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ABSTRACT

THE EFFECT OF TRIPALMITIN CRYSTALLINITY ON EMULSION LIPID IN
VITRO DIGESTION

Sally Huynh
University of Guelph, 2014

Advisor:
Dr. Amanda J. Wright

The purpose of this study was to determine the impact of TAG crystallinity on
digestibility using undercooled (Liquid-Emulsion) and crystalline (Solid-Emulsion)
particles exposed to an in vitro model simulating upper gastrointestinal (GIT) digestive
conditions. 10 wt% tripalmitin oil-in-water emulsions (d3,2~0.115 nm) with 0.9 wt%
sodium dodecyl sulfate (SDS) were prepared. The Solid-Emulsion sample demonstrated
complex melting behaviour, was predominantly in the β polymorph and contained a
heterogeneous mixture of platelets, rods and spheres.

Samples were exposed to conditions representative of gastric and duodenal conditions. In
vitro duodenal lipolysis was more extensive for the Liquid-Emulsion (P<0.05). Gastric
exposure (at pH 2 but not at 7) of the spherical Liquid-Emulsion induced partial
crystallization (β) and coalescence and led to the presence of one melting peak (i.e. 62.1
± 0.2 °C, β) in the Solid-Emulsion. SDS induced lipid crystallization and higher surface
loads were observed for the Solid-Emulsion and for the Liquid-Emulsion at lower pH.
Therefore, lipid droplet physical state impacted and was impacted by digestion.
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1.0

Introduction

Dietary lipids are an integral part of our daily food intake. From a health and disease
perspective, this energy dense macronutrient has several important biological functions
including insulation, protection, and nourishment. Dietary triacylglycerols (TAG) are the
predominant form of dietary lipids and contribute the most significantly to energy intake.
Prior to absorption by the enterocytes, TAG must be converted into monoacylglycerols
(MAG) and free fatty acids (FFA) and assimilated into mixed micelles along with bile
salts and phospholipids in the gastrointestinal tract (GIT) (Armand et al., 1999; Bauer et
al., 2005; Golding & Wooster, 2010). Dietary lipids also facilitate the delivery and
absorption of fat-soluble vitamins (e.g. A, D, E, and K) and are a source of essential fatty
acids (e.g. alpha linolenic acid and linoleic acid, which are ω-3 and ω-6 fatty acids,
respectively) as well as other lipid soluble bioactive molecules (e.g. carotenoids and
phytosterols) (Aken, 2010; McClements et al., 2009).

Lipids are also important from the perspective of food functionality because they
contribute desirable physical and sensory characteristics. These functional properties
include flavour, texture, mouthfeel, plasticity, and stability (Sikorski & Kolakowska,
2011). The food industry is now well equipped to structure lipid-based foods in order to
maximize their sensory characteristics (Golding et al., 2011). However, despite the
considerable knowledge and understanding of lipids in food systems, possible effects of
lipid structure and physical properties on digestion, absorption, and metabolism are rarely
considered and remain to be elucidated.
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Recent advances have highlighted the probable importance of lipid physical state (e.g.
liquid versus solid) during digestion (Michalski et al., 2013). For instance, in a
randomized crossover study, postprandial response was shown to be different following
consumption of test meals containing either a shea butter and sunflower oil blend or
sunflower alone (Berry et al., 2007). Analysis of the postprandial lipid response showed
that consumption of the blend resulted in 53% lower postprandial lipemia compared to
sunflower oil alone and the observed reduction was attributed to the solid fat content of
the shea butter. It was postulated that fats containing crystalline solids at body
temperature may impact micelle formation and hinder the absorption processes, leading
to a lower lipemic response (Berry et al., 2007). Such findings have important health
implications since exaggerated postprandial lipemia is linked to atherosclerosis, which is
the leading cause of cardiovascular disease (Valavanis et al., 2008).

In addition to evidence from human intervention studies, animal investigations of the
digestibility of solid and liquid fats have also been pursued. For example, in a rat study,
Apgar et al. (1987) showed that cocoa butter was less digestible than corn oil (59-72%
versus 93-97%). Similar results were also found in other rat studies with solid tristearin
versus liquid triolein (Bergstedt et al., 1990) and with fully hydrogenated soybean oil
versus liquid soybean oil (Kaplan & Greenwood, 1998). In most cases, solid fats appear
to be digested and absorbed to a lesser extent than liquid oils. However, very importantly,
in all of the above instances, the comparison of physical state was confounded by
differences in fatty acid composition. Furthermore, although it is generally assumed that
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solid fats are more poorly digested than liquid oils, there have been inconsistent results
and efforts to establish a digestibility index for stearic-acid rich fats have not been
successful (Livesey, 2000).

The effect of lipid physical state on digestibility has recently been studied using in vitro
digestion models. Malaki Nik et al. (2012) reported significantly higher lipolysis for
emulsion particles composed of canola oil than for solid lipid nanoparticles (SLN)
composed of canola stearin. Similarly, Bonnaire et al. (2008) found that lipolysis of a
tripalmitin emulsion by pancreatic lipase was significantly higher for samples in the
liquid versus solid states. Notably, Bonnaire et al. (2008) uniquely used the same
tripalmitin stock to produce both undercooled liquid and crystalline solid lipid particles.
This novel approach offers a great advantage in terms of permitting direct comparisons of
samples with different physical states, but identical composition.

Although several studies have acknowledged the possible importance of lipid physical
state on digestion and metabolism, our understanding in this area is in its infancy and
very little is known about how to optimize physical state for delivery and health
outcomes. A better understanding of the interplay between triacylglycerol (TAG)
crystallinity and the processes of digestion is needed both to support the development of
lipids to modulate lipemia and also to optimize the delivery of lipophilic bioactive
molecules. Therefore, the aim of this research, modeled after Bonnaire et al. (2008), was
to determine the impact of TAG crystallinity on digestibility using undercooled liquid
and crystalline solid emulsion particles exposed to an in vitro model simulating upper
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gastrointestinal digestive conditions. The first objective was to investigate differences in
lipid digestibility of crystalline and undercooled liquid tripalmitin emulsion particles
using an in vitro upper gastrointestinal model of digestion. The second objective was to
investigate the impact of digestion factors on lipid physical state and to identify the
digestion factors responsible for any changes observed. It was hypothesized that
digestibility would be higher for the liquid versus solid system and expected that the in
vitro digestion might induce changes in lipid physical state.
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2.0

Literature Review

2.1

Lipids

Lipids are a family of organic compounds that are soluble in organic solvents, but only
slightly soluble or insoluble in water due to the presence of hydrocarbon chains (Murano,
2011; Nawar, 1996). The different forms of dietary lipids include monoglycerides,
diglycerides, triglycerides, sterols, waxes, and phospholipids (Murano, 2011).
Triglycerides, which are also referred to as triacylglycerols (TAG), are the most common
lipid present in food and are composed of three fatty acid molecules attached to a
glycerol via an ester bond at specific locations known as sn-1, sn-2, and sn-3
(McClements, 1999a; Michalski et al., 2013). Fatty acids differ in carbon chain length,
configuration (linear or branched), and degree of unsaturation (Sato & Ueno, 2005).
Unsaturated fatty acids have one or more double bonds that create kinks in their
hydrocarbon chain, which result in weaker intermolecular interactions and lower melting
temperatures compared to saturated fatty acids (Metin & Hartel, 2005). The
physiochemical and functional properties of TAGs and TAG blends are dependent on
fatty acid composition and the position of fatty acids on the glycerol backbone (Sato &
Ueno, 2005).

Dietary lipids are an important class of macronutrient and essential for health. They are a
significant source of energy, essential fatty acids, and lipid soluble bioactives such as
carotenoids and phytosterols (Aken, 2010). However, lipids play a paradoxical role in the
modern diet since their excessive consumption has been cited as the leading cause of
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obesity (Golding & Wooster, 2010). Significant increase in body weight is associated
with a multitude of metabolic disorders including glucose intolerance, insulin resistance,
elevated cholesterol, and hypertension – all of which are well-established risk factors for
cardiovascular disease and Type 2 diabetes (Dandona et al., 2005; Eckel et al., 2005).
Recent advances in nutrition research have demonstrated the importance of lipid structure
on digestibility. Studies revealed that lipid structure and lipid physical state (solid versus
liquid) can modulate lipid digestibility, bioavailability, and their metabolic fate
(McClements et al., 2009; Michalski et al., 2013). However, our current understanding
of this lipid-structure and digestibility relationship remains limited. For example
controlling lipid digestion may modulate absorption and circulating lipid levels. Also,
lipid structure-digestibility relationships have relevance for inducing satiety as a potential
weight management strategy (Albertsson et al., 2007; Lundin et al., 2008; Samra, 2010).

2.2

The Mechanisms of Lipid Digestion

2.2.1 Gastric Lipolysis
Digestion is a complex and highly dynamic process. In adult humans, lipid digestion
begins in the stomach with mechanical emulsification which is an essential step for
optimal digestion (Bauer et al., 2005). It contributes to the organization of lipids in the
form of droplets in the aqueous digestive system (Bauer et al., 2005). A significant
portion of fats which are consumed as part of a typical diet are already emulsified (e.g.
mayonnaise, milk, cream). However, non-emulsified fats are also consumed, namely
from cooking oil and visceral fat from meat (Golding & Wooster, 2010). Emulsification
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is extremely important for digestion because of the presence of a lipid-water interface
that is necessary for interactions between water-soluble lipases and insoluble lipids
(Armand et al., 1999; Michalski, 2009). In healthy adult humans, the proportion of
lipolysis occurring in the stomach is approximately 10-30% (Fave et al., 2004). However,
the gastric phase can still be fundamental because it facilitates subsequent duodenal
lipolysis by pancreatic lipase by providing more favourable sites for pancreatic lipase and
colipase to bind (Mu & Hoy, 2004). Lingual lipase is secreted from salivary glands in the
oral cavity, although it acts alongside gastric lipase in the acidic environment of the
stomach to cleave short and medium chain fatty acids at the sn-3 position to generate 1,2diacylglycerol (DAG) and free fatty acids (Carey et al., 1983; Michalski et al., 2013;
Moreau et al., 1988; Small, 1991).

2.2.2 Intestinal Lipid Digestion
The small intestine is the main site of lipid digestion and nutrient absorption. The
presence of TAG degradation products in the small intestine stimulate the release of
cholecystokinin (CCK) (Mu & Hoy, 2004). Pancreatic lipase secretion is regulated
through hormonal mechanisms; CCK stimulates the release of pancreatic lipase from the
pancreatic tissue into the duodenum, which is the upper portion of the small intestine (Mu
& Hoy, 2004). Pancreatic lipase acts to preferentially cleave fatty acids from the glycerol
backbone at the sn-1 and sn-3 positions (Michalski et al., 2013). This generates free fatty
acids and 2-monoacylglyercols (2-MAG), which can undergo structural rearrangement
during digestion to achieve complete degradation into glycerol and free fatty acids
(Golding & Wooster, 2010). Pancreatic lipase is a water-soluble, surface-active enzyme
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that is the major lipolytic enzyme involved in lipid digestion. However, it requires the
presence of colipase, which is a non-enzymatic protein cofactor, to circumvent the
inhibitory effect of bile salts for optimal activity (Bauer et al., 2005; Golding & Wooster,
2010).

Bile salts are powerful surfactant molecules that further emulsify and increase TAG
surface area (Aken, 2010). They are produced by hepatocytes in the liver and stored in
the gall bladder (Wilde & Chu, 2011). Bile salts are amphiphilic surfactants; possessing
both hydrophobic and hydrophilic regions. Although they are surfactants, their molecular
structure rather differs from conventional surfactants since they are derived from
cholesterol (Wilde & Chu, 2011). Essentially, they have a steroid structure comprised of
four rings with a side chain terminating in carboxylic acid to which taurine or glycine
becomes conjugated (Mukhopadhyay & Maitra, 2004).

Depending on their concentration, bile salts can either aid or inhibit pancreatic lipase
activity (Golding & Wooster, 2010). In the early stages of lipid digestion at low
concentration, bile salts facilitate pancreatic lipase activity by removing the build up of
digestion products, from the emulsion interface, which can otherwise limit lipase
adsorption, to allow lipolysis to continue (Lowe, 2002). In contrast, high concentrations
of bile salts inhibit pancreatic lipase activity by competing with pancreatic lipase at the
interface. Since bile salts are more surface active than the products they displace, they
makes it challenging for pancreatic lipase to adsorb to the interface (Wilde & Chu, 2011).
Pancreatic lipase overcomes this inhibitory effect by forming a complex with colipase
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(Bauer et al., 2005; Lowe, 2002). Due to electrostatic interactions between colipase and
bile salts, pancreatic lipase is able to adsorb to the bile salt rich interface (Wilde & Chu,
2011). Thus, the presence of colipase as a cofactor is essential for maximal pancreatic
lipase activity.

In addition to pancreatic lipase and bile salts, there are other biosurfactants and enzymes
that also play an important role in lipid digestion’s complex cascade. For instance,
phospholipids such as phosphatidylcholine (PC) are another major constituent of biliary
fluids (Porter et al., 2008). Phospholipids can also inhibit the interfacial adsorption of
pancreatic lipase by competing at the interface. The hydrolysis of phospholipoids occurs
predominantly by the action of pancreatic phospholipase A2 (PLA2), which requires
calcium and bile salts for activation (Borgstrom et al., 1980; Reis et al., 2009). This
enzyme cleaves phospholipids at the sn-2 position to yield FFA and lysophospholipids
(Porter et al., 2008). These products are also surface active and partition between the
interface and mixed micelles and eventually leave the interface in the presence of bile
salts (Hofmann, 1963).

Bile salts also play a critical role in the formation of mixed micelles, which are discshaped aggregates with an approximate diameter of 4-60 nm (Yonekura & Nagao, 2007).
They consist of a core containing hydrophobic lipids surrounded by an outer shell of bile
salts (Yonekura & Nagao, 2007). The digestion products, namely fatty acids and 2-MAG,
are removed from the water-oil interface and incorporated into mixed micelles in the
aqueous phase by bile salts (Bauer et al., 2005; Golding & Wooster, 2010). The
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formation of micelles depends on the concentration of bile salts in solution. Micelles
form when the bile salt concentration exceeds a critical level, which is termed the critical
micelle concentration (CMC) (Bauer et al., 2005; McClements, 1999a; Yao et al., 2014).
Mixed micelles act as carriers to transport the products of lipolysis from the lumen to the
intestinal mucosa for absorption via simple diffusion. In addition to mixed bile salt
micelles, there is also a range of other colloidal structures, including phospholipid
vesicles, that are formed in the small intestine and that are capable of solubilizing various
lipid species such as FFA, MAG, and fat-soluble vitamins and nutraceuticals (Aken,
2010; McClements, 2013).

In instances where nutrients, especially TAG, reach the ileum undigested, an inhibitory
feedback mechanism called the “ileal brake” is activated (Golding & Wooster, 2010).
Effectively, gastric motility is reduced to promote nutrient absorption. Interestingly,
activation of the ileal brake has also been reported to increase feelings of satiety and to
reduce food intake (Maljaars et al., 2008). Therefore, the potential for designing delivery
systems, such as solid lipid nanoparticles (SLN) that deliver nutrients to the ileum has
exciting prospects in regards to combating obesity and other health related problems
(Maljaars et al., 2008; McClements & Li, 2010). Furthermore, gastric structuring has also
been investigated due to its potential to slow down gastric emptying and induce feelings
of fullness. Current research is looking at inducing coalescence of emulsions or gelation
of systems in order to delay gastric emptying (Golding & Wooster, 2010).
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2.3

In Vitro Digestion Models

The previous discussion highlights the complexity and exceedingly dynamic nature of the
digestive process in the human body. In vivo human approaches for studying digestion
are the gold standard since they usually produce the most accurate results, but they are
relatively expensive, time-consuming, and there can be ethical constraints (Hur et al.,
2011). As a result, numerous in vitro digestion models have been developed as practical
alternatives to animal and human experiments. Although in vitro models cannot
accurately match the complexity of actual digestion, they are useful tools for mechanistic
studies due to several factors, including reproducibility, the ability to control conditions
for specific applications and endpoints, and the ease of sampling at the time and site of
interest (Guerra et al., 2012; Minekus et al., 2014). In vitro models are often used in lipid
studies to assess the extent of lipolysis, to analyze structural and chemical changes that
may occur under simulated GI conditions and to determine the bioaccessiblity of
lipophilic components as an indicator of potential oral bioavailability (Bonnaire et al.,
2008; Borel et al., 1994; Golding et al., 2011; Guerra et al., 2012; Li et al., 2011; Malaki
Nik et al., 2010; Mun et al., 2006; Mun et al., 2007; Malaki Nik et al., 2012; Speranza et
al., 2013; Tzoumaki et al., 2013; Yao et al., 2013). Furthermore, in vitro models are
particularly useful when seeking to compare two systems.

Although the basic principles of in vitro models are the same, experimental differences
can significantly influence the results (Hur et al., 2011). The following parameters need
to be considered during experimental design: the duration and type of digestive phase
(e.g. oral cavity, stomach, small intestine, large intestine), the concentration and
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composition of the digestive fluids (e.g. buffers, salts, enzymes, surface-active
compounds), and mechanical stresses and fluid flows (e.g. direction and magnitude of
applied stresses) (Guerra et al., 2012). It is important that the model is as physiologically
relevant as possible, with the appropriate pH, digestion time and enzymatic conditions to
achieve reliable results. For instance, the stability and rate of lipid digestion of emulsions
may be impacted by the pH (Guerra et al., 2012). Therefore an understanding of how the
limitations and experimental conditions of a particular model influence the results is
critical.

2.4

Emulsions

Emulsions are a mixture of two immiscible liquids (usually oil and water) in which the
internal liquid phase is dispersed as small spherical droplets into the external or
continuous phase (McClements, 1999a). Based on the nature of the dispersed and
continuous phases, emulsions can be classified as oil-in-water emulsions (i.e. oil droplets
dispersed in the continuous aqueous phase) or water-in-oil emulsions (i.e. water droplets
dispersed in the continuous lipid phase) (McClements, 1999a). The addition of surfaceactive molecules called emulsifiers, also known as surfactants, is necessary to form
emulsions that are kinetically stable (McClements, 1999a; Petersen & Ulrich, 2013).
Otherwise, since contact between oil and water molecules is energetically unfavourable,
these systems will phase separate (McClements, 1999a). Examples of food emulsions
include milk, butter and margarine, ice cream, and mayonnaise.
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The formation of an emulsion requires energy input via homogenization to disrupt and
combine the oil and water phases (Walstra, 1993). The two liquids are first homogenized
into a coarse emulsion using one type of homogenizer (e.g. high speed blender) followed
by high pressure homogenizer to further reduce the particle size (Min & Dekker, 2002).
Solid lipid particles (SLP), a special subset of which are solid lipid nanoparticles (SLN),
can be derived from oil-in-water (O/W) emulsions by replacing the liquid lipid of the
emulsion particles with a high melting point lipid which crystallize when cooled below
its melting temperature (i.e. when it is undercooled) (Müller et al., 2000). In this case, the
dispersed phase is solid at room temperature and can exist either dispersed in an aqueous
surfactant solution or be dried down into powder format through a spray-drying technique
(Freitas & Mu, 1998; Muhlen et al., 1998)

Key concepts of SLN will be briefly discussed since SLN were produced, alongside oilin-water emulsions (i.e. undercooled liquid particles), as part of this research in order to
investigate the impact of TAG crystallinity on digestibility. SLN were introduced in the
1990s as alternative colloidal carrier systems, particularly for the delivery of lipophilic
pharmaceuticals (Ekambaram et al., 2012; Manjunath et al., 2005). Great interest was
generated due to their ability to overcome some shortcomings associated with lipophilic
molecules in traditional drug carrier systems such as lipid emulsions, liposomes, and
polymer micro/nanoparticles (Allen, 1996; Smith & Hunneyball, 1986). Such challenges
include toxicity, unpredictable pharmacokinetics, chemical and physical instability, and
lack of cost-effective large-scale production techniques (Müller et al., 2000). Therefore,
SLN are an interesting potential delivery system for lipophilic bioactives in the area of
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functional foods and nutraceuticals. However there are challenges associated with SLN
that hinder their delivery potential. For instance, undercooling is common in these
systems (Bunjes et al., 1996). Polymorphic transitions have also been observed and
associated with particle aggregation and gelation or the release of encapsulated bioactive
compounds (Helgason et al., 2008; Manjunath et al., 2005). Further research is,
therefore, needed to understand polymorphic transitions in SLN in order to enhance their
functionality, including during digestion. This research will contribute to this knowledge
gap.

For the purposes of this thesis, SLN and undercooled liquid emulsion particles were
produced using tripalmitin (PPP). PPP is a monoacid saturated triglyceride. Three fatty
acids, all palmitic acid (C16:0), are esterified to a glycerol molecule. Figure 1 shows the
chemical structure of PPP.

Figure 1. Chemical structure of tripalmitin (NIST Chemistry WebBook, 2013).
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Bulk PPP has a melting point of approximately 66 °C (Kellens et al., 1992). Melting
point is strongly influenced by the length of fatty acid chains as well as the degree of
unsaturation (Murano, 2011). Short-chain fatty acids possess lower melting points than
long-chain fatty acids, and saturated fatty acids have higher melting points than
unsaturated. The melting point is an important physical property to consider when
selecting a lipid for SLN formulation since it dictates the processing temperatures
necessary for emulsion formation and crystallization (Manjunath et al., 2005; Müller et
al., 2000). In addition, it determines the properties and stability of the particles produced
(Müller et al., 2000). Importantly, dispersed lipids exhibit pronounced differences in
terms of melting temperature compared to the bulk state. In general, melting point
depression is observed when bulk lipids are dispersed (Han et al., 2008). The melting
behaviour of lipid dispersions also strongly depends on particle size (Bunjes et al., 2000),
with reductions in melting temperature observed with decreased size (Bunjes et al., 2000;
Bunjes, Westesen, & Michel, 1996; Freitas & Mu, 1998; Jores et al., 2003; Siekmann &
Westesen, 1994; Westesen & Bunjes, 1995). The Gibbs-Thomson Equation (Equation
1), modified for crystalline materials, describes the relationship between particle size and
melting temperature (Defay et al., 1966),

−

To − T
T
2γ V
≈ ln = − sl s
To
To
rΔH fus

(Equation 1)

where T is the melting temperature of the particle with radius r, and To is the melting
€
temperature of the bulk material, γsl is the interfacial tension at the solid-liquid interface,
Vs is the specific volume of the solid and ΔH is the material’s specific heat of fusion
(Bunjes et al., 2000).
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2.5

Emulsifiers

Emulsions are thermodynamically unstable systems that have the tendency to breakdown
through a variety of mechanisms, including flocculation and coalescence (McClements et
al., 2009). Emulsifiers, also known as surfactants, are surface-active molecules with both
hydrophilic and hydrophobic moieties. They adsorb to the surface of emulsion particles
formed during homogenization to form physical barriers that prevent particles from
aggregating (McClements et al., 2009). The principal roles of a surfactant in a dispersed
system is to facilitate its formation by lowering the surface tension and to impart
stabilizing properties (El Kinawy et al., 2013). Some surfactants can impart stabilization
through electrostatic repulsion such as in the case of ionic surfactants. Or, by forming a
protective physical barrier between particles as in the case of steric stabilization (Müller
et al., 2000; Walstra, 2003a).

A variety of surfactants have been used for the preparation of SLN dispersions, including
phospholipids, bile salts, poloxamers as well as ionic and nonionic surfactants (Bunjes et
al., 2003). The requirements for selecting a surfactant for SLN are that they should be
non-toxic, capable of stabilizing the system during production and storage, and
effectively allow the desired particle size to be achieved (Manjunath et al., 2005). In
addition, the in vivo fate of the surfactant should also be considered. For instance, a very
limited number of surfactants can be used in parenteral formulations due to the irritating,
hemolytic, or sensitizing action of most amphiphilic substances (Bunjes et al., 2003). It
should be noted that, compared to emulsions, selecting a surfactant suitable for SLN
production can generally be more complex since surfactants have been shown to affect
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lipid crystallization and lipid crystal behaviour in several ways (Aronhirne et al., 1988;
Douaire et al., 2014; Sakamoto et al., 2004; Siekmann & Westesen, 1994; Surh et al.,
2005). This includes acting as impurities to seed nucleation as well as slowing or
enhancing polymorphic transitions towards more stable forms. For example, Sakamoto et
al. (2004) reported that the addition of highly hydrophobic surfactants accelerated the rate
of crystallization in oil-in-water emulsions. They concluded that the presence of
surfactants enhanced interfacial heterogeneous nucleation via a templating effect. Some
surfactants adsorbed at an emulsion oil/water interface can create a matrix which
templates interfacial heterogeneous nucleation of the lipid TAG (Douaire et al., 2014).
Interactions between surfactant and TAG are enhanced when compatibility exists
between the chains (Douaire et al. 2014). Gülseren & Coupland (2008) observed
interactions (between a C16 surfactant and emulsified C18 alkane, suggesting the TAG
and surfactant chains do not need to match perfectly for interactions to occur (Gülseren &
Coupland, 2008). Since the interactions between TAG and surfactant molecules
determine the effect on crystallization, it is important to select an appropriate surfactant
to produce a stable emulsions or SLN with the desired physiochemical characteristics.

2.5.1 Sodium Dodecyl Sulfate (SDS)
Sodium dodecyl sulfate (SDS) was selected as the surfactant for this research, in
accordance with the work of Bonnaire et al. (2008). SDS is an anionic surfactant with a
hydrophilic sulfate head group and hydrophobic saturated 12-carbon chain. Figure 2
shows the chemical structure of SDS. It has been shown to adsorb to the interface of lipid
particles rapidly during homogenization, thus, it is an effective surfactant for emulsion
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stabilization (Surh et al., 2005). The U.S. Food and Drug Administration (FDA) allows
SDS to be used as a direct food additive for a few select foods and beverages (e.g. egg
whites, marshmallows, fruit juice drinks) as well as an indirect food additive as a
component of resinous and polymeric coatings that are intended for use in or on foods
(FDA, 2014). However, there are specific restrictions regarding the levels of SDS that is
permitted for use. For instance, SDS cannot exceed 1000 ppm in egg white solids, or 125
ppm in frozen and liquid egg whites (FDA, 2014). SDS cannot exceed 0.5% by weight of
gelatin used in the preparation of marshmallows, nor can it exceed 25 ppm in a fruit juice
drink (FDA, 2014). Furthermore, with respect to coatings, only the minimum amount
required to accomplish the intended effect can be applied (FDA, 2014). Due to these
specific restrictions, it is fair to say that SDS cannot be utilized in the production of food
grade oil-in-water emulsions.

Figure 2. Chemical structure of sodium dodecyl sulfate (NIST Chemistry WebBook,
2014).

2.6

Lipid Crystallization

Lipid crystallization is a complex process that can only take place when the lipid melt is
cooled below its melting temperature to induce a liquid-solid phase transition
(McClements, 1999b; Walstra, 2003d). This undercooling, also referred to as
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supercooling, is required to reach the activation energy necessary for nucleation
(McClements, 1999b). It is important to note that emulsions of supercooled melts, rather
than dispersions of solid particles, are produced when undercooling is insufficient
(Bunjes et al., 1996). This is often the case for SLN which are composed of TAG with
melting temperatures just above room temperature (Bunjes et al., 1996). In contrast,
sufficient undercooling of lipid particles results in the formation of nuclei which are
molecular clusters of crystalline structures (Coupland, 2002). The formation of stable
nuclei is followed by crystal growth in which molecules from the liquid oil are
incorporated at the solid-liquid interface (McClements, 1999b).

Nucleation can be homogenous or heterogeneous in nature. The former, in which nuclei
form spontaneously, occurs in the absence of a surface or impurity (e.g. dust particles,
existing crystals, walls of a container, etc.) (Walstra, 2003d). In contrast, heterogeneous
nucleation is catalyzed by the presence of impurities. Emulsifiers can also influence
nucleation mechanisms either by acting as nuclei to promote heterogeneous nucleation or
by impeding nucleation and preventing crystal growth (Garti & Yano, 2001). The
formation of nuclei on the surface of solid impurities is energetically more favourable,
and as such, the degree of undercooling required to initiate crystallization is less than that
of homogeneous nucleation (Campbell et al., 2002; Coupland, 2002). Therefore,
heterogeneous nucleation occurs more readily and commonly than homogeneous
nucleation (Garti & Yano, 2001).
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It should be highlighted that the properties of dispersed lipids, particularly the degree of
crystallinity and polymorphism, can differ appreciably from that of the bulk form. For
instance, the formation of nuclei in bulk lipids usually proceeds by heterogeneous
nucleation whereas the homogeneous mechanism often takes place in emulsified lipids
(McClements, 2012). This is due to the redistribution of catalytic impurities within the
emulsion particles; the number of particles far exceeds the number of impurities, and
thus, the majority of the particles do not have impurities present to act as nucleation
catalysts (Campbell et al., 2002; Coupland, 2002; McClements, 2012). Consequently,
lipid dispersions require a greater degree of undercooling (approximately 10 to 20 °C) to
promote nucleation and crystal growth compared to bulk lipids (Gülseren & Coupland,
2007; McClements, 2012; Montenegro et al., 2003). Therefore, from a technical
standpoint, the crystallization temperature and the degree of undercooling required for
lipid dispersions are important considerations when selecting a lipid for SLN production.

2.7

Lipid Polymorphism

The ability of a material to exist in different crystal forms is called polymorphism. The
three main crystal polymorphs relevant to dietary fats, listed in order of increasing
thermodynamic stability, melting temperature, and packing density, are as follows: alpha
(α), beta prime (βʹ′) and beta (β) (McClements, 1999b; Metin & Hartel, 2005; Sato &
Ueno, 2005). Each form is characterized by differences in the packing arrangement of the
hydrocarbon chains and also by variations in the angle of tilt of the hydrocarbon chains
(Metin & Hartel, 2005). Owing to the monotropic nature of TAG, polymorphic
transformations occur irreversibly from the least stable to the most stable form (i.e. from
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α to βʹ′ to β) (Miskandar et al., 2005). These transformations are accompanied by an
increase in packing density to achieve the most optimum packing arrangement. The α, βʹ′,
and β polymorphs have hexagonal (H), orthorhombic perpendicular (O⊥) and triclinic
parallel (T//) subcell structures, respectively (Figure 3) (Metin & Hartel, 2005). It is
these subcell structures that allow TAG polymorphism to be determined by x-ray
diffraction (XRD). Each subcell structure has particular repetitive spacings that give rise
to characteristic wide-angle x-ray diffraction (WAX) patterns (often called short
spacings) (Kellens et al., 1990). Reflections of 4.15, 3.8 and 4.2 and 4.6 Å correspond to
the α, βʹ′, and β polymorphs, respectively (Lutton, 1950). Reflections ranging from 3.6 to
3.9 Å are also associated with the β polymorph (Garti, 2002; Himawan et al., 2006).

Figure 3. Subcell structures of TAG molecules showing the hexagonal, orthorhombic,
and triclinic unit cells corresponding to the alpha, beta prime, and beta polymorphs,
respectively (from Metin & Hartel, 2005).

While short spacings provide information on subcell structures, long spacings provide
information regarding the thickness of TAG lamella in the crystal formed, primarily
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distinguishing between packing of the TAG in the double chain length (2L) or triple
chain length (3L) configuration (Figure 4) (Himawan et al., 2006). TAG crystals are
comprised of longitudinally stacked TAG molecules, and the thickness depends on the
length and unsaturation of the fatty acid chains and their angle of tilt with respect to the
basal plans formed by the methyl end groups of the TAG (Himawan et al., 2006; Lopez,
et al., 2000; Lopez et al., 2007). The thickness can be measured by XRD at small angles 0
° < θ < 5 °, leading to distances in the ranges of 40-50 and 55-70 Å for 2L and 3L,
respectively (Lopez et al., 2007). Long chain, high melting trisaturated TAG usually have
a 2L structure, while long chain, low melting monounsaturated and/or long and short
chain TAG mostly have 3L structures (Lopez et al., 2007).

Figure 4. Different longitudinal stacking of TAG molecules in the lamellae for α, βʹ′, and
β polymorphs (from Lopez et al., 2000).

In addition to XRD, differential scanning calorimetry (DSC) is another common
analytical technique used to identify polymorphic forms in lipids. The principle behind
this thermal analysis technique is that each polymorph possesses a different melting
temperature (Kellens et al., 1992), and thus, the polymorphic form can be obtained by
melting the sample under controlled conditions and determining the peak melting point.
However, since polymorphic form depends on the heating and/or cooling applied to
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samples during measurement, as well as the thermal history and composition of the
sample, polymorph identification by DSC can be challenging (Bunjes & Unruh, 2007;
Miskandar et al., 2005). Therefore, the combination of XRD and DSC is often used for
assignment of polymorphic form (Bunjes & Unruh, 2007).

2.8

Polymorphic Transitions in SLN

Polymorphism in SLN has been studied extensively due to its pronounced influence on
its stability and physiochemical properties such as loading capacity (Müller et al., 2000;
Westesen et al., 1997). In terms of stability, transitions from the α to β polymorph have
been associated with SLN destabilization indicated by morphological changes and
gelation of SLN dispersions (Helgason et al., 2008). Polymorphic transitions involve
major alterations in the packing arrangement of the lipid molecules and thus the internal
structure of the nanoparticles (Bunjes, 2010). Typically, SLN prepared by high-pressure
hot homogenization crystallize in the unstable α-form and may subsequently transform
into the stable β-form upon heating or during storage (Bunjes et al., 1996; Westesen et
al., 1997). The rate of these transformations is greater in nanoparticles than in bulk
material following crystallization (Manjunath et al., 2005). In fact it has been reported
that the rate of transformation is sensitive to the specific surface area of the dispersion
(Bummer, 2004). As such, a reduction in particle size accelerates the rate of polymorphic
transformations (Manjunath et al., 2005; Westesen et al., 1997).
The crystalline nature of SLN must be considered when considering loading capacity
since there can be limited space for the incorporation of drugs or other bioactive
molecules (Bunjes, 2010). This has important implications for the design of
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pharmaceuticals as well as functional foods and nutraceutical applications where SLN
may be utilized to encapsulate bioactive ingredients such as carotenoids, omega-3 fatty
acids or phytosterols (Michalski et al., 2013; Weiss et al., 2008). Since the β-form has a
highly ordered packing arrangement than that of the α-form, the loading capacity is
further restricted for the more thermodynamically stable polymorph. As mentioned
previously, when polymorphic transitions take place, the lipid molecules assumed a more
ordered state (Ulman et al., 1989). The transition to highly ordered particles can cause
drug expulsion from the crystal lattice of SLN (Manjunath et al., 2005).

2.9

Impact of Lipid Physical State on Digestibility and Absorption

Lipids in most food are liquid at body temperature although they may be partially or fully
crystalline in some food products (McClements et al., 2009). The impact of this physical
state on lipid digestibility is the focus of this thesis. Significant research has focused on
the influence of TAG intramolecular structure (e.g. length of fatty acid chain, degree and
geometry of unsaturation, and positional distribution) on postprandial lipemia (Berry,
2009). However, results are not always clear-cut and sometimes conflicting. For instance,
some studies have reported that the positional distribution of fatty acids have little or no
effect on postprandial response while other investigations indicate otherwise (Berry,
2009; Summers et al., 1998; Yli-Jokipii et al., 2003; Zampelas et al., 1994). Very
interestingly, it was postulated that lipid physical state may determine the postprandial
lipemic response rather than the positional distribution (Berry, 2009). However, to date,
this remains unexplored. Moreover, the influence of TAG intermolecular structure has
rarely been considered.
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Only recently have advancements shown that the physical states of lipids (i.e. solid
versus liquid form) can modify their digestion, absorption, and/or metabolism (Michalski
et al., 2013). For instance, Golding et al. (2011) conducted an in vitro digestion
experiment as well as a randomized crossover human study to investigate the impact of
lipid physical state on digestibility. They observed a slower rate and lower extent of
lipolysis for a 20 wt% oil-in-water emulsion containing an effective solid fat fraction of
25% compared to a completely liquid emulsion stabilized with 1 wt% sodium stearoyl
lactate in both the in vitro and in vivo components. This work was novel because it
sought to understand the impact of lipid physical state on human metabolism, which is
uncommon. Very few studies have carefully addressed this with controlled studies.
Unfortunately, even in Golding et al. (2011) differences in physical state were
confounded by differences in fatty acid composition. As mentioned earlier, Bonnaire et
al. (2008) used a unique undercooling method that permitted the study of lipid physical
state on digestibility using only one lipid composition. This provided a tremendous
advantage since it allowed conclusions to be made about the effect of lipid physical state.
Similar results as Golding et al. (2011) were observed, i.e. the emulsion prepared with
tripalmitin in the liquid state had significantly higher rates of lipolysis than the same
emulsion in the solid state (Bonnaire et al., 2008).

Lipid physical state was also shown to impact postprandial lipemia (Berry et al., 2007).
The consumption of a shea butter and olive oil blend (22% SFC at 37 °C) was shown to
significantly reduce postprandial lipemic response (by 53%) compared to sunflower oil
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(0% SFC at 37 °C). Berry et al. (2007) concluded that, in human adults, there appears to
be a correlation between lipid absorption and the percentage of solid fat at body
temperature. Although lipid digestion is generally considered to be efficient and
complete, there is evidence this is not always the case. For example, although stearic acid
from most TAG sources is reportedly relatively well absorbed, it is also reported that
absorption of tristearin tends to be low due to reduced pancreatic lipase accessibility to
the molecules which are in the solid state during digestion (Livesey, 2000).

Lipid physical state may influence lipolysis through various mechanisms. It is postulated
that the ability of gastric lipases to effectively access and hydrolyze TAG molecules is
modified by differences in interfacial composition of liquid and solid lipid particles as
well as variations in the molecular arrangements of the TAG molecules within the lipid
phase (Bonnaire et al., 2008; McClements et al., 2009; Michalski et al., 2013). In
addition, lipids that are solid at body temperature may result in impaired micelle
formation (Berry, 2007), in part through differences in soap formation, although
questions remain about the mechanisms. Mixed micelles are important because they
transport poorly soluble FFAs and MAGs to the enterocytes for absorption (Aken, 2010),
and an impairment in micelle formation can lead to malabsorption with consequences for
nutrient bioavailability (Bauer et al., 2005).

Clearly, it is important to understand the influence of physical state on lipid digestion,
absorption, and metabolism. There is potential to optimize the effect of lipid physical
state to manage postprandial lipemia in the context of preventing metabolic diseases since
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controlling digestion may modulate absorption and circulating lipid levels (Michalski et
al., 2013). The topic also has relevance in terms of formulating pharmaceutical and
functional food products for the delivery of encapsulated molecules in lipid-based
delivery systems. As such, understanding the influence of the physical state of the lipid
phase on digestion has implications in terms of potential health benefits as well as
negative effects. Despite this, studies investigating differences in lipid digestibility based
on TAG crystallinity, including polymorphic form, are noticeably lacking. Research is,
therefore, needed to better understand lipid digestibility in order to help clarify the
relationships between lipid consumption and health.
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3.0

Materials and Methods

3.1

Materials

Tripalmitin (85% purity; catalogue number: T8127-100G; free fatty acids: 2.13 ± 0.02%
based on palmitic acid and as determined by AOCS Official Method Ca 5a-40), sodium
dodecyl sulfate (SDS), porcine bile extract (containing glycine and taurine conjugates of
hyodeoxycholic acid and other bile salts), pyrogallol (99% A.C.S reagent), pepsin (from
porcine stomach mucosa with activity of 1,020 units/mg protein), porcine pancreatin (4 x
USP, contains amylase, trypsin, lipase, ribonuclease and protease), methylene blue,
hydrochloric acid (1.0 N), sodium hydroxide (0.1 N and 1.0 N), hexane (>95%
spectrophotometric grade), phenolphthalein (0.5 wt% in ethanol) and chloroform
(≥99.8% A.C.S reagent) were purchased from Sigma Aldrich (St. Louis, MO, USA).
Soybean phospholipids containing 70% phosphatidylcholine were provided by American
Lecithin Company (Oxford, CT, USA). The non-esterified fatty acid kid (NEFA-HR2)
was purchased from Wako Pure Chemical Industries (Wako Diagnostics, VA, USA).
Amicon Ultra 4 mL ultrafiltration tubes with a 30,000 molecular weight cutoff were
purchased from EMD Millipore Corporation (Billerica, MA, USA). De-ionized water
(DI) was used for the preparation of all reagents, buffers and synthetic fluids.

3.2

Methods

The method used to produce tripalmitin (PPP) oil-in-water emulsions stabilized by SDS
was adapted from Bonnaire et al. (2008). The method allowed for the production of two
emulsions where the lipid particles were solid in one system and liquid (i.e. undercooled)
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in the other. The emulsion was prepared by hot high-pressure homogenization at a
temperature of ~ 80 °C, i.e. above the melting temperature (Tm) of PPP (66 °C). Half of
the hot emulsion was cooled to 0 °C, i.e. well below PPP’s crystallization temperature
(Tc) in order to produce crystalline particles, prior to heating to body temperature (37 °C).
The remainder of the emulsified sample was cooled directly and held at 37 °C to produce
liquid particles.

3.2.1 Crystalline Solid and Liquid Emulsion Particles Production
PPP was melted in an 80 °C oven for 30 minutes to erase any crystal memory. A coarse
pre-emulsion was prepared by dispersing 10 wt% melted PPP into a hot aqueous
surfactant solution (~80 °C) prepared by dissolving 1 wt% SDS in phosphate buffer (10
mM, pH 7). The mixture was then homogenized using an Ultra Turax (Ika T18 Basic,
Germany) stand homogenizer at 10,000 rpm for 30 seconds. The pre-emulsion was
immediately transferred to a hot microfluidizer processor (M-110EH, Microfluidics, MA,
USA) and homogenized at a pressure of 10,000 PSI (69 MPA) with three passes. The
microfluidizer interaction chamber and piping was maintained above the melting
temperature of PPP by submersion in an 80 °C water bath (maintained at a set point of 95
°C). Boiling water was also run through the piping several times prior to homogenization.
The temperature of the samples exiting the homogenizer was confirmed to be 70 °C.

Immediately following homogenization, approximately half of the hot emulsion (20-22
mL) was poured into an amber glass jar at room temperature and then cooled in an ice
water bath for 15 minutes to induce crystallization. Thereafter, the sample was placed in a
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37 °C incubator for storage and subsequent analysis within 10 days. The remaining hot
emulsion (20-22 mL) was poured into a heated amber glass jar (previously held in an 80
°C oven) and placed in a 37 °C incubator to achieve liquid particles. Figure 5 shows the
cooling curves for both samples. From this point forward, the emulsions containing
crystalline solid particles and liquid particles will be referred to as Solid-Emulsion and
Liquid-Emulsion, respectively. Every effort was made throughout sample storage and
analysis to minimize temperature fluctuations and to avoid inducing crystallization of the
liquid particles. Confirmation of the presence of the liquid state was performed regularly
using DSC, as below.

Figure 5. Cooling curves of 10 wt% PPP oil-in-water emulsions stabilized with 0.9 wt%
SDS containing crystalline solid or liquid emulsion particles.

30

3.2.2 Analytical Techniques
3.2.2.1 Particle Size Determination by Laser Diffraction (LD)
The particle size distributions, surface-weighted mean diameters (d3,2), and volumeweighted mean diameters (d4,3) of the Liquid-Emulsion and Solid-Emulsion samples were
determined by laser diffraction (LD) using a Mastersizer 2000S (Malvern Instruments
Inc., Southborough, MA, USA). Refractive indices of 1.33, 1.437 and 1.54 were used for
the aqueous phase, liquid and solid lipid phases, respectively (Bonnaire et al., 2008).
Measurements were taken prior to and during gastric and duodenal in vitro digestion
experiments (as described below).

3.2.2.2 ζ –Potential Determination by Dynamic Light Scattering (DLS)
ζ -potential measurements of the Liquid-Emulsion and Solid-Emulsion samples at
different pH values (1, 2, 3, 5, 7 and 10) were made using a Zetasizer Nano ZS (Malvern
Instruments Inc., Southborough, MA, USA). All samples were diluted (1:250) with 10
mM phosphate buffer. Refractive indices of 1.33, 1.437 and 1.54 were used for the
aqueous phase and the liquid and solid lipid phases, respectively (Bonnaire et al., 2008).

3.2.2.3 Thermal Analysis by Differential Scanning Calorimetry (DSC)
A Q2000 differential scanning calorimeter (TA Instruments, New Castle, DE, USA) was
used to determine the physical state and to study the melting behaviour of the LiquidEmulsion and Solid-Emulsion samples prior to and following digestion. Between 6-8 mg
of the samples were accurately weighed and hermetically sealed in alodined aluminum
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pans (TA Instruments, New Castle, DE, USA). All samples were prepared at 37 °C and
placed into the measurement chamber preset to 37 °C. Samples were equilibrated for 3
minutes and then heated from 37 °C to 85 °C at a rate of 5 °C/min with an empty
hermetically sealed alodined aluminum pan as the reference. Instrument calibration was
performed using indium as the standard. The software program, TA Universal Analysis,
(TA Instruments, New Castle, DE, USA), was used to determine peak melting
temperatures and enthalpies. Melting peak temperatures for PPP were identified as alpha,
beta prime or beta polymorphs based on previous reports (Kellens et al., 1992).

3.2.2.4 Polymorphic Determination by Power X-Ray Diffraction (XRD)
The polymorphic forms identified in the DSC thermograms were confirmed using XRD.
Approximately 1 mL of sample was pipetted into the well of a glass XRD slide that was
preheated to 37 °C. Measurements were made using a MultiFlex X-Ray Diffractometer
(Rigaku, Japan). The instrument was operated at 40 kV and 44 mA with Cu as the x-ray
source (λ = 1.54 Å) and angle slits of 0.5 °, 0.5 ° and 0.3 mm. Scans were performed
from 1 to 30 ° at 0.5 °/min. Samples were maintained at 37 °C using a Peltier plate heater
mounted below the sample holder. Peak positions were determined according to Bragg’s
law using MID’s Jade 9.0 software (Rigaku, Japan). Peak positions at 4.15, 3.8 and 4.2,
and 4.6 Å were used to identify the alpha, beta prime and beta polymorphs, respectively
(Lutton, 1950).
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3.2.2.5 Simultaneous DSC-XRD Analysis
Simultaneous DSC-XRD was performed at Ryerson University (Toronto, Ontario) using
a Hecus S3-MICROcaliX (Hecus X-Ray Systems GmbH, Graz, Austria) at a wavelength
of 1.54 nm, voltage of 50 kV, and a current of 1 mA. Samples were loaded into 1.0 mm
O.D. quartz capillary tubes (Charles Supper Company, Inc., Natick, MA, USA) and
heated from 37 to 85 °C at 1 °C/min using a Cryostream pluscontroller (Oxford
Cryostreams Ltd. Hanborough Oxford OX29 8LN). SAXS and WAXS patterns were
captured every minute and analyzed using 3DView Software.

3.2.2.6 Determination of Free Fatty Acids in PPP
The free fatty acid content of the bulk PPP was determined by direct titration according
to AOCS Official Method Ca 5a-40. 50 mL hot (~80 °C) neutralized 95% ethanol was
added to 2.5 grams of PPP. The mixture was heated on a hotplate to approximately 80 °C
until the fat was completed melted. A few drops of phenolphthalein were added and the
mixture was shaken vigorously during drop wise titration with 0.1 N NaOH until a faint
purple colour persisted for 30 seconds. The percentage of free fatty acids was expressed
as palmitic acid (C16:0) for PPP.

3.2.2.7 Cryogenic Transmission Electron Microscopy (Cryo-TEM)
The Liquid-Emulsion and Solid-Emulsion particles were imaged using Cryo-TEM (FEI
Tecnai G2 F20). 5 µL of diluted sample (1:15) was applied to a copper grid covered with
holey carbon film (Quantifoil, Germany) and blotted between two strips of vitrobot FEI
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filter paper for 1.5 seconds before plunging into liquid ethane (-180 °C). The samples
were then placed in a pre-cooled sample holder and transferred into the pre-cooled Cryo
TEM unit which was operated at 200 kV and approximately -175 °C. The images were
recorded and analyzed with a Gatan 4k CCD camera and digital micrograph software.

3.2.2.8 Determination of SDS Surface Load (Γ s)
The SDS surface loads (Γs) of the Solid-Emulsion and Liquid-Emulsion were calculated.
Additionally, the surface load of the Solid-Emulsion and Liquid-Emulsion when diluted
with SGF and adjusted to either pH 2 or pH 7 were also determined. Firstly, the SDS
concentration in the aqueous phase was determined using a slightly modified filtration
technique as described by James-Smith et al. (2007). Amicon Ultra 4 mL ultrafiltration
tubes (EMD Millipore Corporation, Billerica, MA, USA) with a 30,000 molecular weight
cutoff were used. The average pore size of the filter (~5 nm) allowed the SDS micelles to
pass freely, while the solid and liquid particles were retained.

4 mL of the sample was pipetted into the top portion of the filter tube and stored in a 37
°C incubator for up to 96 hours. The filtrate was collected in the bottom attachment and
diluted to micromolar concentrations for analysis using a methylene blue complexation
method (James-Smith et al., 2007). A 0.5% methylene blue solution in phosphate buffer
(0.7 mM, pH 7.2) that was diluted 100-fold was prepared. 2 mL of the methylene blue
solution was added to 2 mL of the diluted filtrate. 2 mL of chloroform was then added
and the solution thoroughly mixed using a Vortex mixer for approximately 30 seconds.
SDS in the filtrate complexed with the cationic methylene blue through electrostatic
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interactions, becoming oil soluble and partitioning into the chloroform phase. After phase
separation, the chloroform phase was transferred to a glass tube. The extraction was
performed two more times and the pooled chloroform was then analyzed by UV-visible
spectroscopy (Hewlett Packard 8451A Diode Array spectrophotometer) at 652 nm. SDS
concentration was determined by comparison to a standard curve (0 – 10 µM SDS,
r2=0.992) prepared using the method described above, and used to calculate SDS surface
load (Γs) according to Γs = CaD3,2/6φ; where Ca is the mass of emulsifier adsorbed to the
surface per unit volume of sample, D3,2 is the surface-weighted mean diameter, and φ is
the dispersed phase volume fraction (i.e. 10 wt%) (McClements, 2007).

3.2.3 In Vitro Digestions
3.2.3.1 In Vitro Digestion Assay
To study digestive lipolysis and potential changes in sample crystallinity, the LiquidEmulsion and Solid-Emulsion samples underwent a two-step (gastric and duodenal) in
vitro digestion experiment adapted from Malaki Nik et al. (2010) and Versantvoort et al.
(2005). Prior to use, all simulated digestive fluids were heated to 37 °C. Table 1
summarizes the composition of the simulated digestive fluids, including simulated gastric
fluid (SGF), simulated bile fluid (SBF) and simulated duodenal fluid (SDF). These fluids
were prepared in advance while the enzymes, biosurfactants and the Liquid-Emulsion and
Solid-Emulsion samples were added to the mixture just prior to the digestion process.
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Table 1. Composition of the simulated gastric fluids used in the in vitro digestion assay1.
Simulated Gastric Fluid
15.7 mL NaOH 175.3 g/l

Simulated Duodenal Fluid
Simulated Bile Fluid
40 mL NaCl 175.3 g/l
30 mL NaCl 175.3 g/l

3.0 mL NaH2PO4 88.8 g/l

40 mL NaHCO3 84.7 g/l

68.3 mL NaHCO3 84.7 g/l

9.2 mL KCl 89.6g/l

10 mL KH2PO4 8 g/l

4.2 mL KCl 89.6 g/l

18 mL CaCl2•2H20 22.2 g/l

6.3 mL KCl 89.6 g/l

150 µL HCl 37% g/g

10 mL NH4Cl 30.6 g/l

10 mL MgCl4 5 g/g

10 mL CaCl2•2H20 22.2 g/l

6.5 mL HCl 37% g/g

180 µL HCl 37% g/g
9 mL CaCl2•2H20 22.2 g/l

pH 1.3 ± 0.02

pH 8.1 ± 0.2

pH 8.2 ± 0.2

Final Volume 500 mL

Final Volume 500 mL

Final Volume 500 mL

1

NaOH: sodium hydroxide; NaH2PO4: sodium phosphate; KCl: potassium chloride;
CaCl2•2H20: calcium chloride dihydrate; NH4Cl: ammonium chloride; HCl: hydrochloric
acid; NaCl: sodium chloride; NaHCO3 :sodium bicarbonate; KH2PO4 : potassium
phosphate; MgCl4: magnesium chloride.

Gastric digestion was initiated by adding 7.5 mL of SGF to 5.0 mL of sample in a 60 mL
amber jar that had been preheated to 37 °C. Porcine pepsin and pyrogallol (as an
antioxidant) were dissolved in the SGF to achieve final concentrations of 3.2 mg/mL and
12.6 mg/mL, respectively, for the gastric phase. The pH of this SGF-sample mixture was
adjusted to 2.0 with the addition of 1.0 N NaOH, and then incubated in a 250-rpm
shaking water bath (New Brunswick Scientific Co., Inc., NJ) for one hour at 37 °C.
Following the gastric phase, duodenal digestion was initiated with the addition of 3.5 mL
of freshly prepared SBF, followed by 7.5 mL of SDF to the digestive mixture. SBF was
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prepared by dissolving porcine bile extract (final concentration of 10 mg/mL for the
duodenal phase) and phospholipids (final concentration of 5 mM for the duodenal phase)
in SBF, and porcine pancreatin was dissolved in SDF (final concentration of 5 mg/mL for
the duodenal phase). The mixture was returned to the 250-rpm shaking water bath to
incubate for two hours at 37 °C and pH 6.5.

3.2.3.2 Determination of Lipolysis During In Vitro Digestion
An in vitro enzymatic colorimetric assay (NEFA kit, Wako Diagnostics, VA, USA) was
used to determine the extent of lipolysis during digestion. During the duodenal digestion
phase, 100 µL aliquots of digestate were withdrawn at 2, 5, 10, 15, 20, 25, 30, 60, 90 and
120 minutes and free fatty acids (FFA) were extracted under acidic conditions (i.e. 1 mL
of hexane and 100µl of 1.0 N HCl). The samples were centrifuged at 12,000 rpm for 30
minutes (Eppendorf Microcentrifuge 5418, Hamburg, Germany). Analyses were then
performed as per the manufacturer’s instructions. Therefore, 5 µL of each sample was
added to 225 µL of Reagent A in a 96-well plate in duplicate and incubated for 10
minutes at 37 °C. Next, 75 µL of Reagent B was added to each sample well and the plate
was incubated for 15 minutes at 37 °C. The quantity of fatty acids liberated at the predetermined intervals was determined using a UV-VIS micro plate spectrophotometer
(Spectramax plus, Molecular Devices Corporation, CA, USA) after determination of
absorbance at λ max of 550 nm. The percentage of lipid hydrolysis was calculated based
on the moles of hydrolyzed FFA present for each time point with respect to the total
moles of FFA present initially based on a standard curve of oleic acid (0.1 to 2 mM),
using a PPP molecular weight of 807.32 g/mol and assuming potential lipolysis of 2/3 of
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the fatty acids present, given the sn-1,3 specificity of pancreatic lipase (Carey et al.,
1983; Small, 1991).

3.2.3.3 Statistical Analysis
All results were analyzed for statistical significance using either one-way or two-way
ANOVA with Tukey’s multiple comparison testing using GraphPad Prism (GraphPad
Software, San Diego, CA, USA). Data shown are the average of at least three
independent experiments and significance was considered at P<0.05.
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4.0

Results and Discussion

4.1

Characterization of Emulsions Containing Undercooled Liquid and
Crystalline Solid Particles

4.1.1 Particle Size
The purpose of this research was to investigate the effects of upper GIT digestion on
undercooled liquid versus crystalline solid emulsion particles. A tripalmitin (PPP) oil-inwater emulsion was prepared using a hot homogenization technique. One portion of the
hot emulsion was cooled in an ice water bath (0 °C) for 15 minutes to induce
crystallization and then stored at 37 °C, while another portion was held directly at 37 °C
to maintain the lipid phase in the liquid state. The emulsions containing crystalline solid
particles and undercooled liquid particles are referred to as Liquid-Emulsion and SolidEmulsion, respectively. This method of sample preparation uniquely allowed the study of
samples with identical chemical composition but different physical states in order to
discern crystallinity effects.

The size distribution of the Liquid-Emulsion and the Solid-Emulsion samples were determined
by laser diffraction and characterized using the parameters D3,2 and D4,3. Both the LiquidEmulsion (Figure 6A) and the Solid-Emulsion (Figure 6B) had similar size distributions with
a predominant peak at approximately 0.1 µm. This result was intended since the goal of the
study was to prepare two emulsion systems that differed only in terms of the physical state of
the lipid particles.
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Figure 6. Particle size distributions of (A) Liquid-Emulsion (containing undercooled
liquid particles) and (B) Solid-Emulsion (containing crystalline solid particles). Graphs
shown are representative of three replicate samples.
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The D3,2 and D4,3 values for the Liquid-Emulsion were 0.115 ± 0.006 and 0.136 ± 0.003 µm,
respectively. For the Solid-Emulsion, the D3,2 and D4,3 values were 0.117 ± 0.006 and 0.234 ±
0.069 µm, respectively. No significant differences were observed between the samples in terms
of D3,2 (P>0.05). However, the D4,3 for the Solid-Emulsion was significantly larger than for the
Liquid-Emulsion (P<0.05). This was likely due to the small peak in the range of approximately
5 µm (Figure 6B), as D4,3 values are particularly sensitive to the presence of larger particles
(Herrera, 2012; Relkin & Sourdet, 2005). D3,2 values are commonly used to report particle
sizes in the literature (Walstra, 2003b), especially in cases where surface area is important, such
as in lipid digestion when lipase activity is impacted by the amount of surface area available
(Armand et al., 1992; Bauer et al., 2005; McClements et al., 2008). As below, differences in
D4,3 between the samples could reflect differences in morphology or colloidal stability.

4.1.2 Lipid State & Polymorphism
DSC was used to monitor the melting and re-crystallization behaviour of bulk PPP as
well as the Liquid-Emulsion and Solid-Emulsion samples during heating from 37 to 85
°C and then cooling to 0 °C at 5 °C/min. Melting is an endothermic process in which
energy is absorbed and the energy flow of the system is reduced while crystallization is
an exothermic process where energy is released (Campos, 2005). The melting and recrystallization behaviours of bulk PPP are shown in Figure 7. A single melting peak was
observed at approximately 65 °C corresponding to the β polymorph (Awad et al., 2008;
Charbonnet & Singleton, 1947; Kellens et al., 1992). During cooling of the melted bulk
fat, a single exothermic peak with a peak crystallization temperature of approximately 40
°C was also observed. This peak has been attributed to the initial crystallization of bulk
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PPP in the α polymorphic form (Awad et al., 2008; Helgason et al., 2008; Himawan et
al., 2006).

Figure 7. Representative DSC thermogram of bulk PPP heated from 37 to 85 °C and then
cooled from 85 to 0 °C at 5 °C/min. The graph is representative of three replicate
samples.
Very importantly, the absence of any endothermic transitions during heating of the
Liquid-Emulsion confirms that the lipid particles were indeed in the liquid state (Figure
8A). On the other hand, a series of endothermic events, indicating crystallinity, were
present in the Solid-Emulsion (Figure 8B). This will be discussed below. However,
firstly, in order to confirm that all the particles were crystallized, the Solid-Emulsion
prepared and held at 37 °C was also cooled in the DSC from 37 to 0 °C. The thermogram
for this experiment is shown in Figure 9. The absence of any crystallization peaks
confirms the original solid state of this emulsion. Therefore, thermal analysis verified that
the Liquid-Emulsions contained undercooled liquid particles, while the Solid-Emulsions
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contained crystalline solid particles.

Figure 8. Representative DSC thermograms of (A) Liquid-Emulsion (containing
undercooled liquid particles) and (B) Solid-Emulsion (containing crystalline solid
particles) heated from 37 to 85 °C and then cooled from 85 to 0 °C at 5 °C/min. Graphs
(A) and (B) are representative of 25 and 17 replicates, respectively.
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Figure 9. Representative DSC thermogram of Solid-Emulsion cooled from 37 to 0 °C at
5 °C/min. The graph is representative of three replicate samples.

Similar to bulk PPP (Figure 7), an exothermic peak was observed in both the LiquidEmulsion and Solid-Emulsion during cooling (Figures 8A & 8B). However, the
crystallization temperature (Tc) was roughly 16 °C lower for the emulsified PPP (Tc ≈ 24
°C) than for bulk PPP (Tc ≈ 40 °C). This was expected due to the effect of emulsification
on the nucleation mechanism (Awad et al., 2008; Campbell et al., 2002; Montenegro et
al., 2003; Walstra, 2003e). Emulsified lipids typically crystallize at appreciably lower
temperatures than bulk lipids due to the redistribution of catalytic impurities among a
large number of isolated particles (McClements, 2012). As a result, emulsified lipids
require far more undercooling than the same material in bulk in order for nucleation and
crystallization to take place. The degree of undercooling required has been reported to
generally be 10 - 20 °C less in emulsified versus bulk lipids (Montenegro et al., 2003).
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Similarly, the melting temperature of emulsified lipids is also lower than the bulk
(Siekmann & Westesen, 1994; Westesen & Bunjes, 1995) because of the small particle
size, the presence of surfactants, and the high surface-to-volume ratios (Siekmann &
Westesen, 1994).

Table 2 summarizes the endothermic peaks observed in Figure 8B during heating (from
37 to 85 °C) of the Solid-Emulsion sample and Table 3 summarizes the melting peak
temperatures reported in the literature for PPP polymorphs (bulk and emulsified).
Accordingly, comparing with Kellens et al. (1992) and Bresson et al. (2006) bulk PPP
data, Peaks 1 (~ 55 °C) and 2 (~59 °C) in Figure 8B could have been associated with the
βʹ′ polymorph. Similarly, Peak 3 (~63 °C) may have corresponded to the β polymorph.

Table 2. Peak melting temperatures of the endothermic peaks observed during heating
(from 37 to 85 °C) of the Solid-Emulsion1.
Endothermic Peak
Peak 1 = 55.19 ± 0.28
Peak 2 = 59.36 ± 0.09
Peak 3 = 63.13 ± 0.26

Peak Melting Temperatures
(°C)
1

Values represent mean ± standard deviation, n = 17.

Table 3. Peak melting temperatures reported in the literature for the three polymorphic
forms (α, βʹ′ and β) of bulk and emulsified PPP1.
Peak Melting Temperature (°C)
Bulk PPP
Bulk PPP
Bulk PPP
Polymorph
Emulsified PPP
(Kellens et al.,
(Bresson et al.,
(Awad et al.,
(Awad et al., 2008)
1992)
2006)
2008)
α
44 – 46
46
41
43
βʹ′
57 – 59
54
53
Not available
β
65 – 66
66
63
63
1
In Bonnaire et al. (2008) melting peaks at ~ 45, 53 and 60 °C were evident in emulsified
PPP and the system was characterized as primarily β.
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To confirm the above polymorphic assignments, XRD analysis of the Solid-Emulsion
was performed. The strong reflections at 4.6, 3.7 and 3.8 Å in Figure 10 indicates
presence of the β polymorph. In addition, a reflection at approximately 40 Å
(corresponding to the 003 peak observed at 13.35 Å in Figure 10) was observed for the
Solid-Emulsion samples. Long spacings at 46.8, 42.3 and 40.9 Å correspond to the α, βʹ′
and β polymorphs for PPP, respectively (Lutton, 1950). Therefore the XRD long spacing
data also supports assignment of the β polymorph. Based on the long spacing, it is also
concluded that PPP crystallized in a double chain-length (2L) packing configuration,
which is consistent with reports for monoacid saturated TAGs (Kellens et al., 1990;
Lopez et al., 2007; Metin & Hartel, 2005). Therefore, both the DSC and XRD data
indicate the presence of the β polymorph. Although the possible presence of the βʹ′
polymorph was indicated with the appearance of melting events in the range where βʹ′
would transition (Figure 8B), the XRD did not show evidence of this (i.e. strong
reflections at both 3.8 and 4.2 Å) (Lutton, 1950).
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Figure 10. Representative x-ray diffractogram of the Solid-Emulsion. Spacings shown
are in units of Å and were calculated from the 2-theta refractive angle using Bragg’s law.
Assignment of polymorphic form was made based on short spacings of 4.1, 4.2 and 3.8,
4.6 Å and long spacings of 46.8, 42.3 and 40.9 Å, for the α, βʹ′, β polymorphs,
respectively (Lutton, 1950). The pattern is representative of three replicate samples.

To further investigate sample polymorphism, analysis of the Solid-Emulsion was also
conducted using a simultaneous XRD and DSC instrument. Once again, the XRD
patterns included strong reflections at 4.6, 3.7 and 3.8 Å (data not shown). The long
spacings were also in the range of approximately 40 Å (data not shown). Therefore, XRD
analysis with the second instrument also supports the conclusion that β is the
predominant polymorph present in Solid-Emulsion. Two predominant melting peaks
were observed at 57 and 62 °C with additional peaks in the range of 52 and 82 °C also
observed (data not shown). The different heating rates (1 versus 5 °C/min in previous
DSC experiments) may account for differences in precise peak melting temperatures
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between this and the above results. However, the additional peaks were puzzling since
the Solid-Emulsion did not contain any components that melted in the temperature range
in question. Since the simultaneous DSC-XRD analysis was performed out of town, it
was considered if temperature or shear fluctuations during travel may have impacted the
results. However, when the same sample was transported back to the University of
Guelph and re-analyzed by DSC on the original instrument, the results were the same as
in Figure 8B. The Liquid-Emulsion sample was also analyzed in the simultaneous DSCXRD instrument. Unfortunately, loading of the sample into the capillary required for
analysis induced crystallization (initially in the α polymorph with subsequent evidence of
β). Therefore, both XRD instruments included predominant reflections at 4.6, 3.7 and 3.8
Å with melting peaks around 57-59 and 62-63 °C. The presence of the β crystal is
therefore concluded, although the minute possibility of the βʹ′ polymorph (evidenced by
the melting peaks) remains intriguing.

The melting behaviour observed for the Solid-Emulsion in Figure 8B is similar to that
reported for the same system by Bonnaire et al. (2008). Slight differences in the peak
positions were observed between the current work and Bonnaire et al (2008), likely
because of differences in DSC scanning rate applied (i.e. 10 versus 5 °C/min) (Campos
2005). Most significantly, the melting peak in the range of 45 °C observed in Bonnaire et
al. (2008) was not observed in the present work. Based on the literature, this peak could
correspond to the α polymorph and the peak ~ 53 °C is consistent with β´ (Awad et al.,
2008; Bresson et al., 2006; Kellens et al., 1990), although polymorphism was not
investigated with XRD. During sample re-crystallization, Bonnaire et al. (2008) also
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observed an exothermic peak in the range of the shoulders present in Figures 8B and
13A. This was discussed in the context of surfactant effects. Specifically, the peak was
postulated to be due to crystallization of the nonpolar tails of the SDS molecules
adsorbed at the interface. It was proposed that the crystallized surfactant tails may have
acted as a template, inducing surface nucleation of PPP within the particles (Bonnaire et
al., 2008).

Emulsifiers can have pronounced effects on bulk TAG in terms of crystallization
behaviour, including kinetics of polymorphic transitions (Aronhirne et al., 1988; Bunjes
et al., 2003, Garti & Yano, 2001). As such, the effects of SDS on bulk PPP were
investigated. Figures 7, 11A and 11B show DSC thermograms of bulk PPP, bulk PPP
with 1% SDS, and bulk PPP with 10% SDS, respectively. The thermograms for all were
similar in terms of peak melting (~65 °C) and crystallization temperatures (~41 °C).
However, expanded views of the peaks revealed effects of the presence of SDS. The
melting peak for pure bulk PPP was smooth (Figure 12A). In contrast, the presence of
1% SDS resulted in the development of multiple jagged peaks in the expanded view
(Figure 12B) and this effect was amplified with the appearance of an additional peak at
10% SDS (Figure 12C).

Lipid particle crystalline structure can be influenced by emulsifiers (Bunjes & Unruh,
2007). Polymorphism, in particular, is affected since these transitions begin at the
interface rather than in the core of a particle (Petersen & Ulrich, 2013). It is postulated
that SDS may incorporate into the TAG crystal lattice, disrupting TAG molecular
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arrangement and preventing TAG molecules at the interface from rearranging optimally
to assume the most ordered state as per the Ostwald step rule (Sato, 2001), thereby
resulting in different crystal structures which manifest as additional DSC peaks (Peaks 1
and 2 in Figure 8B). Emulsifiers can delay or enhance polymorphic transformations
depending on their molecular shape and the way in which they fit into a crystal lattice
(Aronhirne et al., 1988).

To investigate if Peaks 1 and 2 in Figure 8B were due to SDS, Solid-Emulsions were
prepared with 0.5 % and 10 % SDS and analyzed by DSC (Figures 13A & 13B). The
melting profile of Solid-Emulsion with 0.5% SDS was very similar to that of the 0.9%
SDS (Figure 8B). On the other hand, with 10% SDS, increasingly complex melting and
re-crystallization profiles were observed. These were unlike the Solid-Emulsions
prepared with either 0.5% or 0.9% SDS. Similarly, increasing concentrations of Tween
20 (1 - 6 wt%) in SLN suspensions of tripalmitin resulted in additional melting peaks
(Helgason et al., 2009). As reported in Gülseren and Coupland (2007), lipids near the
surface of a droplet can be mixed with alkyl chains of a surfactant, leading to a lower
melting temperature than the lipids in the core. Therefore, the presence of SDS in
increasing amounts seems to lead to increasingly complex DSC melting profiles for bulk
and dispersed PPP, lending support to the conclusion that SDS contributes to the complex
melting observed and that Peaks 1 and 2 in Figure 8A was due to interactions between
SDS and crystalline fat at the interface. Lipid particle melting behaviour can be further
complicated by the fact that populations of different sizes can also have different melting
temperatures.
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SDS has a hydrophobic 12-carbon chain (i.e. lauric acid) with an affinity for the oil phase
at an oil-water interface. However, the possibility that lauric acid could incorporate
within the palmitic-based crystalline lattice is uncertain. In order for molecular cocrystallization to occur, the hydrophobic tail of an emulsifier and the interacting TAG
should exhibit structural similarity (e.g. match in length) (Douaire et al., 2014;
McClements et al., 1993). Gülseren and Coupland (2007) demonstrated the molecules do
not have to match perfectly since a similar effect was observed for a C16 emulsifier tail
and a C18 alkane.
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Figure 11. Representative DSC thermograms of (A) bulk PPP with 1 wt% SDS and (B)
10 wt% SDS. Samples were heated from 37 to 85 °C and then cooled from 85 to 0 °C at 5
°C/min.

Figure 12. Enlarged views of the exothermic peaks from Figures 7, 12A & 12B.
(A) Bulk PPP, (B) bulk PPP with 1 wt% SDS and (C) bulk PPP with 10 wt% SDS.
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Figure 13. Representative DSC thermogram of Solid-Emulsion stabilized with (A) 0.5
wt% SDS and (B) 10 wt% SDS. Samples were heated from 37 to 85 °C and then cooled
from 85 to 0 °C at 5 °C/min. Each graph is representative of three replicate samples.
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Comparing Figures 7 and 8 indicates that crystallization of the emulsions occurred at
much lower temperatures than observed for bulk PPP. As a reminder, only one
exothermic peak (41.2 ± 0.6) was observed when bulk PPP, in the absence of SDS, was
cooled to 0 °C, at the same cooling rate (Figure 7). This re-crystallization is evidence that
the lipid phase of the emulsions remained colloidally stable during the DSC meltcrystallization cycle (Bonnaire et al., 2008). Rather than coalescing and oiling off, the
lipid phase remained dispersed as small particles with the characteristic depressed
crystallization temperature (Coupland, 2002).

Effects of SDS on lipid crystallization behaviour were evident from the DSC recrystallization curves (Figures 8B & 13AB). The profiles with 0.5 and 0.9 wt% SDS
were similar, each having one main exothermic peak around 25 °C and a small shoulder
to the right of this peak (Figures 8B & 13A). In contrast, the presence of 10 wt% SDS
resulted in a complex re-crystallization profile comprised of multiple peaks (23.0 ± 0.04,
24.6 ± 0.02, 25.6 ± 0.01, 26.9 ± 0.5 °C) (Figure 13B). Therefore, the presence of SDS is
associated with higher onset temperatures in the re-crystallization runs, indicating a
greater propensity for nucleation. SDS may impact PPP behavior by templating
heterogenous nucleation at the interface.

SDS has a melting temperature of 204 - 207 °C (Sigma-Aldrich, 2014). It is therefore
unlikely the DSC peak observed during cooling (Figures 8AB & 13AB) was due to
crystallization of the lauric acid tails, specifically, as previously suggested (Bonnaire et
al. 2008). However, since SDS exhibits polymorphism in the temperature range of 5 to 70
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°C (Kekicheff et al., 1989), DSC runs with pure SDS (no buffer) and 1 and 10 wt% SDS
in buffer were carried out (Figures 14ABC) to investigate possible influences. For pure
SDS, there was an endothermic transition ~17 °C and an exothermic transition ~13 °C.
No thermal transitions were observed for 1 wt% SDS in buffer. 10 wt% SDS in buffer
had an endothermic transition ~17 °C, but no exothermic transitions. These transitions are
evidence that the SDS is crystalline and undergoing polymorphic changes in Figure 14.
The presence of crystalline SDS suggests that it would induce nucleation at the interface
(additional evidence that Peaks 1 and 2 due to SDS). All of these transitions were below
the starting temperature (37 °C) of the Liquid-Emulsion and Solid-Emulsion DSC
melting runs. Therefore, the complex melting observed in these emulsified systems in the
range of 37 – 60 °C is not in the range of where changes in SDS crystallinity occurred,
although it may not be possible to extrapolate to the very different scenario where SDS is
behaving as a surfactant at an interface.
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Figure 14. Representative DSC thermograms of (A) Pure SDS (B) 1 wt% SDS and (C)
10 wt% SDS in phosphate buffer (10 mM, pH 7). Samples were heated from 0 to 85 °C
and then cooled from 85 to 0 °C at 5 °C/min. Each graph is representative of three
replicate samples.
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4.1.3 Particle Shape
The Liquid-Emulsion and Solid-Emulsion particle shapes were characterized using CryoTEM. Accordingly, the Liquid-Emulsion consisted of spherical particles ranging from
approximately 100 to 400 nm (Figure 15A). The spherical shape was expected based on
other studies investigating emulsion particle morphology (Bunjes et al., 2007;
McClements, 2012; Malaki Nik et al., 2012). Many of the particles appeared to be fused
together while retaining their spherical shape. This is evidence of partial coalescence,
which can occur when oil-in-water emulsion particles are partially crystalline (Fredrick et
al., 2010). Since the physical state of the Liquid-Emulsion was confirmed to be liquid
with DSC analysis prior to Cryo-TEM, it is suspected sample preparation for the
microscopy may have induced crystallization.

B

A

Platelet-like
structure

Rod-like
structure
Figure 15. Cryo-TEM images of (A) Liquid-Emulsion and (B) Solid-Emulsion samples.
Scale bars represent 200 nm and 100 nm for Figures A and B, respectively. The large
circles in the images are part of the grid used for analysis.
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The Solid-Emulsion sample visualized by Cryo-TEM consisted mainly of anisometric
platelet and rod-like structures with rounded edges (Figure 15B). Platelet-like shapes are
commonly observed for lipid particles in the β-form (Bunjes et al., 2007; Hatziantoniou
et al., 2007; McClements, 2012). The βʹ′ was previously described as being delicate and
needle-like, but there are very few examples (Hoerr, 1960) to support that this is
necessarily the case. In contrast, it is widely stated in the literature that α and β lipid
particles are spheres and platelets, respectively, including for particles of tripalmitin
(Helgason et al., 2008; Westesen & Siekmann, 1997). Tripalmitin rod-shaped
nanoparticles in the β-form have also been described (Patel & San Martin-Gonzalez,
2012). The coexistence of spherical (α) and platelet-like structures (β) has previously
been reported for tristearin and tripalmitin-based SLN (Bunjes et al., 2007; Hatziantoniou
et al., 2007), and the coexistence of spherical (α) and rod-like structures (β) have also
been reported for tripalmitin SLN (Patel & San Martin-Gonzalez, 2012). Therefore, the
literature suggests that the platelet and rod-like structures in the Solid-Emulsion were βcrystals (Figure 15B).

Small spheres were also observed in the Solid-Emulsion (Figure 15B). As above, the
literature suggests this shape may be associated with the α polymorph. The DSC and
XRD results do not support this polymorphic assignment, although the simultaneous
DSC-XRD did indicate that α forms initially in this system and it is possible that neither
the DSC nor XRD technique was sensitive enough to detect a small amount of α present.
Another possibility is that the spheres observed were particles existing in the liquid state.
As above, cooling the Liquid-Emulsion for 15 minutes in an ice water bath (0 °C)
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crystallized all the particles (Figure 9). It is unlikely any liquid oil remained under those
conditions, although it is possible the DSC was not sensitive enough to detect the
crystallization of only a very small amount of liquid oil. Another possibility is that the
small spheres observed in the Solid-Emulsion system are actually the end-on view of the
rod-like structures.

4.2

The Effect of Lipid Physical State on In Vitro Digestion

4.2.1 Lipid Hydrolysis During Duodenal Digestion

The impact of lipid particle physical state (liquid versus solid) on lipid hydrolysis was
investigated using a static in vitro model of upper gastrointestinal digestion. Lipid
hydrolysis during simulated duodenal digestion (after a 1 hour gastric phase) was
quantified by determining the amount of free fatty acids released over time (Figure 16).
There was a significant difference (P<0.05) in the extent of lipid hydrolysis between the
Liquid-Emulsion and Solid-Emulsion reached during duodenal digestion. After 120
minutes, the level of hydrolysis reached for the Liquid-Emulsion was 43%, whereas it
was only 23% for the Solid-Emulsion (P<0.05). Of note, the maximum lipolysis possible
in this assay would be ~ 67% given the sn-1, 3 specificity of pancreatic lipase (Carey et
al., 1983; Small, 1991). Thus, it is evident that lipid physical state influences digestibility.
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Figure 16. The percentage of lipid hydrolysis for Liquid-Emulsion () and SolidEmulsion () during the two-hour duodenal phase of digestion. Error bars represent
mean ± standard deviation, n=3.
This trend was similar to that reported by Bonnaire et al. (2008), albeit the level of lipid
hydrolysis was ~10-15% lower in this study. This was likely due to differences between
the in vitro digestion models utilized (i.e. inclusion of a gastric phase, composition of
digestive fluids) and/or the methods used to determine the free fatty acid release (i.e.
enzymatic colorimetric assay versus titration). Of note, SDS can bind pancreatic lipase
(Bartnik, 1992) and this may, overall, impact the digestive potential during the duodenal
stage. Other studies have also reported that hydrolysis was higher for liquid versus solid
lipids (Golding et al., 2011; Malaki Nik et al., 2012; Olbrich et al., 2002), although those
systems did not permit a direct comparison of lipid physical state. For example, Malaki
Nik et al. (2012) investigated digestibility using SLN dispersions based on canola stearin
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and oil-in-water emulsions based on canola oil. Thus the reported difference in
percentage lipid hydrolysis was not only due to solid versus liquid effects. Therefore,
importantly, the present study confirms the only other report (Bonnaire et al., 2008) that
compositionally equivalent liquid and solid lipid dispersions are digested to different
extents.
The physical state of a lipid particle is likely to influence the ability of lipase to adsorb to
the particle surface since the interfacial tension is greater for crystallized particles than
for liquid particles (Rousseau, 2000). Efficient lipid digestion requires an interfacial
composition that adsorbs lipases (Bauer et al., 2005; C Olbrich & Müller, 1999;
Wickham et al., 1998). If lipase is unable to position itself at these specific sites, the
extent of fatty acid cleavage can be greatly reduced. It is postulated that the spatial
organization of the TAG molecules in the solid lipid matrix in the Solid-Emulsion may
also prevent lipase from situating at its desired position to effectively cleave fatty acids.
As discussed earlier, the Solid-Emulsion was present in the β-form which has the densest
hydrocarbon chain packing arrangement (Sato & Ueno, 2005). This particular packing
arrangement may impede lipase activity by limiting its accessibility. In contrast, TAG
molecules are more fluid in the emulsions which allows the lipase to effectively access
and cleave the fatty acids (McClements & Li, 2010).

Initial values of zeta potential observed in this study were (i.e. -72.3 ± 4.2 and -69 ± 3.1
mV for Solid-Emulsion and Liquid-Emulsion, respectively, P>0.05). These are in the
same range as Bonnaire et al. (2008) who reported values of -65.9 ± 3.4 and -71.1 ± 5.4
mV (P>0.05) for the solid and liquid systems, respectively. In the case of Bonnaire
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(2008) the addition of bile led to reductions in zeta potential (i.e. less negative) for both
systems, indicating adsorption of bile and displacement of SDS. The effect was more
pronounced for the liquid system, indicating less extensive displacement of SDS from the
solid sample. With the addition of lipase to the bile system, zeta potential also became
less negative, indicating changes in interfacial composition– specifically adsorption of the
lipase/colipase complex. Interfacial property differences between the Solid-Emulsion and
Liquid-Emulsion systems will be further discussed below.

4.2.2 Changes in Melting Behaviour During Digestion
In order to maximize the encapsulation and delivery potential of lipid-based colloidal
systems, it is necessary to investigate changes in their physical properties during transit
through the GIT (Malaki Nik et al., 2010; Velikov & Pelan, 2008). Lipid polymorphism
is particularly interesting because it is linked to SLN destabilization (i.e. gelation and
morphological changes) which can alter a particle’s biological fate during digestion
(Helgason et al., 2008; Müller et al., 2000). However, this has never been investigated.
Therefore, changes in lipid particle crystallinity during digestion were investigated in this
study.

Figure 17 shows the melting and re-crystallization thermograms of the Solid-Emulsion
and Liquid-Emulsion following gastric and duodenal digestion. There were no recrystallization peaks observed in the samples following digestion (Figure 17A), as a
result of significant dilution of the sample. For the Solid-Emulsion, the β-form was
present after digestion, based on the melting peak at 62.2 ± 0.2 °C. Very interestingly, the
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original Peaks 1 and 2 (Figure 8B) disappeared with the digestion. Further analysis of the
Solid-Emulsion following digestion was carried out with XRD to confirm the presence of
the β-form. However, no discernible peaks were observed due to the low signal intensity
because of dilution in the simulated gastrointestinal fluids. Therefore, in vitro digestion
led to a much less complex melting profile. This would be observed in cases where a
polymorphic transition occurred. There was some suggestion of the possible presence of
βʹ′ in the Solid-Emulsion, although the results are not convincing. Therefore, while it is
not possible to conclude that changes in polymorphism occurred during in vitro digestion,
it is clear, that digestion drastically altered the particle melting behaviour, resulting in
only one predominant peak. Of interest, notable increases in the viscosity of the SolidEmulsion sample were observed during digestion (data not shown). Increases in SLN
viscosity are associated with particle destabilization and can be correlated with
polymorphic transitions (e.g. βʹ′ to β) (Freitas & Mu, 1999; Helgason et al., 2008; Jenning
et al., 2000). The possibility of polymorphic changes during digestion could have
important implications for the design of colloidal structures for encapsulation and
targeted release purposes since transitions are associated with the expulsion of
encapsulated molecules (Bunjes et al., 1996; Mills et al., 2007).
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Figure 17. Representative DSC thermograms of (A) Solid-Emulsion and (B) LiquidEmulsion following gastric and duodenal digestion. Samples were heated from 37 to 85
°C and then cooled from 85 to 0 °C at 5 °C/min. Each graph is representative of six
replicate samples
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The differences in melting of the Solid-Emulsion before and after in vitro digestion could
also relate to changes in particle size, since particles of different size have unique melting
temperatures. Melting temperature decreases with decreasing particle size due to the high
surface-to-volume ratios, which gives the potential for surface effects to dominate (i.e.
heat transfer is proportional to surface area) (Bunjes et al., 2000; Vanfleet & Mochel,
1995). They could also reflect differences in particle properties related to changes in
interfacial composition and/or structure. For example, it is postulated that the complex
melting observed in Solid-Emulsion (Figure 8B) could be due to interfacial adsorption of
SDS molecules disrupting the TAG packing arrangement. This layer of interfacial SDS
may subsequently have been altered or displaced during digestion. This would lead to
reduced electrostatic repulsion and flocculation (McClements, 1999c). It could also
eliminate melting events related to relatively disordered species near the interface and/or
allow for rearrangements in molecular packing to occur within the particles. The absence
of the complex melting profile following digestion supports this hypothesis.

Very importantly, in vitro digestion was observed to induce crystallization in the LiquidEmulsion sample. In fact, the digested Liquid-Emulsion had a DSC thermogram similar
to the digested Solid-Emulsion (Figure 17B). There is a single melting peak at 61.4 ± 0.3
°C and no evidence of re-crystallization events. The results demonstrate that in vitro
digestion induced crystallization in an initially liquid sample and that the β polymorph
was formed. Again, because of dilution, polymorphism could not be confirmed by XRD.
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4.3

Digestive Parameters Influencing Lipid Melting Behaviour

4.3.1 Impact of the Gastric Phase on Melting Behaviour
The observation of crystallization of the Liquid-Emulsion sample during digestion was
investigated further. The influence of different digestive parameters (i.e. shear, dilution,
salts, pepsin) on physical state of the Liquid-Emulsion was studied, starting with the
gastric phase. Figure 18 shows the effect of mixing the Liquid-Emulsion with DI water
and subjecting the mixture to mechanical agitation, as per the gastric stage protocol. As
per DSC analysis, diluting and agitating the emulsion did not induce crystallization.
However, after the typical one-hour pH 2 gastric stage with SGF and pepsin,
crystallization was observed (Figure 19A). One endothermic peak at 63.0 ± 0.2 °C
corresponding to the β polymorph was present. The melting profile observed was very
similar to the Solid-Emulsion (endothermic peak at 62.2 ± 0.3 °C), which underwent the
complete three-hour digestion protocol. In the case of Figure 19A, a re-crystallization
peak was observed (24.2 ± 0.4 °C), presumably because dilution was not as extensive at
this stage of digestion (Figure 17A).

Crystallization at the gastric stage was a surprising, but very interesting finding and
explored further. Subsequent experiments revealed that treating the Liquid-Emulsion for
one hour in SGF at pH 2, but without the addition of pepsin, produced similar results (i.e.
crystallization with endothermic peak at 63.4 ± 0.1 °C) (Figure 19B).
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Figure 18. Representative DSC thermogram of the Liquid-Emulsion following dilution
with water and subjection to mechanical agitation (250 rpm water bath) for one hour.
Samples were heated from 37 to 85 °C and then cooled from 85 to 0 °C at 5 °C/min. Each
graph is representative of five replicate samples.
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Figure 19. Representative DSC thermograms of the Liquid-Emulsion following digestion
with (A) SGF with pepsin at pH 2 and (B) SGF without pepsin at pH 2 for one hour.
Samples were heated from 37 to 85 °C and then cooled from 85 to 0 °C at 5 °C/min. Each
graph is representative of seven replicate samples.
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Therefore, exposure to in vitro gastric conditions resulted in crystallization of the LiquidEmulsion, although the presence of pepsin was not critical for particle crystallization. The
peak melting temperatures of the Liquid-Emulsion following gastric digestion with and
without pepsin were similar to the Liquid-Emulsion following complete gastric and
duodenal digestion (P>0.05). Interestingly, however, based on DSC melting peak areas,
the extent of gastric crystallization was greater with the presence of pepsin. The enthalpy
values for melting of the Liquid-Emulsion sample digested with and without pepsin were
6.3 ± 0.9 J/g and 1.1 ± 0.2 J/g (P<0.05), respectively. Pepsin is a proteolytic enzyme that
hydrolyzes only peptide bonds, not amide or ester linkages (Fuhrmann & Leroux, 2014).
The role of pepsin during digestion is therefore especially important for protein-stabilized
systems where its hydrolysis of the interfacial protein layer leads to flocculation and
coalescence of lipid particles due to hydrolysis (Kenmogne-Domguia et al., 2012). Due to
pepsin’s specificity and the absence of any protein in the Liquid-Emulsion it is interesting
that the presence of pepsin increased crystallization. Presumably this has to do with
interfacial interactions. Of note, although SDS binds and denatures many proteins, SDS
does not bind pepsin because both are negatively charged at pH 2 (Andreeva & James,
1991; Bartnik, 1992).

To investigate the effect of acidity on Liquid-Emulsion crystallization, digestion
experiments were conducted using SGF, with and without pepsin, and at pH 7 instead of
pH 2. The absence of melting peaks shows that crystallization was not induced at neutral
pH (Figures 20A & 20B). Therefore acidity was a key factor in crystallization of the
Liquid-Emulsion particles. The influence of acidity on lipid crystallization has not been
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studied extensively, although gastric acidity can impact colloidal stability by impacting
emulsifier properties (Golding et al., 2011). It is postulated that acidity impacted
interfacial SDS location (as discussed below) which in turn impacted TAG
crystallization, leading to partial coalescence. Partial coalescence requires the
simultaneous existence of both solid and liquid fat within particles (Fredrick et al., 2010).
Crystallization induced by acidity during gastric processing ensured that this requirement
was met.

Acidity can have an impact on the dispersal state of emulsions (Golding et al., 2011).
Depending on the emulsifier, decreasing the pH can lead to a reduction in emulsion zeta
potential, thus reducing electrostatic repulsive forces and leading to aggregation (Golding
et al., 2011). In this study, SGF was added to the Solid-Emulsion or Liquid-Emulsion
sample with subsequent dropwise addition of HCl to adjust the pH from approximately 7
to 2. To investigate if adjusting the pH influenced the zeta potential, the zeta potential of
the Solid-Emulsion and Liquid-Emulsion with SGF at pH 1, 2, 3, 5, 7 and 10 was
determined. As the pH was increased, the zeta potential became increasingly negative
(Figure 21), likely due to the effect of pH on SDS, which has a pKa of 1.9 (Chakraborty
et al. 2009). At pH 7 the zeta potential was more negative than at pH 2 because of
electrostatic shielding from the hydrogen ions under acidic conditions. Thus electrostatic
repulsion under acidic conditions is reduced. With respect to the Liquid-Emulsion, the
decreased electrostatic repulsion could allow the particles to approach, leading to
collisions through which partial coalescence of any crystalline material could occur.
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Figure 20. Representative DSC thermograms of the Liquid-Emulsion following digestion
with (A) SGF with pepsin at pH 7 and (B) SGF without pepsin at pH 7. Samples were
heated from 37 to 85 °C and then cooled from 85 to 0 °C at a scanning rate of 5 °C/min.
Each graph is representative of seven replicate samples.
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Figure 21. The effect of pH on the ζ-potential value of the Liquid-Emulsion () and
Solid-Emulsion (). Error bars represent mean ± standard deviation, n=3.

To better understand the interfacial dynamics and impact on particle crystallinity, SDS
surface load (Γs) of the Solid-Emulsion and Liquid-Emulsion were determined, both
initially and after SGF dilution. Figure 22 shows the SDS surface loads of the undiluted
Solid-Emulsion and Liquid-Emulsion and samples diluted with SGF and adjusted to
either pH 2 or pH 7.
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Figure 22. SDS surface loads (mg/m2) of the Solid-Emulsion and Liquid-Emulsion
undiluted, and diluted with SGF and adjusted to either pH 2 or 7. Undiluted samples are
representative of 3 replicate samples, whereas diluted samples are representative of 6
replicate samples. *Different letters indicate significant differences (P<0.05).
The SDS surface load of the undiluted Liquid-Emulsion and Liquid-Emulsion at pH 7
were significantly different from the Liquid-Emulsion at pH 2, as well as the SolidEmulsions undiluted and diluted at pH 2 and pH 7 (P<0.05). The surface load of a given
emulsifier depends on environmental conditions such as temperature and pH
(McClements, 2007). Given that the pH of the undiluted Liquid-Emulsion was
approximately pH 6.5, it is not surprising that the surface load was similar to that of the
Liquid-Emulsion at pH 7 in the presence of SGF. Despite dilution of the Liquid-Emulsion
in a salt solution, the surface load remained the same. In contrast, the surface load of the
Liquid-Emulsion at pH 2 was significantly higher than the other two Liquid-Emulsion
samples studied (i.e. undiluted and pH 7). Therefore, the acidic pH was associated with a
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greater proportioning of SDS at the interface. Although significant differences in the SDS
surface load were observed among the Liquid-Emulsion samples, the surface loads for
the Solid-Emulsion samples (i.e. undiluted, pH 2 and 7) were similar (P>0.05). Different
morphologies were present in the Solid-Emulsion (Figure 15B). Surface load
calculations are based on sphericity and this assumption is violated for the SolidEmulsion (Figure 15B). However, even higher loads would be expected for platelet-like
structures since the surface area is higher than that of spheres, and more surfactant is
required to achieve sufficient coverage for stability (Figure 15B). Therefore, the
evidence suggests that SDS surface load is higher for the solid versus liquid samples and
at pH 2 versus pH 7 for the Liquid-Emulsion samples, i.e. both cases where enhanced
nucleation and crystallization were observed. The lack of change in SDS surface load for
the Solid-Emulsion at pH 2 versus 7 could result from a scenario where SDS is more
firmly anchored at the interface compared with the liquid particles where SDS surface
load is more affected by differences in pH.

Crystallization was only observed at pH 2 (Figure 19). Therefore, the SDS results
suggest that surfactant coverage at the interface may have influenced crystallization.
Helgason et al. (2009) suggested that decreases in interfacial tension associated with
surfactant surface load increases may alter the nucleation mechanism. In this study, the
increased surface load at pH 2 is associated with crystallization. For example, gastric
digestion of the Liquid-Emulsion at pH 2 with pepsin resulted in only one recrystallization peak at ~25 °C (Figure 19A), whereas there are two re-crystallization
peaks at ~25 and ~37 °C for the Solid-Emulsion (Figure 23). The appearance of a peak at
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a higher temperature (~37 °C) suggests that nucleation occurred more easily for the
Solid-Emulsion, possibly because of the higher surface load. In the Liquid-Emulsion the
higher interfacial partitioning of SDS at pH 2 was also associated with crystallization.

Figure 23. Representative DSC thermograms of the Solid-Emulsion following digestion
with SGF with pepsin at pH 2 for one hour. Samples were heated from 37 to 85 °C and
then cooled from 85 to 0 °C at 5 °C/min. The graph is representative of three replicate
samples.

SDS is an amphiphilic molecule which forms micelles. The differences in SDS as a
function of pH were considered in the context of CMC and potential influences on
partitioning of SDS. The CMC of SDS in pure water is 8.0 mM at 25 °C (Domínguez et
al., 1997). It decreases below pH 4, but remains constant at higher pH (Rahman &
Brown, 1983). Ionic strength also impacts CMC, i.e. it decreases with increasing salt
concentration and impacts micellar size (i.e. larger micelles with at higher salt
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concentrations) (Helenius et al. 1979). By calculation, the concentration of SDS in the
samples was above the reference CMC (i.e. 31.5 mM). With dilution in SGF alone versus
all digestive fluids (i.e. SGF, SBF and SDF), the SDS concentrations were 12.6 and 6.7
mM, respectively. Therefore, at the gastric stage, the reference CMC is exceeded,
although SDS concentration is below the reference CMC at the duodenal stage. However,
since the digestive fluids (low pH and high ionic strength) should be associated with
decreased CMC for SDS, it is likely that the CMC was exceeded in all cases. Without
further investigations it is not possible to conclude that effects of CMC led to differences
in interfacial partitioning. However, it is hypothesized that acidity lead to increased SDS
interfacial partitioning leading to molecular rearrangments (i.e. liquid to solid transition
in the Liquid-Emulsion and mixture of species in the original Solid-Emulsion to clear β
polymorph alone).

4.4

Changes in Particle Size During Digestion

The action of digestive enzymes and mechanical forces results in the formation and
structural breakdown of emulsion lipid particles. To investigate the influence of lipid
physical state on these processes, changes in emulsion particles size during the simulated
gastric and duodenal digestion were monitored (Figures 24 & 25). A summary of the
mean particle sizes (D3,2 and D4,3) for both the Solid-Emulsion and Liquid-Emulsion prior
to and during gastric and duodenal digestion are shown in Table 4. The addition of SGF
to the Solid-Emulsion to initiate gastric digestion resulted in a visible increase in the
viscosity of the initially fluid sample (data not shown). The observed thickening of the
sample was accompanied by a shift to a monomodal size distribution with particles
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ranging from approximately 5 to 100 µm (Figure 24). Both are indications of particle
destabilization leading to aggregation (McClements, 1999c). Of note, the differences in
particle size distribution between the undigested and digested samples reflect a large
contribution from the background digestive fluids, as shown Figure 24.

Figure 24. Particle size distributions of the Solid-Emulsion prior to and during gastric
(30 and 60 minutes) and duodenal (90, 140 and 180 minutes) digestion. Error bars
represent mean ± standard deviation, n=3.
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Table 4. Summary of mean particle sizes (D3,2 and D4,3 in µm) of the Solid-Emulsion and
Liquid Emulsion prior to and during gastric and duodenal digestion1,2
Solid-Emulsion
Liquid-Emulsion
D3,2 (µm)
D4,3 (µm)
D3,2 (µm)
D4,3 (µm)
Undigested 0.117 ± 0.01 0.234 ± 0.07 0.115 ± 0.01
0.136 ± 0.01
Gastric
30 min
23.52 ± 3.88 43.56 ± 7.01 0.123 ± 0.01
2.24 ± 0.27
Digestion
60 min
24.05 ± 2.71 47.99 ± 6.99 0.176 ± 0.03
9.38 ± 4.59
Duodenal
90 min
2.18 ± 1.97 15.44 ± 12.66 31.87 ± 3.61 55.26 ± 14.10
Digestion
140 min
2.25 ± 2.02 29.44 ± 17.70 29.01 ± 10.59 60.28 ± 23.93
180 min
2.83 ± 2.04 56.66 ± 19.63 29.45 ± 3.98 53.45 ± 13.15
1
Measurements for undigested samples were performed after 24 h of storage at 37 °C.
2
Values represent mean ± standard deviation, n = 3.
Aggregation can be caused by reduced electrostatic interactions between particles. In the
presence of SGF, the Solid-Emulsion was less negatively charged at pH 2 than at pH 7
(P<0.05). The tendency for particle aggregation was increased since the repulsive forces
provided by SDS would have been weakened (Fredrick et al., 2010; McClements, 1999c).
Reports of SLN destabilization evidenced by aggregation and gelation have been
described previously and correlated with polymorphic transitions of the lipid matrix
(Freitas & Mu, 1999; Helgason et al., 2008; Jenning et al., 2000). Upon transition to a
more thermodynamically stable polymorph (i.e. α to β), additional surface is created as a
result of the particles changing shape (i.e. spherical to platelet) (Helgason et al., 2008;
McClements, 2012). Since the newly generated surfaces cannot be covered sufficiently
by surfactant molecules, the resulting attractive hydrophobic interactions induce particle
aggregation (Bunjes et al., 2007; Helgason et al., 2009; Westesen & Siekmann, 1997).
Particle aggregation related to a polymorphic transition could not have occurred if only
the β polymorph were present in the sample initially. The presence of a
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thermodynamically less stable polymorph (i.e. α or βʹ′-form) is required. However, as
above, assignment of the β polymorph was conclusive. Therefore, it is likely that particle
aggregation was due to reduced electrostatic repulsion.
The addition of SBF and SDF at the duodenal stage of digestion led to a bimodal particle
size distribution in the Solid-Emulsion. This shift is evidence that the aggregation
observed at the gastric phase was flocculation since the particles were subsequently
redispersed (Walstra, 2003c). The redispersal was likely due to the interfacial activity and
enzymatic action of the pancreatin and the solubilizing action of the bile extracts and
phospholipids (Bauer et al., 2005). It could also be related to pH effects on SDS since the
pH was adjusted to 6.5 for the duodenal phase of digestion. This pH adjustment could
have restored the electrostatic repulsive forces to reverse the initial particle aggregation
(McClements, 1999c). As duodenal digestion progressed, the volume percentage of the
peak with a particle size less than 1 µm decreased. This was likely related to digestion of
lipid particles in this size range (Golding & Wooster, 2010). Conversely, the volume
percentage of the peak for particles greater than ~ 1 µm increased. This could be
associated with particle aggregation occurring because of displacement of SDS from the
interface by bile extract leading to a decrease in electrostatic repulsion (Bonnaire et al.,
2008) (Figure 24).
Figure 25 shows the particle size distribution of the Liquid-Emulsion prior to and during
gastric and duodenal digestion. In contrast to the Solid-Emulsion, the addition of SGF did
not result in a visible increase in the viscosity of the sample (data not shown).
Furthermore, gastric digestion of the Liquid-Emulsion resulted in the generation of a
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second small peak in the range of approximately 10 to 100 µm, rather than a shift in the
peak position as seen with the Solid-Emulsion. As discussed previously, gastric digestion
was found to induce crystallization of the liquid particles. This small peak may therefore
be an indication of partial coalescence of the particles.

Figure 25. Particle size distributions of Liquid-Emulsion prior to and during gastric (30
and 60 minutes) and duodenal digestion (90, 140 and 180 minutes). Error bars represent
mean ± standard deviation, n=3.

A more obvious biomodal distribution resulted with the Liquid-Emulsion from the
addition of the digestive fluids for the duodenal phase of digestion (Figure 25). The peak
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on the left corresponds to particles less than 1 µm and the peak on the right corresponds
to particles greater than 1 µm. Similar to the Solid-Emulsion during duodenal digestion,
the volume percentage of the left peak decreased while the right peak increased as
digestion progressed. Again, the decrease in the volume percentage of the smaller
particles is evidence of lipid particle digestion whereas the increase in the larger entities
is evidence of aggregation. However, the mean particle sizes (Table 4) suggest that
aggregation (partial coalescence or flocculation) was more extensive for the LiquidEmulsion compared to the Solid-Emulsion. Therefore, the effect of a liquid versus a solid
matrix on lipid particle aggregation was more prominent for the Solid-Emulsion during
gastric digestion but was more prominent for the Liquid-Emulsion during duodenal
digestion.

4.5

Impact of Particle Size and Crystallinity on In Vitro Lipolysis

The extent of lipolysis was significantly greater for the Liquid-Emulsion for the entire
duration of the 120-minute duodenal digestion. This was interesting because
crystallization was induced in the Liquid-Emulsion during the gastric phase of digestion.
Therefore, crystallinity existed in both samples at the start of the duodenal phase. The
differences in the extent of lipolysis may be related to differences in particle size
distributions of the samples. Figure 26 shows the size distribution of the particles 30
minutes into duodenal digestion. The peak area corresponding to particles less than 1 µm
in size is greater for the Liquid-Emulsion compared to the Solid-Emulsion. Conversely,
the peak area corresponding to particles greater than 1 µm is smaller for the LiquidEmulsion than the Solid-Emulsion. Therefore, the Liquid-Emulsion contained overall
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smaller particles towards the start of the duodenal digestion. Since small particles are
digested more rapidly (Paar et al., 2012), this larger percentage volume of smaller
particles may help to explain why lipolysis was greater in the case of the LiquidEmulsion.

Figure 26. Particle size distributions of Liquid-Emulsion and Solid-Emulsion 30 minutes
into duodenal digestion. Error bars represent mean ± standard deviation, n=3.

Differences in the extent of lipolysis may also be related to differences in sample
crystallinity. Lipolysis was more extensive for the Liquid-Emulsion. Although the
Liquid-Emulsion was crystallized in the β form during gastric digestion, differences in
enthalpy between the samples suggest it was not as extensively crystallized (ΔH = 6.3 ±
0.9 and 8.1 ± 0.2 J/g for the Liquid-Emulsion and Solid-Emulsion, respectively (P<0.05).
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Therefore, differences in the amount of crystalline material present likely impacted the
adsorption of lipase at the interface, with the Liquid-Emulsion containing a higher
proportion of liquid fat leading to more lipolysis.
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5.0

Conclusion

Very little is known about the interplay between TAG crystallinity and the processes of
digestion. Therefore, in vitro digestions and analysis of compositionally equivalent liquid
and crystalline emulsions based on a saturated fatty acid were conducted. Specifically,
investigations of tripalmitin-based liquid and crystalline emulsions were carried out. The
impact of digestion factors on lipid physical state and the factors responsible for observed
changes were also investigated.

It was previously shown by Bonnaire et al. (2008) that the rate and extent of lipolysis was
greater for emulsions containing liquid particles than solid particles. This current work
verified that lipid physical state impacted digestion. The extent of lipolysis was
significantly greater for the Liquid-Emulsion than the Solid-Emulsion for the entire
duration of the duodenal phase of digestion, thus confirming Bonnaire et al. (2008) and
the hypothesis that digestibility would be higher for the liquid system.

This study also demonstrated that lipid physical state was impacted by digestion. To the
best of our knowledge, this is the first such report. Importantly, exposure of the LiquidEmulsion to gastric conditions resulted in crystallization, specifically of the β polymorph.
In particular, acidity was an important factor in inducing crystallization as exposure of
the Liquid-Emulsion to gastric conditions had no effect at pH 7. Furthermore, SDS
surface load was significantly higher at pH 2 versus 7. The higher surface loads expected
for the Solid-Emulsion versus Liquid-Emulsion and the appearance of a re-crystallization
peak at higher temperatures (~37 °C) in this sample suggest nucleation occurred more
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easily. Therefore the high surface load at pH 2 for the Liquid-Emulsion is postulated to
enhance the nucleation and crystallization process. Although crystallization was induced
in the Liquid-Emulsion at the gastric stage, it was still digested more extensively because
the proportion of solid fat was lower than for the Solid-Emulsion.

The presence of the β polymorph was confirmed for the Solid-Emulsion. Interestingly,
the complex melting profile of this sample also indicated the possible presence of βʹ′
and/or interactions between SDS and crystalline fat at the interface. Gastric digestion of
the Solid-Emulsion changed the originally complex melting profile to a simple one with a
single melting peak indicating the presence of only the β polymorph. The change could
be related to changes in particle size since particles of different size have unique melting
temperatures. They could also reflect differences in particle properties related to changes
in interfacial composition and/or structure (i.e. alteration or displacement of SDS).

One of the major strengths of this study was the use of the novel undercooling method
(based on Bonnaire et al. 2008) that allowed us to directly compare the digestibility of the
same lipid in different physical states. Unlike previous work where the digestion of solid
and liquid particles composed of different fats were studied, the comparison of physical
state was not confounded by differences in fatty acid composition in this thesis. The use
of a relatively simple in vitro model which cannot fully mimic the physiological
complexities of human digestion was a limitation, although this is the case for most
research in this area. Given the initial findings, further studies using more advanced in
vitro models and ideally animal and clinical studies are recommended. Furthermore, it is
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also highly relevant to examine the effect of food grade surfactants on the crystallization
and digestion behaviour of emulsified lipids. SDS cannot be utilized in the production of
food grade oil-in-water emulsions. Similarly, it would be pertinent to perform future
studies with food grade lipids. Although only palmitic acid in the form of PPP was
studied in this work, it is a significant fatty acid in the diet and therefore has relevance.

In conclusion, this work contributes to the currently limited understanding of lipid
physical state on digestibility, with implications for metabolism. In the future, there is
potential to optimize lipid physical state for health outcomes such as delaying or
enhancing digestibility for cardiovascular disease or weight management purposes. This
work also has important implications for the encapsulation and delivery potential of
colloidal systems since transitions can be associated with the expulsion of encapsulated
compounds (Bunjes et al., 1996; Mills et al., 2007). Therefore, knowledge of factors
causing changes in melting and polymorphic transitions during digestion would
contribute to effective delivery designs for use within the food and pharmaceutical
industries.
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