

Carotenoids have several health benefits. Provitamin A activity is the most well-studied
function of carotenoids and carotenoids with B-ionone end groups have provitamin A
activity (Namitha and Negi, 2010). After digestion, carotenoids are converted to vitamin

A, which is very important for a good vision. Besides, deficiency of vitamin A is a major
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cause of premature death in developing countries (Maiani et al., 2009). Carotenoids also
have antioxidant activity, which can protect cells and tissues from being oxidised by
radical species, such as free radicals, hydrogen peroxide and singlet oxygen (Maiani et
al., 2009, Namitha and Negi, 2010). Their antioxidant function mainly depends on the
conjugated double bonds in the polyene backbone of carotenoids, which makes it
possible for carotenoid molecules to absorb excited energy from other molecules

(Namitha and Negi, 2010).

Beta-carotene is the most widespread carotenoid, which contributes to the orange-
yellow colour of many fruits and vegetables, for example, carrot, mango, pumpkin and
acerola (Ribeiro, 2009). It is the major and most active precursor of vitamin A and it
may decrease the risk of some cancers and heart disease (Naves and Moreno, 1998).
Beta-carotene can function as a redox reagent, an immunological regulator. In vivo, it
generally function as an antioxidant and singlet oxygen quencher (Burri, 1997).
Lycopene is a natural red pigment, which is mainly found in tomatoes (Ribeiro, 2009).
It has an acyclic open-chain structure with 13 double bonds, 11 of which are conjugated
coplanar double bonds (Shi and Le Maguer, 2000), which enables it has the highest
antioxidant function of all the carotenoids (Sajilata et al., 2008). It does not have any
provitamin A activity since it does not have a B-ionone ring structure (Shi and Le Maguer,
2000). According to Rao and Agarwal (2000), it can inhibit the proliferation of cells and
has anticarcinogenic and antiatherogenic activities. Some researchers stated that
lycopene may have the ability to decrease the risk of prostate cancer (Basu and Imrhan,
2007, Schwarz et al., 2008) and cardiovascular disease (Arab and Steck, 2000). Lutein
and zeaxanthin are stereo isomers (Boon et al., 2010), which are found in green leafy
vegetables, fruits and marigold flower (Ribeiro, 2009). They, which are usually termed
as macular pigments (Stringham and Hammond, 2005), both contribute to the

prevention of age-related macular degeneration and cataract (Sajilata et al., 2008).
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Roohinejad et al. (2015) successfully prepared beta-carotene-encapsulated O/W
microemulsions with medium chain monoglyceride Capmul MCM C8 and Tween 80
with particle size range from 12 nm to 100 nm by the water titration method. They
employed an in vitro cell culture model (human epithelial colorectal adenocarcinoma,
Caco-2) to study the cytotoxicity of microemulsions containing 30% oil phase, 20%
Tween 80 and 50% phosphate buffer solution, stating that the viability of Caco-2 cells
against beta-carotene microemulsions at concentrations of 0.03125% (v/v) was higher
than 90%. However, when concentration of the microemulsion was increased to more
than 0.0625% (v/v), the cell viability decreased to be less than 80% for both blank and

beta-carotene-loaded microemulsions.

In another study, beta-carotene microemulsions (< 10 nm) were fabricated via the PIT
approach using peppermint oil as the carrier oil, combination of sunflower lecithin and
Tween 20 as the surfactants and these microemulsions were stable during storage for 65
days at 21 °C (Chen and Zhong, 2015). The microemulsions provided protection to beta-
carotene against degradation during ambient storage and under UV radiation as well as

thermal treatment compared to the control (beta-carotene dissolved in ethyl acetate).

Garti and co-workers successfully incorporated lycopene into jojoba oil microemulsions
by the water titration method with Brij 96V as the surfactant and hexanol as the
cosurfactant, trying to determine lycopene solubilization along the dilution line 7:3.
They stated that in W/O and O/W microemulsion with 10% and 90% water, respectively,
the maximal solubilization efficiency (solubilization capacity value adjusted for the oil
content) was almost 20 times larger than the solubility of lycopene in jojoba oil (Garti

et al., 2004).

In a study conducted by Guo et al. (2019b), microemulsions containing R-(+)-limonene,

Tween 80, Transcutol HP (the ratio of Tween 80 to Transcutol HP was 2:1) and water
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was employed to encapsulate lycopene. The authors showed that lycopene content
remained in the microemulsions were significantly higher than that dissolved in olive
oil after storage for eight weeks at 4 and 25 °C. Besides, when stored at 4 °C, the
microemulsion could better protect lycopene from degradation than that stored at 25 °C.
The relative oral availability of lycopene in rats of lycopene-loaded microemulsion
enhanced 2.1 times compared to the control solution (lycopene in olive oil) (Guo et al.,

2019b).

Amar et al. (2004) incorporated free lutein and lutein ester into Tween 80/R-(+)-
limonene/ethanol/glycerol/water mixture system along the dilution line 6:4. They
reported the solubilization capacity of both free lutein and lutein ester was much higher
in the reverse micelles and the W/O microemulsions than in the O/W microemulsions,

but it was the highest in the bicontinuous microemulsion.

2.5.2  Phytosterol

Phytosterols are a group of plant sterols which exist in the unsaponifiable part of plant
oils. They are steroid alcohols (Spernath et al., 2003). Their structures are similar to
human cholesterol and the most common phytosterols in diets are stigmasterol, -
sitosterol and campesterol (Kris-Etherton et al., 2002). According to European Food
Safety (2009), the consumption of phytosterols may be associated with the decrease of
LDL cholesterol, the high level of which is one recognized risk factor for coronary heart
disease. It is also stated that intake of 2 to 2.4 g phytosterols/day from appropriate foods
results in a 9% reduction in LDL cholesterol. However, incorporation of phytosterols
into food is not easy since they have high melting point, making them crystallized easily
during storage. Therefore, phytosterols are esterified into polyunsaturated fatty acids
during food processing, which will be digested by lipase to free phytosterols after

consumption by human beings (McClements et al., 2007).
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Spernath et al. (2003) encapsulated phytosterols into the mixture system of Tween 60,
water, R-(+)-limonene, ethanol and PG along the dilution line 6:4, finding the solubility
of phytosterols in the mixture system was 12 times more than it in the R-(+)-limonene.
They also stated that the phytosterols had a large influence on the spontaneous curvature

of the micelles.

2.5.3  Omega-3 fatty acids

Omega-3 fatty acids, which are also named as ®-3 or n-3 fatty acids, are a family of
polyunsaturated fatty acids (PUFAs) that have double bond on carbon 3 from the methyl
end (the methyl carbon is carbon one) (Calder, 2013). Among all omega-3 fatty acids,
a-linolenic acid (ALA, 18:3), eicosapentaenoic acid (EPA, 20:5) and docosahexaenoic
acid (DHA, 22:6) are the most common ones and EPA and DHA are the most bioactive
of these three w -3 fatty acids (McClements et al., 2007). ALA occupies 50% fatty acids
in green leafy tissues of plants, but green leaves are not major dietary source of ALA
due to their insufficient fat content. Some seed oils and nuts are the main dietary source
of ALA. EPA and DHA are mainly obtained from seafood (e.g. fish) (Calder, 2013) and
algea oil (Lane et al., 2014, Chen et al., 2016). Omega-3 fatty acids are associated with
gene expression, intracellular signal transduction and eicosanoid metabolism. They are
able to decrease the risk of cardiovascular disease, inflammatory bowel diseases,
rheumatoid arthritis and hypertension (Simopoulos, 1991, Belluzzi, 2002, Calder, 2004,
Grynberg, 2005, Calder, 2008a, b). DHA is essential for the development and function
of the brain and retina, and vital for pregnant and lactating women and their infants

(Horrocks and Yeo, 1999, Karthik and Anandharamakrishnan, 2016).

Human body is not able to synthesize ALA, nor can it elongate and desaturate ALA into
EPA and/or DHA after intaking ALA. So, humans must directly obtain desirable amount
of ALA, EPA and DHA from the food (Narayan et al., 2006). Nevertheless, omega-3

fatty acids are highly sensitive to oxidation due to their high polyunsaturation and tend
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to be degraded during storage, producing unpleasant off-flavours (Gulotta et al., 2014).
Besides, it is difficult to encapsulate omega-3 fatty acids into foods or beverages due to
their low water solubility, poor oxidative stability and complex bioavailability (Walker

et al., 2015).

Chen et al. (2017) successfully encapsulated ALA into the microemulsion which was
comprised of isoamyl acetate, castor oil ethoxylates 35 (EL-35), ethanol and water. The
authors reported that the solubility of ALA in microemulsion was much higher than that
in pure oil phase. Also, about 74% ALA was still in the microemulsion after storage for
10 days at 20 °C. However, if ALA was dissolved in oil solution, 50% ALA was lost
after 10 days at the same storage condition. This result showed that the microemulsion

could protect ALA from being oxidized.

Liu and Wang (2010) fabricated cosurfactant free ALA incorporated O/W
microemulsions emulsified with mixed surfactants of Span 80 and Cremophor EL-35.
And they also indicated when ALA concentration was low, the ALA molecules were
solubilized in the oil core of the droplets, and when ALA concentration increased, the

ALA molecules were solubilized in the hydrophilic shells of the microemulsions.

2.5.4  Polyphenols

Polyphenols are plant-derived functional components (Onwulata, 2013) and they have
one or more hydroxyl groups attached to a benzene ring (Ou et al., 2019). Based on their
structures, they can be categorized into flavonoids, phenolic acid derivatives, stilbenes,
lignans and phenolic monoterpenes, of which flavonoids are the most common ones (Qu
et al., 2018). They contribute to the colour of the flowers, fruits and vegetables (Qu et

al., 2018).

Resveratrol (trans-3,5,49-trihydroxystilbene) is one type of stilbenes, which have two
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aromatic rings linked by a two-carbon bridge with a double band (Qu et al., 2018), and
is found in grapes, berries, red wines and peanuts (Alarcon de la Lastra and Villegas,
2005). It is generally named as “red wine medicine” (Vang, 2013). It contributes to anti-
inflammatory (Radko et al., 2016), anti-aging (Alarcon de la Lastra and Villegas, 2005),
antioxidant (Delmas et al., 2011), antimicrobial (Filip et al., 2003), anti-obesity
(Szkudelska and  Szkudelski, 2010, Springer and Moco, 2019) and

anticarcinogenic (Walle et al., 2004, Patel et al., 2010) functionalities.

Curcumin (diferuloylmethane), is a polyphenolic compound extracted from the rhizome
of natural product turmeric (Curcuma Longa) which is a plant in the ginger family (Li
et al.,, 2016, Pinheiro et al., 2016). It is chemically named 1,7-bis(4-hydroxy-3-
methoxyphenyl)-1,6-heptadiene-3,5-dione, and it has strong yellow colour (Huang et al.,
2010). It was documented to have anti-inflammatory (Chan et al., 1998, Wang et al.,
2008), antitumor (Khar et al., 1999), antioxidant (Bayrak et al., 2008, Dolai et al., 2011)

and anticarcinogenic (Chan et al., 1998, Shim et al., 2004, Zhou et al., 2014) activities.

Catechin is flavonoid polyphenolic compound, which is naturally found in green tea
leaves and fruits (Higdon and Frei, 2003). It is also rich in red wine (Lin et al., 2018).
The major catechins are epigallocatechin gallate (EGCG), epigallocatechin (EGC),
epicatechin (EC) and epicatechin gallate (ECG) (Bhushani et al., 2016). Catechins were
reported to have antioxidant (Bhushani et al., 2016), anticarcinogenic (Higdon and Frei,

2003), anti-inflammatory (Bilia et al., 2014) properties.

Resveratrol encapsulated microemulsions were fabricated by Juskaité et al. (2017) via
the oil titration approach using 5% ethyl oleate as the oil phase, 9.5% PEG-8
caprylic/capric glycerides as the surfactant, 47.5% polyglyceryl-6-isostearate as the
cosurfactant and 38% aqueous phase, stating that the incorporation of resveratrol into

the microemulsion could improve its stability after exposed to UVB irradiation. After
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subjected to UV-light for four hours, the concentration of resveratrol remaining in the

microemulsion was about 70.9%, compared to 16.3% in ethanolic solution.

Lin and co-workers fabricated curcumin encapsulated food-grade microemulsions using
soybean oil, lecithin, Tween 80 and water via the water titration method, illustrating the
encapsulated microemulsions were stable without any aggregation within the storage
for 6 months. The encapsulation efficiency of the curcumin was more than 95%. They
also investigated the impact of two different types of microemulsions with the droplet
diameter of 30 nm and 80 nm on the viability of the human liver hepatocellular
carcinoma cell line (HepG2) and the human embryonic kidney cells (HEK293). The
results showed that both microemulsions did not have any significant reduction on the
growth of HEK293 cells, with more than 80% of viability when the concentration of
curcumin was 15 1 M, but they both resulted in the significant death of HepG2 cells
even when the concentration of curcumin was quite low, i.e., 5 & M for formula A and 2
1 M for formula B. When the concentration of curcumin was 15 1 M, formula A enabled

HepG2 cells had the lowest viability, at about 5% (Lin et al., 2014).

In a study conducted by Bergonzi et al. (2014), a microemulsion containing
3.3%vitamin E, 53.8% Tween 20, 6.6% ethanol and 36.3% water was employed to
encapsulate curcumin. The maximum solubility of curcumin was 14.57 mg/ml in this
microemulsion, which was approximately 10,000 times higher than it in water solution.
The loaded microemulsion could be diluted by buffer solution and it was stable (particle
size and curcumin concentration kept unchanged) for at least two months when it was

stored at 4 °C and away from light.

According to Anoopinder et al. (2016), catechin-incorporated microemulsion was
fabricated by Capmul MCM, Tween 80, Labrasol, phosphate buffer (PH 7.4) solution as

well as catechin. The experiment results showed that the microemulsion provided
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protection against catechin degradation while exposed to UV source.

2.5.5 Oil-soluble Vitamins
Vitamins, which are essential for human growth and development, are categorized into
two types according to their solubility, i.e., water-soluble vitamins (vitamin B and C)

and oil-soluble vitamins (vitamin A, D, E and K) (Velikov and Pelan, 2008).

Vitamin A includes retinoid and its four derivatives (retinal, retinoic acid, retinyl
palmitate and retinyl acetate) as well as carotenoids which were discussed in Section
2.5.1 (Jesse and Gregory, 2017). Retinoids are normally stored in animal tissues (Combs,
2012). Enough intake of vitamin A helps human beings to maintain normal reproductive

performance as well as visual function (Combs, 2012).

Vitamin E is comprised of eight different types, i.e., a-, B-, y-, and d-tocopherol and a-,
B-, y-, and &- tocotrienol (Sylvester et al., 2011), of which a-tocopherol is most
biologically active. Tocopherols and tocotrienols have the similar structure, with a long
aliphatic chain attached to a chromanol ring at the 2-position. The difference between
them is that tocotrienol have an unsaturated side chain with three double bonds (Hu et
al., 2011), while tocopherols have a saturated side chain (Sylvester et al., 2011). Vitamin
E has the function of antioxidation (Hu et al., 2011) and anti-inflammation (Sozen et al.,

2019).

Vitamin D, which is also named as “sunshine vitamin” (Badiu and Luque, 2010),
contains two different forms, vitamin D> (ergocalciferol) and vitamin D3
(cholecalciferol) (Guttoff et al., 2015). Vitamin D3 can be found in some vegetables and
fungal substances, but vitamin D> is only produced by the skin after exposed to the sun
(Maruotti and Cantatore, 2013). The lack in vitamin D is related to bone disease,

osteoporosis and fracture, muscle weakness and etc. (Badiu and Luque, 2010, Guttoff
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et al., 2015).

ATRA (all-trans retinoic acid)-loaded microemulsion was fabricated by Subongkot and
Ngawhirunpat (2017) using 45% oleth-5, 45% Transcutol P, 5% fish oil and 5% distilled
water. 18 mg/ml ARTA could be incorporated into the microemulsion and about 64.7%
ARTA was still remained in the microemulsion after stored 25 °C for 6 months. Study
of in vitro intestinal absorption was also conducted using Franz diffusion cells and
microemulsion cytotoxicity test was determined by a lactate dehydrogenase cytotoxicity
detection kit. The experimental data showed that the microemulsion could enhance the
intestinal absorption of ATRA and the cytotoxicity of ATRA-loaded microemulsion was

not significantly different from that of fish oil (Subongkot and Ngawhirunpat, 2017).

Food-grade vitamin E microemulsions, which had good stability against temperature,
salinity and acidity, were fabricated by Feng et al. (2009b) via the water titration method
using ethyl butyrate, Cremophor EL-35, ethanol and water. The release rate of vitamin
E was studied via a dialysis bag and a pure vitamin E ethanol solution was used as a
reference, finding the release rate of the incorporated vitamin E was lower than that of
pure vitamin E ethanol solution within the first 10 h. But the release rate of the
microemulsion reached 92.6% in 48 h, which was higher than that of the pure vitamin
E ethanol solution, which indicated an ideal release efficiency of the microemulsion.
The researchers also investigated the cytotoxicity assay of vitamin E in microemulsion
with cancer cells H446, illustrating the cell toxicity of the microemulsion was actually
lower than the solo components (Cremophor EL-35 and ethyl butyrate) (Feng et al.,

2009b).

According to Ho and co-workers, an O/W microemulsion which was composed of
Captex 355, Capryol 90, Solutol HS15 and buffer solution (pH 7) could encapsulate

vitamin D3, In this microemulsion, the weight of vitamin D3, Captex 355, Capryol 90
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and Solutol HS15 was 0.14, 225, 45 and 180mg, respectively. After stored at 25 °C and
60% relative humidity for two years in a light-protectable glass vial, 93% vitamin D was

still remained in the microemulsion (Ho et al., 2019).
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2.6 Literature review conclusions

Some researchers have successfully incorporated bioactive compounds into
microemulsions as the delivery systems to prevent the degradation of sensitive bioactive
compounds during fabrication, transportation and storage. This review article has
presented preparation methods, formulations, properties and characterization
approaches of microemulsions. In addition, some bioactive compounds as well as their
applications in microemulsions have been overviewed briefly. A few studies evidenced
that bioactive compounds could be incorporated into microemulsions without
influencing the properties of both bioactive components and delivery systems. However,
further researches still need to be performed to incorporate more types of bioactive
compounds to microemulsions, which are made from food-grade ingredients, using low

energy emulsification methods.
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Chapter 3  Materials and Methods

This chapter provides information on general materials and methods used in the

research presented in this thesis.

3.1 Materials

3.1.1 Surfactants

Six different types of non-ionic small molecule surfactants were utilised throughout
the project, including Tween 20 (polyoxyethylene sorbitan monolaurate), Tween 40
(polyoxyethylene sorbitan monopalmitate), Tween 60 (polyoxyethylene sorbitan
monostearate), Tween 80 (polyoxyethylene sorbitan monooleate), Kolliphor EL
(macrogolglycerol ricinoleate 35) and Span 80 (sorbitan monooleate). Tween 20,
Tween 40, Tween 60, Tween 80 and Span 80 were purchased from Sigma-Aldrich Co.
(St Louis, MO, USA). Kolliphor EL was provided by BASF Co. (Ludwigshafen,
Germany). The physical appearance, HLB value and structure of each surfactant are

shown in Table 3.1 and Figure 3.1.

Table 3.1 Appearance and HLB value of six different types of small molecule
surfactants used in the study

Name Appearance (at 25 °C) HLB value
Tween 20 Yellow to yellow-green, viscous liquid 16.7
Tween 40 Liquid-gel 15.6
Tween 60 Liquid-gel 14.9
Tween 80 Golden-yellow, viscous liquid 15.0
Kolliphor EL White to yellowish, oily liquid 12-14
Span 80 Yellow, viscous liquid 43
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Figure 3.1 Chemical structures of six different types of small molecule surfactants.

3.1.2  Oils

Eleven different oils were used as oil phase in this study to fabricate emulsions by
water titration method and emulsion dilution method. Fractionated coconut oil was
obtained from by Bakels Edible Oil (NZ) Ltd. Lemon oil (cold-pressed, food grade,

single fold) and isopropyl palmitate (IPM) (98%) were purchased from Sigma-Aldrich
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Co. (St Louis, MO, USA). Peanut oil (Pams, Auckland, New Zealand) was purchased
from a local supermarket. Capmul MCM C8 (glyceryl mono/dicaprylate), Capmul
708G (glyceryl monocaprylate), Capmul PG-2L (propylene glycol dilaurate), Capmul
PG-12 (propylene glycol mono-laurate), Capmul PG-8 (propylene glycol mono-
caprylate), Captex 100 (propylene glycol dicaprate ester) and Captex 355 (caprylic/
capric triglyceride) were kindly donated by Abitec Corporation (Janesville, WI, USA).
Lemon oil and fractionated coconut oil were stored at 4 °C, while the other oils were

stored at ambient temperature. Table 3.2 shows some properties of each oil.

3.1.3  Propylene glycol and absolute ethanol
Propylene glycol and absolute ethanol were purchased from Sigma-Aldrich Co. (St
Louis, MO, USA). Absolute ethanol and propylene glycol were used as cosurfactant

and cosolvent, respectively, in fabricating emulsions via the water titration method.

3.1.4 Water

Milli-Q quality water (water purified by treatment with Milli-Q apparatus, Millipore
Corporation, MA, USA) was used for the preparation of all solutions. In this study, the
concentrations of components in solutions were prepared and expressed on a weight

by weight basis (% w/w) unless stated otherwise.
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Table 3.2 Chemical composition, refractive index and viscosity of oils used

Product name Chemical Name | Composition Refractlve Viscosity
index (mPaes)
A mixture of mainly
Lemon oil N/A monoterpenes (limonene | 1.4731 2.0
and B-pinene)
Fractionated A mixture of 57.6%
. N/A caprylic acid and 42.4% | 1.4489 28.9
coconut oil S
capric acid
Peanut oil N/A A mixture of many fatty | | y¢35 | 776
acids
Ester of isopropyl
IPM N/A alcohol and myristic 1.4368 6.1
acid
Ester of glycerol and
fatty acids (including
Capmul MCM Glyceryl mono- | 97.3% caprylic acid. 14522 95.1
C8 dicaprylate There are 58.2% ’ ’
monoester and 34.7%
diester
Glveervl A monoester (88.3%) of
Capmul 708G yeery glycerol and caprylic 1.4479 100
monocaprylate acid
Propylene 22% monoester and
Capmul PG-2L Iveol dilaurat 77% diester of PG and 1.4439 21.7
Slyeor LA 1 99.6% lauric acid
Propylene More than 90% PG
Capmul PG-12 | glycol monoester of mainly 1.4388 27.3
monolaurate lauric acid
Propylene 97.6% monoester and
Capmul PG-8 glycol 2.1% diester of PG and | 1.4327 15.0
monocaprylate | 100% caprylic acid
Propylene PG diesters of t})le ‘
Captex 100 glycol dicaprate ;Iilélx;lrlg (i t;(?/o9 ;:?)ag)r;ilizrlc 1.4371 14.7
ester .
acid
. . An MCT composed of
Trlglygerldes .| 57.2% caprylic acid
Captex 355 aclacqi)é"yhc/ capric 42:1% capric acid ar,l d 1.4469 30

0.7% lauric acid
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3.2 Methods

3.2.1  Emulsion dilution method

3.2.1.1 Preparation of primary emulsion

An O/W primary emulsion, which is also named as stock emulsion, was prepared by
a two-step homogenisation process. In the first step, 10% oil phase was mixed with 1%
surfactant solution (1% surfactant mixed with 99% Milli-Q water) using an Ultra-
Turrax (VirTis Company, NY, USA) at 11,000 rpm for 1 minute to form a coarse
emulsion. In the second step, the coarse emulsion was homogenized using a two-stage
high pressure valve homogenizer (APV 2000, SPX Corporation, NC, USA) at 500/50
bars by passing it through four times to produce a fine emulsion. Figure 3.2 shows the

Ultra-Turrax and two-stage high pressure homogenizer used in this study.

Figure 3.2 (a) Ultra-Turrax and (b) two-stage high pressure homogenizer.

3.2.1.2 Preparation of secondary emulsion

Different amounts of primary emulsion were added into 1% surfactant solution and
mixed thoroughly with a vortex mixer (VELP Scientifica, MB, Italy) to obtain a series
of secondary emulsions with different concentrations of oil (0.1-2%). The secondary
emulsions prepared were stored overnight at ambient temperature (25 + 0.5 °C) and
then analysed by measuring particle size, PSD and turbidity in order to determine the

concentrations of oil from which microemulsions were fabricated.
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Emulsion dilution method was utilised in Chapter 4 and Chapter 6 to prepare the
secondary emulsions. A schematic diagram that illustrates the preparation of primary

and secondary emulsions is also shown in Figure 3.3.

1% Surfactant
solution

i-l-

Ultra-Turrax + | High pressure homogenizer

Oil

Primary emulsion

+ 1% Surfactant
solution

Secondary emulsions

Figure 3.3 Schematic diagram of emulsion dilution method.

3.2.2  Water titration method

A ternary phase diagram (TPD), also known as Gibbs triangle, was constructed using
water titration method to define the compositional range of three components (water,
oil and surfactant) that enables to form microemulsion. Firstly, oil and surfactant were
mixed at the weight ratios of 1:9, 2:8, 3:7, 4:6, 5:5, 6:4, 7:3, 8:2 and 9:1. Secondly,
these mixtures were then diluted dropwise with Milli-Q water in 10% w/w increments,

under moderate agitation using a vortex mixer. Each sample was further allowed to
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equilibrate at ambient temperature (25 + 0.5 °C) for at least 24 hours before evaluation.
Five different kinds of phases were visually observed: (i) a transparent liquid; (ii) a
viscous gel; (iii) a turbid liquid, (iv) a phase-separated mixture and (v) a liquid
crystal. When a sample did not have the tendency to flow after tilting to an angle of
90°, it was identified as gel (Syed and Peh, 2014). An Olympus CH-30 light
microscope with the analyzer (U-ANT) and the polarizer (U-POT) was employed to
identify the presence of liquid crystal. Under polarised light, liquid crystal showed
birefringence since it was anisotropic. The transparent liquid was defined as
microemulsion if its appearance did not change after it was stored at 25 °C for one
month and was centrifuged at 3500 rpm for 30 minutes. The formulations which led
to a transparent liquid were prepared freshly again to determine the type of
microemulsion (O/W, bicontinuous or W/O). SigmaPlot software (version 12.5, Systat
Software Inc., Chicago, IL, USA) was employed to create a Gibbs triangle to define
the phase boundaries. The total monophasic region, denoted as At, was introduced to
determine the solubilisation capacities of microemulsions (Garti et al., 1995). Figure
3.4 illustrates a TPD in which the dilution line W91, W82, W73, W64, W55, W46,
W37, W28 and W19 represent the ratios of oil to surfactant at 1:9, 2:8, 3:7, 4:6, 5:5,
6:4,7:3, 8:2 and 9:1, respectively. On each line, the concentration of water is increased
from 0 to 100% (right side to left side on the figure). Code L110, L120, L130...... L980,
L990 were employed to describe each dot in the TPD, in which the last two number
means water concentration and the first number, which is also the second figure of the
dilution line code, indicates the proportion of oil in the mixture of oil and surfactant.
For example, L110 means a sample with 10% water, 9% oil and 81% surfactant. The
relationship between these codes and sample composition is listed in Appendix (Table
1). The water titration method was used as the approach to produce emulsions in

Chapter 5 and Chapter 7.
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Figure 3.3 Schematic graph of a TPD comprising of three components (water, oil and
surfactant) at different ratios.

3.2.3  Particle size and size distribution

A Zetasizer Nano ZS (Malvern Instruments Ltd., Worcestershire, UK) (Figure 3.5a)
which uses a dynamic light scattering (DLS) technique was utilised to determine the
particle size and particle size distribution (PSD) of oil droplets in emulsions at 25 +
0.5°C without any further dilution. DLS technique detects the Brownian motion of
particles in a solution to determine the size of these particles. The refractive index of
Milli-Q water was 1.33, and that of oils determined by Abbe 5 refractometer
(Bellingham + Stanley Ltd., Kent, UK) (Figure 3.5b) is shown in Table 3.2. Particle
size was reported as Z-average mean. Polydispersity index (PDI) was also recorded.
PDI describes the degree of broadness of particle size distribution. For the emulsion
dilution method, the particle size and PSD of both primary and secondary emulsions
were measured immediately after the preparation and also after storage for 1 day. For
the emulsion samples prepared by the water titration method, their particle size was

analysed after 24 hours that the emulsions were equilibrated.
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(b)

Figure 3.4 Photos of (a) Malvern Zetasizer Nano ZS and (b) refractometer.

3.3 Statistical analysis

The preparation of emulsions was replicated at least two times. All emulsion samples
were analysed in at least duplicate. The results were reported as average and standard
deviation (S.D.). All experimental data obtained were analysed statistically using a
statistical software Minitab 17.3.1 (Minitab, Inc, USA). Statistical significance was
determined by analysis of variance (ANOVA) with Tukey test. P value of < 0.05 was

considered as statistically significant.

65



Chapter 4 Formation of microemulsions by emulsion
dilution method: Effects of oil and surfactant type and

concentration

4.1 Abstract

Emulsion dilution method normally involves a two-step process consisting of the
formation of a stock emulsion by high energy emulsification method and the dilution
of the stock emulsion with a surfactant solution. In this study, emulsion dilution
method was used to produce O/W microemulsions containing oil droplets of mean
diameter size smaller than 50 nm. The effects of different types of oils (triglycerides
and non-triglycerides) and surfactants (Tween 20, 40, 60 and 80) and their
concentration on the fabrication of microemulsion were investigated. Triglyceride oils,
such as peanut oil and coconut oil, could not be used to form microemulsions by
emulsion dilution method while non-triglyceride oils, such as IPM and lemon oil, were
able to be utilised to form microemulsions. Capmul 708G could not be used to prepare
microemulsion since its primary emulsion had a phase separation quickly. However,
IPM could only fabricate microemulsion (< 50 nm) when its concentration was less
than 0.1% when Tween 80 was used as surfactant and its concentration was 1%. In
case of lemon oil, the oil concentration that could be incorporated in microemulsions
after dilution was increased to 0.2%. Among small molecule surfactants (Tween 20,
40, 60 and 80), Tween 80 was found to be the most efficient as a dilution medium in
making microemulsions. In addition, the amount of lemon oil that could be solubilised
within small molecule micelles increased with increasing Tween 80 (dilution medium)
concentration. This study provides important information about the effects of type and
concentration of surfactant and oil on the formation and characteristics of

microemulsions fabricated via emulsion dilution method.
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4.2 Introduction

There has been an increasing interest in the food industry, in recent years, in designing
a delivery system encapsulating bioactive compounds that can be incorporated into
transparent food or beverages (Velikov and Pelan, 2008, Sagalowicz and Leser, 2010).
In this respect, microemulsion is one of the colloidal dispersions that have attracted a
considerable degree of attention. Microemulsion is a thermodynamically stable system,
meaning it can be formed spontaneously without the supply of external energy (Paul
and Moulik, 1997, Flanagan and Singh, 2006). Nevertheless, practically, a certain
external energy, such as stirring and heating, is necessary when making
microemulsions, due to the existence of kinetic energy barriers between phase-
separated components and microemulsion or slow mass transport (McClements, 2012).
Microemulsion tends to be transparent since its particle size is smaller than 50 nm in
diameter. A microemulsion contains oil phase, aqueous phase and surfactant but it
normally requires a large amount of surfactant (Lawrence and Warisnoicharoen, 2006,
Komaiko and McClements, 2016) and can only be fabricated using small molecule
surfactants (McClements, 2012). In order to fabricate a microemulsion, a cosurfactant

or cosolvent is generally required (Chauhan et al., 2019).

Tween families are small molecule surfactants which are commonly used to fabricate
microemulsions (Ziani et al., 2012b, Chai et al., 2014, Deng et al., 2016, Ma et al.,
2016). Tween is the commercial brand name of polysorbate, which is comprised of a
series of polyoxyethylene-type non-ionic surfactants, including Tween 20, Tween 40,
Tween 60 and Tween 80. The series of Tweens vary only in alkyl chain length. Tween
20, 40, 60 and 80 consist of 12, 16, 18 and 18 carbons, respectively, in the alkyl chain.
In addition, the alkyl chain of Tween 80 is unsaturated unlike that of Tween 20, 40 and
60 (Graca et al., 2007). HLB (hydrophilic-lipophilic balance) values of Tween 20, 40,
60 and 80 are 16.7, 15.6, 14.9 and 15.0, respectively (Griffin, 1946), therefore, they

tend to form O/W emulsions.
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Emulsion dilution method, which is a combination of high energy and low energy
emulsification methods, is employed by some researches to make microemulsions
(Rao and McClements, 2012c¢, Ziani et al., 2012a, b). The principle of this method is
the transport (or solubilisation) of oil molecules from initial emulsion droplets into
surfactant micelles. It involves the dilution of an O/W conventional emulsion, which
is made by high energy emulsification method, via a surfactant micelle solution. The
O/W emulsion, as it is well known, is thermodynamically unstable, but the surfactant
micelle solution is thermodynamically stable due to the decrease in free energy caused
by hydrophobic effect (rearrangement of surfactant molecules forcing non-polar part
of the surfactant to be removed from water) (Ziani et al., 2012b). However, the micelle
monolayers formed by surfactants are not in their optimum curvature, which is the
driving force of oil molecules solubilised into surfactant micelles until they become
saturated (Weiss et al., 1997). Accordingly, surfactant micelle swells, whereas the
initial emulsion droplets shrink, resulting in the change in the particle size of the
mixture system to the size range of microemulsion (<50 nm) (Rao and McClements,

2012a).

The objective of this study was to investigate the effects of types and concentrations
of oils and surfactants on the formation of microemulsion by emulsion dilution method.
Results obtained from this study provide useful information to fabricate decent

colloidal delivery systems which can be utilised in transparent foods or beverages.

4.3 Materials and Methods
4.3.1 Materials
In this chapter, Tween 20, 40, 60 and 80 were utilised as the surfactants. Fractionated

coconut oil, peanut oil, lemon oil, IPM and Capmul 708G were used as the oil phase.
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4.3.2  Analysis of primary and secondary emulsions
Emulsions were prepared via the emulsion dilution method as previously described in

Section 3.1.5 of Chapter 3.

4.3.2.1 Particle size and size distribution
Particle size and PSD of both primary and secondary emulsions were measured after
the preparation and after storage for 1 day at ambient temperature (25 °C). The

methods used were introduced in Chapter 3 (Section 3.1.7).

4.3.2.2 Turbidity and appearance

Turbidity of primary and secondary emulsions was determined by measuring
absorbance using a UV-visible spectrophotometer (UV-1700, Shimadzu Corp., Japan)
(Figure 4.1) at 600 nm. 1% surfactant solution was utilized as a reference. In addition,
each emulsion was observed and monitored visually for its appearance and photos
were taken. Turbidity and visual appearance were determined after the preparation of

emulsions and after storage for 1 day at ambient temperature (25 °C).

Figure 4.1 Photo of UV-visible spectrophotometer

Turbidity is the measurement of cloudiness or opacity of a solution in which the

particles suspended result in the scattering of light which passes through it. The higher
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the turbidity, the less amount of light passes through the solution, leading to lower
transmittance (Wang et al., 2010). Absorbance, in addition, is linearly related to
turbidity as shown in Equation 4.1.

Ty, =2.303*A/L [4.1]
where Tv, A and L represent turbidity, absorbance and cell’s optical path length,
respectively (Damodaran, 2007). As a consequence, both transmittance and

absorbance can be utilised to represent the degree of turbidity.

Absorbance value of primary emulsion was 4 (the highest absorbance could be
measured by spectrophotometer) before and after storage. Absorbance of a solution
can be determined by Lambert-Beer’s Law (Equation 4.2).

A=¢e*C*L [4.2]
where, A, ¢, C and L mean absorbance, molar extinction coefficient, sample
concentration and cell’s optical path length, respectively (Rohatgi-Mukherjee, 1986).

In this case, absorbance was proportional to sample concentration.

4.3.3  Effect of some variables

4.3.3.1 Effect of oil type

Five different types of oil (coconut oil, peanut oil, lemon oil, [IPM and Capmul 708G)
were used as oil phase in preparing primary emulsions. All these primary emulsions
were diluted into 1% Tween 80 solution to make a series of secondary emulsions. All
samples were stored at ambient temperature and their particle size, PSD and turbidity

were determined immediately after preparation and after storage for 1 day.

4.3.3.2 Effect of surfactant type
Four different types of surfactants (Tween 20, 40, 60 and 80) were mixed with Milli-
Q water to make 1% surfactant solutions. They were then used to fabricate 10% lemon

O/W primary emulsions. After that, all these primary emulsions were diluted into 1%

70



surfactant solution (Tween 20, 40, 60 and 80) to make a series of secondary emulsions.
All samples were stored at ambient temperature and their particle size, PSD and

turbidity were determined immediately after preparation and after storage for 1 day.

4.3.3.3 Effect of surfactant micelle solution concentration

The primary emulsion was prepared by homogenizing 10% lemon oil, 1% Tween 80
and 89% Milli-Q water. Aliquots of primary emulsions were then titrated into different
concentrations of Tween 80 micelle solutions (0.5, 1 and 2%) to obtain secondary
emulsions. In addition, the primary emulsion was diluted into Milli-Q water to make
a series of control samples. All samples were stored at ambient temperature and their
particle size, PSD and turbidity were determined immediately after preparation and

after storage for 1 day.

4.4 Results and Discussion

4.4.1 Formation of microemulsions

A primary emulsion was fabricated by mixing 10% lemon oil and 1% Tween 80
solution via high energy homogenisation method. The primary emulsion was then
diluted into 1% Tween 80 micellar solution to obtain a series of secondary emulsions
with different oil concentrations (0.1% - 2.0% lemon oil). The mean particle size, PSD,
turbidity and appearance of primary and secondary emulsions were measured after

preparation and also after storage at 25°C for one day.

The initial mean particle size of primary (stock) emulsion containing 10% lemon oil
was 226 nm in diameter and after storage for 1 day it did not significantly change (228
nm). Figure 4.2 illustrates that the particle size distribution (PSD) of primary emulsion
analysed immediately after preparation and after storage at ambient temperature for 1

day. It can be seen that the PSD of stock emulsion was multimodal. The emulsion had
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two populations of particles with their size being <150 nm and >500 nm in diameter.
However, after storage for 1 day, most lemon oil particles had a diameter greater than
1000 nm. This phenomenon was due to the fact that lemon oil has relatively high water
solubility, which favours the occurrence of Ostwald ripening, a process which involves
the diffuse of oil molecules from small droplets to large droplets (Wooster et al., 2008).
As aresult, the emulsion after storage had a population of relatively large droplets and

a broad particle size distribution.

20
18 —o— After preparation
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Figure 4.2 Particle size distribution of stock (primary) emulsion after preparation and
after storage at ambient temperature for 1 day.

As shown in Figure 4.3a, the dilution of this primary emulsion resulted in a significant
decrease in its particle size, especially when its oil concentration diluted was below
0.5%. The particle size decrease was more significant with increasing dilution rate, i.e.
decreasing oil concentration in the secondary emulsions. The particle size of
secondary emulsions after preparation was also decreased when stored for 1 day at all
oil concentrations (Figure 4.3a). After storage, the particle size of secondary emulsions
containing 0.1, 0.2 and 0.3% lemon oil was 14, 31 and 72 nm, respectively, and their
PSD was monomodal (Figure 4.5). This led to a decrease in the absorbance value for
the secondary emulsions after storage at lemon oil concentration from 0.1% to 2%

(Figure 4.3b).
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Figure 4.3 Particle size and absorbance of 0.1%-2.0% secondary emulsions after
preparation and after storage for 1 day. (a) Particle size (b) Absorbance. Data are
presented as the mean and standard deviation of two independent measurements with
duplicate (n=4) and error bars mean standard deviation.

With the increase in lemon oil from 0.1% to 2%, absorbance value increased as well
(Figure 4.3b). This complies with Equation 4.2, which implies that absorbance is
proportional to sample concentration. According to Wang et al. (2010), additionally,
turbidity depends on the shape, size and concentration of particles in the solution.
Moreover, the visual observation of appearance showed that the appearance of the
secondary emulsions varied from clear to translucent and to opaque with increasing

lemon oil concentration (Figure 4.4).
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Figure 4.4 Appearance of secondary emulsions (0.1-2.0% lemon oil) made from the
dilution of 1% Tween 80-stabilised 10% lemon oil primary emulsion by different 1%
Tween 80 solutions after storage at ambient temperature for 1 day. Numbers mean
lemon oil concentration.

In summary, when lemon oil concentration was 0.1% and 0.2%, secondary emulsions
had small droplet size (< 40 nm), low absorbance and unimodal PSD, meaning that
the lemon oil droplets from primary emulsions were completely solubilised into Tween
80 micelles, which had a particle size of 9.2 nm (determined in the preliminary
experiment). As such, these secondary emulsions were microemulsions. The
maximum amount of oil that could be incorporated into micelles to make a
microemulsion is defined as Cmax. Thus, in this case, Cmax was 0.2% based on the
assumption of a microemulsion defined as smaller than 50 nm in diameter. When
lemon oil concentration was 0.3%, obtained from PSD data, a group of particles with
diameter of more than 50 nm formed apart from a group of particles with diameter of
less than 25 nm. After that, with the increase in lemon oil concentration especially
from 0.5%, the particle size and absorbance value increased, and the resulting
emulsion appearance became turbid as shown in Figures 4.4 and 4.5, meaning not all
lemon oil droplets could be incorporated into Tween 80 micelles. In other words, all
Tween 80 micelles are completely saturated so that any additional lemon oil droplets
do not result in the change of the system. In these emulsions, swollen micelles are
believed to exist together with lemon oil droplets. Therefore, 0.3% lemon oil
concentration could be considered as a transition point between microemulsion and

conventional emulsion.
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The finding of this study was in consistence with the findings from Rao and
McClements (2012a), who also used 10% lemon oil (1-fold) and 1% Tween 80 to
fabricate a primary emulsion which was then diluted by 1% Tween 80 solution to
fabricate secondary emulsions. They found that when lemon oil concentration was less
than 0.2%, microemulsions were obtained and the particle sizes of these
microemulsions were smaller than 30 nm. Ziani et al. (2012b) had the similar

observations as well.
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Figure 4.5 Particle size distribution of secondary emulsions with different
concentrations of lemon oil. The data has been offset on the y-axis to distinguish
different curves.

4.4.2  Influence of oil type on droplet solubilisation

Apart from lemon oil, fractionated coconut oil, IPM, peanut oil and Capmul 708G
were also used to prepare emulsions by emulsion dilution method. 1% Tween 80
solution was utilised to prepare the primary emulsion containing 10% oil. Peanut oil

is comprised mainly of long chain fatty acids, around 80% of which are unsaturated
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fatty acids (Jones, 1990). Fractionated coconut oil is also called liquid coconut oil,
which is obtained after removing all the long chain fatty acids of virgin coconut oil
(Lim, 2012). Thus, it is a medium chain triglyceride, which contains caprylic acid
(C8:0) and capric acid (C10:0). The lemon oil utilised is obtained from lemon peel via
cold pressing and it is an essential oil which is mainly composed of limonene, 3-pinene
and y-terpinene (Misharina et al., 2010) unlike the coconut oil and peanut oil are
chemically triglycerides. Besides, IPM is the ester of isopropyl alcohol and myristic
acid, which is also referred to as isopropyl tetradecanoic acid (Klaffenbach and
Kronenfeld, 1997) and has a structural formula C17H340,. Capmul 708G is comprised
of 88.3% of glyceryl monoesters, so that it can be considered as a medium chain

monoglyceride.

Based on the data shown in Table 4.1, the particle size of primary emulsion made by
lemon oil was not significantly different from the other primary emulsions prepared
using different oils, despite of the fact that lemon oil was low in viscosity. This is
because that if oil phase is viscous like triglyceride oils, it is difficult for the oil phase
to be disrupted by homogenisation (Pandolfe, 1981, Galooyak and Dabir, 2015). On
the other hand, the PDI of lemon oil primary emulsion was 0.44 + 0.04, which
indicates that this emulsion had a very broad PSD compared to the other primary
emulsions. Besides, this emulsion had a multimodal PSD curve (Figure 4.6). In terms
of IPM, fractionated coconut oil and peanut oil, the primary emulsions prepared by
them had a relatively larger particle size (Table 4.1), but a narrower PSD (Figure 4.6).
The only difference was that coconut oil and peanut oil emulsions had unimodal
distribution, while IPM emulsion had a bimodal distribution with one population
between 10 nm and 100 nm, and the other one between 100 nm and 1000 nm.
Primary emulsion prepared using Capmul 708G had phase separation immediately
after preparation (Figure 4.7), thus it was not possible to determine its particle size and

to fabricate secondary emulsions, indicating that Capmul 708G is not suitable to use
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in making microemulsions by emulsion dilution method.

Table 4.1 Z-average particle size and PDI (polydispersity index) of primary emulsions
(10% oil and 1% Tween 80). Data are presented as the mean and standard deviation of
two independent measurements with duplicate (n=4).

Oil type Z-average (d.nm) PDI
Lemon oil 226 +20 0.44 +0.04
Coconut oil 245 +2 0.26 £0.01
IPM 240+ 6 0.30+0.02
Peanut oil 264 +2 0.27 +£0.01
ig | —o—[PM
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Figure 4.6 Particle size distribution of primary (stock) emulsions prepared with
different types of oils and 1% Tween 80 solution after storage at ambient temperature
for 1 day.
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Figure 4.7 Phase separation of primary emulsion prepared usingl10% Capmul 708G
oil and 1% Tween 80.

Primary emulsion was then diluted by 1% Tween 80 solution to form secondary
emulsions containing different concentrations of oil phase (0.1% to 2.0%) to determine
the effect of oil type on the formation of microemulsion. According to Figure 4.8a, the
particle size of secondary emulsions containing peanut oil and coconut oil was not
significantly changed with the increase of oil concentration from 0.1% to 2.0%. It
remained constant at around 200 nm and 230 nm for the emulsions containing coconut
oil and peanut oil, respectively. Moreover, their particle size distributions were not
changed with an increase in oil phase concentration (data not shown). This suggests
that peanut oil and coconut oil could not form microemulsions as they cannot be
incorporated into Tween 80 micelles, which is attributable to their triglyceride
structure, relatively large molecular weight, low water solubility and high viscosity.
These results were confirmed by absorbance measurement (Figure 4.8b) and visual
observation. Regardless of oil phase concentration, all secondary emulsions
containing coconut oil and peanut oil were opaque. As a result, absorbance value was
measured to be increased dramatically when the primary emulsion droplets of coconut
oil or peanut oil were added into the system. The absorbance value of peanut oil
secondary emulsions was steeper than that of coconut oil secondary emulsions. This

could be due to the larger droplet size of peanut oil emulsions as shown in Table 4.1.
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Figure 4.8 Particle size and absorbance of 0.1%-2.0% secondary emulsions prepared
with four different types of oil after storage at ambient temperature for 1 day. (a)
Particle size (b) Absorbance. Data are presented as the mean and standard deviation
of two independent measurements with duplicate (n=4) and error bars mean standard
deviation.

Contrarily, IPM and lemon oil were able to form microemulsion. The maximum
concentration of lemon oil that could be incorporated into 1% Tween 80 solution, as
stated in the above, to fabricate microemulsion was 0.2%; whereas for IPM, this value
was 0.1%. When IPM concentration was 0.1%, the particle size of secondary emulsion
was 12 nm and the solution was clear (data not shown). However, the secondary
emulsions became turbid if IPM concentration was equal to and higher than 0.2% and
its Z-average size was 142 nm in diameter. The reason why more lemon oil could be
accommodated by Tween 80 micelles may be due to the fact that the molecular weight

of lemon oil was smaller than that of IPM and the water solubility of lemon oil was
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higher than that of [IPM.

The results were consistent with some experimental data from Ziani et al. (2012a) who
tried to investigate the effect of oil phase on oil droplet solubilisation using 10%
vitamin E, vitamin D and lemon oil (4-fold) together with 1% Tween 80. They stated
that relatively large molecular size of vitamin E or vitamin D acetate made them unable
to be incorporated within the hydrophobic interior of Tween 80 micelles. Moreover,
lemon oil has relatively low viscosity, which means it is easier to diffuse and transport

between particles than oils with high viscosity (Ziani et al., 2012a).

4.4.3  Influence of surfactant concentration on droplet solubilization

Tween 80 solutions at different concentrations (0, 0.5, 1 and 2%) were employed to
dilute an O/W primary emulsion containing 10% lemon oil emulsified in 1% Tween
80 solution to fabricate a series of secondary emulsions to determine the influence of
surfactant concentration on droplet solubilisation. Figure 4.9 shows the particle size
change in secondary emulsions when different concentrations of Tween 80 micelle
solutions were used as dilution medium. It can be seen that when 1% Tween 80-
stabilised 10% lemon oil primary emulsion was diluted by Milli-Q water (0% Tween
80), the particle size of the resulting secondary emulsions was relatively constant,
ranging from 188 nm to 240 nm but no significantly different, which was close to the
particle size of the original primary emulsion. As a result, the secondary emulsions
were all opaque regardless of their lemon oil concentration from 0.1% to 2.0%. In
other words, the dilution of primary emulsion with Milli-Q water did not facilitate the
fabrication of microemulsions, regardless of the final oil concentration of secondary
emulsions. This phenomenon could be due to the lack or relatively low concentration
of surfactant micelles, thus resulting in the low solubility or diffusion of lemon oil
(Rao and McClements, 2012a). Rao and co-workers also demonstrated that the water

solubility of limonene which is the main component of lemon oil was 0.0005% (Rao
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and McClements, 2012a). On the contrary, using Tween 80 solution as a dilution
medium resulted in the formation of microemulsions. In particular, when the dilution
medium used was 0.5, 1 and 2% of Tween 80, Cmax was shown to increase as 0.1, 0.2
and 0.3%, respectively, with increasing surfactant concentration. The visual
appearance of samples shown in Figure 4.10 was in agreement with the results of the
particle size determination shown in Figure 4.9. When the primary emulsion was
diluted by 0.5, 1 and 2% Tween 80 solutions, the secondary emulsion was transparent
when the lemon oil concentration was smaller than 0.1, 0.2 and 0.3%, respectively. As
a consequence, it can be concluded that with increasing surfactant micelle
concentration, the maximum amount of lemon oil that could be diffused out from the
primary emulsion and then solubilised and incorporated into surfactant micelles
increased, which can be attributed to the increasing amount of surfactant micelles

available to accommodate more oil (Rao and McClements, 2012c¢).
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Figure 4.9 Particle size of secondary emulsions (0.1 - 2.0% oil) made from the dilution
of 1% Tween 80-stabilised 10% lemon oil primary emulsion into Tween 80 micelle
solutions at different surfactant concentrations (0, 0.5, 1 and 2%) after storage at
ambient temperature for 1 day. Data are presented as the mean and standard deviation
of two independent measurements with duplicate (n=4) and error bars mean standard
deviation.

Another experiment carried out in this study was that the concentration of Tween 80
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used to prepare stock emulsion was increased from 1% to 2%. Particle size of primary
emulsion after preparation was 246 + 6 nm, which was even higher than that prepared
with 10% lemon oil and 1% Tween 80. After that, different concentrations (0.5, 1 and
2%) were employed to dilute the prepared stock emulsion to study the influence of
surfactant concentration which was used to prepare primary emulsion on droplet
solubilisation. Similar to the results when 1% Tween 80 was employed to make
primary emulsion, the increase in the concentration of Tween 80 micelle solution used
to dilute primary emulsion resulted in the increase in Cmax value. As drawn from the
data shown in Figures 4.11 and 4.12, it can be concluded that the Cmax value for stock

emulsion diluted by 0.5, 1 and 2% Tween 80 was 0.1, 0.3 and 0.5%, respectively.

(A) 05% 0.4% | 0.3%

Figure 4.10 Photos of secondary emulsions (0.1-0.5% lemon oil) made from the
dilution of 1% Tween 80-stabilised 10% lemon oil primary emulsion by different
concentrations of Tween 80 solutions after storage at ambient temperature for 1 day.
Dilution medium: (A) 0% Tween 80 (Milli-Q water), (B) 0.5% Tween 80, (C) 1%
Tween 80 and (D) 2% Tween 80.
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Figure 4.11 Particle size of secondary emulsions (0.1 - 2.0% oil) made from the
dilution of 2% Tween 80-stabilised 10% lemon oil primary emulsion into Tween 80
micelle solutions at different surfactant concentrations (0.5, 1 and 2%) after storage at
ambient temperature for 1 day. Data are presented as the mean and standard deviation

of two independent measurements with duplicate (n=4) and error bars mean standard
deviation.
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Figure 4.12 Photos of secondary emulsions (0.1-0.6% lemon oil) made from the
dilution of 2% Tween 80-stabilised 10% lemon oil primary emulsion by 1% of
different types of Tween solutions after storage at ambient temperature for 1 day.
Dilution medium: (A) 0.5% Tween 80, (B) 1% Tween 80, (C) 2% Tween 80.
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4.4.4  Influence of surfactant type on droplet solubilization

Four different types of surfactants (Tween 20, 40, 60 and 80) at 1% were employed to
make 10% lemon O/W primary emulsions, which were then titrated by 1% Tween 20,
40, 60 or 80 solutions to fabricate a series of secondary emulsions. The particle size
of primary emulsions is given in Table 4.2, which demonstrates that Tween 20, 40, 60
and 80 could all fabricate 10% lemon oil emulsion by high energy homogenisation
method. The primary emulsions formed by all the surfactants had a similar Z-average
particle size (approximate 230 nm in diameter) and PDI (about 0.40), which means

Tween 20, 40, 60 and 80 had the similar emulsifying capacity.

Table 4.2 The particle size and PDI of primary emulsions in which 10% lemon oil was
emulsified into 1% Tween 20, 40, 60 and 80 solutions. The measurement of particle
size was conducted after the emulsion preparation. Data are presented as the mean and
standard deviation of two independent measurements with duplicate (n=4).

Surfactant type Z-average (d.nm) PDI

Tween 20 231+ 11 0.41+0.03
Tween 40 227+ 10 0.43 +0.04
Tween 60 222 +21 0.40 +0.05
Tween 80 226 + 20 0.44 + 0.04

The primary emulsions were then diluted by 1% Tween 20, 40, 60 or 80 solutions to
determine the influence of surfactant type on the solubilisation degree of lemon oil in
surfactant micelles. Figure 4.13 shows that regardless of the type of surfactants used
to obtain primary emulsions, Tween 20 micelles as dilution medium could not
accommodate lemon oil to make microemulsions (< 50 nm in diameter). However, the
results show that when Tween 40 was used as the dilution medium, more lemon oil
could be incorporated into micelles. Specifically speaking, when lemon oil

concentration was 0.1%, the secondary emulsion was microemulsion. As such, it can
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be concluded that the Cmax of Tween 40 solution was 0.1%. If primary emulsions (10%
lemon oil stabilised by 1% Tween 20, 40, 60 and 80) were diluted by 1% Tween 60
solution or 1% Tween 80 solution, microemulsion was formed when lemon oil
concentration was 0.1% and 0.2%, respectively. Absorbance and appearance data
(Figures 4.14, 4.15, 4.16 and 4.17) were also in agreement with the data from particle

size measurement.
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Figure 4.13 Particle size of secondary emulsions (0.1-0.5% oil) made from the dilution
of 1% Tween (20, 40, 60 or 80)-stabilised 10% lemon oil primary emulsion by 1%
Tween (20, 40, 60 or 80) solutions after storage at ambient temperature for one day.
(a) 1% Tween 20 used to make primary emulsion. (b) 1% Tween 40 used to make
primary emulsion. (c) 1% Tween 60 used to make primary emulsion. (d) 1% Tween
80 used to make primary emulsion. Data are presented as the mean and standard
deviation of two independent measurements with duplicate (n=4) and error bars mean
standard deviation.

The reason for the results observed could be due to a difference in the molecular
characteristics of surfactant micelles. The chain length of the hydrocarbon tail of

Tween 20 and 40 is 12 and 16, respectively, while that of Tween 60 and 80 is 18. The
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longer hydrocarbon chain length means Tween 60 and 80 have a larger hydrophobic
core, resulting in more lemon oil being incorporated. The results of this study was in
agreement with those reported by Ziani and co-workers, who investigated the effect
of surfactant type (Tween 20, 60 and 80) on droplet solubilisation (Ziani et al., 2012a).
They also found 1% Tween 60 and 1% Tween 80 had the similar capacity to
accommodate lemon oil. Nevertheless, more lemon oil could be incorporated
compared to our study. In addition, a certain amount of lemon oil was able to transfer
from initial emulsion into 1% Tween 20 micelle solution to fabricate microemulsions.
This may be due to 4-fold lemon oil which was utilised in their study, whereas 1-fold
lemon oil was used in this study. According to Rao and McClements (2012a), with

increasing lemon oil fold, more lemon oil could be incorporated into micelles.
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Figure 4.14 Photos of secondary emulsions (0.1-0.5% lemon oil) made from the
dilution of 1% Tween 20-stabilised 10% lemon oil primary emulsion by 1% of
different types of Tween solutions after storage at ambient temperature for 1 day.
Dilution medium: (A) 1% Tween 20, (B) 1% Tween 40, (C) 1% Tween 60 and (D) 1%
Tween 80.
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Figure 4.15 Photos of secondary emulsions (0.1-0.5% lemon oil) made from the
dilution of 1% Tween 40-stabilised 10% lemon oil primary emulsion by 1% of
different types of Tween solutions after storage at ambient temperature for 1 day.
Dilution medium: (A) 1% Tween 20, (B) 1% Tween 40, (C) 1% Tween 60 and (D) 1%
Tween 80.
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Figure 4.16 Photos of secondary emulsions (0.1-0.5% lemon oil) made from the
dilution of 1% Tween 60-stabilised 10% lemon oil primary emulsion by 1% of
different types of Tween solutions after storage at ambient temperature for 1 day.
Dilution medium: (A) 1% Tween 20, (B) 1% Tween 40, (C) 1% Tween 60 and (D) 1%
Tween 80.
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Figure 4.17 Photos of secondary emulsions (0.1-0.5% lemon oil) made from the

dilution of 1% Tween 80-stabilised 10% lemon oil primary emulsion by 1% of
different types of Tween solutions after storage at ambient temperature for 1 day.
Dilution medium: (A) 1% Tween 20, (B) 1% Tween 40, (C) 1% Tween 60 and (D) 1%
Tween 80.

4.5 Conclusions

This study focused on understanding the effects of type and concentration of oils and
surfactants on the formation of microemulsion by emulsion dilution method. The
principle of this method was due to the diffusion and transfer of oil phase from a stock
emulsion into surfactant micelles. Triglycerides (peanut oil and coconut oil) which had
a large molecular weight, water insolubility and high viscosity did not favour the
formation of microemulsion by this method. On the other hand, IPM and lemon oil
were able to produce microemulsions by emulsion dilution method because of their
small molecular weight, non-triglyceride oil, and low viscosity. However, their ability
to form microemulsions was dependent on the final oil concentration after dilution. In
case of IPM, 0.1% IPM could be incorporated into the 1% Tween 80 solution to form
a microemulsion. Lemon oil was the most efficient when fabricating microemulsions

by emulsion dilution method. In addition, the type and concentration of surfactants
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had an effect on the formation of microemulsion. The mean particle sizes of 10%
lemon oil primary emulsions stabilised by 1% Tween 20, 40, 60 and 80 solutions were
similar, at around 230 nm in diameter. However, if these four surfactant solutions were
employed to dilute the primary emulsions, their ability to accommodate lemon oil was
distinct. Tween 20 incorporated the least amount of lemon oil, while Tween 80 was
able to incorporate the highest amount of lemon oil. In terms of surfactant
concentration, 2% Tween 80 solution could incorporate the highest amount of lemon
oil, in comparison to 0.5% and 1% Tween 80 solutions. When 2% Tween 80 solution
was employed to dilute 1% Tween 80 stabilised-10% lemon oil emulsion, Cmax was
0.4%. Overall, this study provides some useful information about the formation of

microemulsion via emulsion dilution method.
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Chapter 5  Formation of microemulsions by water titration

method: Effects of oil and surfactant type and concentration

5.1 Abstract

Water titration method is a common method being utilised to produce microemulsions.
A ternary or pseudo ternary phase diagram is normally constructed using the water
titration method. In this study, the water titration method was used to construct the
ternary or pseudo ternary phase diagrams with different kinds of oils (Captex 100,
Capmul PG-8, Capmul PG-12, Capmul PG-2L, lemon oil, Capmul MCM C8, Capmul
708G and Captex 355) and surfactants (Tween 80, Tween 20, Span 80 and Kolliphor
EL). All these oils and surfactants could be used to make microemulsions by the water
titration method, but their ability to form microemulsions were different. Among these
oils, when Tween 80 was employed as the surfactant, Capmul 708G was most efficient
in fabricating microemulsions, with the total one-phase microemulsion area (At) value

as high as 65.1%.

As for surfactants, Tween 80, Tween 20 and Kolliphor, whose hydrophilic-lipophilic
balance (HLB) values were not significantly distinct from each other, had similar
emulsifying properties when constructing ternary phase diagrams with Capmul MCM
C8 and Capmul 708G. Span 80 that has an HLB value of 4.3 was not as efficient
because its mixture system (Span 80, water and Capmul 708G) only had an At value
0f24.2%. Even when Span 80 was mixed with Tween 80 as a ratio of 1:1, 1:2 and 2:1,
the At value was still much smaller than that of Campul 708G, water and Tween 80
mixture system. Furthermore, absolute ethanol and PG were employed as cosurfactant
and cosolvent into Capmul MCM C8, Tween 80 and water system. They both had the
ability to enlarge the area of microemulsions in the ternary phase diagrams. When 50%

PG was added into Milli-Q water to construct the pseudo ternary diagram with Capmul
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708G and Tween 80, At value was as high as 100%.

This study provides important information about the effects of type and concentration
of surfactant and oil as well as cosurfactant and cosolvent on the formation of
microemulsions fabricated via water titration method. Also, the measurements of
samples for their conductivity, viscosity and dye staining are vindicated to be able to

differentiate the type of microemulsions.

5.2 Introduction

In Chapter 4, emulsion dilution method was introduced to fabricate microemulsions.
This method is based on a combined method of high energy and low energy
emulsification. Apart from it, low energy emulsification methods to fabricate
microemulsions also phase inversion temperature (PIT) method, water titration

method, oil titration method and cosurfactant titration method.

Many researchers employed the water titration method to produce microemulsions
(Feng et al., 2009b, Chen et al., 2014, Barradas et al., 2015, Guo et al., 2016, Cheng
et al., 2017). In the water titration method, water is added continuously into the
mixture of oil and surfactant, producing water droplets. When the concentration of
water is over a critical amount, the coalescence rate of water droplets is higher than
that of oil droplets, so phase inversion occurs. Small oil particles are formed at the
phase inversion point, at which the interfacial tension is the lowest. Ternary or pseudo
ternary phase diagrams are normally created to study the phase behaviours of each
system during the process of the water titration method. In the phase diagram, a
number of different systems can be formed, including W/O microemulsions, O/W
microemulsions, bicontinuous microemulsions, coarse emulsions, liquid crystals, and

three-phase regions (Acharya and Hartley, 2012, Lawrence and Rees, 2012). In a
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bicontinuous microemulsion system, both water and oil are acted as the external phase

and the quantity of water and oil is similar (Paul and Moulik, 1997).

In a study reported by Zheng et al. (2013a) to fabricate garlic oil encapsulated
microemulsion, a mixture of 98% oleic acid and 2% garlic oil was introduced as the
oil phase, Cremophor RH40 and ethanol or n-butanol were employed as surfactant and
cosurfactant (the ratio of surfactant to cosurfactant (Km) was 1:1, 2:1 and 3:1). It was
documented that both ethanol and n-butanol could be used to fabricate O/W
microemulsion regardless of Km was 1:1, 2:1 or 3:1, but O/W microemulsion with n-
butanol was more stable. Furthermore, when ethanol was used as cosurfactant and the
Km value was 2:1, the area of O/W microemulsion region in the pseudo ternary phase
diagram was the largest. Nevertheless, if n-butanol was used as cosurfactant, the O/W

microemulsion region increased with increase in Km value from 1:1 to 3:1.

According to Garti and co-workers, 13% of the TPD was occupied by microemulsion
area when the mixture system was composed by R (+)-limonene, water and Brij 96v.
After introducing ethanol as the cosurfactant (ratio of R (+)-limonene to ethanol was
1:1), microemulsion area increased to 30.3%. If water mixed with PG at a ratio of 1:1
and the mixture was added as the aqueous phase, microemulsion area raised to 73.0%.
On the other hand, Garti et al. (2001) replaced Brji 96v with Tween 20, 40, 60 and 80
and reported the microemulsion area in the TPD was 42.0%, 52.0%, 56.0% and 64.0%,

respectively.

Macroscopic level and microscopic level approaches are introduced to characterize
the mixture systems during the addition of water into oil and surfactant to determine
the type of these systems. In the literature, these approaches included electrical
conductivity (Zargar-Shoshtari et al., 2010, Klossek et al., 2014), viscosity (Garti et

al., 2004, Shevachman et al., 2004), nuclear magnetic resonance (NMR) (Krauel et al.,
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2005), small-angle neutron scattering (SANS) (Shukla et al., 2002, de Campo et al.,
2004), small-angle X-ray scattering (SAXS) (Podlogar et al., 2004), electron
microscopy (EM) (Gulikkrzywicki and Larsson, 1984, Boonme et al., 2000),
differential scanning calorimetry (DSC) (Boonme et al., 2006), polarized light

microscopy (Basheer et al., 2013) and etc.

The objective of this study was to investigate the influence of types and concentrations
of oil and surfactant on the formation of microemulsion by the water titration method.
The mixture systems were characterized by dye staining method, electrical
conductivity, viscosity, visual observation, TEM and particle size determination.
Results obtained from this study provide useful information in fabricating decent
colloidal delivery systems which can be utilised for application in transparent foods

or beverages.

5.3 Materials and Methods

5.3.1 Materials

In this chapter, Tween 80, Kolliphor EL and Span 80 were utilised as the surfactants.
Lemon oil, Capmul MCM C8, Capmul 708G, Capmul PG-2L, Capmul PG-12,

Capmul PG-8, Captex 100 and Captex 355 were used as the oil phase.

5.3.2  Analysis of mixture samples

TPDs were constructed using the method previously illustrated in Section 3.2.2 of
Chapter 3. As Figure 3.4 illustrated, dilution line W91, W82, W73, W64, W55, W46,
W37, W28 and W19 mean the ratios of oil to surfactant are 1:9, 2:8, 3:7, 4:6, 5:5, 6:4,
7:3, 8:2 and 9:1, respectively. Microemulsion type was further determined via the
following techniques (e.g. dye staining and electrical conductivity), apart from particle

size and PSD analysis.
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5.3.3  Dye staining method

Microemulsion type was identified by dye staining method, in which two drops of
water-soluble dye (Methylene Blue) and oil-soluble dye (Sudan Red) were added into
2 ml emulsion to evaluate the diffusion rate of these two dyes. If the external phase
was blue, the microemulsion was O/W microemulsion, and if the external phase was

red, the microemulsion was W/O microemulsion.

5.3.4  Electrical conductivity

Electrical conductivity meter (CyberScan CON 11, Eutech Instruments, Singapore)
(Figure 5.1a) was employed to measure conductivity of the mixture at 20°C which is
an indication of microemulsion type (O/W microemulsion or W/O microemulsion).
The stainless-steel electrode of the conductivity meter was immersed into the
microemulsion samples, which must be equilibrated until the reading of the
conductivity meter was stable before measurement. Each sample was measured in

duplicate.

5.3.5 Viscosity

Viscosity of samples was measured using an AR-550 rheometer (TA Instruments,
Delaware, USA) (Figure 5.1b). Cone (40 mm diameter with an angle of 2°) and plate
geometry was chosen. The temperature was maintained at 20 = 0.5 °C throughout the
measurement. Apparent viscosity was measured as a function of shear rate, which
ranged from 1 s! to 200 s!). The viscosity value was recorded at the shear rate of 53

s'l. Viscosity of each sample was measured in duplicate.
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Figure 5.1 Photos of (a) electrical conductivity meter (b) rheometer

5.3.6  Effect of some variables

5.3.6.1 Effect of oils

Different types of oils (Capmul MCM C8, lemon oil, Capmul 708G, Capmul PG-2L,
Capmul PG-12, Capmul PG-8, Captex 100 and Captex 355) were used to construct
ternary phase diagrams with the same surfactant, Tween 80, to determine the effect of

oils on the fabrication of emulsions.

5.3.6.2 Effect of surfactants
Four different surfactants (Kolliphor EL, Tween 80, Tween 20 and Span 80) were
employed to construct ternary phase diagrams with the same oil phase to determine

the effect of surfactants on the formation of emulsions.

5.3.6.3 Effect of cosurfactant

Absolute ethanol was introduced into the mixture of Capmul MCM C8, Tween 80 and
Milli-Q water as a cosurfactant. The mass ratios of Tween 80 and absolute ethanol
(Km) were 1:1, 2:1 and 3:1. Tween 80 and absolute ethanol were mixed for 24 hours

at ambient temperature. Then, the mixture was mixed with Capmul MCM C8 at weight
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ratios of 1:9, 2:8, 3:7, 4:6, 5:5, 6:4, 7:3, 8:2 and 9:1. These mixtures were then diluted
dropwise with Milli-Q water in 10% w/w increments, under moderate agitation using
a vortex mixer. The four components together formed a pseudo ternary phase diagram.
Apart from Capmul MCM C8, Capmul 708G and lemon oil mixture systems also

included ethanol when Km was 1:1 as the cosurfactant.

5.3.6.4 Effect of cosolvent

Propylene glycol (PG) was utilized as a cosolvent to construct a pseudo ternary phase
diagram. PG and Milli-Q water were mixed at ratios of 1:1, 1:3 and 3:1 for 24 hours
at ambient temperature. Capmul MCM C8 was mixed with Tween 80 at weight ratios
of 1:9, 2:8, 3:7, 4:6, 5:5, 6:4, 7:3, 8:2 and 9:1. These mixtures were then diluted
dropwise with the mixture of PG and Milli-Q water in 10% w/w increments, under
moderate agitation using a vortex mixer. The four components together formed a
pseudo ternary phase diagram. Apart from Capmul MCM C8, Capmul 708G and
lemon oil mixture systems also included PG when the ratio of Milli-Q water to PG

was 1:1 as the cosolvent.

Moreover, the mixture system with Capmul MCM C8, Tween 80, Milli-Q water,
propylene glycol and absolute ethanol was also constructed. The ratio of Tween 80 to
absolute ethanol was 1:1 and that of Milli-Q water to PG was 1:1. A pseudo ternary

phase diagram was formed to determine the total monophasic region (At value).

5.4 Results and discussions

5.4.1 Effect of oils on the construction of ternary phase diagrams

To ensure the repeatability, each formulation was prepared two times. Both phase
diagrams were found to be the same. It was mentioned in the literature that At, which

means total isotropic monophasic region (total one-phase microemulsion area), was
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introduced to determine the solubilization ability of a mixture system (Garti et al.,

1995, Shevachman et al., 2004).

Eight different types of oils were utilized to construct ternary phase diagrams with
Tween 80 and Milli-Q water in order to study the effect of oil types on the formation
of microemulsions. Appendix Figure 1 shows the appearance of samples from mixture
systems containing Milli-Q water, Tween 80 and Capmul 708G. Appendix Figure 2
shows the appearance of samples from mixture systems containing Milli-Q water,
Tween 80 and Capmul MCM C8. Figure 5.2 illustrates the results of ternary phase
diagrams created. It can be stated from Figure 5.2 that Capmul 708G was the most
efficient in terms of producing microemulsions (Figure 5.2g), which was followed by
Capmul MCM C8 (Figure 5.2f). Apart from these two, At of other oils was as follows:
Capmul PG-8 > Capmul PG-12 > Capmul PG-2L > lemon oil > Captex 100 > Captex
355. The last three oils almost had the same At values. Furthermore, no gels were
formed when Capmul 708G or Capmul MCM C8 was employed as the oil phase. But
a large amount of gels was produced when Capmul PG-2L, Capmul PG-12, lemon oil,
Captex 355 or Captex 100 was utilized. As for Capmul PG-8, a few gels were formed
during the dilution process and if the concentration of water was 60%, gels could be
produced when the ratio of oil to Tween 80 was 3:7, 4:6, 5:5, 6:4 or 7:3. Interestingly,
in the mixture system of Captex 355, Tween 80 and Milli-Q water, a large number of
opaque single-phase liquids, which were coarse emulsions, were created as well.
Liquid crystals formed in the systems constituting of Captex 355 or Capmul PG-12,

Tween 80 and Milli-Q water.

Four oils used to construct ternary phase diagrams shown in Figure 5.2 (a), (b), (c) and
(d) all belonged to propylene glycol (PG) esters. Capmul PG-2L is propylene glycol
dilaurate, which contains 77% diester and 22% monoester and the concentration of

lauric acid is 99.6%. Lauric acid is a medium-chain saturated fatty acid containing 12
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carbons. Capmul PG-12 is propylene glycol monolaurate, more than 90% of which is
monoester. Capmul PG-8 is propylene glycol monocaprylate, containing 97.6% of
monoester and 100% of caprylic acid, which is an 8-carbon fatty acid. Captex 100 is
propylene glycol dicaprate ester, which is comprised of 99.3% capric aid, a 10-carbon
fatty acid, and 0.7% caprylic acid. All these four oils were not very efficient at forming
microemulsions. For Captex 100 and Capmul PG-2L, microemulsion was only
produced when water concentration was smaller than 10% and the ratio of oil to Tween
80 was less than 6:4. At of Capmul PG-12/Milli-Q water/Tween 80 system was a little
higher than that of systems consisted of Capmul 100 or Capmul PG-2L. Clear regions
also existed on the corner of water, when the ratio of Capmul PG-12 to Tween 80 was
1:9 and water concentration was 80% and above. Capmul PG-12 and Capmul PG-2L
both contained lauric acid, but the former was mainly monoester and the latter mainly
diester, which might be the reason that more microemulsions were formed when
Capmul PG-12 was employed as the oil phase. In terms of Capmul PG-8 containing
caprylic acid (C8:0), shorter fatty acid chains and its relatively lower viscosity might
enable it to penetrate the interfacial film much easier, so it had the highest At value

within all these four PG esters.
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Figure 5.2 Ternary phase diagrams of mixture systems with water, Tween 80 and different
types of oils; (a) Captex 100, (b) Capmul PG-2L, (c) Capmul PG-8, (d) Capmul PG-12, (e)
Captex 355, (f) Capmul MCM C8, (g) Capmul 708G, and (h) lemon oil. Blue area means
microemulsions, green area means gels, orange area represents opaque single-phase liquids
and red area means liquid crystal. The arrow indicates the direction of adding water to the
mixture of surfactant and oil.
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On the other hand, Captex 355 is an MCT containing 57.2% caprylic acid, 42.1%
capric acid and 0.7% lauric acid and Capmul 708G is glyceryl monocaprylate with
88.3% monoester. The main fatty acid of Capmul MCM C8 is also caprylic acid
(97.3%) and it contains 58.2% monoester and 34.7% diester. As for the Captex 355
mixture system, its At value was only 11.3%. The microemulsions could be formed
only when the concentration of water was not more than 10% and the ratio of Tween
80 to Captex 355 was not lower than 5:5, or when the concentration of water was not
lower than 70% and the ratio of Tween 80 to Captex 355 was not smaller than 8:2. On
the contrary, in case of Capmul MCM C8 and Capmul 708G, these oils could fabricate
51.0% and 65.1% microemulsion regions, respectively. When these two oils were
introduced, microemulsions formed when water concentration was equal to or smaller
than 20% regardless of the ratio of Tween 80 to oil. Moreover, in dilution lines W82,
W73 and W64 of Capmul 708G system (Figure 5.2g), microemulsions were produced
along the whole dilution line. Chemically, Capmul 708G is mostly made up of
monoglyceride and Capmul MCM C8 is the combination of monoglyceride and
diglyceride, rendering them amphiphilic functionalities. In other words, they both
have emulsifying properties as well. This phenomenon was similar to what has been
reported by Roohinejad et al. (2015), who stated almost 50% of the phase ternary
diagram was covered by microemulsions. As for lemon oil, which is a mixture of
mainly monoterpenes, only 12% of the ternary diagram was covered by monophasic
regions (Figure 5.2h). The ternary phase diagram of lemon oil was similar to that of
Captex 355 (Figure 5.2e), but only one formulation led to the formation of opaque
single-phase liquid compared to a large region of opaque single-phase liquids in the

Captex 355 ternary diagram.

5.4.2  Effect of cosurfactant and cosolvent on the construction of pseudo
ternary phase diagrams

Capmul MCM C8 was chosen as the oil phase to study the effect of ethanol and PG,
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as cosurfactant and cosolvent, respectively, on the formation of microemulsions.
Figure 5.3 illustrates three pseudo ternary phase diagrams of the mixture systems of
Capmul MCM C8, Milli-Q water, Tween 80 and ethanol, of which three different ratios
of Tween 80 to ethanol (Km) were used, such as 1:1, 2:1 and 3:1. Without the addition
of ethanol, the At value of Capmul MCM C8, Milli-Q water and Tween 80 was 51.0%
as shown in Figure 5.2f. When 25% ethanol mixed with 75% Tween 80 (i.e. Km =3:1)
before their mixture mixed with oil and water, the At value was increased to 63.8%
(Figure 5.3c). The At value was kept the same when Km was increased to 2:1. Even
when Km was 1:1, the At value did not increase much which was only 65.2% (Figure
5.3a). Compared to the cosurfactant free mixture system (Figure 5.2f), the pseudo
ternary phase diagrams of the mixture systems with ethanol could incorporate more
water when the ratio of Tween 80 and ethanol to Capmul MCM C8 was not higher
than 4:6. It is well documented in other studies that ethanol could increase the mobility
of the hydrophobic tail of surfactant molecules and the flexibility of the interface

between water and oil, thus decreasing the surface tension (Garti et al., 2001).
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Figure 5.3 Pseudo ternary phase diagrams of mixture systems with Capmul MCM C8,
water, Tween 80 and ethanol. (a) Km was 1:1, (b) Km was 2:1, and (¢) Km was 3:1.
Blue area means clear or microemulsions.

On the other hand, PG was introduced to Capmul MCM C8, Tween 80 and Milli-Q
water to act as a cosolvent. Figure 5.4 shows the pseudo ternary phase diagrams of the
related mixture systems, in which the ratios of water to PG was 3:1, 1:1 and 1:3.
Compared to the cosolvent free system, when Milli-Q water was replaced by 25% PG,
the Ar value had a substantial increase to 73.0%. It can be clearly seen from Figure
5.4a that more monophasic liquids were formed towards the corner of aqueous phase.
When the ratio of Tween 80 to Capmul MCM C8 was 1:9 and 2:8, microemulsions
were formed across the whole dilution line. If the percentage of PG in the aqueous
phase increased to 50%, more monophasic liquids were created, covering 91.8% of
the ternary graph (Figure 5.4b). Moreover, in dilution lines W91, W82 and W73,
isotropic monophasic regions reached the aqueous phase corner. When the

concentration of PG further increased to 75% in the aqueous phase, more isotropic
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monophasic liquids were produced, covering 97.7% of the ternary phase diagram
(Figure 5.4c). In dilution lines W91, W82, W73 and W64, isotropic monophasic
regions reached the aqueous phase corner. Besides, when the concentration of aqueous
phase was not more than 70%, microemulsions were formed regardless of the ratio of
Capmul MCM C8 to Tween 80. It was noticeable that PG might be more efficient at
forming isotropic monophasic liquids than ethanol when they were introduced
separately into the mixture system of oil, water and surfactant as cosolvent or

cosurfactant.

Capmul MCM C8
° 100

Capmul MCM C8

AT =73.0% Capmul MCM C8 AT =91.8%

100
[
Water/PG(1:3) ¢ 10 20 30 40 50 60 70 80 90 100 Tween 80

A, =97.7%

Figure 5.4 Pseudo ternary phase diagrams of mixture systems with Capmul MCM C8,
Tween 80, water and PG. The ratio of water to PG was (a) 3:1, (b) 1:1 and (c) 1:3.
Blue area means clear or translucent single-phase liquids.

Study was also conducted in a five-component mixture system of Capmul MCM C8,
Milli-Q water, Tween 80, PG and absolute ethanol, at which the ratios of Tween 80 to
ethanol and water to PG were both 1:1. Figure 5.5 shows that 93.5% of the pseudo
ternary phase diagram was covered by isotropic monophasic liquids, which was much

larger than the system when only ethanol was used as the cosurfactant (Figure 5.3a).
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Figure 5.5 Pseudo ternary phase diagram ot Capmul MCM C8, Tween 80, ethanol,
water and PG mixture system. The ratio of water to PG was 1:1 and that of Tween 80
to ethanol was 1:1. Blue area means microemulsions.

Capmul 708G and lemon oil were also utilised to study the effect of cosurfactant
and/or cosolvent. Absolute ethanol mixed with Tween 80 at the ratio of 1:1,
constructing the pseudo ternary phase diagram in Figure 5.6a, the At value of which
was 75.5%, which was almost 10% more than the cosurfactant free system. However,
if 50% PG was mixed with water to act as the aqueous phase to construct ternary phase
diagram together with Capmul 708G and Tween 80, every single point in the graph
shown in Figure 5.6b was isotropic monophasic liquids, i.e. microemulsions. The

photos of samples from these mixture systems are shown in Appendix Figure 3.

Capmul 708G Capmul 708G
0

100

100
Water/PG(1:1) o 10 20 30 40 50 60 70 80

0
Water 0 10 20 30 40 50 60 70 80 90 100 Tween 80/ Ethanol (1:1)

A1=75.5% A1=100%

Figure 5.6 Pseudo ternary phase diagrams. (a) Capmul 708G, Tween 80, water and
ethanol mixture system in which the ratio of Tween 80 to ethanol was 1:1, and (b)
Capmul 708G, Tween 80, water and PG mixture system in which the ratio of water to
PG was 1:1. Blue area means microemulsions.
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In terms of lemon oil, Tween 80 and Milli-Q water mixture system, the incorporation
of 50% ethanol into Tween 80 caused the At value to increase from 12% to 24.6%
(Figure 5.7a). Besides, no gels were detected in the ethanol-included system. When
50% PG was mixed with water to act as the aqueous phase, the At value was further
increased to 34.7%, with more aqueous phase being incorporated into the monophasic
liquids at higher oil concentration. At dilution line W91, microemulsions were formed
across the whole dilution line. Nevertheless, a small amount of gels still existed at
dilution lines W55, W46 and W37. In case of both PG and ethanol that were included
in lemon oil/Tween 80/Milli-Q water mixture system, as shown in Figure 5.7¢, 50.2%
of the pseudo ternary phase diagram was covered by isotropic monophasic regions. In
this case, clear single-phase liquids were formed when aqueous phase concentration
was not higher than 10% regardless of the ratio of oil to surfactant. Like PG-
incorporated system, monophasic liquids existed along the whole dilution line of WO1.
Moreover, at dilution lines W82 and W73, opaque single-phase liquids were created
when the concentration of aqueous phase was equal to and more than 80%. This
phenomenon was in good agreement with the results reported by Garti et al. (2001)
that Ar value in R (+)-limonene/water/Brij 96v system was 13.0%, which was
increased to 30.3% when 50% ethanol was mixed with R (+)-limonene. Besides, in
addition to ethanol, if 50% PG was mixed with water, At value increased dramatically
to 73.0%. They also stated that PG helped to increase the fluidity of the interface by
being incorporated into the surfactant layer and to reduce the polarity of the water due

to its solubility in water (Garti et al., 2001).
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Figure 5.7 Pseudo ternary phase diagrams. (a) Lemon oil, Tween 80, water and ethanol
mixture system with the 1:1 ratio of Tween 80 to ethanol, (b) Lemon oil, Tween 80,
water and PG mixture system with the 1:1 ratio of water to PG, and (c) Lemon oil,
Tween 80, water, ethanol and PG with the 1:1 ratios of water to PG and Tween 80 to
ethanol. Blue area means microemulsions, green area means gels and orange area
represents opaque single-phase liquids.

5.4.3  Effect of surfactants on the construction of ternary phase diagrams

Apart from Tween 80, Kolliphor EL and Tween 20 were also utilized as surfactants to
construct ternary phase diagrams with water and Capmul MCM C8 or Capmul 708G.
Figure 5.8 illustrates ternary phase diagrams created by a mixture system consisting
of Kolliphor, water and Capmul MCM C8 or Capmul 708G. Figure 5.9 shows ternary
phase diagrams created by mixing three components of Tween 20, water and Capmul
MCM C8 or Capmul 708G. Compared to the ternary phase diagram formed with
Tween 80, Milli-Q water and Capmul MCM C8, the At values of ternary phase
diagrams created by Milli-Q water, Capmul MCM C8 and Kolliphor EL or Tween 20

did not have a significant change. Similarly, the At values of ternary phase diagrams
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created by Milli-Q water, Capmul 708G and Kolliphor EL or Tween 20 were not
significantly different from that of ternary phase diagram comprised of Milli-Q water,

Capmul 708G and Tween 80.

Tween 20 and Tween 80 belong to polyoxyethylene-type non-ionic surfactants and
their HLB values are 16.7 and 15.0, respectively. Kolliphor EL, which was previously
known as Cremophor EL, is a registered trademark of BASF Co. (Ludwigshafen,
Germany). It is a non-ionic emulsifier produced by the reaction of ethylene oxide and
castor oil at their molar ratio of 35:1. The main component of Kolliphor EL is glyceryl
polyethylene glycol ricinoleate, which is also known as GPGR. It has an HLB value
of 12-14. Among these three types of surfactants, Tween 20 has the highest HLB value,
meaning it is the most hydrophilic. But their HLB values do not have much difference,
and HLB value is not the only factor which determines the ability of surfactant to form

microemulsions.

Capmul MCM C8
0 100 Capmul 708G
0 100

Waterg 10 20 30 40 50 60 70 80 90 100 Kolliphor
— 0
AT1=50.4% AT1=73.6%

Figure 5.8 Ternary phase diagrams of mixture systems with water, Kolliphor and two
different types of oils; (a) Capmul MCM C8 and (b) Capmul 708G. Blue area means
microemulsions.
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Figure 5.9 Ternary phase diagrams of mixture systems with water, Tween 20 and
different types of oils; (a) Capmul MCM C8 and (b) Capmul 708G. Blue area means
microemulsions.

On the other hand, Span 80 (sorbitan monooleate) which has an HLB value of 4.3
(Kassem et al., 2019) was employed and mixed with Tween 80 at different ratios of
Tween 80 to Span 80 (1:1, 2:1 and 1:2) to construct the ternary phase diagrams with
Capmul 708G and Milli-Q water as shown in Figure 5.10. HLB values for the mixtures
of Tween 80 and Span 80 at ratios of 1:1, 1:2 and 2:1 were 9.65, 7.87 and 10.75,
respectively. When Tween 80 was fully replaced by Span 80, only 24.2% of the ternary
phase diagram was found to be covered by isotropic monophasic liquids (Figure 5.10a)
unlike the At value of 65.1% was observed from the corresponding ternary system
prepared with Tween 80 as shown in Figure 5.2g. Besides, monophasic liquids mainly
existed near to the apex of Capmul 708G. It was also observed when the ratio of Span
80 to Capmul 708G was 9:1 and 8:2, phase separation occurred regardless of the
concentration of water. In terms of Span 80 and Tween 80 which were mixed at the
1:1 ratio, At value increased to 42.1%. When the content of water was not higher than
20%, isotropic monophasic liquids existed regardless of the ratio of Capmul 708G to
the surfactant mixture (Figure 5.10b). For the 2:1 ratio of Tween 80 to Span 80, only
36.1% of the ternary phase graph was occupied by microemulsions and gels existed

along the dilution lines W91 and W82 (Figure 5.10c). On the other hand, if the ratio
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of Tween 80 to Span 80 was 1:2, almost half of the ternary phase diagram was covered
by monophasic regions (Figure 5.10d). Along the dilution line W28, isotropic
monophasic regions existed when water content was above 80% and along the dilution
line W19, isotropic monophasic regions existed when water content was above 70%.
The results indicated that the addition of Span 80 did not improve the formation of
monophasic regions compared to the ternary phase diagrams prepared using Tween 80

alone as a surfactant molecule.
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Figure 5.10 Ternary phase diagrams of mixture systems with water and Span 80 with
or without Tween 80. (a) Without Tween 80 (i.e. only Span 80), (b) The ratio of Tween
80 to Span 80 was 1:1, (c) The ratio of Tween 80 to Span 80 was 2:1, and (d) The ratio
of Tween 80 to Span 80 was 1:2. Blue area means microemulsions and green area
means gels.
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5.4.4  Electrical conductivity

The electrical conductivity of ternary mixtures was measured to determine the phase
inversion and type of microemulsions (W/O, O/W or bicontinuous). At first, oil
(Capmul MCM C8 or Capmul 708G) and Tween 80 were mixed at selected ratios, then
Milli-Q water or 5 mM sodium chloride (NaCl) solution was added into the mixtures
in increments of 5% w/w. Each sample was mixed for at least 5 minutes before it was
undisturbed for 5 minutes to be equilibrated. Conductivity was then measured after
equilibration using a conductivity meter. Tween 80 which was utilized as the surfactant
may contain some impurities (e.g. ionic substances) which could affect and contribute
to the conductivity of the ternary systems to some extent. Some studies added a small
amount of electrolyte into the aqueous phase to better distinguish the change in
conductivity without affecting the phase behaviour of the mixture system (Fanun,
2007, Deutch-Kolevzon et al., 2011). The ratio of Capmul MCM C8 to Tween 80 was
1:9 (w/w) (dilution line W91), and it was 3:7 and 4:6 (w/w) (dilution line W73 and
W64) for Capmul 708G to Tween 80. Figures 5.11 and 5.12 illustrate the change in
electrical conductivity with changing the concentration of aqueous phases. The
conductivity values of Tween 80, Capmul MCM C8, Capmul 708G, Milli-Q water and
5 mM sodium chloride (NaCl) solution were 0.89, 0, 0, 3.24 and 542.33 puS/cm,

respectively.
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Figure 5.11 (a) Electrical conductivity change as a function of aqueous phase
concentration in the mixture system of Capmul MCM C8, Tween 80 and Milli-Q water
or 5 mM NaCl solution along the dilution line W91. Data points are presented as the
mean and standard deviation of two independent measurements with duplicate (n=4)
and error bars mean standard deviation. (b) d(logs)/d(¢) as function of aqueous phase
concentration of Capmul MCM C8, Tween 80 and Milli-Q water or 5 mM NaCl
solution along the dilution line W91.

From Figure 5.11 (a), it can be concluded that the conductivity value was quite low
when the concentration of aqueous phase was below 20%, at which the conductivity
was 11.51 and 7.18 pS/cm when 5 mM NacCl solution and Milli-Q water were used,
respectively. After that, when NaCl solution was utilized, the electrical conductivity
value increased dramatically until the percentage of NaCl solution was 65%. After that,

the conductivity increased more remarkedly than it did before. However, when Milli-
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Q water was used, the conductivity value was increased from 25.00 to 124.70 uS/cm
with the increase in Milli-Q water percentage from 30% to 60%. Then, it remained
almost constant when the concentration of Milli-Q water was between 65% and 70%,
after which point, it started to decrease slowly. Consequently, three different systems
existed during this process, during which a W/O microemulsion was transited into a
bicontinuous microemulsion and then it was transited into an O/W microemulsion.
Specifically speaking, the two transitions happened when water concentration was 25-
30% and 65-70%. In the beginning, aqueous phase concentration is quite low, and it
is trapped in the micelles, so it does not contribute much to the conductivity. With the
increase in aqueous phase concentration, W/O particles are slowly distorted, resulting
in the formation of bicontinuous microemulsion (Garti et al., 2003). After that,
aqueous solution became the external phase, which leads to the further increase in
electrical conductivity value. Nevertheless, it should be noticeable that phase

separation happened when water concentration was between 45% and 60%.

Figure 5.11 (b) was plotted to show the change in d(logc)/d® as a function of aqueous
phase concentration (@), 6 means conductivity value. It can be clearly seen from this
figure that d(logo)/d® value had an abrupt change when ® was 25%, which indicated
a percolation transition happened at this point (Mehta and Kawaljit, 2002, Fanun,
2008). When ® was lower than 25%, water or NaCl solution droplets were embedded
in oil phase, which had zero conductivity, and they were isolated with each other. As
a result, they did not interact with each other to create conductivity. After that, with
the increase in aqueous phase concentration, some of these droplets started to contact
each other, allowing counter ions to be transferred from one droplet to another (Fanun,
2008). Therefore, conductivity value started to increase dramatically after @ reached

25%. So, 25% was considered as percolation threshold.
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This finding is similar to the results shown in Figure 5.12 that illustrates the electrical
conductivity change in the mixture system of Capmul 708G, Tween 80 and Milli-Q
water or 5 mM NacCl solution as a function of aqueous phase concentration. When 5
mM NaCl solution was used as the aqueous phase for the dilution of the Capmul 708G
and Tween 80 mixture, conductivity values increased continuously during the dilution
process, indicating the transition process from a W/O microemulsion to a bicontinuous
microemulsion and to an O/W microemulsion. On the other hand, when the aqueous
phase did not contain NaCl solution and Milli-Q water was used as a dilution medium,

conductivity kept quite low before the concentration of aqueous phase reached 20%.

After that, the conductivity increased to the highest value, which was approximately
100 puS/cm at 65% of water when the ratio of Capmul 708G to Tween 80 was 3:7 and
at 60% of water when the ratio of Capmul 708G to Tween 80 was 4:6. At the end of
dilution, when water concentration was larger than 70%, the conductivity value was
reduced continuously after being remained constant between 65% and 70% for the
samples along the dilution line W73 and between 60% and 70% along the dilution line
Wo64. The reason that the conductivity value decreased was that it formed a relatively
stable O/W microemulsion system and it created less electric current. With the increase
in water concertation, the conductivity of the system was much closer to that of the

water.

Figures (Appendix Figure 4 (a) and (b)) which illustrate the change in d(logs)/d® with
the change in aqueous phase concentration were also created about the mixture system
of Capmul 708G, Tween 80 and Milli-Q water or 5 mM NaCl solution along dilution
line W73 and W64. The findings were the same as Figure 5.11 (b) that percolation

threshold was 20%, which were in great agreement with the result from Figure 5.12.
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Figure 5.12 Electrical conductivity change as a function of aqueous phase
concentration in the mixture system of Capmul 708G, Tween 80 and Milli-Q water or
5 mM NaCl solution. (a) The ratio of Capmul 708G to Tween 80 was 3:7, and (b) The
ratio of Capmul 708G to Tween 80 was 4:6. Data points are presented as the mean and
standard deviation of two independent measurements with duplicate (n=4) and error
bars mean standard deviation.

The findings in this study are similar to what have been reported by Kalaitzaki et al.
(2015) who also measured conductivity to determine the phase inversion and
microemulsion type. The oil phase was R-(+)-limonene and absolute ethanol at a ratio
of 1:1 and the surfactant was Tween 20 or Tween 40 or the mixture of Tween 20 and
Tween 40 at a ratio of 1:2. Also, the aqueous phase they used to dilute samples was
made up of Milli-Q water and PG at 2:1 ratio with or without 1.7 mM NaCl solution.

They found that when NaCl solution was added, conductivity increased with
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increasing aqueous solution along the dilution line W64. Based on conductivity values,
it could be concluded when the concentration of aqueous phase was 20%, the system
changed from a W/O microemulsion into a bicontinuous microemulsion, and when the
concentration of aqueous phase was 70-80%, the bicontinuous microemulsion
transited into an O/W microemulsion. Furthermore, at the absence of NaCl solution,
conductivity values were very low along the dilution line, and it was increased from 0
to 60% aqueous concentration before it was reduced after 70% aqueous concentration.
However, they also showed that phase transition occurred at 20% and 70-80% aqueous

content, respectively (Kalaitzaki et al., 2015).

Cheng et al. (2017) also reported the similar results that when aqueous phase
(containing 50% PG) content was between 20% and 40%, and between 60% and 70%,
phase transitions occurred. In another study reported by Feng and co-workers, they
found that in the water/vitamin E/ethyl butyrate/Cremophor EL/ethanol system along
the dilution line W82 (ratio of vitamin E and ethyl butyrate to Cremophor EL and
ethanol was 2:8), a W/O emulsion region existed when the concentration of water was
less than 28%, which reached a plateau when water concentration was between 28%
and 40%. After that, conductivity decreased sharply, which indicated a O/W emulsion

region (Feng et al., 2009b).

On the other hand, Subongkot and Ngawhirunpat (2017) stated that there was not any
specific conductivity value found by previous reports to categorize the type of a
microemulsion. As such, based on previous researches, they had set a criterion to
evaluate a microemulsion type, of which O/W microemulsion existed if the ratio of
water was higher than that of oil and the conductivity value was more than 52.5 uS/cm.
If the ratio of oil was higher than that of water, the product was W/O microemulsion.
Moreover, when water concentration was equal to oil content or the ratio of water was

higher than that of oil, the conductivity value was equal to or lower than 52.5 uS and
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it was bicontinuous microemulsion (Subongkot and Ngawhirunpat, 2017).

5.4.5 Viscosity

It is well documented by studies that viscosity is a useful tool to determine the type of
microemulsions in the ternary phase diagram (Garti et al., 2001, Feitosa et al., 2009,
Zargar-Shoshtari et al., 2010). Therefore, viscosity was determined from selected
formulations from the mixture systems of Capmul MCM C8, Tween 80 and water as
well as Capmul 708G, Tween 80 and water. Samples whose shear stress increased
proportionally with increasing shear rate (R? > 0.99) were considered as Newtonian
liquids (Subramanian et al., 2005, Aboudzadeh et al., 2018). It can be concluded from
Figure 5.13 and Appendix Figure 4 and 5 that samples, such as L110, L120, L130,
L140,L170,L180,L190,L310,L320,L330,L390,L610,L620,L630,L910 and L920
from Capmul MCM C8, Tween 80 and Milli-Q mixture system as well as L110, L120,
L130, L170, L180, L190, L310, L320, L330, L340, L350, L360, L370, L380, L390,
L510, L520, L530, L540, L710, L720, L730, L910 and L920 from Capmul 708G,
Tween 80 and Milli-Q mixture system were all Newtonian liquids because the
viscosity of them was increased proportionally within the shear range studied. Besides,
no yield stress was detected for these samples. Other researchers also found that
microemulsions were Newtonian fluids (Shevachman et al., 2004, Guo et al., 2019a).
On the other hand, it can be clearly seen from Figure 5.14 that viscosity value was the
highest initially but decreased with increasing water concentration along the dilution
line W73. At the beginning, viscosity decreased drastically until 20% water content,
which continued to decrease between 30% and 70% while not as dramatic as it was
previously. When water concentration was above 70%, viscosity again had a
substantial reduction. In other words, phase transition occurred when water
concentration was at 20% and 70%, which was consistent with the conductivity data
shown in Figure 5.12. This result was similar to the finding reported by Fanun et al.

(2001) that in the mixture system of sucrose monostearate, water, 1-butanol and MCT,
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viscosity of microemulsions, when the ratio of 1-butanol to MCT to sucrose
monostearate was 1:1:1.5, decreased from 40 to 15 cP with the increasing with
concentration from 16% to 44%. Cheng et al. (2017) also came to the conclusion that
viscosity value decreased along the dilution line W82 in Orange oil, Capmul MCM
(orange oil : Capmul MCM = 1:2), Tween 20, Tween 60 (Tween 20 : Tween 60 = 6:4)
and Water mixture system as well as in Orange oil, Capmul MCM (orange oil : Capmul
MCM = 1:2), Tween 20, Labrasol (Tween 20 : Labrasol = 3:1) and water mixture
system and dilution line W55 in the mixture system containing Capmul MCM,
Labrasol and water. In addition, Todosijevic (Todosijevic et al., 2014) and co-
researchers reported the same findings to the present study that viscosity value
declined with the increasing aqueous phase concentration in microemulsions which
were composed of IPM, sucrose laurate, isopropyl alcohol and water along the dilution
line W19. When water concentration increased from 0 to 20%, viscosity value had a
sharp reduction which then decreased slightly until water concentration was 70%
(Todosijevic et al., 2014). However, other researchers reported different findings in
terms of viscosity change with the increase in water concentration (Garti et al., 2003,

Shevachman et al., 2004, Fanun, 2008, Deng et al., 2015, Guo et al., 2019a).

117



250

*o—L110
200
=
&
2 150 A
=
s 100
%)
=
72
50
0
0 50 100 150 200
Shear rate (1/s)

Figure 5.13 Shear stress as a function of shear rate of samples (L110, L120, 130, L170,
L180 and L190) from Capmul 708G, Tween 80 and Milli-Q mixture system. L110,
L120, L130, L140, L170, L180 and L190 denotes formulations along the dilution line
W91 and their water contents are 10%, 20%, 30%, 40%, 70%, 80% and 90%,
respectively.

In a study conducted by Fanun (2008) who measured the dynamic viscosity of
water/sucrose laurate/EMDG/R (+)-limonene mixture system along the dilution line
W64, it was stated that dynamic viscosity value increased with an increase in water
content from 0 to 20%. When water concentration was higher than 20%, viscosity of
the system was reduced slowly until the water content reached 70%, at which viscosity
was increased again and reached a second peak at 75% water content. At the end, after
water percentage was more than 80%, dynamic viscosity value had a sharp decrease,
indicating the formation of an O/W microemulsion. The points at which phase

transitions took place were similar to the results found in the present study.
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Figure 5.14 Viscosity as a function of aqueous phase concentration of mixture system
of Capmul 708G, Tween 80 and Milli-Q along the dilution line W73. Data are
presented as the mean and standard deviation of two independent measurements with
duplicate (n=4) and error bars mean standard deviation.

In another study reported by Garti et al. (2003) who investigated the viscosity change
of the mixture system, consisting of R(+)-limonene and ethanol (1:1) as oil phase,
water and PG (1:1) as aqueous phase, and Tween 60 as emulsifier and the oil phase to
emulsifier ratio of 4:6, viscosity was initially very low which was then increased
gradually later when aqueous phase was added. However, the transition point from a
W/O microemulsion to a bicontinuous microemulsion was not very obvious but was
estimated to be when aqueous phase concentration was at 35%. After that, viscosity
value had a substantial increase before it reached its highest value at 44% aqueous
phase. It was decreased dramatically afterwards until the concentration of aqueous
phase was 70%, indicating the transition of a bicontinuous microemulsion to an O/W
microemulsion (Garti et al., 2003). The bell-shaped viscosity change was also reported

by Guo et al. (2019a) and Deng et al. (2015).

Table 5.1 lists the viscosity values of selected microemulsion formulations from the

mixture systems of Milli-Q water, Tween 80 and three different types of oils (Captex
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355, Capmul MCM C8 and Capmul 708G). The results show that when water content
was 10%, viscosity value increased with an increase in the ratio of surfactant to oil.
Roohinejad et al. (2015) reported the same findings when they measured the viscosity
of microemulsions containing Capmul MCM C8, Tween 80 and phosphate buffer
(0.01 M, pH 6.8). For Capmul MCM C8 system, L150 and L160 samples were not
microemulsion and for Capmul 708G system, L140, L150 and L160 samples had
phase separation. As such, the viscosity of these formulations was not determined.
However, viscosity alteration along the dilution line W91 was different from that along
the dilution line W73. In dilution line W91, viscosity increased at the beginning,
reaching its highest value at L140 for Capmul MCM C8 system and at L130 for
Capmul 708G system. Moreover, from L170 to L190, there was a decline of viscosity

value for both systems which was consistent with that in the dilution line W91.
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Table 5.1 Viscosity, conductivity and microemulsion type of selected formulations

from mixture systems of Milli-Q water, Tween 80 and Capmul MCM C8 or Capmul

708G. Data are presented as the mean and standard deviation of two independent

measurements with duplicate (n=4).

%

. Sample | % % Viscosity | Conductivity | Microemulsion

Oil type .| Tween
name Oil %0 Water (mPaces) (uS/cm) type
L110 9 81 10 648 £67.4 | 4.04+0.01 W/0
L120 8 72 20 742+ 734 | 11.2+£0.23 W/0
L130 7 63 30 1213+ 67.0 | 28.0+0.14 Bicontinuous
L140 6 54 40 2110+ 105 | 55.9+0.14 Bicontinuous
L170 3 27 70 173+£2.20 | 137+2.26 O/W
L180 2 18 80 122+0.70 | 122+0.85 O/W
L190 1 9 90 3.64+£0.02 | 84.2+0.49 o/W
L310 27 63 10 355+25.0 | 3.26+0.12 W/0
L320 24 56 20 307+0.42 | 10.9+0.78 W/0
L330 21 49 30 250+9.12 | 30.0+0.78 W/0

Capmul L390 3 7 90 14.7+0.47 | 81.6+1.06 O/W

MCM L610 54 36 10 141+6.72 | 2.68 +£0.04 W/0

c8 L620 48 32 20 127+0.42 | 8.56+0.05 W/0
L630 42 28 30 129+530 | 17.6+0.06 W/0
L910 81 9 10 69.5+7.20 | 1.78£0.01 W/0
L1920 72 8 20 58.8+1.50 | 4.73+0.00 W/0
L110 9 81 10 711 +£19.7 | 4.03+0.04 W/0
L120 8 72 20 837+24.0 | 12.7+0.28 W/0
L130 7 63 30 1148 £31.1 | 29.6+0.07 W/0
L170 3 27 70 169+£8.40 | 98.4+0.35 O/W
L180 2 18 80 876+ 0.07 | 94.0+0.78 O/W
L190 1 9 90 293+£0.11 | 63.7+1.98 O/W
L310 27 63 10 336+ 15.6 | 3.10+0.01 W/0
L320 24 56 20 275+0.92 | 12.8+0.27 W/0
L330 21 49 30 247+£11.0 | 27.2+£0.92 W/0
L340 18 42 40 227+152 | 51.0+1.06 Bicontinuous
L350 15 35 50 226 +5.80 | 83.2+1.48 Bicontinuous
L360 12 28 60 218+ 134 | 98.1+£0.78 Bicontinuous
L370 9 21 70 213+4.10 | 101+0.71 O/W

Capmul | 1380 14 80 157+21.1 | 88.0+0.57 o/W

708G | 1390 7 90 | 48.5+2.99 | 68.2+1.34 O/W
L510 45 45 10 195+£9.19 | 3.11+£0.41 W/0
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L520 40 40 20 150+0.14 | 11.0+0.56 W/O
L530 35 35 30 111 +£8.63 | 25.8+0.57 W/O
L540 30 30 40 88.6+521 | 41.6+148 Bicontinuous
L710 63 27 10 123 £1.77 | 2.95+0.05 W/O
L720 56 24 20 85.0+3.16 | 8.65+0.03 W/O
L730 49 21 30 68.7+0.88 | 16.0+0.03 W/O
L910 81 10 81.0+2.66 | 3.18+0.08 W/O
L920 72 20 53.4+3.65 | 6.14+0.02 W/O

Apart from conductivity and viscosity determination, dye staining tests were also
introduced to Capmul MCM C8 or Capmul 708G, Tween 80 and water mixture system
to investigate the type of microemulsions. Methylene Blue and Sudan Red were
utilized to evaluate the diffusion rate of these two dyes. When the diffusion rate of
Methylene Blue was faster than that of Sudan Red, the sample tended to be an O/W
microemulsion, and when Sudan Red was diffused faster than Methylene Blue, the
sample tended to be a W/O microemulsion. Besides, if the diffusion rate of these two

dyes were similar to each other, the sample might be a bicontinuous microemulsion.

Together the results of dye staining with conductivity and viscosity value, the type of
microemulsions could be determined, which is illustrated in Table 5.1. Accordingly,
ternary phase diagrams of these two mixture systems are rebuilt in Figure 5.15. Particle
size and PDI of selected O/W formulations were determined from the mixture systems
containing Capmul 708G, Tween 80 and water as well as Capmul MCM C8, Tween
80 and water to see whether they are within the range of microemulsions (Table 5.2).
Particle diameter of these selected O/W microemulsions was all lower than 50 nm,
matching with the size range of microemlsion. All clear single-phase samples from
ternary phase diagrams in Figure 5.15 were stored at ambient temperature for one year,
the samples remained still clear, indicating they were stable microemulsions. In terms
of Capmul 708G, Water and Tween 80 mixtures system, in dilution line W82, W73

and W64, every point was a microemulsion. With the addition of water, the
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macroscopic observed structure of the microemulsion did not have any changes. The

aforementioned microemulsion was called U-type microemulsion by some researchers

(Garti et al., 2003, Garti et al., 2006, Zhang et al., 2008a).

Capmul MCM C8

WI/O microemulsion
Bicontinuous microemulsion
O/W microemulsion
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Figure 5.15 Ternary phase diagrams of mixture systems indicating the type of

microemulsions, in which blue, orange and green areas represent W/O, bicontinuous
and O/W microemulsion, respectively. (a) Tween 80, Capmul MCM C8 and Milli-Q
water system, and (b) Tween 80, Capmul 708G and Milli-Q water system.
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Table 5.2 Particle size and PDI of selected O/W microemulsions

Particle
Oil type Sample % % % diameter PDI
name Oil | Tween 80 | Water
(nm)
L170 3 27 70 13.3+1.8 0.42 +0.03
Capmul L180 2 18 80 13.2+0.2 0.39+£0.01
MCM C8 L190 1 9 90 13.1+£0.1 0.23 +£0.01
L390 3 7 90 258+2.6 0.91 £0.13
L170 3 27 70 13.9+0.7 0.52+0.01
L180 2 18 80 12.0+0.2 0.38 £0.01
Capmul L190 1 9 90 11.1+0.1 0.21 £0.00
708G L370 9 21 70 17.8 £0.7 0.56 +£0.02
L380 6 14 80 229+14 0.49 +£0.04
L390 3 7 90 262+24 0.67 £0.06

5.5 Conclusions

This study focused on understanding the effects of type and concentration of oils and
surfactants on the formation of microemulsion by the water titration method. Also,
cosurfactant and cosolvent were introduced to determine their effect on the formation
of isotropic monophasic liquids. All the oils introduced were somewhat able to
fabricate microemulsions with Tween 80 and water. Monoglyceride (Capmul 708G)
and mono/diglyceride (Capmul MCM C8) which had self-emulsifying functionalities
were efficient at forming microemulsions by the water titration method. Lemon oil,
Captex 355 and PG esters did not favour the formation of microemulsions, but the At
value of Capmul PG-8 mixture system was 23.7%. In addition, the type of surfactants
also had an effect on the formation of microemulsions. When Capmul MCM C8 and
Capmul 708G were mixed with Milli-Q water as well as one of the three surfactants
(Tween 80, Tween 20 and Kolliphor), the At values were not significantly different
with each other. However, when Span 80 was employed to replace Tween 80, the At

value decreased substantially when Capmul 708G was utilised as the oil phase. On the
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other hand, when absolute ethanol and PG were employed as cosurfactant and
cosolvent, respectively, into Capmul MCM C8, water and Tween 80 mixture system,
more microemulsions could be fabricated. Besides, if they were employed into lemon
oil, Tween 80 and water system, the At value was increased and the regions of gels in
the ternary diagram was reduced, which were disappeared when ethanol was in the
system. Once a ternary phase diagram was constructed, conductivity, viscosity
measurement and dye staining tests could be utilised to determine the type of
microemulsions (O/W, W/O or bicontinous). Overall, this study provides some useful
information about the formation of microemulsions via the water titration method and

the characterization of microemulsions.
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Chapter 6 Encapsulation of beta-carotene into

microemulsions formed by emulsion dilution method

6.1 Abstract

Beta-carotene has been utilised by various studies to load into various types of delivery
systems, which could then be further incorporated into functional foods. In this study,
beta-carotene was encapsulated into 2% Tween 80-stabilised O/W microemulsions
containing 0.1% or 0.4% lemon oil prepared by emulsion dilution method.
Macroemulsion containing 1.5% lemon oil was also prepared under the same
condition and used for comparison with the microemulsions. All emulsion samples
were analysed for the determination of particle size, colour (expressed as CIE L*, a*
and b*), total colour difference (AE*) and beta-carotene content and degradation
during storage for 1 month under different environmental conditions (4, 25 and 37 °C;
with and without exposure to oxygen and light). As part of the measurements, the
effect of particle sizes on the stability of encapsulated beta-carotene against
degradation was investigated as well. The encapsulation of beta-carotene into 0.1%
and 0.4% lemon oil-in-water microemulsions increased the particle size of these two
microemulsion significantly, but it was still within the size range of microemulsion
and these two microemulsions were still observed to be visually transparent. However,
the incorporation of beta-carotene did not significantly alter the particle size of 1.5%
lemon oil-in-water macroemulsion. When 0.4% lemon oil microemulsion was kept
away from oxygen and light, higher temperature accelerated the degradation of beta-
carotene as expected. Also, the degradation rate of beta-carotene at a given
temperature of 25 °C was the highest when it was subjected to both oxygen and light
compared to the exposure only to either oxygen or light. The blank (control) samples
with beta-carotene dissolved directly in n-hexane were also prepared at the same beta-

carotene concentrations as the emulsion samples containing 0.1, 0.4 and 1.5% lemon
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oil in order to compare the stability of beta-carotene with the microemulsion and
macroemulsion delivery systems. The results showed that the stability of beta-carotene
was significantly enhanced when it was encapsulated into the oil droplets of
microemulsions and macroemulsion. This study provides information about the effects
of different environmental conditions on the stability of beta-carotene-loaded
microemulsion and macroemulsion during storage and indicates that microemulsion
could be a good delivery system to encapsulate beta-carotene for application in clear
foods or beverages although there are some other variables (e.g. surfactant

concentration) that need to be considered as well.

6.2 Introduction

In the past few decades, functional foods have attracted increasing attention from
consumers as well as researchers due to their beneficial effects on human health.
However, the direct incorporation of lipophilic bioactive compounds into food
products has some limitations because they are sensitive to degradation when exposed
to oxygen, temperature and light during fabrication, transportation and storage of the
food products. Consequently, a delivery system which can protect the bioactive
compounds against physical and chemical conditions is required. Many different
systems have been investigated as the delivery systems for the encapsulation of
bioactive compounds, such as emulsion (Chee et al., 2007, Gu et al., 2018, Gomes et
al., 2019), nanoemulsion (Hategekimana et al., 2015, Sotomayor-Gerding et al., 2016),
microemulsion (Deutch-Kolevzon et al., 2011, Qian et al., 2012b, Roohinejad et al.,
2014, Chen et al., 2015), multiple emulsion (Benichou et al., 2007, Pimentel-Gonzalez
et al., 2009, Artiga-Artigas et al., 2019), solid lipid nanoparticle (Mandawgade and
Patravale, 2008, Zhu et al., 2009, Zheng et al., 2013b), liposome/vesicle (Folmer et al.,

2009) and etc.
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Beta-carotene is a lipophilic bioactive compound, which is one of the most widespread
carotenoids, that may be related to reduce the risk of some cancers and heart disease
(Omenn et al., 1996, Miller and Snyder, 2012, Ruiz and Hernandez, 2016). It is not
only sensitive to light, oxygen and high temperature but also has poor water solubility,
thus, it needs to be encapsulated for its delivery into food products. Many researches
have successfully fabricated delivery systems to encapsulate beta-carotene, such as
liposomes (Tan et al., 2014, Zabodalova et al., 2014), solid lipid nanoparticles (Yi et
al., 2014a), nanoemulsions (Yuan et al., 2008, Liang et al., 2013) and microemulsions
(Yan and Wang, 2013, Roohinejad et al., 2015, Cheng et al., 2017). Of all the delivery
systems, microemulsion is transparent, which renders its application in clear foods and
beverages. Besides, it is thermodynamically stable, which gives the product a longer

shelf life (Cheng et al., 2017).

In a study reported by Ariviani et al. (2015), beta-carotene (0.025% and 0.05% wt)
enriched microemulsions were fabricated using virgin coconut oil (VCO) or palm oil
as the lipid phase and a mixture of Span 80, Span 40 and Tween 80 as the surfactant
via spontaneous emulsification (SE) method. It was reported that beta-carotene was
more stable against degradation during storage at different temperatures (4 °C, 15 °C
or ambient temperature) when palm oil was used over VCO. Cheng and co-workers
encapsulated beta-carotene into different types of microemulsions via water titration
method (Cheng et al., 2017). It was shown that the bicontinuous microemulsion
system (12% orange oil and 24% Capmul MCM as oil phase, 18% Tween 20 and 6%
Labrasol as surfactant, 20% PG as cosolvent and 20% water) had the maximum
loading capacity of beta-carotene at 140.8 pg/ml (Cheng et al., 2017). In another study
reported by Roohinejad et al. (2015) that produced beta-carotene encapsulated O/W
microemulsions with Capmul MCM C8 and Tween 80 by the water titration method,
the incorporation of beta-carotene into microemulsions did not significantly alter the

phase behaviour, conductivity and viscosity of the empty microemulsions. In addition,
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the beta-carotene loaded microemulsion samples were reported to remain stable after

storage at room temperature for six months.

To the best of my knowledge, there have been no studies involving the use of emulsion
dilution method to fabricate microemulsions encapsulating beta-carotene. Therefore,
the objective of this study was to investigate the effect of incorporation of beta
carotene on the formation and properties of microemulsions formed by emulsion
dilution method. Besides, stability of microemulsions (e.g. colour, particle size, beta-
carotene concentration) was investigated during storage for 1 month at different
temperatures with or without oxygen and/or light. Food grade surfactant, Tween 80,
was used to fabricate lemon oil-in-water microemulsions encapsulating beta-carotene.
In Chapter 3, microemulsions containing lemon oil have been successfully fabricated
using emulsion dilution method. Briefly speaking, a stock emulsion was prepared by
mixing 10% lemon oil with 2% Tween 80 solution. The stock emulsion was then
diluted with 2% Tween 80 solution which formed microemulsions when the lemon oil
concentration after dilution was 0.6% or less. Therefore, in this chapter,
microemulsions with 0.1% and 0.4% lemon oil were chosen as a model to encapsulate
beta-carotene. Besides, a macroemulsion with 1.5% lemon oil was also prepared to
determine the effect of the particle size of emulsion oil droplets on the stability of beta-

carotene against degradation during storage.

6.3 Materials and methods

6.3.1 Materials

Lemon oil, Tween 80 and beta-carotene powder (= 93%, UV) were purchased from
Sigma-Aldrich Co. (St Louis, MO, USA). Absolute ethanol (analytical grade), n-
hexane (HPLC grade) and methanol (HPLC grade) were purchased from Fisher

Scientific UK (Loughborough, UK).
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6.3.2  Validation of spectrophotometric method for beta-carotene content

Validation of a UV-spectrophotometric method for the determination of beta-carotene
content was initially studied based on the method illustrated in ICH harmonized
tripartite guideline Q2 (R1) which includes the validation of analytical procedures. In

this section, linearity, accuracy and precision were determined.

Linearity: 10 mg beta-carotene powder was dissolved into 100 ml n-hexane solution
to make 100 pg/ml stock solution. The stock solution was then diluted by n-hexane to
make a series of beta carotene concentrations in n-hexane solution (1, 2, 5, 10, 50, 75
and 100 pg/ml). After that, absorbance values of the beta-carotene solutions were
measured by a UV-visible spectrophotometer (UV-1700, Shimadzu Corp., Japan) at
the wavelength of 450 nm. A standard (calibration) curve was then created using the
data obtained from which the value of slope, y-intercept and linearity were also

obtained.

Precision and accuracy: Three different concentrations (10, 75 and 100 pug/ml) of
beta-carotene standard solutions were chosen to measure their absorbance values in
five different time points in one day to investigate the intra-day precision. 75 pg/ml
beta-carotene in n-hexane solution was also chosen to measure the absorbance value
over three different days (one time each day) to determine the inter-day precision.
Accuracy (% recovery) and relative standard deviation (RSD) were therefore obtained

using Equation 6.1 and 6.2 (Kayesh et al., 2013):

Measured concentration

Accuracy (% recovery) = x 100 [6.1]

Theoretical concentration

RSD (%) _ Standaerec;iviation x 100% [6.2]

6.3.3  Solubility of beta-carotene

In order to study the solubility of beta-carotene, an excess amount (4 mg) of beta-
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carotene was added into 10 ml of different types of oils (Capmul MCM C8, Capmul
708G, Captex 355, Capmul PG-8, Capmul PG-12, Capmul PG-2L, Captex 100, lemon
oil, fractionated coconut oil, [IPM and peanut oil) and surfactants (Tween 20, Tween
40, Tween 60, Tween 80, Span 80 and Kolliphor), cosurfactant (absolute ethanol) and
cosolvent (PG). Samples were flushed with nitrogen gas to avoid the degradation of
beta-carotene before being placed in an 80 °C water bath for 5 minutes. The samples
were then equilibrated under continuous shaking by a magnetic stirrer at 500 rpm
overnight at ambient temperature (25 °C). After that, the samples were centrifuged at
15000 rpm for 15 minutes via a Sigma 6-16 KS centrifuge (Sigma Laborzentrifugen
GmbH, Osterode am Harz, Germany) to remove any undissolved beta-carotene. The
clear supernatant was taken and filtered through a 0.2 um Minisart NY 25 hydrophilic
polyamide syringe filter (Sartorius Stedim Biotech GmbH, Goettingen, Germany)
before being further diluted by n-hexane. Absorbance of the obtained solutions was
measured with n-hexane as a blank using the UV-visible spectrophotometer (UV-1700,
Shimadzu Corp., Japan) at 450 nm at which beta-carotene has the maximum
absorbance value. As such, the solubility of beta-carotene was able to be determined

accordingly. Each experiment was conducted in duplicate.

6.3.4  Preparation of microemulsions encapsulating beta-carotene

As described in the above, an excess amount of beta-carotene powder was added into
lemon oil in an amber glass bottle and the headspace of the bottle was flushed with
nitrogen gas. The mixture was then placed in a water bath at 80 °C for 5 minutes and
equilibrated under continuous shaking by a magnetic stirrer at 500 rpm overnight at
ambient temperature. After that, the sample was centrifuged at 15000 rpm for 15
minutes using Sigma 6-16 KS centrifuge. The clear supernatant was collected and
utilised to fabricate emulsions and microemulsions by emulsion dilution method as
described in Section 3.2.1 in Chapter 3. Briefly, 10% lemon oil, which contained beta-

carotene, was mixed with 1% Tween 80 solution using an Ultra-Turrax (VirTis
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Company, NY, USA) at 11,000 rpm for 1 minute to form a coarse emulsion. The coarse
emulsion was then homogenized using a two-stage high pressure valve homogenizer
(APV 2000, SPX Corporation, NC, USA) at 500/50 bars by passing it through four
times to produce a fine emulsion. The fine emulsion was diluted by 1% Tween 80
solution to fabricate microemulsions loaded with lemon oil concentrations of 0.1%

and 0.4% and an emulsion with 1.5% lemon oil.

6.3.5 Analysis of beta-carotene content in emulsions

The method utilised by Yi et al. (2014b) was employed in this study to extract beta-
carotene from the emulsions. A 0.5 ml emulsion sample was taken and added into a 10
ml glass tube. Then, 2.0 ml absolute ethanol and 3.0 ml n-hexane were added into the
tube. The mixture was then mixed using a vortex mixer (VELP Scientifica, MB, Italy)
for 10 seconds followed by standing for 2 minutes to separate the organic solvent and
aqueous layers. The yellow-coloured supernatant (organic solvent layer) was then
transferred into a 10 ml volumetric flask. The remaining sample was again mixed with
3.0 ml n-hexane using the vortex mixer before removing the supernatant into the
volumetric flask. This process was repeated until the aqueous layer was clear. The
volumetric flask containing the beta-carotene extract was made up to 10 ml by adding
n-hexane. After mixing thoroughly by inverting the flask, the sample was measured
for its absorbance at 450 nm using a UV-visible spectrophotometer against n-hexane
as a blank. The amount of beta-carotene in the emulsion samples was consequently
determined using a beta-carotene standard curve created with a series of known

concentrations of beta-carotene in n-hexane. Each sample was analysed in duplicate.

6.3.6  Stability of encapsulated beta-carotene and emulsions during storage
Microemulsions and macroemulsion encapsulating beta-carotene which was
incorporated into 0.1%, 0.4% and 1.5% oil phase were utilised to study the stability of

encapsulated beta-carotene during storage at different conditions as shown in Table
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6.1. In detail, beta-carotene-loaded microemulsion (0.1% lemon oil) and
macroemulsion (1.5% lemon oil) were blanketed with nitrogen gas and stored at
ambient temperature (25 °C) under dark condition. However, beta-carotene-loaded
microemulsion containing 0.4% lemon oil was divided into four categories, three of
which were blanketed with nitrogen gas before storage under dark condition at 4, 25
and 37 °C, respectively. The three samples were also stored at 25 °C, but one of them
was stored under dark condition but subjected to oxygen, one of them was blanket by
nitrogen gas but stored under light and the last one was subjected to both oxygen and
light. When it comes to a sample stored under light, a light box with a fluorescent tube
was utilised to provide consistent illumination and the sample was placed in a clear

glass vial.

Table 6.1 List of three different emulsion samples with different concentrations of
lemon oil loaded with beta-carotene used for analysis (particle size, colour) during
storage for 1 month under different conditions.

. Lemon Sample Storage conditions
Emulsion type .
oil code Temperature Oxygen Light
0.1%25C
Microemulsion 0.1% ° 25°C No No
NN
0.4%4C
4°C N N
NN © ©
0.4%37C
37°C N N
NN © ©
0.4%25C
25°C N N
Microemulsion 0.4% NN © ©
0.4%25C
25° Y Y
Yy 5°C es es
0.4%25C
25° N Y
NY 5°C 0 es
0.4%25C
25°C Y N
YN es 0
1.5%25C
Macroemulsion 1.5% ° 25°C No No
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In this part, some emulsion samples were specified with their sample codes, such as
0.4%4C, 0.4%25C and 0.4%37C, which represent beta-carotene-loaded, 0.4% lemon
oil microemulsions stored at 4, 25 and 37 °C, respectively. In terms of the letter
symbols (NN, YY, NY and YN) added to the sample codes, they represent respectively
different storage conditions: NN: without oxygen and without light, YY: with oxygen

and light, NY: without oxygen and with light, and YN: with oxygen and without light.

Particle size, colour and beta-carotene content were determined from the samples
during storage for 1, 3, 7 days, 2 weeks, 3 weeks and 1 month. Particle size and PSD
were measured using the method described in Section 3.2.3 in Chapter 3. Beta-
carotene content was measured as described in the above. It should be mentioned that
the content of beta-carotene encapsulated in 0.1% and 0.4% lemon oil microemulsions
and 1.5% lemon oil macroemulsion measured after storage for 1 day was 15.39, 61.95
and 180.31 pg/ml, respectively. Blank samples containing 15, 62 and 180 pg/ml beta-
carotene were prepared by dissolving beta-carotene into n-hexane solution, which
were also subjected to the same storage conditions as the beta-carotene encapsulated
emulsions. The colour change of the emulsions during storage was measured by a
benchtop colour spectrophotometer (CM-5 Top-Port Spectrophotometer, Konica
Minolta Inc., Osaka, Japan) (Figure 6.1) equipped with a Pulsed Xenon lamp as the
light source. CIE L*, a*, b* colour space system was selected to be analysed in which
L* represents lightness ranging from 0 (black) to 100 (white); a* represents redness-
greenness with +a* (red) and -a* (green); b* represents yellowness-blueness with +b*

(yellow )and -b* (blue). Each emulsion was measured in at least duplicate.
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Figure 6.1 Picture of a benchtop colour spectrophotometer.

6.4 Results and discussions

6.4.1 Validation of spectrophotometric method for analysis of beta-carotene
content

Beta-carotene was mixed with n-hexane at different concentrations (1, 2, 5, 10, 50, 75
and 100 pg/ml). After centrifugation, the supernatants were filtered and then measured
for their absorbance at 450 nm using a UV-visible spectrophotometer to create a

standard curve (R? = 0.998) as shown in Figure 6.2.

4.0

3.5 4 y=0.032x +0.019
R?=0.998

Absorbance at 450 nm

000 T T T T
0 20 40 60 80 100
Beta-carotene concentration (ng/ml)

Figure 6.2 Beta-carotene standard curve generated from absorbance as a function of
beta-carotene concentrations.

135



Beta-carotene solutions in n-hexane with the concentrations of 10, 75 and 100 pg/ml
were selected to assess the intra-day precision and accuracy of the spectrophotometric
method used in this study for the determination of beta-carotene content. Besides, 75
pg/ml was selected to determine the inter-day precision and accuracy of this method.
Tables 6.2 and 6.3 illustrate the results of the intra-day and inter-day precision and
accuracy, respectively. When beta-carotene concentration was 10 pg/ml, the recovery
was a little poor being measured at 103.6% (Table 6.2). As for the 75 and 100 pg/ml
beta-carotene solutions for the intra-day accuracy and the 75 pg/ml beta-carotene
solutions for the inter-day accuracy, the recovery values ranged from 98.9% to 100.4%,
indicating a high accuracy. In other words, the measured values were in good
agreement with the true values. Apart from these, the results of RSD of all the three
different concentrations of beta-carotene solutions in five different time points in the
same day was less than 1% (Table 6.2). The RSD of 75 pg/ml beta-carotene solution
in three consecutive days was also less than 1% (Table 6.3). Therefore, it can be

concluded that the method used was also precise enough.

Table 6.2 Summary of intra-day precision and accuracy test. Data are presented as the
mean and standard deviation of two independent measurements with duplicate (n = 4).

Theoretical
conszrfr;:iin Measured Accuracy Precision
concentration (ug/ml) | (% recovery) (% RSD)
(ug/ml) v
10 10.364 + 0.097 103.64 0.93
Intra-day 75 75.280 +0.141 100.37 0.19
100 101.484 +0.142 101.48 0.14
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Table 6.3 Summary of inter-day precision and accuracy test. Data are presented as the
mean and standard deviation of two independent measurements with duplicate (n = 4).

Theoretical Measured ..
concentration | Day concentration (yAccuracy i;eifslgn
(ug/ml) (ug/ml) (% recovery) | (% )
1 75.313 £ 0.026 100.42 0.03
Inter-day 75 2 74.180 + 0.143 98.91 0.19
3 74.195 £ 0.030 98.93 0.04

6.4.2  Solubility of beta-carotene

On the basis of the standard curve shown in Figure 6.2, the solubility of beta-carotene
in a certain material (oils, surfactants, cosurfactant and cosolvent) could be obtained
as shown in Table 6.4. It can be concluded that among all the oils, lemon oil had the
highest beta-carotene solubility (334.57 pg/ml), which was followed by Capmul 708G
(159.04 pg/ml) and Capmul MCM C8 (148.33 pg/ml). In terms of triglyceride oil, the
solubility of beta-carotene in peanut oil was significantly lower as 95.27 pg/ml than
that in Captex 355 (125.45 pg/ml) and fractionated coconut oil (119.83 pg/ml). As
shown in Table 3.2 in Chapter 3, peanut oil is a type of triglyceride oil esterified with
a mixture of many different fatty acids whereas fractionated coconut oil is also
triglyceride oil but contains mainly medium chain fatty acids (e.g. 57.6% caprylic acid
and 42.4% capric acid). indicating the effect of fatty acid chain length on the solubility
of beta-carotene. Captex 355 is also a triglyceride oil with medium chain fatty acids
(57.2% caprylic acid, 42.1% capric acid and 0.7% lauric acid). The results obtained in
this study were in consensus with the studies reported by Borel et al. (1996), who
illustrated beta-carotene solubility decreased with an increase in the fatty acid chain
length of triglycerides. The results in Table 6.4 also indicate that monoglyceride oil
(Capmul 708G) had the highest beta-carotene solubility compared to diglyceride
(Capmul MCM C8) and triglyceride oils (peanut, fractionated coconut oil, Captex
355). In case of PG esters, Captex 100 and Capmul PG-8 had the similar beta-carotene

solubility, which was slightly higher than Capmul PG-12 and PG-2L. The reason
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might be due to the fact that both Capmul PG-12 and PG-2L are comprised of lauric
acid compared to Captex 100 and Capmul PG-8 with a shorter chain fatty acid, such
as capric acid and caprylic acid, respectively. As to surfactants, cosurfactant and
cosolvent, beta-carotene solubility in Tween 80 was the highest being 34.19 pg/ml.
According to Roohinejad et al. (2015) who also studied the solubility of beta-carotene
in Tween 20, 40 and 80, Tween 80 was shown to have the highest beta-carotene
solubility, which was followed by Tween 20. The solubility of beta-carotene in ethanol

and PG were relatively lower, especially in PG being 4.86 pg/ml.

Table 6.4 Solubility of beta-carotene in different types of oils and surfactants, ethanol
and PG. Data are presented as the mean and standard deviation of two independent
measurements with duplicate (n =4). Data were divided into two groups, in which oils
were in the same group and surfactants were in the same group including ethanol and
PG. Data were analysed using one-way ANOVA with Tukey test. In each group,
different superscripts represent a significant difference.

Material types Solubility (png/ml)
Lemon oil 334.57 £0.87°
Capmul 708G 159.04 £ 0.36°
Capmul MCM C8 148.33 + 0.44°
IPM 134.51 + 2.664
Captex 355 125.45 +£0.74¢
Oils Fractionated coconut oil 119.83 + 0.84f
Capmul PG-8 116.43 £ 0.23'
Captex 100 111.63 +1.37¢
Capmul PG-12 105.11 £ 0.70"
Capmul PG-2L 102.95+0.18"
Peanut oil 95.27 £ 0.40'
Tween 80 34.19 £0.49*
Tween 20 30.20 £ 0.67°
Tween 60 28.20 £0.15¢
Surfactants
Tween 40 26.11 £ 0.574
Kolliphor 25.35+0.144
Span 80 19.67 +£0.22¢
Cosurfactant Ethanol 17.62 £ 0.14f
Cosolvent PG 4.86 £ 0.468
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6.4.3  Particle size alteration during storage

The particle sizes of beta-carotene-loaded emulsions containing 0.1%, 0.4% and 1.5%
lemon oil were measured after preparation which were 13.68, 79.06 and 177.89 nm in
diameter, respectively. However, the particle sizes were reduced to 12.28, 30.61 and
167.49 nm, respectively, after 1-day storage at ambient temperature. As a result, 0.1%
and 0.4% lemon oil emulsions were regarded as microemulsions (< 50 nm) while 1.5%
lemon oil emulsion was classified as a macroemulsion (conventional emulsion) (> 100
nm). The decrease in the particle size of oil droplets during storage might be due to
the formation of an equilibrium particle size with some lemon oil droplets being
transferred into Tween 80 micelles, resulting the formation of smaller oil droplets.
Table 6.5 shows the mean particle size and PDI of 0.1%, 0.4% and 1.5% lemon oil
emulsions without or with beta-carotene after storage at ambient temperature for 1 day.
It can be seen that the encapsulation of beta-carotene increased the particle size of
microemulsions containing 0.1% and 0.4% lemon oil (p < 0.05). But their particle
sizes were still within the range of microemulsion, which was also confirmed by visual
observation with their optical appearance being transparent (Figure 6.7). On the other
hand, the particle size of 1.5% lemon oil macroemulsion did not significantly change
although that of beta-carotene-loaded emulsion was slightly smaller than that of blank
emulsion. In terms of PDI, the incorporation of beta-carotene increased the PDI of 0.1%
lemon oil microemulsion significantly (p<0.05) but decreased the PDI of 1.5% lemon
oil macroemulsion significantly (p>0.05). PDI did not change after incorporation of

beta-carotene into 0.4% lemon oil microemulsion.
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Table 6.5 Particle size and PDI of blank and beta-carotene-loaded emulsions
containing 0.1%, 0.4% and 1.5% lemon oil after storage for 1 day.

Blank emulsion Loaded emulsion
Lemon oil Particle size PDI Particle size PDI
(d.nm) (d.nm)
0.1% 10.18 £ 0.26 0.21+£0.01 12.28 £ 0.29 0.34 +£0.02
0.4% 21.95+0.94 0.67 +0.03 30.61 +£1.25 0.67 £0.10
1.5% 176.93 £2098 | 0.38+0.03 | 167.49 +3.67 0.29 +£0.01

In terms of beta-carotene encapsulated 0.1% and 0.4% lemon oil microemulsions, their
particle size alteration during storage for 1 month at different storage conditions is
shown in Figure 6.3. After being blanketed with nitrogen gas, beta-carotene loaded
0.1% lemon oil microemulsion was only stored at ambient temperature (25 °C) under
dark condition. After 1 week, the particle size of this microemulsion did not
significantly change but it was reduced from 12.3 nm at the first day to 10.7 nm after
1 month. However, for beta-carotene encapsulated 0.4% lemon oil microemulsion, it
was stored at three different temperatures (4, 25 and 37 °C). At 4 and 37 °C, this
microemulsions was stored under dark condition after flushing with nitrogen. At 25 °C,
this microemulsion was subjected to four different storage conditions: with oxygen
and light (YY), without oxygen and light (NN), with oxygen but without light (YN),
and without oxygen but with light (NY). Figure 6.3 shows that the particle size of 0.4%
lemon oil microemulsions decreased to some extent during storage regardless of the
storage conditions. It clearly illustrates that the particle size of this microemulsion did
not change too much when it was stored at 4 °C, which may indicate that beta-carotene
was the most stable at this condition. On the contrary, when it was stored at 37 °C, its
particle size was reduced significantly being changed from 30 nm at 1 day to 10.3 nm
after 1 month. When it was stored at 25 °C under dark condition without oxygen (NN),
the size was decreased to 15.2 nm after storage for 1 month. The difference in the

extent of changes in the particle size of microemulsion oil droplets at different storage
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temperatures was thus attributable to the fact that beta-carotene was unstable at higher
temperature. On the other hand, when beta-carotene-loaded 0.4% lemon oil
microemulsion was stored at 25 °C but subjected to oxygen and light (YY), its particle
size dropped significantly to 9.8 nm only after 1 week, while remained constant
afterwards. As mentioned before, beta-carotene is unstable when exposed to light and
oxygen, so, the change in particle size was expectable during storage. However, when
microemulsion was only subjected to one of the storage conditions (e.g. temperature,
oxygen and light), the change in particle size of the microemulsion was not as
pronounced as the microemulsions stored without both oxygen and light. Specifically
speaking, when this microemulsion was stored in an environment with oxygen, its
particle size was higher than that of microemulsion subjected to light until stored for
2 weeks. But after that, the microemulsion which was subjected to light had a constant
particle size, whereas there was a significant particle size reduction from 11.8 to 9.8
nm when exposed to oxygen. The results indicate that both oxygen and light caused
the degradation of beta-carotene, but it was not clear from Figure 6.3 which factor had

a stronger influence on the instability of beta-carotene.
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Figure 6.3 Particle size changes of beta-carotene loaded 0.1% and 0.4% lemon oil
microemulsions during storage at different environmental conditions for 1 month.
Data are presented as the mean and standard deviation of two independent
measurements with duplicate (n = 4) and error bars mean standard deviation. Data
were analysed using one-way ANOVA with Tukey test. Different numbers represent a
significant difference (P<0.05).

As to beta-carotene-loaded macroemulsion containing 1.5% lemon oil, its particle size
change is shown in Figure 6.4. The results indicate that during storage under dark
condition without oxygen, its particle size was between 150 and 180 nm and seemed
to have no significant change. Figure 6.6 shows that the PSD of these emulsions were
similar with three peaks, one of which being located in the range of particle size greater
than 1000 nm, regardless of storage duration. It should be noted that lemon oil has
relatively high water solubility (Rao and McClements, 2012b), as described in Chapter
4, which can cause its oil droplets to undergo the Ostwald ripening process. This is
believed to be the main reason why there existed a large population of large droplets
in the PSD curves shown in Figure 6.5. Ostwald ripening is a process which involves
the diffusion of oil molecules from small droplets to large droplets (Wooster et al.,
2008) and it can accelerate the rate of phase separation indirectly as well as other
demulsification process (Sjoblom, 1996, Friberg et al., 2004). In the current

experiment, phase separation happened (photo not shown) so the measured particle
142



size might not be very accurate.
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Figure 6.4 Particle size change of 1.5% lemon oil macroemulsion encapsulating beta-
carotene during storage under dark condition without oxygen at 25 °C for 1 month.
Data are presented as the mean and standard deviation of two independent
measurements with duplicate (n = 4) and error bars mean standard deviation. Data

were analysed using one-way ANOVA with Tukey test. Different numbers represent a
significant difference.
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Figure 6.5 Particle size distribution of 1.5% lemon oil macroemulsion encapsulating
beta-carotene during storage under dark without light at 25 °C for 1 month.
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6.4.4  Colour alteration during storage

Beta-carotene belongs to the group of carotenoids found in plants (e.g. fruits and
vegetables) as red, orange and yellow pigments (Henry et al., 2000). It is sensitive to
degradation against light, oxygen and high temperature, resulting in a loss of its colour
(Frederiksen et al., 2003, Gurak et al., 2014, Roa et al., 2017). Figure 6.6 illustrates
the results of colour changes of emulsion samples which were measured using a colour
spectrophotometer during storage for 1 month at different storage conditions. The
colour measurement was expressed as CIE L*, a* and b* values. The emulsion
samples analysed for their colour were beta-carotene incorporated 0.1% and 0.4%
lemon oil microemulsions. For 1.5% lemon oil macroemulsion, it had phase separation
during storage, making it difficult to measure its colour correctly, hence, L*, a* and
b* values of 1.5% lemon oil macroemulsions were not included in Figure 6.6. Figure
6.7 shows the pictures of beta-carotene incorporated 0.1% and 0.4% lemon oil
microemulsions and 1.5% lemon oil macroemulsions taken during storage at different
conditions for 1 month. It should be mentioned that the content of beta-carotene
encapsulated in 0.1% and 0.4% lemon oil microemulsions and 1.5% lemon oil
macroemulsion measured after preparation storage for 1 day to be 15.39, 61.95 and

180.31 pg/ml, respectively.

It can be seen from Figure 6.6 that after preparation and after 1 day storage, the L*
value of 0.1% microemulsion was higher than that of 0.4% microemulsion, indicating
it is brighter in colour against lightness/darkness, while its a* and b* values were both
positive, indicating redness and yellowness, respectively, but lower than those of 0.4%
lemon oil microemulsions. This implies the colour saturation (intensity) of 0.1%
lemon oil microemulsion sample was not strong as compared to that of 0.4%
microemulsion. The reason for a* and b* values being smaller for the 0.1% lemon oil
microemulsion was due to the concentration of beta-carotene encapsulated being

lower in the 0.4% lemon oil microemulsion as mentioned above. The results obtained
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could be also partly attributed to the particle size of 0.1% microemulsion which was
much smaller than that of 0.4% microemulsion, as shown in Section 6.4.3 in this
chapter. McClements (2002) reported the similar findings that L* value increased and
a* and b* values decreased when the particle size of emulsion oil droplets decreased
from 10 to 0.1 pm. Besides, the L* values of emulsion samples, especially 0.4% lemon
oil microemulsion, appeared to be significantly increased during storage after 1 day
compared to that after preparation (0 day). On the other hand, the a* value decreased
but b* value increased significantly during the same time period. This means that the
sample was less red but more yellow. A significant increase in the L* value for the 0.4%
lemon oil microemulsion after 1 day storage might be partly attributable to the
shrinkage of oil droplets due to the diffusion and transfer of lemon oil into Tween 80
micelles that could still take place after the emulsion preparation, resulting in a

decrease in mean particle size of the emulsion oil droplets.

During storage, generally speaking, L* value increased, a* and b* values decreased
from all the samples. However, it should also be mentioned that the a* and b* values
of 0.4% lemon oil microemulsion remained stable when stored at 4 °C under dark
without oxygen, indicating almost no degradation of beta-carotene at cold storage
temperature. But when it was stored at higher temperatures of 25 and 37 °C, the colour
intensity was significantly decreased, particularly the samples exposed to both oxygen

and light during storage which caused the degradation of beta-carotene.
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Figure 6.6 Change in colour of beta-carotene incorporated lemon oil microemulsions
(0.1% and 0.4% lemon oil) during storage for 1 month under different conditions. (a)
L* value (lightness), (b) a* value (redness) and (c) b* value (yellowness). Data are
presented as the mean and standard deviation of two independent measurements with
duplicate (n = 4) and error bars mean standard deviation.
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As it was reported by other researchers, total colour difference (A E*) was employed
to determine the total colour change between samples (Qian et al., 2012a). AE* can

be calculated by Equation 6.3:

AE*=/(L* — Ly)? + (a* — ay)? + (b* — b)? [6.3]
where L*, a* and b* represent the measured colour values of microemulsions at day
1, while L*y, a*o and b*) mean the measured colour values of the microemulsions
during storage. The AE* values of 0.1% and 0.4% lemon oil microemulsions are
shown in Figure 6.8. It can be seen clearly that the biggest total colour difference
(change) occurred from the 0.4% lemon oil microemulsion (0.4%25C YY) that was
stored at 25 °C but was subjected to oxygen and light. This was followed by the
microemulsion samples which were 0.4%25C NY stored at 25 °C without oxygen and
with light exposure and 0.4%37C stored at 37 °C without both oxygen and light. This
suggests that light could be a more significant factor to cause beta-carotene
degradation leading to its colour change compared to the effect of temperature
between 25 and 37 °C on the total colour change. The results of AE* values seemed
to be in agreement with the results obtained from particle size determination (Figure
6.3). Moreover, from the second week onwards, the AE* value of 0.4% lemon oil
microemulsion (0.4%25C YY) remained relatively constant, which was because the
a* and b* values did not change too much, at almost zero. This means the redness and
yellowness of this microemulsion almost disappeared, which could be apparently
confirmed by the results shown in Figure 6.6. This result was in accordance with visual
observation shown in Figure 6.7, which showed that after storage for two weeks, 0.4%

lemon oil microemulsion became clear.
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Figure 6.7 Pictures of beta-carotene encapsulated lemon oil microemulsions (0.1%
and 0.4% lemon oil) and macroemulsion (1.5% lemon oil) during storage at different
storage conditions. (a) after preparation, (b) after 1 day, (c) after 3 days, (d) after 1

week, (e) after 2 weeks, (f) after 3 weeks, and (g) after 1 month.

148



While other storage conditions kept the same (without light and oxygen), the
difference in temperature had an effect on the colour difference between 0.4% lemon
oil microemulsions. To be specific, higher temperature resulted in the faster colour
fading, meaning the rate of beta-carotene degradation was accelerated. This
phenomenon was in good consensus with the findings reported by Qian et al. (2012b,
2012a), who studied the effect of storage temperature on the total colour difference of
beta-carotene encapsulated orange oil-in-water nanoemulsions. They showed that
colour fading increased with increasing temperature from 20 to 55 °C. When the lemon
oil concentration of microemulsion was 0.1% and the microemulsion was stored at
25 °C without the influence of oxygen and light, the colour fading rate was also
relatively very low. On the other hand, it was interesting that when 0.4% lemon oil
microemulsion was stored at 25 °C without exposure to oxygen and light, its colour
fading was the slowest. All the aforementioned results were in agreement with those
obtained from the particle size determination. However, it can be seen clearly from
Figure 6.8 that the colour fading rate of 0.4%25C NY was much faster than that of
0.4%25C YN as already mentioned above, which might mean that the influence of

light on the degradation of beta-carotene was larger than oxygen did.
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Figure 6.8 Total colour difference (A E*) of beta-carotene encapsulated lemon oil (0.1%
and 0.4%) microemulsions measured during storage for 1 month at different
environmental conditions. Data are presented as the mean and standard deviation of
two independent measurements with duplicate (n = 4) and error bars mean standard
deviation.

6.4.5 Changes in beta-carotene content in emulsions during storage

Microemulsions and macroemulsions were analysed for their content of beta-carotene
during storage at different environmental conditions. A UV-visible spectrophotometer
was employed to measure the absorbance values of the extracted beta-carotene in n-
hexane to determine the contents of beta-carotene using the equation obtained in
Section 6.4.1. Beta-carotene contents in 0.1% and 0.4% lemon oil microemulsions and
1.5% lemon oil macroemulsion after storage for one day were 15.39 + 0.32, 61.95 +
1.43 and 180.31 + 3.49 pg/ml, respectively. Blank samples containing beta-carotene
were prepared by dissolving in n-hexane and then stored under the same conditions as
the related emulsion samples. The measured beta-carotene concentrations of the blank
samples were 15.19 +0.08, 61.97 = 0.14 and 181.33 + 0.66 pg/ml, which were almost
close to the beta-carotene content of micro- and macroemulsion samples. The stability
of beta-carotene in emulsion and blank samples during storage was monitored by beta-
carotene retention, which was calculated by (Ct/C0) x 100 (Ariviani et al., 2015, Chen

and Zhong, 2015). In this equation, Ct means the content of beta-carotene during
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storage for a certain time period (t) and CO represents the content of beta-carotene at

initial.

It can be seen clearly from Figure 6.9 (a) that beta-carotene retention was the highest
when 0.4% lemon oil microemulsion was stored at 4 °C without the effect of oxygen
and light. After storage for 1 month, 56% of beta-carotene was still retained in this
microemulsion, which was significantly (p < 0.05) higher than that in the
microemulsions stored at 25 and 37 °C without being exposed to oxygen and light.
When it was stored at 37 °C, only 20% of beta carotene remained in the microemulsion
after storage for one month. Furthermore, regardless of storage conditions, 0.4%
microemulsion could efficiently protect beta-carotene from degradation compared to
the blank sample containing beta-carotene dissolved in n-hexane. Even being stored
at 4 °C, 79% beta-carotene was degraded after 1 month when it was not encapsulated

in emulsions but dissolved in n-hexane solution.

Figure 6.9 (b) shows that when 0.4% lemon oil microemulsion was stored at 25 °C to
study the influence of oxygen and light, the microemulsion which was not exposed to
oxygen and light had the highest retention percentage of beta-carotene after 1-month
storage. But if it was stored in contact with both oxygen and light, beta-carotene was
completely degraded after 2 weeks. Moreover, only after 3 days, almost 30% of beta-
carotene was degraded when it was stored under the environment of contacting oxygen
and light. As to 0.4%25C NY and 0.4%25C YN samples, beta-carotene was degraded
faster when it was subjected to oxygen instead of light, which is in good agreement
with the findings of colour change described in Section 6.4.4. In details, after 1-month
storage, 35% beta-carotene remained if this microemulsion was only subjected to
oxygen, but this figure was substantially reduced to 15.9% when this microemulsion
was subjected to light rather than oxygen. Same to what is shown Figure 6.9 (a), beta-

carotene was degraded much faster in solvent solutions when not encapsulated. When
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it was exposed to both oxygen and light, it was completely degraded even within 1

week.

0.1% lemon oil microemulsion and 1.5% lemon oil-loaded macroemulsion were also
employed to study the retention rate of beta-carotene in these emulsions during storage
at 25 °C without being exposed to oxygen and light. After storage for 1 month, 0.1%
lemon oil microemulsion had significantly (p < 0.05) lower beta-carotene retention
percentage than 1.5% lemon oil-loaded macroemulsion, but the beta-carotene
retention percentage in these two emulsion delivery systems was both lower than that
in 0.4% lemon oil-in-water microemulsion. 0.4% lemon oil-loaded microemulsion had
a higher ratio of surfactant to oil, which might be the reason for its stronger protection
of beta-carotene against degradation than 1.5% loaded conventional emulsion (Teo et
al., 2016). In the present study, the ratio of surfactant to oil in 0.4% lemon oil

microemulsion was 5, while that in 1.5% lemon oil macroemulsion was 1.3.

Compared to n-hexane, all these three types of emulsions could provide protection of
beta-carotene against degradation during storage. When beta-carotene was
encapsulated into 0.4% lemon oil-in-water microemulsions, which was then stored at
4 °C and at the environment without direct contact with oxygen and light, it had the

lowest degradation rate.
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Figure 6.9 Stability of beta-carotene in 0.1% and 0.4% microemulsions and 1.5%
macroemulsion (full line) and related blank samples (dotted line) during storage for 1
month at different environmental conditions. (a) 0.4% lemon oil microemulsion stored
at different temperatures (4, 25 and 37°C) without oxygen and light, (b) 0.4% lemon
oil microemulsions stored at 25°C with and without oxygen and/or light, and (c) 0.1%,
0.4% and 1.5% lemon oil emulsions stored at 25°C without oxygen and light. Data are
presented as the mean and standard deviation of two independent measurements with
duplicate (n = 4) and error bars mean standard deviation.
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Ariviani et al. (2015) introduced 4 different storage conditions to study the stability of
beta-carotene enriched VCO (virgin coconut oil)-in-water or palm oil-in-water
microemulsions. In detail, these microemulsions were stored at 4 °C and 15 °C as well
as at ambient temperature in a dark environment with and without heat treatment at
105 °C for 5 hours. The authors stated that beta-carotene in microemulsion which was
subjected to heat treatment had lower degradation rate compared to the one without
heat treatment. Beta-carotene tends to form crystal when its concentration is higher
than its saturation point. So, in this study, heat treatment helped the crystallised beta-
carotene to dissolve into the oil phase, which reduced the degradation rate of beta-
carotene. Furthermore, degradation rates of beta-carotene in palm oil microemulsion
stored at 4 °C and 15 °C were not significantly different from each other, while they
were significantly lower than those stored at ambient temperature. After 12 weeks, the
retention percentage of beta-carotene in VCO microemulsion at 4 °C was much higher

than that stored at 15 °C.

In another study conducted by Chen and Zhong (2015) who fabricated beta-carotene
loaded peppermint oil-in-water microemulsion which was emulsified by Tween 20 and
lecithin using the PIT method, the stability of beta-carotene was dramatically
increased after its encapsulation into the microemulsion system. When beta-carotene
was dissolved into ethyl acetate solution as the control sample, it was degraded quickly
up to 50% after 1 day and only 1.9% remained stable after 5-day storage. They also
studied the effect of lecithin on the stability of Tween 20-stabilised peppermint oil-in-
water microemulsion, noticing the addition of lecithin into the system substantially
increased the retention rate of beta-carotene and the increase in lecithin concentration
significantly improved the stability of beta-carotene. After stored for 15 days, 50%
and 75% beta-carotene were still retained in the microemulsion with 1% and 3%
lecithin, respectively. Besides, after storage for 65 days, there was 20% of beta-

carotene still existing in the microemulsion with 3% lecithin, while the system without
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lecithin only had less than 5% beta-carotene remained. Moreover, beta-carotene was
completely degraded if the control solution was kept at 60 and 80 °C for 2 hours and
4 hours, respectively. However, after incubation at 60 °C for 16 hours, 35%, 55%, 60%
and 64% beta-carotene were remained if beta-carotene was encapsulated into the
microemulsions with 0%, 1%, 2% and 3% lecithin. Even kept at 80 °C, 61% of beta-

carotene still existed in the microemulsion which had 3% lecithin.

According to the studies reported by Chen and Zhong (2015), beta-carotene
degradation data during storage were fitted into a first order kinetic model (Equation
6.4):

In (Ct/CO0) =-kt [6.4]
where k means the degradation rate constant and Ct and CO mean the content of beta-
carotene during storage for a certain time period (t) and at initial, respectively. Besides,
half-life of beta-carotene (t12) was accordingly obtained by Equation 6.5:

tio= - In (0.5) k! [6.5]

Table 6.6 summarizes the degradation rate constant, half-life and coefficient of
determination of beta-carotene degradation during storage when it was fitted into the
first order kinetic equation. It can be concluded from the results shown in Table 6.6
that beta-carotene degradation was a typical first order kinetic since the coefficient of
determination values ranged from 0.9507 to 1.0000. When 0.4% lemon oil-loaded
microemulsion was kept at 25 °C and subjected to oxygen and light, half-life of beta-
carotene was only 2.19 days, which was 19 times shorter than when it was stored at

4 °C and without the effect of oxygen and light.
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Table 6.6 Degradation rate constant (k), half-life (t12) and coefficient of determination
(R?) of beta-carotene degradation during storage in 0.1% and 0.4% lemon oil-loaded
microemulsions and 1.5% lemon oil macroemulsion as well as their blank (control
samples) when beta-carotene degradation was fitted into the first order kinetic
equation. Data are presented as the mean and standard deviation of two independent

measurements with duplicate (n = 4).

Sample Condition k(d") R? ti2 (d)
0.1% microemulsion 25C NN | 0.0471 £0.0045 | 0.9758 £0.0185 | 14.83 +1.42
1.5% macroemulsion 25CNN | 0.0321 £0.0009 | 0.9848 £0.0021 | 21.60£0.61
4C NN 0.0182 £0.0006 | 0.9507 £0.0237 | 38.01 £ 1.18
37C NN | 0.0522 £0.0020 | 0.9719 =0.0060 | 13.30 +0.51
0.4% microemulsion 25CNN | 0.0273 £0.0003 | 0.9749 £ 0.0116 | 25.41 +£0.24
25CYY | 0.3171£0.0111 | 0.9721 £0.0034 | 2.19 £0.08
25CNY | 0.0589 £0.0027 | 0.9698 +£0.0094 | 11.79 £0.52
25CYN | 0.0334+£0.0008 | 0.9716 =0.0076 | 20.74 +0.49
Blank 0.1% 25C NN | 0.0784 £ 0.0037 | 0.9920 +0.0020 | 8.85+0.42
Blank 1.5% 25C NN | 0.0509 £ 0.0004 | 0.9905 £ 0.0008 | 13.62+0.11
4C NN 0.0493 = 0.0003 | 0.9925 £ 0.0007 | 14.06 = 0.07
37C NN | 0.0802 =0.0005 | 0.9728 £0.0007 | 8.64 +0.06
25C NN | 0.0640 +0.0002 | 0.9928 +0.0005 | 10.83 +0.04
Blank 0.4%
25CYY | 0.5257+0.0019 | 1.0000 £ 0.0000 | 1.32+0.00
25CNY | 0.1013£0.0011 | 0.9834 +0.0008 | 6.84 £0.08
25CYN | 0.0739 £0.0008 | 0.9874 £0.0003 | 9.37+0.10
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6.5 Conclusions

This study focused on determining the effects of microemulsion encapsulation on the
effect of environmental conditions (temperature, oxygen and light) to show the
advantage of microemulsion which was fabricated by emulsion dilution method. 0.1%
and 0.4% lemon oil-in-water microemulsion and 1.5% lemon oil-in-water
macroemulsion were studied. The incorporation of beta-carotene had a significant
effect on the particle size of 0.1% and 0.4% lemon oil microemulsions, but they still
remained within a particle size range defined as microemulsion. During storage,
temperature, oxygen and light all influenced the degradation rate of beta-carotene.
Specifically speaking, when 0.4% lemon oil-loaded microemulsion was stored at
different temperatures without contacting oxygen and light, lower temperature
substantially reduced the degradation rate of beta-carotene. Moreover, if this
microemulsion was kept at ambient temperature but was subjected to oxygen and light,
it was degraded very fast. At this storage condition, the microemulsion lost its yellow-
reddish colour, i.e., became colourless, after 2 weeks. Obviously, the highest
percentage of beta-carotene was retained after 1 month if neither oxygen nor light was
applied to this microemulsion. It is also found in this study that the degradation rate
of beta-carotene was higher when it was exposed to light compared to the condition
when it was only exposed to oxygen. Apart from these, both 0.1% lemon oil-loaded
microemulsion and 1.5% lemon oil-loaded macroemulsion had higher degradation rate

of beta-carotene than 0.4% oil-loaded microemulsion.

Overall, this study provides some useful information about the stability of beta-
carotene in microemulsions and macroemulsions during storage at different
environmental conditions and about which storage condition and delivery system

might be the most efficient in the protection of bioactive compounds from degradation.
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Chapter 7 Encapsulation of beta-carotene into

microemulsions using water titration method

7.1 Abstract

Beta-carotene is the most widespread carotenoid which is also the most active
precursor of vitamin A and may reduce the risk of heart disease and some cancers.
However, beta-carotene is unstable to oxidative degradation, therefore, a certain type
of system is required to encapsulate beta-carotene. In this study, water titration method
was utilised to produce blank and beta-carotene encapsulated microemulsions along
the dilution line W19 of a mixture system consisting of Capmul 708G, Tween 80,
Milli-Q water and PG (the ratio of water to PG was 1:1). Viscosity and conductivity
were determined from both blank and beta-carotene-loaded microemulsions. The
results indicate that the encapsulation of beta-carotene did not significantly alter the
properties of its corresponding blank microemulsions without containing beta-
carotene, except for its particle size being significantly higher than that of blank

microemulsions.

In this study, beta-carotene encapsulated O/W microemulsion (L990) containing 1%
Tween 80, 9% Capmul 708G, 45% water and 45% PG as well as W/O microemulsion
(L910) containing 9% Tween 80, 81% Capmul 708G, 5% water and 5% PG were
fabricated to study the effect of microemulsions on the oxidative degradation rate of
beta-carotene. These two systems were stored under different environmental
conditions. Specifically speaking, 3 different temperatures (4, 25 and 37 °C) were used
for storage. At 4 and 37 °C, the emulsion samples were stored under dark and without
oxygen. On the other hand, at 25 °C, 4 different storage conditions were used; with
oxygen and light (YY), without oxygen and light (NN), with oxygen and without light

(YN) and without oxygen and with light (NY).

158



Both the analysis of total colour difference (A E*) and beta-carotene content showed
the same results that when L910 and L990 microemulsions containing beta-carotene
were stored at 4 °C under dark without oxygen, beta-carotene had the lowest
degradation rate. Higher temperature accelerated the degradation rate of beta-carotene.
When it was kept at 25 °C and exposed to oxygen and light (25C YY), the sample had
the highest beta-carotene degradation which was found to be completely degraded
when L910 microemulsion sample was kept at this condition for one month. In terms
of the factor between oxygen and light, beta-carotene was degraded faster when it was
subjected to light rather than oxygen in both L910 and L990 microemulsions. In
addition, the stability of beta-carotene encapsulated in L910 or L990 microemulsion
system was compared with the beta-carotene control sample (i.e. beta-carotene in n-
hexane solution). The degradation rate of the former was much lower than that in n-
hexane solution, meaning both L910 and L990 microemulsion systems could protect
beta-carotene from degradation during storage. However, between these two
microemulsions, the protection of beta-carotene against its degradation was stronger
in L990 O/W microemulsion than in L910 W/O microemulsion. This may be due to
the fact that beta-carotene was dispersed in the oil phase which was the internal phase

of LI10.

This study provides information about the effects of different environmental
conditions on the stability of beta-carotene that was encapsulated in O/W and W/O
microemulsions during storage which were fabricated by water titration method. The
results indicate that microemulsion could be a good delivery system to encapsulate

and protect beta-carotene against oxidative degradation.

7.2 Introduction

Microemulsion is defined as a thermodynamically stable emulsion system which can
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be formed spontaneously without using a high mechanical shear force (e.g. high
pressure homogenization, ultrasonication) (Flanagan and Singh, 2006). Nevertheless,
a certain type of external energy, such as stirring and heating, is often applied when
preparing microemulsions. Water titration method which involves the titration of a
surfactant and oil mixture with an aqueous phase under continuous stirring has been
used to fabricate microemulsions (Garti et al., 2003, Feng et al., 2009a, Fanun, 2010,
Yi et al., 2012). Microemulsion is a clear system in its optical properties which has a
potential for its utilisation in making foods or beverages without altering their original
clear appearance and matrix. Moreover, microemulsions are can be utilised as a

delivery system by encapsulating labile bioactive substances.

Microemulsions have been investigated for applications in pharmaceutical (Garti et
al., 2006, Aboudzadeh et al., 2018), cosmetics (Garti et al., 2004, Valenta and Schultz,
2004, Volpe et al., 2018) and food (Amar et al., 2004, Flanagan and Singh, 2006, Feng
et al., 2009b), to incorporate and deliver water insoluble and/or oil insoluble active
compounds. Based on Flanagan and Singh (2006), extremely small particle size results
in large surface area of oil particles in O/W microemulsion, which leads to the rapid
absorption of incorporated compounds. As such, microemulsion has been shown to
increase the bioavailability of enveloped active compounds (He et al., 2010, Hu et al.,
2012, Xiao et al., 2013). In addition, microemulsion system is able to control the
release of incorporated active compounds (Feng et al., 2009b, Aboudzadeh et al.,

2018).

Many different types of bioactive compounds have been encapsulated into
microemulsion systems via the water titration method, such as curcumin (Hu et al.,
2012, Lin et al., 2012, Xiao et al., 2013), beta-carotene (Chen and Zhong, 2015,
Roohinejad et al., 2015, Cheng et al., 2017), lycopene (Spernath et al., 2002, Garti et

al., 2004), lutein (Amar et al., 2004), CoQ10 (Deutch-Kolevzon et al., 2011, Chen et
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al., 2015) and vitamin E (Feng et al., 2009b). It is well documented that
microemulsions could also enhance the solubility of bioactive compounds (Garti et al.,
2004, Deutch-Kolevzon et al., 2011, Chen et al., 2017, Cheng et al., 2017) and protect

them from degradation (Szymula, 2004, Chen and Zhong, 2015, Chen et al., 2017).

In a study conducted by Chen et al. (2017), alpha-linolenic (ALA) encapsulated
microemulsion containing castor oil ethoxylates 35 (EL-35), ethanol, isoamyl acetate
and water was prepared by using the water titration method. The solubility of ALA in
microemulsion was much higher than that in pure oil phase. Also, the solubility of
ALA was increased with increasing surfactant concentration and the degradation of
ALA in microemulsion was much lower than that in pure oil phase (26.3% versus 50%
after storage for 10 days). However, when vitamin C was added into the water phase

of the microemulsion, only 12.7% of ALA was lost during 10-day storage at 20 °C.

In another study, beta-carotene encapsulated microemulsion which was comprised of
pentanol, SDS and water was fabricated by Szymula (2004) by the water titration
method, finding beta-carotene was more easily to be oxidized in O/W microemulsion
than in pentanol, W/O microemulsion and bicontinuous microemulsion. The reason
for this phenomenon might be caused by the fact that the concentration of oxygen,
which was one of the reasons for oxidation, in the organic phase was much higher than

in the water phase.

It was shown in Chapter 5 that when the pseudo ternary phase diagram was constructed
by Tween 80, Capmul 708G, PG and water (ratio of PG to water was 1:1), At was
100%, meaning every formulation in the pseudo ternary phase diagram formed a
certain type of microemulsion (e.g. W/O, O/W and bicontinuous microemulsion) via
the water titration method. In Chapter 6, emulsion dilution method was utilised to

fabricate beta-carotene encapsulated lemon O/W microemulsions (0.1% and 0.4%
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lemon oil) and macroemulsions (1.5% lemon oil). These micro- and macroemulsions
were stored under different environment conditions (e.g. temperature, oxygen and
light) to study their effects on the stability of beta-carotene. It was concluded that
temperature, oxygen and light all accelerated the degradation of beta-carotene. When
stored at 4 °C under dark condition without oxygen, 0.4% lemon oil microemulsion
provided the strongest protection to beta-carotene against degradation. In this study
(Chapter 7), two microemulsion systems (L910 W/O microemulsion and L990 O/W
microemulsion), which were composed of Tween 80, Capmul 708G, PG and water
and produced by water titration method, were chosen from the results of Chapter 5 for
encapsulation of beta-carotene to investigate its effect on the physicochemical
properties of microemulsions. The microemulsions encapsulating beta-carotene
prepared were then analysed during storage for 1 month at different temperatures (4,
25 and 37 °C) with and without oxygen and light to study their effects on the stability

of beta-carotene.

7.3 Materials and methods

7.3.1  Materials

Capmul 708G, Tween 80, PG and beta-carotene powder (= 93%, UV) were
purchased from Sigma-Aldrich Co. (St Louis, MO, USA). Absolute ethanol (analytical
grade), n-hexane (HPLC grade), methanol (HPLC grade), acetonitrile (HPLC grade)
and dichloromethane (HPLC grade) were purchased from Fisher Scientific Ltd.

(Loughborough, UK).

7.3.2  Validation of HPLC method for beta-carotene content
HPLC measurement was conducted using a Shimadzu Nexera liquid chromatography
system (Figure 7.1) equipped with system controller SCL-10A VP, autosampler SIL-

10AF, solvent delivery unit LC-10AT VP, column oven CTO-10AS VP and photodiode
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array detector SPD-M10A VP (Shimadzu Corp., Japan). Beta-carotene was separated
via a reverse phase C18-column (Synergi 4 pm Fusion-RP 80 A, 250 x 4.6 mm,
Phenomenex, Torrance, CA, USA). The mobile phase was comprised of 70%
methanol, 20% acetonitrile and 10% dichloromethane with a flow rate of 1.0 ml/min
at 25 °C. A 10 ul of samples were injected automatically by the equipment to determine

the beta-carotene content. Retention time and area under curve (AUC) were obtained.
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Figure 7.1 Picture of high-performance liquid chromatography system

HPLC to study the content of beta-carotene was validated based on the method
illustrated in ICH harmonized tripartite guideline Q2 (R1) which includes the
validation of analytical procedures. In this section, linearity, accuracy, precision and
robustness were determined. The determination of linearity, accuracy and precision
was similar to what was mentioned in Section 6.3.2. in Chapter 6. Briefly, beta-
carotene powder was dissolved into 100 ml n-hexane solution to make 100 pg/ml stock
solution, which was then diluted by n-hexane to make beta-carotene-in-hexane
solutions with the concentrations of 1, 2, 5, 10, 50 and 75 pg/ml. These solutions were
measured by HPLC to obtain the values of AUC, which were plotted as a function of

beta-carotene concentration to create the standard curve for beta-carotene. Three
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different concentrations (2, 50 and 75 pg/ml) of standard solutions were then chosen
to measure AUC in three different time points in one day to determine the intra-day
precision. 75 pg/ml beta-carotene in n-hexane solution was also chosen to measure the
AUC in three different days (one time each day) to determine the inter-day precision.
Accuracy and relative standard deviation (RSD) were therefore able to be obtained.
Different flow rates (0.8, 0.9, 1.0, 1,1 and 1.1 ml/min) of the mobile phase were chosen
to study the robustness of HPLC method. The retention time of beta-carotene and AUC

values were documented.

7.3.3  Solubility of beta-carotene

Solubility of beta-carotene in Capmul 708G, PG and Tween 80 were determined by
HPLC method to compare with that measured by the spectrophotometric method. The
method was described in Section 6.3.3 in Chapter 6. Simply speaking, 4 mg of beta-
carotene was added into 10 ml Capmul 708G, Tween 80 and PG. Samples were flushed
with nitrogen gas before being placed in an 80 °C water bath for 5 minutes. The
samples were then equilibrated under continuous shaking by a magnetic stirrer at 500
rpm overnight at 25 °C. After that, the samples were centrifuged at 15000 rpm for 15
minutes via a Sigma 6-16 KS centrifuge (Sigma Laborzentrifugen GmbH, Osterode
am Harz, Germany) to remove any undissolved beta-carotene. The clear supernatant
was taken and filtered through a 0.2 um Minisart NY 25 hydrophilic polyamide
syringe filter (Sartorius Stedim Biotech GmbH, Goettingen, Germany) before being
further diluted by n-hexane. The obtained solutions were placed in Shimadzu Nexera

liquid chromatography system to determine beta-carotene content.

7.3.4  Fabrication of beta-carotene encapsulated microemulsions
In Section 5.4.2 in Chapter 5, it showed that if 50% PG was mixed with water to act
as the aqueous phase to construct ternary phase diagram together with Capmul 708G

and Tween 80, every single point in the TPD was a microemulsion. Of all the mixture
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systems in TPD, mixtures in dilution line W19 have the lowest ratio of surfactant to
oil (1:9). Therefore, microemulsions in dilution line W19 were chosen to encapsulate

beta-carotene.

Microemulsions were manufactured using the water titration method with Tween 80,
Capmul 708G, PG and Milli-Q water as described in Section 3.2.2 in Chapter 3.
Briefly, PG and Milli-Q water were mixed at a ratio of 1:1 (w/w) to form an aqueous
phase. In the meantime, a Tween 80 and Capmul 708G mixture at a ratio of 1:9 (w/w)
was also prepared by stirring gently which was then diluted with the aqueous phase in
dropwise under moderate agitation using a vortex mixer to prepare microemulsions
designated as L910, L.920, L930, L940, L950, L960, L970, L980 and L990. These The
composition of these samples is listed in Appendix (Table 1). These samples were
further kept at 25 °C for 24 hours for equilibrium. After that, an excess amount of beta-
carotene powder (5mg) was added into these microemulsions (10 ml). The mixtures
were flushed with nitrogen gas before being placed in an 80 °C water bath for 5
minutes. then equilibrated under continuous shaking by a magnetic stirrer at 500 rpm
overnight at 25 °C. After that, the samples were centrifuged at 15000 rpm for 15
minutes using Sigma 6-16 KS centrifuge. The clear supernatant was filtered through a
0.2 pm Minisart NY 25 hydrophilic polyamide syringe filter to fabricate the so-called
beta-carotene loaded microemulsions. Microemulsions without beta-carotene were

also manufactured as the blank microemulsions.

7.3.5  Determination of microemulsion types

Microemulsion types of blank and loaded microemulsions were determined by
conductivity and viscosity measurement by using the same methods as described in
Section 5.3.4 and 5.3.5 in Chapter 5. Besides, particle size and PDI of blank and beta-
carotene loaded microemulsions were measured by using the same methods as

described in Section 3.2.3 in Chapter 3.
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7.3.6  Determination of beta-carotene content in microemulsions

Beta-carotene was extracted from all the loaded microemulsions using the method
described in Section 6.3.5 in Chapter 6. The extracted sample was analysed for the
content of beta-carotene by using the UV-visible spectrophotometer (UV-1700,
Shimadzu Corp., Japan) as described in Section 6.3.5 and Chapter 6 as well as high

performance liquid chromatography (HPLC) at the wavelength of 450 nm.

7.3.7  Stability of beta-carotene encapsulated microemulsions

Beta-carotene loaded L910 and L990 microemulsions were selected to study the
stability of beta-carotene during storage at different conditions. The conditions chosen
were the same as those used in Chapter 6. Specifically, both L910 and L990 loaded
microemulsions were stored at 3 different temperatures (4, 25 and 37 °C). At 4 and
37 °C, they were kept away from oxygen and light. On the other hand, at 25 °C, they
were stored at 4 different environments as designated as follows: with oxygen and
light (YY), without oxygen and light (NN), with oxygen and without light (YN), and

without oxygen and with light (NY).

After beta-carotene loaded microemulsions were prepared, they were stored at the
conditions mentioned above for 1 month. During storage for 3 days, 1 week, 2 weeks,
3 weeks and 1 month, colour and beta-carotene content of L910 (W/O) and L990 (O/W)
beta-carotene loaded microemulsions were determined using the methods as described
in Section 6.3.6 and 6.3.5 in Chapter 6. Each emulsion sample was measured in at least

duplicate.

7.4 Results and discussions
7.4.1 HPLC Validation

Beta-carotene standard solutions which were prepared by adding into n-hexane at
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concentrations of 1, 2, 5, 10, 50, 75 and 100 pg/ml were analysed by HPLC. As such
retention time of beta-carotene and AUC were able to be obtained. Figure 7.2 shows
the chromatogram of 100 pg/ml beta-carotene in n-hexane solution which illustrates
that the retention time of beta-carotene was approximately 22.8 minutes. Apart from
this, AUC of beta-carotene from this standard sample was 11220586 mAU. Figure 7.3
shows the standard curve created by plotting AUC values of the beta-carotene standard
solutions vs their concentrations. It can be concluded from the standard curve that
when beta-carotene concentration was between 1 to 100 pg/ml, AUC values formed a

linear equation, y = 109103x — 137854, which had a high correlation coefficient value

(R?) of 0.9964.
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Figure 7.2 HPLC chromatogram of 100 pg/ml beta-carotene in n-hexane solution.
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Figure 7.3 Standard curve generated from AUC as a function of beta-carotene
concentration by using HPLC.

Beta-carotene in n-hexane solutions with the concentrations of 2, 50 and 75 pg/ml
were selected to study the accuracy and intra-day precision of this method. Besides,
75 pg/ml was selected to study the accuracy and inter-day precision of this method.
Tables 7.1 and 7.2 summarize the results of the intra-day and inter-day precision and
accuracy tests, respectively. It can be seen clearly from Table 7.1 that when beta-
carotene concentration was 2 pg/ml, the method had the poorest accuracy which was
129.41%. When beta-carotene was 50 and 75 pg/ml, the recovery was around 93.5%
in both cases. In terms of inter-day test, the accuracy for the determination of 75 pg/ml
beta-carotene in n-hexane solution was approximately 95%. In terms of RSD, both
inter-day and inter-day precision tests were more than 1% but less 3% in all cases,
except for the case of beta-carotene concentration with 50 pg/ml which had the RSD
value of 3.58%. This indicates the method used to determine the content of beta-

carotene was reasonably precise, but its accuracy was not very high.
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Table 7.1 Summary of intra-day precision and accuracy tests. Data are presented as

the mean and standard deviation measured in triplicate (n = 3).

Theoretical Measured ..
concentration concentration Accuracy Precision
(% recovery) (% RSD)
(ng/ml) (ng/ml)
Intra-d 2 2.69+0.07 129.41 2.50
pracay 50 46.67+ 1.67 9333 3.58
precision
75 70.40 = 1.03 93.86 1.47

In addition to the inter- and intra-day precision and accuracy for the method to
determine the beta-carotene concentration spectrophotometrically, 30 and 60 pg/ml
beta-carotene in n-hexane solutions were used to determine the accuracy (% recovery)
and precision (% RSD) of the HPLC method as well. The measured beta-carotene
concentration values in these two solutions were 26.28 + 0.37 and 55.06 + 0.35 pg/ml,
respectively. This resulted in the recovery of 87.60% and 91.77%, respectively, and
the RSD values of 1.40% and 0.64%, respectively. Therefore, it could be concluded
that the HPLC method was relatively precise, but it was not as precise as the UV-

visible spectrophotometry method used in Chapter 6.

Table 7.2 Summary of inter-day precision and accuracy tests. Data are presented as
the mean and standard deviation measured in triplicate (n = 3).

Theoretical Measured ..
concentration | Da concentration Accuracy Precision
y (% recovery) (% RSD)
(ng/ml) (ng/ml)
Inter-d 1 71.03+1.32 94.70 1.86
Heraay 75 2 | 7198+1091 95.98 2.65
precision
3 70.64 + 1.68 94.19 2.38

7.4.2  Beta-carotene content in selected microemulsions

The solubility of beta-carotene in Tween 80, PG and Capmul 708G was measured by
HPLC method, which was 38.24 + 1.78, 5.01 + 0.89 and 165.22 + 14.77 pg/ml,
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respectively. In Section 6.4.2 of Chapter 6, it was mentioned the solubility of beta-
carotene in Tween 80, PG and Capmul 708G was 34.19 + 0.49, 4.86 + 0.46 and 159.04
+ 0.36 pg/ml. The solubility data obtained by HPLC method were not significantly

different (P > 0.05) from those measured by UV-visible spectrophotometer.

Both HPLC and UV-visible spectrophotometry methods were employed to determine
the concentration of beta-carotene in samples designated as L910, L920, L930, L940,
L950, 1960, L970, L980 and L.990. The results are shown in Table 7.3, which states
that the concentrations measured by HPLC were not significantly (p > 0.05) different
from those determined by UV-visible spectrophotometer. Also, the concentrations of
beta-carotene in all samples (L910 to L990) were decreased with an increase in
aqueous phase concentration (Figure 7.4). This finding was same to the results of
researches conduct by Roohinejad et al. (2015) and Guo et al. (2019a). L910 had the
highest concentration of oil and lowest concentration of aqueous phase, therefore, it
contained the highest amount of beta-carotene. As the aqueous phase concentration
increased from 10% to 20%, beta-carotene concentration had a steep decrease. When
the aqueous phase concentration was between 20% to 60%, beta-carotene
concentration did not reduce as dramatically as it was between 20% to 20%. After that,

beta-carotene concentration reduced moderately.
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Table 7.3 Contents of beta-carotene in selected microemulsion samples measured by
HPLC and UV-visible spectrophotometer. Data are presented as the mean and standard
deviation of two independent measurements with duplicate (n=4).

Beta-carotene concentration (pg/ml)
Sample No. .
HPLC UV-visible spectrophotometer
L910 193.34 £ 1.38 200.08 + 0.85
L920 123.40 = 0.85 123.52 +£1.13
L930 97.66 + 0.02 98.83 +1.18
L940 62.20 +0.10 59.96 +2.31
L950 38.27+0.35 41.17+0.91
L960 37.38 £0.75 38.32+0.29
L970 36.05+0.22 36.56 +0.37
L980 32.48+0.17 33.28 £0.29
L990 30.47 +£0.09 31.33 +0.78
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Figure 7.4 Beta-carotene concentration obtained by UV-visible spectrophotometer of
samples along the dilution line W19 (L910, L920, L930, L940, L950, L960, L970,
L980 and L990). Data are presented as the mean and standard deviation of two
independent measurements with duplicate (n=4) and error bars mean standard
deviation.
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7.4.3  Characterization of blank microemulsions and beta-carotene
microemulsions

Dilution line W19 was chosen to study the effect of beta-carotene on the properties of
microemulsions fabricated with Capmul 708G, Tween 80, Milli-Q water and PG. All
these samples (blank and loaded) were shown to be Newtonian properties as shown in
Appendix (Figure 7). Figure 7.5 illustrates the change in viscosity along the dilution
line W19 of blank microemulsions and beta-carotene loaded microemulsions. With an
increase in aqueous phase concentration, viscosity of both blank and loaded
microemulsions decreased continuously. When aqueous phase concentration was 10%,
the viscosity of blank and loaded microemulsion was 78.43 and 87.6 mPa.s,
respectively. On the other hand, when the concentration of aqueous phase became 90%,
the viscosity of blank and loaded microemulsion was 9.24 and 9.59 mPa.s, respectively.
The results indicated that the encapsulation of beta-carotene did not significantly alter
the viscosity of the blank microemulsions. In the beginning, viscosity had a dramatic
reduction until aqueous phase content reached 20%, which continued to decrease
afterwards while not as dramatic as it was previously. Therefore, when aqueous phase
concentration was 20%, W/O microemulsion transformed into bicontinuous
microemulsion. But when bicontinuous microemulsion turned into O/W
microemulsion was not quite clear from viscosity data. According to Guo et al. (2019a),
the incorporation of 150 ppm beta-carotene only slightly increased the viscosity of
empty microemulsions along the dilution line W64 in the mixture system which was
comprised of Tween 60, water, glycerol, IPM and ethanol (the ratio of water to glycerol
was 1:1 and that of IPM to ethanol was 1:3). However, while the incorporated beta-
carotene increased to 300 ppm, viscosity of the loaded microemulsions was
significantly higher than that of the empty microemulsions when the aqueous

concentration was 35 to 50%.
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Figure 7.5 Change in viscosity as a function of aqueous phase concentration of Capmul
708G, Tween 80, water and PG mixture system with/without beta-carotene along the
dilution line W19. Data are presented as the mean and standard deviation of two
independent measurements with duplicate (n=4) and error bars mean standard
deviation.

The change in electrical conductivity of the mixture system of Capmul 708G, Tween
80, water and PG with or without beta-carotene along dilution W19 is illustrated in
Figure 7.6 (a). The conductivity values of both blank and loaded microemulsions were
very low, with the highest value lower than 5 pS/cm, which was much lower than the
mixture system with only water as the dilution medium as shown in Section 5.4.4 in
Chapter 5. The reason for this might be due to the lower conductivity of PG (0.51
puS/cm) compared to Milli-Q water (3.24 uS/cm). In terms of the blank microemulsion,
the conductivity value increased in a small degree when the aqueous phase
concentration was less than 20%, after which point the conductivity value increased
dramatically. The conductivity value kept almost constant when the percentage of
aqueous phase was between 55% and 65%. After that, conductivity started to decrease
substantially. The incorporation of beta-carotene did not substantially change the
conductivity of the blank microemulsions, which was in good agreement with results
reported by Guo et al. (2019a) and Deutch-Kolevzon et al. (2011). The reason for this
finding might be due to the fact that beta-carotene was solubilised deep in the oil phase

(Deutch-Kolevzon et al., 2011).
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It can also be concluded from Figure 7.6 (b) that percolation threshold happened when
aqueous phase concentration was 25% which meant at this point, aqueous phase
droplets started to interact with each other (Fanun, 2008). As a result, W/O
microemulsion transited to bicontinuous microemulsion when aqueous phase
concentration was 25% and bicontinuous microemulsion transited to O/W

microemulsion when aqueous phase concentration was 55% to 65%.
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Figure 7.6 Change in conductivity and d(logc)/d(¢) as a function of aqueous phase
concentration of Capmul 708G, Tween 80, water and PG mixture system with/without
beta-carotene along the dilution line W19. (a) Conductivity alteration (b) d(logc)/d(¢)
alteration. Data are presented as the mean and standard deviation of two independent
measurements with duplicate (n=4) and error bars mean standard deviation.
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Considering the data of conductivity and viscosity, it can be concluded that L910 and
L920 were W/O microemulsions, L.930, L.940, L950 and L960 were bicontinuous
microemulsions, while L970, L980 and L990 were O/W microemulsions. Particle size
of microemulsions was determined by Zetasizer and the results are shown in Table 7.4,
which illustrated that the incorporation of beta-carotene significantly (p <0.05)
increased the particle size of blank microemulsions. Roohinejad and co-workers also
studied the effect of encapsulation of beta-carotene on the particle size of selected
microemulsions from the mixture system, which was composed of Tween 80, Capmul
MCM and phosphate buffer (0.01 M, pH 6.8). Their findings showed that after the
incorporation of beta-carotene, particle size of some formulations was significantly
increased, which that of some other formulations did not have a significant change

(Roohinejad et al., 2015).

Table 7.4 Particle size and PDI of blank and loaded microemulsions (L910, 1920,
L970, L980 and L990). Data are presented as the mean and standard deviation of two
independent measurements with duplicate (n=4).

Sample Name L910 1920 L970 L1980 L990
% Capmul 708G 81 72 27 18 9
% Tween 80 9 8 3 2 1
% Water 5 10 35 40 45
% PG 5 10 35 40 45
Particle
Blank diameter | 27.1+24 | 26.1+04 11.5+0.3 11.3+£0.2 12.8+£0.3
microemulsion | (nm)
PDI 028 +0.04 | 0.64+0.03 | 0.22+0.03 | 0.23+0.03 | 0.34+0.01
Particle
Loaded diameter | 55.9+8.1 33.1+1.3 174+ 04 19.8 £0.2 22.0+0.5
microemulsion | (nm)
PDI 0.25+0.02 | 0.30+£0.04 | 0.29+0.04 | 0.19+£0.07 | 0.40+0.05
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7.4.4  Colour change during storage of L910 and L990 beta-carotene
encapsulated Capmul 708G microemulsions

Colour changes in L910 and L990 beta-carotene incorporated Capmul 708G
microemulsions were measured using a colour spectrophotometer during storage at
different conditions for 1 month. The results are shown in Figures 7.7 and 7.8. In case
of L910 W/O microemulsion sample as shown Figure 7.7, L* value was increased
during storage while a* and b* values were decreased gradually, regardless of the
storage conditions. When stored at 4 °C in the absence of light and oxygen, the L*
value (lightness) of L910 loaded microemulsion (L910 4C) was increased slightly
from 88.7 to 90.8 during storage for 1 month. On the contrary, when it was kept at
25 °C but subjected to oxygen and light (L910 25C YY), the lightness L* value had
the largest augment among all samples after storage for 1 month compared to its initial
L* value before storage. While stored at the ambient temperature without oxygen but
exposed to light (L910 25C NY), lightness had the second largest increase after storage
for 1 month, which was followed by the storage condition when the sample (L910 37C)
was kept at 37 °C without exposure to oxygen and light. Between L910 25C NN and
L910 25C YN samples, the former had slightly less increase in lightness during storage

time.

As to a* value representing redness (if +ve) or greenness (if -ve), L910 loaded
microemulsion was in the range of redness with its a* value of +10.8 initially, but it
became less reddish during storage because of its decrease over time during storage
(Figure 7.7b). Of all the environmental conditions, a* value had the smallest extent of
reduction if L910 loaded microemulsion was stored at 4 °C without oxygen and light.
While kept at a higher temperature of 25 °C without oxygen and light (L910 25C NN),
redness had the second smallest rate of reduction; when oxygen was introduced (L910
25C YN) during storage, a* value decreased more dramatically. When the sample was

kept at a higher temperature 37 °C under dark condition without oxygen (L910 37C),
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a* value decreased from +10.8 to +1.5 after storage for 1 month. Moreover, if L910
loaded microemulsion was kept at 25 °C under light without oxygen (L910 25C NY),
it had the second largest decrease in a* value. While exposed to both light and oxygen
(L910 25C YY), the a* value had the most significant further change after storage for
1 month with its red hue changed to green as compared to the storage condition when

it was only exposed to light without oxygen (L910 25C NY).

The change in b* value representing yellowness (if +ve) or blueness (if -ve) of all
these samples had the same trend as that in a* value. In all cases regardless of storage
conditions, the b* value of L910 loaded microemulsion measured initially before
storage was +138 being its b* scale much larger compared to the a* scale (+10.8). This
indicated the colour hue of beta-carotene-loaded microemulsion was a lot more
yellowish than reddish. This was in agreement with the visual observation of the
samples (Figure 7.9). When L910 loaded microemulsion was stored at 4 °C without
oxygen and light (L910 4C), b* value was relatively very stable being decreased by
58%. However, if the storage condition was changed to 25 °C with exposure to oxygen
and light (L910 25C YY), the b* value decreased from +138 to only +1 as shown in
Table 7.5¢, indicating a loss of yellowness in colour. Between the different storage
conditions, the degree of yellowness reduction (b* value) in L910 beta-carotene
encapsulated microemulsions was as follows: L910 4C <L910 25C NN < L910 37C
<L91025C YN <L910 25C NY <L910 25C YY. In terms of a* value, the degree of
redness change was as follows: L910 4C < L910 25C NN < L910 37C < L910 25C
YN <L91025C NY <L910 25C YY which was the same order as the samples for their
b* value changes. In terms of lightness L* value, it was also the same trend with L910
4C <L910 25C NN < L910 37C <L910 25C YN < L910 25C NY <L910 25C YY.
These results suggest that storage condition would be more or less affecting the

stability of encapsulated beta-carotene against degradation during storage for 1 month.
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Figure 7.7 Change in colour of beta-carotene incorporated Capmul 708G
microemulsion (L910 W/O microemulsion) during storage for 1 month under different
conditions. (a) L* value (lightness), (b) a* value (redness if +ve or greenness if -ve),
and (c) b* value (yellowness if +ve or blueness if -ve). Data are presented as the mean
and standard deviation of two independent measurements with duplicate (n = 4) and
error bars mean standard deviation.
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A total colour difference (AE*) was also calculated to determine the total colour
change during storage which is shown in Figure 7.10a. It can be seen clearly that total
colour changes increasingly augmented during storage of L910 loaded microemulsion
at all conditions with the same order as described in the above for L*, a* and b* scales
which was L910 4C <1910 25C NN < L910 37C <L910 25C YN <L910 25C NY
<L910 25C YY. This means that the biggest total colour difference occurred among
those 6 different storage conditions when L910 loaded microemulsion was stored at
25C with exposure to oxygen and light. If the sample was flushed with nitrogen gas
during preparation (i.e. without oxygen), the total colour change after 1 month became
smaller. When the sample was kept at 4 °C and was not exposed to oxygen and light,
AE* was the smallest with its AE* value being 80.81 after 1 month. With an increase
in storage temperature, the total colour difference was increased as well. For example,
when L910 loaded microemulsion was stored 25 and 37 °C for 1 month under dark
without oxygen, the AE* value for L910 25C NN and L910 37C was increased to 96.5

and 108.37, respectively.

As for the colour measurement of L990 beta-carotene incorporated O/W
microemulsion as shown in Figure 7.8, the results of L*, a* and b* values after
preparation and before storage were 97.9, +4.2 and +25.9, respectively. This indicated
that its colour was yellow with some red rue, like that of L910 W/O microemulsion.
Figure 7.8 shows that L* value increased and a* and b* value decreased with
increasing storage time. On the other hand, b* value of L990 loaded microemulsion
was +25.9 after preparation, which was much lower than that of L910 loaded
microemulsion (b*=+138). This phenomenon might be due to the fact that L990 was
an O/W microemulsion while L910 was a W/O microemulsion. The external phase of
L910 was oil where beta-carotene was added and dissolved, so the sample has more
beta-carotene than L.990. As mentioned in Section 7.4.2, the concentration of beta-

carotene encapsulated in L910 and L990 was 200.08 =+ 0.85and 31.33 £0.80 pug/ml.
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Figure 7.8 Change in colour of beta-carotene incorporated Capmul 708G
microemulsion (L990) during storage for 1 month under different conditions. (a)
L*value (lightness), (b) a* value (redness if +ve or greenness if -ve) and (c) b* value
(yellowness if +ve or blueness if -ve). Data are presented as the mean and standard
deviation of two independent measurements with duplicate (n =4) and error bars mean
standard deviation.
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Figure 7.10 (b) illustrates total colour difference alteration during storage for 1 month
of L990 loaded microemulsion. Change in the AE* value of L990 loaded
microemulsion was similar to that of L910 loaded microemulsion. When it was kept
at 4 °C and not exposed to light and oxygen, the AE* value was the lowest, meaning
it provided the strongest protection to beta-carotene against degradation during storage.
However, if the sample was stored at ambient temperature (25 °C) and exposed to
oxygen and light, the AE* value was the largest. The extent of total colour changes
among L990 microemulsion samples exposed to different storage conditions used in
this study was in the order of L910 4C <1910 25C NN <L910 37C <L910 25C YN
<L910 25C NY <L910 25C YY as shown in Figure 7.10 (b) which was the same for

the L910 microemulsion samples.

Total colour difference changes of L910 and L990 beta-carotene encapsulated
microemulsions were in great agreement with the results shown in Section 6.4.4 in
Chapter 6. Therefore, it can be concluded that temperature, oxygen and light all had
an influence on the degradation of beta-carotene. When the microemulsion sample
was kept 4 °C and without contacting oxygen and light, it had the lowest AE* value
but when the storage temperature was increased to 25 °C and exposed to oxygen and
light, the AE* value has a substantial increase during the storage period, reaching the

highest value among all the samples.
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Figure 7.9 Pictures of beta-carotene encapsulated microemulsions (L910 and L990)
during storage at different storage conditions. (a) after preparation, (b) after 3 days, (c)
after 1 week, (d) after 2 weeks, (e) after 3 weeks, and (f) after 1 month.
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Figure 7.10 Total colour difference (AE*) of L910 and L990 beta-carotene
encapsulated Capmul 708G microemulsions during storage for 1 month at different
environmental conditions. (a) L910 W/O microemulsion and (b) L990 O/W
microemulsion. Data are presented as the mean and standard deviation of two
independent measurements with duplicate (n = 4) and error bars mean standard
deviation.

7.4.5  Stability of beta-carotene in L910 and L990 microemulsions during
storage

Beta-carotene was extracted from L910 and L990 microemulsion samples which was
then measured by UV-visible spectrophotometer to determine its concentration. Beta-
carotene contents in L910 (W/O) and L990 (O/W) beta-carotene loaded
microemulsions after preparation were 200.08 + 0.85 and 31.33 + 0.80 pg/ml,

respectively. Blank samples, which were stored at the same conditions with L910 and
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L990 loaded microemulsions, with 199 and 30 pg/ml of beta-carotene were prepared
by dissolving beta-carotene into n-hexane solutions. The respective measured beta-
carotene concentrations of these blank samples were 200.16 + 0.20 and 31.21 + 0.51
pg/ml. The stability of beta-carotene in microemulsions and related blank samples
during storage was monitored by beta-carotene retention, which was calculated by
(Ct/C0) x 100. In this equation, Ct means the content of beta-carotene during storage
for a certain time period (t) and CO represents the content of beta-carotene at initial

stage.

Figure 7.11a shows that beta-carotene retention was the highest when L910 loaded
microemulsion was stored at ambient temperature (25 °C) without exposed to oxygen
and light (L910 25C NN). After storage for 1 month, 28% of beta-carotene was still
retained in this microemulsion, which was significantly (p < 0.05) higher than that in
the microemulsions stored at 25 °C but exposed to oxygen or light. When it was
subjected to both oxygen and light at 25 °C (L910 25CYY), none beta-carotene
remained in the microemulsion after 1-month storage and 2.9% beta-carotene was still
in the microemulsion after three-week storage. It was shown in Figure 7.9 that L910
loaded microemulsion lost its yellow colour after 1-month storage at this storage
condition. On the other hand, when it was stored at 4 °C without oxygen and light after
1 month, the microemulsion appeared to contain 38% of beta carotene (Figure 7.11b).
When stored at higher temperature (37 °C) without oxygen and light, degradation of
beta-carotene was faster than when stored at lower temperatures as expected. The
results of beta-carotene content were in great agreement with the results from colour
determination in Section 7.4.4 in this chapter. Moreover, L910 microemulsion
provided protection to beta-carotene against oxidative degradation of samples under
all experimental conditions examined. Because when beta-carotene was dissolved in
n-hexane solution, its beta-carotene retention was very low after storage for 1 month

at every experimental condition as shown in Figure 7.11. For blank samples, when n-
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hexane solution containing 200.16 pg/ml beta-carotene was stored at 4 °C without
oxygen and light, the retention percentage of beta-carotene was 27.3%, which was the
highest among all the blank samples. Furthermore, when it was kept at 25 °C and
exposed to both light and oxygen, beta-carotene was degraded almost completely after
3 weeks. According to Ariviani et al. (2015), degradation rate of beta-carotene in palm
oil microemulsions containing Span 80, Span 40 and Tween 80 at a ratio of 10:5:85
which were stored at 4°C did not have a significantly difference with those stored at

15°C, but it was significantly smaller than those stored at 27 °C.
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Figure 7.11 Stability of beta-carotene in L910 W/O microemulsions (full line) and
related blank solutions (dotted line) during storage for 1 month at different
environmental conditions. (a) at 25 °C and (b) at 4 and 37 °C. Data are presented as
the mean and standard deviation of two independent measurements with duplicate (n
= 4) and error bars mean standard deviation.
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Figure 7.12 shows the retention of beta-carotene during storage for L990 loaded O/W
microemulsion samples. The results were similar to the findings of L910 loaded W/O
microemulsions. Specifically speaking, after storage for 1 month at 4 °C, the
microemulsion which was not exposed to oxygen and light had the highest retention
percentage of beta-carotene, which was 64.4%. The second highest retention
percentage of beta-carotene was 45.6% when it was kept at 25 °C without oxygen and
light. However, when the sample was placed in contact with oxygen and light, more
than 70% beta-carotene was degraded only after 3 weeks and only 10% left after 1
month. Similar to the L910 W/O microemulsion system, L990 O/W microemulsion
could also decrease the degradation rate of beta-carotene compared to the blank
sample (beta-carotene dissolved in n-hexane solution). Apart from that, it should be
mentioned that beta-carotene was degraded faster when it was subjected to light
instead of oxygen in both L910 and L990 microemulsions, which was also in good
agreement with the results of colour measurement shown in Section 7.4.4 in this

chapter.
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Figure 7.12 Stability of beta-carotene in L990 O/W microemulsions (full line) and
related blank solution (dotted line) during storage for 1 month at different
environmental conditions. (a) at 25 °C and (b) at 4 and 37 °C. Data are presented as
the mean and standard deviation of two independent measurements with duplicate (n
= 4) and error bars mean standard deviation.

Figure 7.13 shows that when beta-carotene was encapsulated by L990 O/W
microemulsion system, it had significantly higher (p <0.05) retention percentage after
storage for 1 month compared to that incorporated by L910 W/O microemulsion
system, regardless of storage conditions. L910 was a W/O microemulsion and oil was
acted as the external phase, so it directly contacted with the environment. However, in

L990 O/W microemulsion, oil droplets, which contained beta-carotene, dispersed in
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the internal phase. In this case, beta-carotene was protected by external phase as well
as the interface (Rozman and Gasperlin, 2007). Therefore, even though O/W
microemulsion could incorporate more beta-carotene, it was not as efficient as O/W

microemulsion in protecting the incorporated beta-carotene.
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Figure 7.13 Retention of beta-carotene in L910 (W/O) and L990 (O/W) loaded
microemulsions after storage for 1 month. Data are presented as the mean and standard
deviation of two independent measurements with duplicate (n =4) and error bars mean
standard deviation. Data were analysed using one-way ANOVA with Tukey test.
Different numbers represent a significant difference.

As described in Section 6.4.5 in Chapter 6, beta-carotene concertation alteration with
the change in time was fitted into the first order kinetic equation (Equation 6.4 and 6.5)
to obtain the degradation rate constant, half-life and coefficient of determination of
beta-carotene degradation during storage (Table 7.5). It can be concluded that beta-
carotene degradation was a typical first order kinetic since the coefficient of
determination values (R?) ranged from 0.8704 to 0.9989. When L990 beta-carotene
loaded O/W microemulsion was stored at 4 °C without light and oxygen (4C NN),
half-life of beta-carotene was the longest, which was 50.78 days. On the other hand,

when it was stored at 25 °C and exposed to light and oxygen (25C YY), 50% of beta-
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carotene was degraded after 11.14 days. As to L990 beta-carotene encapsulated O/W
microemulsion, half of beta-carotene was degraded after 4.34 days if it was stored at
25 °C and subjected to both oxygen and light (25C YY), which was almost 4 times
shorter than when it was kept at 4 °C without oxygen and light. Moreover, it can be
also clearly seen that half-life of beta-carotene in L990, which was an O/W
microemulsion, was longer than that in L910 which was a W/O microemulsion. This

was in good agreement with the results shown in Figure 7.12.

Rozman and Gasperlin (2007) encapsulated Vitamin E and Vitamin C into both W/O
microemulsion and O/W microemulsion system. The W/O microemulsion contained
10% water, 60% IPM, 15% Tween 40 and 15% Imwitor 308, while the O/W
microemulsion was comprised of 45% water, 25% IPM, 15% Tween 40 and 15%
Imwitor 308. They found both microemulsion could protect Vitamin E from UV light
and oxygen degradation and O/W microemulsion had better protection ability than
O/W microemulsion. Nevertheless, W/O microemulsion was found to protect Vitamin

C, which was soluble in water, significantly better than O/W microemulsion (Rozman

and Gasperlin, 2007).

Gallarate and co-workers fabricated an O/W microemulsion using 3.07% soy lecithin,
7.77% capryl glucoside, 1.85% ethanol, 6.63% IPP, 2.63% hexylene glycol, 0.5%
alpha-tocopherol and 78% water. After 3 hours of irradiation by a UAB lamp, only 12%
alpha-tocopherol degraded, compared to 88% if alpha-tocopherol was only dissolved
in ethanol. In this O/W microemulsion, alpha-tocopherol was dispersed in the internal
phase since it was soluble in oil, so it was protected by the interface (Gallarate et al.,

2004).
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Table 7.5 Degradation rate constant (k), half-life (t12) and coefficient of determination
(R?) of beta-carotene degradation during storage in L910 (W/O) and L990 (O/W) beta-
carotene loaded microemulsions as well as their blank controls when beta-carotene
degradation was fitted into the first order kinetic equation. Data are presented as the
mean and standard deviation of two independent measurements with duplicate (n = 4).

Storage r )
Sample o k() R ti2 (d)
condition
4C NN 0.0310+ 0.0009 0.9966 + 0.0007 22.37 +0.66
Lo10 37C NN 0.0535 +0.0007 0.9564 + 0.0101 12.96 +0.17
Wio 25C NN 0.0411 £+ 0.0002 0.9732 +0.0008 16.86 +0.09
) . 25CYY 0.1601 + 0.0084 0.9362 +0.0052 434+0.23
microemulsion
25CNY 0.0910+0.0015 0.9910+0.0013 7.62+0.12
25C YN 0.0706 + 0.0022 0.9989 + 0.0007 9.83 +0.31
4C NN 0.0137 +£0.0005 0.9716 +0.0287 50.78 £1.92
L990 37C NN 0.0436 + 0.0052 0.9321 +0.0256 16.07 £ 2.15
O/W 25C NN 0.0261 +£0.0015 0.9763 + 0.0091 26.64 +£1.54
) . 25CYY 0.0622 +0.0015 0.8778 +£0.0421 11.14 £ 0.26
microemulsion
25CNY 0.0409 + 0.0008 0.9672 +0.0079 16.97 £ 0.33
25C YN 0.0302+0.0013 0.9415 + 0.0405 22.95+0.97
4C NN 0.0406 + 0.0005 0.9853 + 0.0008 17.06 +£0.20
37C NN 0.0710 + 0.0006 0.9850 + 0.0027 9.76 + 0.08
25C NN 0.0545 + 0.0007 0.9906 + 0.0032 12.72 +£0.17
L910 Blank
25CYY 0.1377 £0.0033 0.8704 + 0.0260 5.04+0.12
25CNY 0.1196 £ 0.0001 0.9072 +0.0017 5.80+0.01
25C YN 0.0945 + 0.0009 0.9778 £ 0.0021 7.33+0.07
4C NN 0.0523 +£0.0023 0.9934 + 0.0020 13.28 £ 0.60
37C NN 0.0808 + 0.0044 0.9894 + 0.0031 8.59 £ 0.46
25C NN 0.0646 + 0.0044 0.9867 + 0.0049 10.76 £ 0.73
L.990 Blank
25CYY 0.3476 £ 0.0418 0.9841+0.0170 2.02+0.24
25CNY 0.1495+0.0018 0.9726 £ 0.0210 4.64 +0.06
25C YN 0.1068 +0.0035 0.9801 + 0.0039 6.49+0.21

Tween 80, ethanol, ethyl butyrate and water were introduced by Yan and Wang (2013)
to fabricate a O/W microemulsion by the water titration method and beta-carotene was
mixed with the oil phase, ethyl butyrate, to manufacture beta-carotene incorporated
microemulsion. The authors found that degradation rate of beta-carotene in the O/W

microemulsion was much lower than that in ethyl butyrate when the samples were
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stored under light or high temperature. Besides, their experimental results illustrated
that sunlight had a stronger effect on the degradation of beta-carotene than

fluorescent lamp.

7.4.6  Comparison of beta-carotene stability in microemulsions fabricated by
emulsion dilution method and water titration method

Figure 7.14 summarizes half-life of beta-carotene in L910 and L990 microemulsion
samples which were fabricated by water titration method as well as in 0.1% and 0.4%
lemon oil-in-water microemulsions which were fabricated by emulsion dilution
method during storage under different storage conditions. It indicates that the longest
half-life existed when L990 O/W microemulsion was stored at 4 °C and was away
from oxygen and light. On the other hand, the shortest half-life appeared when 0.4%
lemon oil-in-water encapsulated microemulsion was stored at 25 °C and exposed to
both light and oxygen, which matches with the visual appearance of samples as shown
in Figure 6.8 in Chapter 6 that this microemulsion did not contain yellow colour after
2 weeks. Half-life of beta-carotene in L990 O/W microemulsion was the longest
compared to that in L910 W/O microemulsion and 0.4% microemulsion at all storage

conditions.

The content of beta-carotene in L910, L990, 0.4% and 0.1% microemulsions was
200.6, 31.9, 62.0 and 15.4 pg/ml, respectively. Therefore, L910 could encapsulate the
highest amount of beta-carotene, and it did not have a strong protection capability of
beta-carotene against degradation. However, if beta-carotene was encapsulated in
L990, it had the longest half-life. In other words, L990 might be the most efficient

delivery system among all the microemulsions investigated in the present study.
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Figure 7.14 Half-life of beta-carotene in L910 W/O loaded microemulsion, L990 O/W
microemulsion, 0.1% and 0.4% lemon oil-in-water loaded microemulsions stored at
different environmental conditions. (a) storage at different temperatures (4, 25 and
37 °C) and (b) storage at 25 °C with exposure to oxygen and/or light.

7.5 Conclusions

This study focused on determining the effect of microemulsion encapsulation on the
effect of environmental to show the advantage of microemulsion which was prepared
by the water titration method. The ratio of PG to Milli-Q water was 1:1, and that of
Tween 80 to Capmul 708G was 1:9. As a consequence, microemulsions L910 to L990
were prepared. The encapsulation of beta-carotene into these microemulsions did not
significantly influence their conductivity and viscosity, but significantly increased
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their particle size. Viscosity of these microemulsions decreased with an increase in the
concentration of aqueous phase. Together with conductivity determination and dye
staining test, it could be concluded L910 and L920 were W/O microemulsions, and

L970, L980 and L990 were O/W microemulsions.

L910 and L990 were selected to study the effect of microemulsions on the stability of
beta-carotene during storage under different environmental conditions. During storage,
temperature, oxygen and light all influenced the degradation rate of beta-carotene. The
degradation rate of beta-carotene increased with increasing temperature if other
conditions were kept the same. On the other hand, when stored at ambient temperature
(25 °C) and exposed to both oxygen and light, the degradation rate of beta-carotene
was the fastest. L910 loaded O/W microemulsion lost its yellow-red colour after
storage for 1 month under this condition. It was found in this study that the degradation
rate of beta-carotene was higher when it was exposed to light compared to when
exposed to oxygen. However, both L910 and L990 microemulsion systems could
decrease the degradation rate of beta-carotene compared to beta-carotene in n-hexane
solutions. Besides, when beta-carotene was encapsulated in L990 O/W
microemulsions, its half-life was much longer than when it was loaded in L910 W/O

microemulsion.

Overall, this study provides some useful information about the stability of beta-
carotene in both W/O and O/W microemulsions during storage at different
environmental conditions and about which storage condition and delivery system

might be the most efficient in the protection of bioactive compounds.
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Chapter 8 Overall Conclusions and Recommendations

In this research work, microemulsions containing small droplets were successfully
fabricated by two different methods such as emulsion dilution method and water
titration method. The results showed that when emulsion dilution method was used,
microemulsions could not be fabricated with triglyceride oils (such as peanut oil and
fractionated coconut oil) but could be produced by non-triglyceride oils (e.g. IPM and
lemon oil). When a conventional emulsion prepared by emulsifying 10% oil phase into
1% Tween 80 emulsifier solution by high pressure homogenization was further diluted
by 1% Tween 80 micelle solution, microemulsions could be fabricated only when the
conventional emulsion was diluted to contain IPM less than 0.1% or lemon oil less
than 0.2%. In terms of the effect of type of small molecule surfactants, compared to
Tween 20, 40 and 60, Tween 80 had the strongest emulsifying properties when they
were employed to dilute the conventional emulsion. Besides, different concentrations
(0.5%, 1% and 2%) of Tween 80 micelle solutions were utilised to dilute the
conventional emulsions, which showed that 2% Tween 80 solution could incorporate

a larger amount of lemon oil.

The microemulsions with 0.1% and 0.4% lemon oil and macroemulsion with 1.5%
lemon oil were then selected as a delivery system to encapsulate beta-carotene. Particle
size of 0.1% and 0.4% lemon oil-in-water microemulsions were increased after the
incorporation of beta-carotene while that of 1.5% lemon oil-in-water macroemulsion
did not significantly change. The particle size of 0.1% and 0.4% lemon oil-in-water
microemulsions was still within the size range of microemulsion and these two loaded
microemulsions were also still clear in their visual appearance. These three different
types of emulsions were then stored at different environmental conditions. For
example, 0.1% and 1.5% lemon oi-in-water emulsions were stored at 25 °C without
exposing to oxygen and light. Besides, 0.4% lemon oil-in-water microemulsions were

exposed to three different temperatures (4, 25 and 37 °C). When the storage
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temperature of 25 °C was applied to this microemulsion, the conditions of oxygen and
light were controlled. When this sample was stored contacting with oxygen and light,
the degradation rate of beta-carotene was the highest. On the other hand, when no
oxygen and light were introduced during the storage of 0.4% lemon oil-in-water
microemulsion, beta-carotene had the highest retention rate, but it was not as high as
when the sample was stored at 4 °C and away from oxygen and light. Nevertheless,
both 0.1% and 0.4% lemon oil microemulsions and 1.5% lemon oil macroemulsion
could protect beta-carotene against oxidative degradation compared to the blank

sample (i.e. beta-carotene in n-hexane solution).

While water titration method was employed to fabricate microemulsions, ternary or
pseudo ternary phase diagrams were constructed to investigate the formation of
microemulsion from a mixture system consisting of three or four components at
different ratios. Every oil used in the study could somewhat fabricate microemulsions
with surfactant, but the ternary phase diagrams created showed that Capmul 708G
(glyceryl monocaprylate) was the most efficient in producing microemulsions, which
was followed by Capmul MCM C8 (glyceryl mono-dicaprylate). Chemically, Capmul
708G is a monoglyceride, making it easily to penetrate the interfacial films. In terms
of PG esters (Captex 100, Capmul PG-8, Capmul PG-12, Capmul PG-2L), Capmul
PG-8 was the most efficient in terms of forming microemulsions. In addition, the
incorporation of PG and/or absolute ethanol could assist in the formation of
microemulsions. When a mixture system was comprised of Capmul 708G, Tween 80,
water and PG (the ratio of water to PG was 1:1), every formulation in the ternary phase
diagram led to the formation of microemulsions. As to surfactants, Span 80 with its
HLB value of 4.3 was the least efficient in terms of fabricating microemulsions

compared to Tween 20, Tween 80 and Kolliphor.

Encapsulation of beta-carotene was investigated using the mixture system made up of
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Capmul 708G, Tween 80, water and PG (water : PG = 1:1) in which the ratio of
Capmul 708G to Tween 80 was 9:1. The incorporation of beta-carotene did not
significantly alter the conductivity and viscosity of the blank microemulsions, but it
significantly enhanced the particle size of the blank microemulsions. L910 (W/O
microemulsion) and L990 (O/W microemulsion) were then chosen to study the
stability of beta-carotene in these two microemulsions under different storage
conditions. The results showed that the degradation rate of beta-carotene increased as
increasing storage temperature. When stored at 25 °C, retention of beta-carotene was
the highest if the beta-carotene loaded microemulsion was not exposed to oxygen and
light. However, it was found that beta-carotene was more susceptible to light than
oxygen. Both L910 and L990 microemulsion samples could significantly reduce the
degradation of beta-carotene during storage under all the investigated conditions
compared to its control sample (beta-carotene in n-hexane solution). L990 O/W
microemulsion system was shown to have a better protection against degradation than

L910 W/O microemulsion system when encapsulating beta-carotene.

In summary, this research project has successfully fabricated beta-carotene
encapsulated microemulsions by two different low energy emulsification methods:
water titration method and emulsion dilution method. Water titration method is more
effective in forming microemulsions than emulsion dilution method and it is much
easier to conduct this method since it does not need a high pressure homogenizer. The
microemulsions produced by both methods could substantially reduce the rate of beta-
carotene degradation during storage under different environmental conditions. Beta-
carotene loaded in L990 microemulsion had a half-life of almost 51 days if the sample
was stored at 4 °C and away from oxygen and light. As a consequence, the next step
of this study will be to incorporate the fabricated beta-carotene loaded microemulsions
into liquid foods or beverages. Bioavailability of beta-carotene in these

microemulsions will be studied in vitro and in vivo to find out the amount of beta-
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carotene that can be absorbed by human body. In addition, in vitro and in vivo
investigation to determine the toxicity of the present fabricated beta-carotene loaded

microemulsions is required to ensure the safety of these microemulsions.
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Appendices

Figure 1 Photos of samples, which were composed of Capmul 708G, Tween 80 and
Milli-Q water, fabricated by water titration method. (a) L110 to L190 (b) L210 to L290
(c) L310 to L390 (d) L410 to L490 (e) L510 to L590 (f) L610 to L690 (g) L710 to
L790 (h) L810 to L8O (i) L910 to L990.
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Figure 2 Photos of samples, which were composed of Capmul MCM C8, Tween 80
and Milli-Q water, fabricated by water titration method. (a) L110 to L190 (b) L210 to
L290 (c) L310 to L390 (d) L410 to L490 (e) L510 to L590 (f) L610 to L690 (g) L710
to L790 (h) L810 to L890 (i) L910 to LI990.
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Figure 3 Photos of samples, which were composed of Capmul 708G, Tween 80, PG
and Milli-Q water (ratio of PG to water was 1:1), fabricated by water titration method.
(a) L110 to L190 (b) L210 to L.290 (c) L310 to L390 (d) L410 to L490 (e) L510 to
L590 (f) L610 to L690 (g) L710 to L790 (h) L810 to L8O (1) LI10 to L990.
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Figure 4 Shear stress as a function of shear rate of samples from Capmul MCM C8,
Tween 80 and Milli-Q mixture system. (a) L110, L120, L130, L140, L180, L180 and
L190. (b) L310, L320, L330, L390, L610, L620, L630, L640, L650, L910 and L920.
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Figure 5 Shear stress as a function of shear rate of samples from Capmul 708G, Tween
80 and Milli-Q mixture system. (a) L310, L320, L330, L340, L350, L360, L370, L380
and L390. (b) L510, L520, 530, L540, L710, L720, L730, L910 and L920.
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Figure 6. d(log 0 )/d(¢) as function of aqueous phase concentration of Capmul 708G,
Tween 80 and Milli-Q water or 5 mM NacCl solution along the dilution line W91.
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Figure 7. Shear stress as a function of shear rate of samples (L910, L920, L930, L.940,
L950, L960, L970, L980 and L.990) from Capmul 708G, Tween 80, PG and Milli-Q
mixture system. The ratio of PG to Milli-Q water was 1:1. (a) Blank microemulsions
(b) Beta-carotene loaded microemulsions.
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Table 1 Compositions of some samples in the ternary phase diagram

) % Surfactant (with or % Water (with or
Sample code % 0Oil . )
without cosurfactant) without cosolvent)

L110 9 81 10
L120 8 72 20
L130 7 63 30
L140 6 54 40
L150 5 45 50
L160 4 36 60
L170 3 27 70
L180 2 18 80
L190 1 9 90
L310 27 63 10
L320 24 56 20
L330 21 49 30
L340 18 42 40
L350 15 35 50
L360 12 28 60
L370 9 21 70
L380 6 14 80
L390 3 7 90
L510 45 45 10
L520 40 40 20
L530 35 35 30
L540 30 30 40
L550 25 25 50
L560 20 20 60
L570 15 15 70
L580 10 10 80
L590 5 5 90
L610 54 36 10
L620 48 32 20
L630 42 28 30
L640 36 24 40
L650 30 20 50
L660 24 16 60
L670 18 12 70
L680 12 8 80
L690 6 4 90
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L710 63 27 10
L720 56 24 20
L730 49 21 30
L740 42 18 40
L750 35 15 50
L760 28 12 60
L770 21 9 70
L780 14 6 80
L790 7 3 90
L910 81 9 10
L920 72 8 20
L930 63 7 30
L940 54 6 40
L950 45 5 50
L960 36 4 60
L970 27 3 70
L980 18 2 80
L990 9 1 90
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