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ABSTRACT

IN-VITRO BIOACCESSIBILITY AND STABILITY OF BETA-CAROTENE
IN ETHYLCELLULOSE OLEOGELS

Chloe Marie O’Sullivan
University of Guelph, 2016

Advisor:
Dr. Alejandro G. Marangoni

The in-vitro lipolysis and β-carotene (BC) transfer from oil to aqueous phase of canola oil
ethylcellulose (EC) oleogels were measured using a static monocompartmental model simulating
oral, gastric, and duodenal digestive stages. The effects of EC concentration and molecular
weight on gel in-vitro digestibility were examined, using un-structured canola oil as a control.
The physicochemical properties of oleogels containing BC were also measured. It was found
that gels made with 10% 10 cP, 12% 10 cP, 14% 10 cP, and 10% 20 cP did not differ
significantly in their extent of lipolysis or BC transfer compared to canola oil; however 10% 45
cP had a significantly lower extent of lipolysis and BC transfer compared to all other
formulations. The structure and mechanical strength of the oleogels were both determined to be
factors affecting lipolysis and transfer. The presence of BC did not significantly affect the
mechanical strength of the gels and EC oleogelation delayed BC degradation under accelerated
storage conditions compared to a heated canola oil control. These findings could contribute to
the development of new applications for EC oleogels, specifically for the effective delivery of
lipid soluble molecules.
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1.0 Introduction

Fat is a principle ingredient in many food products, providing energy, and contributing to
food sensory and textural properties. Chemically, fat is made up of a mixture of triacylglycerol
(TAG) molecules; high melting point TAGs are crystalline at room temperature, forming a
network that structures the lower melting TAGs within. These crystalline TAGs contain a
majority of saturated and/or trans fatty acids. In recent years, consumption of trans fatty acids
has been shown to increase low density lipoprotein (LDL), to decrease high density lipoprotein
(HDL), and to increase plasma TAG levels; these effects increase risk of cardiovascular disease
and can promote insulin resistance (Hu et al. 2001). Some saturated fats have been shown to
increase LDL cholesterol levels when replaced for dietary carbohydrates, although the link
between saturated fat consumption and cardiovascular disease is still debated (Bier 2015).
Despite some disagreement in the scientific community, dietary guidelines continue to
recommend limiting consumption of saturated fats, eliminating trans fats, and including oils as
healthy components of the diet (U.S. Department of Health and Human Services and U.S.
Department of Agriculture 2015). This in turn has focussed industry and lipid research efforts in
search of “healthier” fat alternatives.
The challenge with fat replacement or reduction lies in the multi-functionality of fat in
food products. In addition to imparting structure, fat affects food melting behaviour and mouth
feel, flavour, and texture, among other qualities. Solid lipids can also contribute to the shelf life
and stability of certain foods. While eliminating or replacing fat, food manufacturers must
maintain product quality and palatability; the ideal replacement would achieve the same
functionality as fat, and require no changes to processing and manufacturing procedures. One
strategy for fat reduction or replacement has been the use of alternatively (i.e. non-TAG)
structured oil systems. Oil, also principally comprised of a mixture of TAGs, has a higher
portion of unsaturated TAGs and can be considered to be a healthier alternative to saturated fats
due to its LDL-lowering effects (Mensink et al. 2003). In addition to their nutritional properties,
manufacturers may favour the use of oils over solid fats for economical or sustainability reasons.
Oleogels are examples of alternatively structured lipid systems used for fat replacement
(Wang et al. 2016). They are made by the addition of a low concentration (typically under 10 %)
of gelator molecules to oil. Under specific processing conditions—heating, shearing, and
1

cooling, for example—oleogelators self-assemble to form a space-filling network, trapping the
liquid portion within. This creates a material with solid-like properties, although it has a
majority liquid composition; by definition, gel microstructure is continuous and the
macrostructure is permanent during the time scale of experimentation (Flory 1953; Almdal et al.
1993). Gel physicochemical properties can be manipulated in a number of ways, enabling
functionality-targeting for specific applications. Oleogel properties can be altered with oil type,
gelator concentration, gelator molecular weight, sample preparation, and post-gelation treatment,
among other strategies. Oil-based gels have successfully been used as fat replacements in high
fat food products including frankfurters (Zetzl et al. 2012), processed cheese (Huang 2015), ice
cream (Zulim Botega et al. 2013), cookies (Patel, Rajarethinem, et al. 2014), spreads (Yilmaz
and Öğütcü 2015), and cream fillings (Tanti 2015).
Different types of oleogelation strategies exist, and can be divided roughly into three
categories: crystalline particle networks, fibrillar networks, and polymer networks (Co and
Marangoni 2012). This research will focus on ethylcellulose (EC) oleogels, the only known food
grade polymer gel system. Very few other polymer oleogel systems exist, and only EC can be
used to gel oil by direct addition into the liquid (Patel and Dewettinck 2015). Commercially
available EC is a semi-crystalline cellulose polymer derivative, with a 2.5 degree ethoxy
substitution; this degree of substitution gives the polymer the unique ability to be dispersible in
oil and to self-assemble into a thermo-reversible network (Davidovich-Pinhas, Barbut, et al.
2015a). To make an EC oleogel, 4 % EC or more is added to oil; the mixture is heated to above
the glass transition temperature of the polymer (~130 °C), allowing the EC to disperse in the oil
phase. As the mixture cools, an EC network forms via hydrogen bonding between the polymer
strands. Because of their unique properties and potential for use in edible applications, EC
oleogels have been characterized extensively with regard to their gelation mechanism
(Davidovich-Pinhas, Barbut, et al. 2015a), gel composition (Zetzl et al. 2012; DavidovichPinhas, Barbut, et al. 2015b; Gravelle et al. 2016), manufacturing strategies (Gravelle et al. 2013;
Davidovich-Pinhas, Gravelle, et al. 2015), physicochemical properties (Zetzl et al. 2014), and
application in food products (Zetzl et al. 2012).
Along with altering the physicochemical properties and functionality of the material,
oleogelation may have an impact on TAG digestibility. The matrix surrounding a lipid can affect
lipolysis in a number of different ways, including by creating a physical barrier preventing
2

access of the lipase to the lipid or by interfering directly with lipid digestion components
(McClements, Decker, and Park 2008). However, this has been relatively unexplored. The
polymer structure of EC oleogels could inhibit oil release, slowing or preventing access of the
lipase to the oil within. The strength and structure of a network has been shown to affect gel
breakdown, and hence lipid digestion (Guo et al. 2014). Slow or incomplete lipid digestion can
have an impact on satiety and gastric emptying through the ileal brake mechanism, and can
impact the overall bioavailability of the macronutrient (Maljaars et al. 2008; McClements,
Decker, and Park 2008). Lipid digestion also influences the transfer and absorption of lipid
soluble molecules. The effects of lipid structuring and matrix on digestion have been examined
in-vivo for some structured emulsions (Marangoni et al. 2008; Rush et al. 2008; Wright et al.
2014) and oleogel systems (Hughes et al. 2011), however the digestion of EC oleogels has not
been examined under in-vivo or in-vitro conditions.
In addition to their application as solid fat replacements, EC oleogels have the potential
to be used as a delivery material for lipid soluble molecules. Few delivery systems exist for
lipophilic molecules and achieving high bioavailability (the fraction of a bioactive which is
available for use in the body) of hydrophobic molecules can be challenging due to their low
solubility in aqueous phases (Rein et al. 2013). Bioaccessibility, the fraction of a consumed
molecule available for absorption, is a key contributor to bioavailability. In order to be
bioaccessible, lipid soluble molecules must be released from their matrices and incorporated into
mixed micelles—formed primarily of lipid digestion products and bile salts—in the aqueous
digestate phase (Rein et al. 2013). Once solubilized in the micelles, the lipophilic molecules can
be absorbed into the epithelial cells of the small intestine and be transported within the body.
The delivery of hydrophobic molecules in a lipid-based medium can optimize
bioaccessibility in a number of ways. Lipids offer a higher loading capacity for lipophilic
molecules compared to aqueous systems, and increase the micellar volume in the aqueous
digestate as the TAGs are hydrolyzed (Porter et al. 2007; Nik et al. 2011). In addition, the
presence of lipids in the digestive tract stimulates the release of digestive fluids that promote the
emulsification of TAGs and their digestion products, accelerating lipolysis and the transfer of
lipid soluble molecules to the aqueous phase (Dahan and Hoffman 2008). Due to the structure
and composition of their matrices, EC oleogels could offer gradual release of a lipophilic
molecule, a characteristic which is often desirable in drug delivery applications. Other edible
3

oleogels with non-polymer gel networks, specifically 12-hydroxystearic acid and fatty acid
oleogels, have been shown to offer delayed release of lipid soluble molecules under simulated
digestion conditions (Iwanaga et al. 2010; Lupi et al. 2013). EC oleogels could also provide
additional advantages over liquid or solid-lipid matrices; these include good shelf life stability
(Davidovich-Pinhas, Gravelle, et al. 2015) and protection against recrystallization and
degradation of the encapsulated molecule (Yu et al. 2012). In this study, β-carotene (BC), a lipid
soluble carotenoid naturally present in many fruits and vegetables, was used as a model
hydrophobic molecule for EC oleogel encapsulation and delivery studies.
Complex lipid system and drug delivery studies often use in-vitro digestion models for
rapid, easy and cost-efficient screening of different formulations. The most common of these
models is a static, monocompartmental model, which can be adapted to mimic various stages of
digestion, incorporating digestive fluids, pH, temperature, and other biologically relevant
parameters (Minekus et al. 2014). Using this type of model, the potential bioavailability of lipids
and lipophilic bioactives can be assessed by measuring the evolution of free fatty acids and the
transfer of bioactive to the aqueous digestate phase during simulated digestion (Guerra et al.
2012). With this analysis, oleogel formulations can be evaluated and characterized in terms of
their digestion and release behaviour relative to each other and to the liquid oil control. This
information could contribute towards the strategic design of lipid systems with desirable
digestive properties.

1.1 Objectives
This research aims to further characterize the properties of EC oleogels and to identify
new potential applications for the material in the field of hydrophobic molecule delivery. There
are two main objectives of this study: (a) to analyze the in-vitro digestion of canola oil EC
oleogels with different gel compositions and (b) to investigate the use of EC oleogels as material
for BC delivery.

4

1.2 Hypotheses
 EC oleogel lipolysis and BC release profiles will be affected by oleogel composition and will
differ from those of oil.
 EC oleogel mechanical strength and gel structure will be affected by the presence of BC.
 Oleogels will provide more protection against BC degradation compared to oil.

5

2.0 Literature review
2.1 Introduction
Edible oil gels (oleogels) have been a subject of interest in recent years due to their
application potential in cosmetics, foods, and pharmaceuticals. The gelled oil, by definition, is
made of a majority liquid fraction, but exhibits solid or solid-like behaviour (Almdal et al. 1993).
Regarding structure, a gel should also have continuous microstructure and permanent
macrostructure on the time scale of a given experiment (Flory 1953). The gelation of edible oils
is related to the gelation of other organic solvents, however it differs in that edible oils are
complex mixtures of molecules and are more polar compared to other organic solvents (Pernetti
et al. 2007). Oils are composed mostly of triacylglycerol (TAG) molecules—three fatty acids
esterified to a glycerol backbone—with minor amounts of monoacylglycerols (MAGs),
diacylglycerols (DAGs), fatty acids (FAs), and other fat soluble molecules.
Oleogels have shown promise in edible applications as alternatives to conventional fats
(Pernetti et al. 2007; Rogers 2009; Marangoni and Garti 2011; Co and Marangoni 2012; Patel
and Dewettinck 2015). Fats are structured by TAG molecules that crystallize, forming a spacefilling network of crystals, and are responsible for many of the desirable organoleptic properties
of high-fat foods (Marangoni et al. 2012). However, TAGs that are crystalline at room
temperature contain high amounts of saturated or trans fatty acids. Trans fats, while being
beneficial for the shelf life and sensory properties of processed foods, have been shown to elicit
negative health effects and have recently been stripped of their GRAS (Generally Recognized as
Safe) status by the Food and Drug Administration in the United States (Food and Drug
Administration 2015). This follows the actions of other organizations and countries that have
recommended or mandated the complete elimination or reduction of trans fats in processed foods
(Uauy et al. 2009). Although there is an ongoing debate on the impact of saturated fats on risk of
cardiovascular disease (German and Dillard 2004; Bier 2015; Parodi 2015), dietary guidelines
worldwide continue to recommend limiting consumption of these fats. For example, the recently
released 2015-2020 Dietary Guidelines for Americans, recommends consuming less than 10 %
of calories per day from saturated fats, and includes oils as components of a healthy eating
pattern (U.S. Department of Health and Human Services and U.S. Department of Agriculture
2015). Consumers are therefore interested in products with zero trans and low saturated fat
6

content, and manufacturers continue to search for ways to reduce or eliminate these ingredients
in their products without compromising quality. Oleogels provide a novel alternative to these
fats, being solid-like material made with lipids rich in unsaturated fatty acids.
To make an oleogel, a low concentration of gelator molecule is added to oil. With the
appropriate processing (heating, stirring and cooling, for example), the molecules are dispersed
in the oil phase and self-assemble to form 3-D networks, structuring the liquid oil. Their
assembly is driven by Van der Waals forces, hydrogen bonding, stearic interactions, ionic
interactions, or covalent bonding (Pernetti et al. 2007). Oleogelators are soluble in the oil such
that they can be dispersed but precipitate to form a network during gelation (Terech and Weiss
1997; Suzuki and Hanabusa 2010). An ideal oleogel for edible application would have
modifiable physicochemical properties, in order to match those of a fat being replaced or to
achieve other desired functionalities, such as slowed release. Stability of the material over a
given period of time is also important. For food or pharmaceutical applications, gelators should
have ‘generally recognized as safe’ (GRAS) status or come from natural sources.
Lipid structuring, by the formation of an oleogel or an alternatively structured system,
can also have physiological implications. Food structure has a direct relationship with
digestibility and nutrient bioaccessibility, as factors such as composition, molecular state,
particle size and matrix all affect the fate of ingested materials (McClements, Decker, and Park
2008; McClements, Decker, Park, et al. 2008; Norton et al. 2015). In lipid systems, this
relationship can be exploited to create materials with given levels of lipolysis, modifiable release
profiles and increased bioaccessibility of lipid soluble molecules. The mechanism of lipid
digestion and the effect of structure on lipolysis is therefore an important aspect to consider
when designing oleogel systems. Different lipid-based systems for delivery, mainly emulsionbased, have been reviewed but these discussions have not included oleogels or other alternative
structured lipids within their scope (Humberstone and Charman 1997; Porter et al. 2007;
McClements and Li 2010).
Solubilisation and delivery of bioactive molecules is another possible application for
oleogels, and has gained attention in the pharmaceuticals industry. In particular, their lipid
medium is well-suited for increasing the bioavailability of lipid soluble molecules and their gel
matrix could offer benefits of sustained release and protection of the deliverable molecule.
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Several applications of edible oil oleogels have appeared in the literature for drug or
nutraceutical delivery and offer interesting insights into the relationship of gel structure and
delivery. Gelation has been shown to be successful at preventing precipitation of bioactives and
slow lipolysis and release of nutraceuticals from crystalline and fibrillar oleogel networks
(Murdan et al. 2005; Duffy et al. 2009; Iwanaga et al. 2010; Lupi et al. 2013; Singh et al. 2013).
Ethylcellulose oleogels, the only known food-grade polymer oleogel has been proposed as a
material with delivery potential (Zetzl and Marangoni 2012; Davidovich-Pinhas 2015).
Structure-functionality characteristics of the gel have been well-researched, but polymer oleogels
have never been explored for delivery applications.
In-vitro digestion models are commonly applied in food and pharmaceutical research to
assess the performance of materials in a fast, easy, and affordable way before in-vivo testing.
Many models are available, yielding different information (Guerra et al. 2012). The ability of
these models to accurately predict in-vivo behaviour is improving, but extrapolating information
from the models to real conditions should be done carefully.
This review will begin with an overview of the mechanism of lipolysis and structural
factors affecting lipolysis. Previous studies on lipid structuring and their effect on lipid digestion
are also discussed. To explore the use of gels for oral delivery, lipid-soluble bioactive molecules
will be introduced, with a focus on β-carotene (BC). Challenges involved in the delivery of
those lipid soluble molecules will be covered, leading to a discussion on current delivery
strategies for these molecules and the use of novel oil-based gels for delivery. Various edible
oil-gelling strategies and their delivery-related applications will be reviewed, followed by the
properties, structure, functionality, and application potential of EC oleogels. Finally, the use of
in-vitro digestion models for measurement of lipolysis and drug and nutraceutical release will be
discussed. The purpose of this review is to provide a background for a discussion on the
digestibility of ethylcellulose oleogels and their potential application as delivery material for fatsoluble bioactive molecules.

2.2 Lipid digestion
Lipid digestion is a complex process of emulsification, lipolysis, and micellarisation, and
is followed by absorption. It is also a dynamic process, where the gastro-intestinal environment
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is constantly changing as food enters and is broken down, nutrients are absorbed, and the
material travels through. The rate and extent of lipolysis determines lipid bioavailability, lipid
profile in the blood over time, and the bioavailability of lipid soluble molecules (Mu and Høy
2004; Bonnaire et al. 2008). The design of functional lipid-based foods and systems requires
knowledge of the mechanism of digestion, as well as an understanding of the effects of structure
and composition on lipolysis.
The first step of lipid breakdown occurs in the mouth, where food is mechanically
processed, mixed with saliva and formed into a food bolus. This stage is short (5-20 seconds in
the mouth) and the changes to the lipid phase that occur here depend on the initial physical
properties of the lipid phase as well as the structure of the matrix containing the lipid material
(McClements, Decker, Park, et al. 2008). In the bolus, lipids are generally present as droplets,
sized under 1 m to over 1 mm in size, depending on the their initial state (McClements, Decker,
Park, et al. 2008).
The bolus travels down the esophagus to the stomach, where a variety of gastric fluids are
secreted to break down different food components. The acidic environment of the stomach (pH
~1-3) also helps in this step of digestion (Kalantzi et al. 2006). Among these fluids is gastric
lipase, an enzyme that hydrolyzes TAGs, producing diacylglycerols (DAGs), monoacylglycerols
(MAGs) and free fatty acids (FFAs) (Carey et al. 1983). Gastric lipase preferentially hydrolyses
FAs esterified to the sn-3 carbon on the TAG glycerol backbone, with significantly lower
activity on the sn-1 FA (Mu and Høy 2004). The DAGs, MAGs, and FFAs resulting from this
process are surface active and can adsorb to the droplet oil-water interface. Because of the acidic
environment, most FFAs are protonated and long chain fatty acids remain inside the oil droplets
(Carey et al. 1983). The combination of the emulsifying properties of lipid digestion products
with the shear forces in the stomach results in the formation of an emulsion of lipid droplets of
diameter 1-50 µm (Armand et al. 1994; Armand et al. 1996). In healthy humans, 10 to 30 % of
TAGs ingested are hydrolysed at this stage (Carey et al. 1983; Armand et al. 1994).
The contents of the stomach are gradually released into the small intestine where the
majority of the lipid digestion and absorption takes place. Peristaltic contractions continue in the
duodenum, adding to the increase in oil droplet surface area (Carey et al. 1983). The increase in
pH from the stomach to the small intestine causes long chain fatty acids to become partly ionized
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and move to the droplet interface (Linthorst et al. 1977). The presence of lipid in the duodenum
triggers the gallbladder and pancreas to secrete bile and digestive enzymes, respectively, into the
small intestine. Bile is made up of a variety of phospholipids, cholesterol, and electrolyte salts;
the phospholipids act as emulsifiers along with the lipid digestion products, reducing the size of
lipid droplets and stabilizing the oil-water interface (Carey et al. 1983). Bile salts promote
lipolysis by displacing digestion products from the oil-water interface (Bauer et al. 2005)
Lipases and co-lipases secreted by the pancreas are active at the oil-water interface. The
ability of pancreatic lipase to hydrolyse lipids depends on the presence of a co-lipase, which
displaces bile salts from the droplet interface and forms a complex with the lipase, allowing
access to the TAG molecules (Borgström 1975). Pancreatic lipase has specific activity,
preferentially hydrolyzing the sn-1 and sn-3 fatty acids from the glycerol backbone (Mu and Høy
2004). In the presence of bile salts at a critical concentration, mixed micelles of digestion
products are formed with lipophilic centres, surrounded by the bile salts, lipolysis products, and
other compounds (Borgström and Erlanson 1973). Bile salts play an essential role in lipid
digestion, as they remove digestion products from the interface of the oil droplet allowing
digestion to continue, and also prevent the reformation of TAGs from digestion products at the
oil-water interface (Bauer et al. 2005). The formation of micelles is dependent on the
concentrations of lipid digestion products, phospholipids, bile salts, and other molecules present
in the aqueous phase, along with pH and ionic strength of the environment (Bauer et al. 2005;
Nik et al. 2012).
From their bile-salt micelles, fatty acids and monoglyceride products are absorbed into
the enterocytes, where they are reassembled into triacylglyceride molecules and subsequently
lipoproteins. Some short chain and medium chain fatty acids, which are water soluble, can be
absorbed directly by the stomach mucosa or in the small intestine without being incorporated
into micelles (Mu and Høy 2004).
Systems designed to control or limit lipid digestion have further physiological
significance. Reduction in food intake and satiety can be caused by lipids or lipid digestion
products reaching the ileum, triggering the ileal brake mechanism that signals the body to slow
down gastric emptying (Van Citters and Lin 1999). This mechanism has been proposed as a
strategy for combatting obesity, offering appetite control (Maljaars et al. 2008). Slowed
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intestinal lipolysis by colipase inhibition was also shown to suppress appetite in rats, decreasing
their high-fat food intake (Mei et al. 2006). The complex relationship between food structure,
digestion and satiety therefore has implications for the design of food systems to help combat
obesity (Bonnaire et al. 2008; Maljaars et al. 2008; Nik et al. 2012).

2.3 Factors affecting lipolysis
The physicochemical properties of lipids, including chemical structure and the physical
state of the lipid have been shown to influence the rate and extent of lipolysis (McClements,
Decker, and Park 2008). In addition, the structure and composition of the matrix surrounding the
lipid can also affect bioaccessibility of the lipid. Several reviews on the influence of structure on
lipid digestibility are available (McClements, Decker, and Park 2008; McClements, Decker,
Park, et al. 2008; McClements and Li 2010; Marze 2013; Michalski et al. 2013). Since lipid
digestibility affects other physiological processes such as intestinal solubilisation of fat soluble
molecules (Rein et al. 2013; Ting et al. 2014) and gastric emptying (Maljaars et al. 2008), the
relationship between lipid structure and lipolysis is an important consideration in the design of
functional food systems. It should be noted that structural factors may also influence lipid
absorption and metabolism, contributing to the overall bioavailability of TAGs and of lipid
soluble molecules (McClements, Decker, and Park 2008; Michalski et al. 2013).
2.3.1 Triacylglycerol composition
Research on complex lipid systems has shown that TAG fatty acid composition and
positionality can influence the rate and extent of lipid digestion. The rate of enzyme hydrolysis
is higher for TAGs with short chain fatty acids and medium chain fatty acids than for long chain
fatty acids (Greenberger et al. 1966). This is a factor to consider when selecting oil type for a
lipid-based system. Several studies on lipid-based delivery systems have seen an effect on
lipolysis with changes in TAG composition. When comparing in-vitro lipolysis of canola oil,
corn oil, coconut oil, and medium-chain TAGs (MCT) for delivery of curcumin, MCT showed a
significantly higher extent of lipolysis than the other oils and was therefore selected to be the
liquid phase in an edible oleogel (Yu et al. 2012). Oil-in-water emulsions with similar droplet
sizes stabilized with β-lactoglobulin showed higher rates of lipolysis for medium chain TAG oil
compared to long chain TAG oil (McClements and Li 2010). This was explained by the
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solubility of the digestion products from the different oils: shorter fatty acids are more soluble in
the aqueous medium and are readily removed from the surface of the oil droplet, while those
with longer hydrocarbon chains accumulate on the surface of the oil droplet and impede lipase
access (McClements and Li 2010).
2.3.2 Lipid physical state
The physical state and polymorphic form of the lipid have also been shown to influence
lipolysis. In their work, Bonnaire et al. found that solid lipid nanoparticles showed a
significantly lower degree of lipolysis than liquid nanoparticles of the same composition after
120 min of in-vitro duodenal digestion (Bonnaire et al. 2008). Lower lipolysis for solid particles
is likely due to difficulty of lipase adsorption to the solid droplet surface and the dense molecular
packing of lipid molecules in the β-polymorphic form, restricting lipase access (Bonnaire et al.
2008; Huynh 2014). Effects of solid fat content on fatty acid absorption, lipid bioavailability and
postprandial lipemia have also been seen and are reviewed by Michalski et al (Michalski et al.
2013).
2.3.3 Lipid droplet surface area
Lipids are present in food systems in many forms, in bulk (margarine or butter),
emulsified (mayonnaise, ice cream, milk, or cheese), or contained within a complex matrix
(bread, cake). Following ingestion, lipids are processed in the mouth and stomach, resulting in
the formation of a crude emulsion of droplets before reaching the duodenum (McClements,
Decker, and Park 2008). A number of in-vitro digestion studies have found that decreasing the
initial size of oil droplets in an emulsion system results in an increase in rate of lipolysis, due to
the increase in surface area available for lipase activity (Armand et al. 1999; McClements and Li
2010). This effect of surface area was also seen in in-vitro digestion experiments on bulk oil
systems, where samples which were emulsified prior to digestion showed a significantly higher
extent of transfer of β-carotene, corresponding to a higher degree of lipolysis (Wright et al.
2008). The effects of initial emulsion droplet size on digestion are often not as straight forward
when more complex models or in-vivo experiments are employed to simulate digestion; lipid
droplet size can change during passage through the gastrointestinal tract with the presence of
digestive fluids, shear forces, and changes in pH, altering the lipolysis profile of different
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formulations (McClements, Decker, Park, et al. 2008). In one example, soft and hard whey
protein emulsion gels were subject to in-vitro gastric conditions using a human gastric simulator,
a complex model incorporating mechanical contractions, digestive fluids, and emptying (Guo et
al. 2014). It was found that oil droplets released from the soft gel coalesced after gastric
processing, whereas those in the hard gel did not, because they were not fully released from their
protein matrix after 300 min of simulated gastric digestion. Unique lipid or mixed systems, such
as emulsions, oleogels, or bulk phases, could therefore be designed to have specific particle size
after processing to achieve a desired functionality. This could be done, for example, by varying
droplet size and emulsifier type for an emulsion, or matrix hardness and initial capsule size or
shape for a gel.
2.3.4 Matrix effects
The composition and structure of the food matrix containing the lipid will also influence
lipolysis. This effect could be due to direct interference of matrix components on digestion, or
through the physical entrapment of the lipid within a larger structure. When lipid is encased in a
structure or surrounded by an interfacial layer, lipase access can be slowed or impeded, and the
overall digestion time of the material may be lengthened due to the time needed to breakdown
the matrix surrounding the lipid components (McClements, Decker, Park, et al. 2008). This is a
commonly employed strategy in the design of novel emulsions for delivery and digestibility
control, where oil droplets can be coated with different emulsifiers or aqueous biopolymers,
preventing lipase diffusion or otherwise limiting access of the lipase to the oil-water interface
(Mun et al. 2006; Mun et al. 2007).
Different molecules in complex food systems, such as dietary fibres, can affect the rate of
lipid digestion by directly interfering with mechanisms involved in digestion. Some dietary
fibres can bind with bile salts, inhibiting their emulsification action (Kritchevsky and Story
1974). Other dietary fibres, such as cellulose ethers, are surface active and can competitively
adsorb to the oil-water interface of lipid droplets, preventing access for the bile salts and lipase
(Torcello-Gómez and Foster 2014). Surface active molecules interfering with lipolysis could be
naturally present in the body, or originate as breakdown products from ingested food
(McClements, Decker, and Park 2008). All components of gels or other delivery systems
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(emulsifiers, gelling agents, fibres, etc.) and their digestion products should therefore be
considered for their effect on digestion.
Matrix effects are also relevant in the design of oleogels to control digestibility or release,
where the presence of a structuring network could slow the release of oil from the system and
hence delay the exposure of the oil to the lipase. In these formulated systems, the nature of the
structuring matrix (i.e. the type of bonds present, the strength of the network) could affect the
rate of matrix breakdown, erosion, and/or digestion (McClements, Decker, Park, et al. 2008).
In a recent experiment, the effect of hardness on the in-vitro digestion of whey protein
emulsion gels was investigated using a human gastric simulator model (Guo et al. 2014). Soft
and hard whey protein gels with different microstructural properties were prepared by heattreating protein-stabilized soybean oil-in-water emulsions in the presence of NaCl. These gels
were then prepared to simulate oral processing and introduced into the gastric model to examine
the breakdown of the gel bolus. It was found that the soft gels disintegrated faster under the
effects of proteolysis and mechanical digestion after 300 min, releasing the lipid droplets. In
comparison, the harder gels were merely broken into smaller particles and no oil droplets were
released, although the proteins were still hydrolyzed at a similar rate. These differences were
attributed to the differences in gel structure between the two samples, where oil droplets were
more tightly bound to the protein matrix in the harder gel and the protein structures were
different (Guo et al. 2014). The study of this gelled emulsion system illustrates the importance
of matrix structure and composition on the digestion and release of lipids.
2.3.4.1 Non-TAG structured lipids and effects on digestion
Oleogels are an example of a material where the complexity of the matrix could impact
access of the lipase to the lipid. However, few in-vitro and in-vivo experiments have been
conducted on the effects of matrix composition on oleogel digestibility. The digestibility of
oleogels has often only been examined from a delivery perspective (see 2.6 Strategies to gel oil
and delivery applications of oleogels) but can also be looked at through a nutritional lens.
Using human trials, Marangoni et al. (2008) found that consumption of oil contained in a
monoglyceride-structured emulsion resulted in lower blood serum triglyceride loading and lower
serum insulin levels for the same glucose levels compared to consumption of liquid oil. A link
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between micro-structuring of oil phase and modulation of physiological response was suggested.
However, further in-vivo studies on the same MAG-structured oil system by Rush et al. (2009)
found that postprandial glycemic, TAG and FFA levels were suppressed after consumption of the
structured emulsion compared to the unstructured ingredients only when the emulsion remained
intact. No significant differences were seen in these levels after consumption of pasta with
melted emulsion compared to unstructured oil equivalent. Similarly, Wright et al. (2014) found
that when the MAG-structured emulsion was baked in a cookie or cake formulation, no effects of
structured emulsion versus liquid equivalent on postprandial levels were observed. The findings
from these studies suggest that the MAG-stabilized emulsion structure must be intact for the
system to have an effect on postprandial TAG and insulin levels.
In their application of MAG-structured oil and Span 20 gels for the delivery of
curcuminoids, Yu et al. (2012) found that there was no significant difference in extent of
lipolysis between gelled and liquid samples, after in-vitro digestion simulating fed or fasted state.
It was suggested this could be due to the partial melting of the gel structure at 37 °C and the
mechanical processing of the gel in the in-vitro assay. This further supports the notion that
integrity of the gel structure is necessary to see an influence on lipid digestibility.
Similarly, Hughes et al. (2009, 2011) studied human physiological response after
consumption of another structured oil product, a 12-hydroxystearic acid (12-HSA) oleogel made
with canola oil. Their results were compared with the response after consumption of liquid oil,
butter, and margarine. In contrast to Marangoni et al. (2008), they found no significant
difference in postprandial serum TAG or FFA levels in test subjects after consumption of the
gelled canola oil compared to the unstructured canola oil. The gels used in this experiment (2%
w/w 12-HSA composition) were weak and shear sensitive, which may be why no effect of
structure on physiological response was seen. This supports the idea that the type of oil
structuring method employed (including its ingredients, physicochemical properties, micro and
macrostructure) plays a role in the physiological behaviour of the material.
Because lipid digestibility is linked with the solubilisation and uptake of lipid-soluble
molecules, the structural and compositional design of oleogels also plays a key role in the
application of the gels as delivery material for bioactive lipophilic components.
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2.4 Challenges in the delivery of lipid soluble bioactive molecules
Many fat soluble molecules naturally present in food systems are associated with positive
health benefits, including long chain poly-unsaturated fatty acids, carotenoids, antioxidants, and
phytosterols (McClements et al. 2009). Consumption of these bioactives, or ‘nutraceuticals’, is
associated with physiological benefits such as cancer prevention; protection against heart
disease, cardiovascular disease, and macular degeneration; and promotion of mental health
(Khachik et al. 2002; Rao and Rao 2007; Ruxton et al. 2007).
Effective delivery of lipid soluble compounds can be challenging, therefore specifically
designed delivery systems are used to enhance their bioavailability by overcoming limitations in
matrix compatibility, solubility, or chemical stability. This is also a subject of importance in the
pharmaceutical industry, where lipid soluble drugs can benefit from the strategies proposed for
the effective delivery of naturally occurring bioactive molecules (Dahan and Hoffman 2008).
Due to its highly lipophilic character and extensive characterization, β-carotene (BC) is an ideal
molecule to serve as a model lipophilic molecule and has been used in previous research
characterizing novel delivery materials (Helgason et al. 2009; Nik et al. 2011; Liang et al. 2013).
It is important to keep in mind, however, that different lipophilic molecules could show different
digestibility behaviour and levels of bioavailability from the same system due to their diverse
chemical and physical compositions (Nik et al. 2011).
Some challenges exist in the effective delivery of lipophilic bioactive molecules. The
bioaccessibility of a molecule is defined as the fraction which is released and available to be
absorbed in the intestine (Rein et al. 2013). Bioaccessibility is specifically an obstacle for fatsoluble molecules which are insoluble in the aqueous environment of the digestive tract (Faulks
and Southon 2005). For these molecules, solubilisation into mixed micelles in the aqueous phase
is necessary to be absorbed into epithelium cells in the small intestine and be active in the body.
For example, when BC is consumed, only the micellarised portion of the carotenoid can be
absorbed into the enterocytes to be incorporated into chylomicrons and transported to the liver to
be distributed to different tissues (Erdman et al. 1993). Although absorption and transport of
hydrophobic molecules also affect their bioavailability, bioaccessibility is still a limiting factor
for the activity of many lipid soluble bioactives from natural food matrices.
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2.4.1 Food matrix effects
Similar to its effect on lipid digestibility, the food matrix can impact and limit the
bioaccessibility of lipid soluble molecules. When bioactive molecules are complexed with other
molecules or trapped within food structures, their bioavailability is lowered. This effect has been
seen in in-vitro and in-vivo experiments, where heat treatment increases the bioaccessibility of
carotenoids from vegetables by weakening the protein-carotenoid complexes and softening the
cell walls (Parker 1996; Hedrén et al. 2002). Ferulic acid, a compound naturally found in whole
grain wheat has low bioaccessibility, due to its binding to polysaccharides. However, when
bread made with flour and added free ferulic acid was consumed, the bioaccessibility of the
molecule increased to above 60 % (Mateo Anson et al. 2011). The introduction of purified
bioactives into especially designed delivery systems is one way to increase the level of bioactive
molecules in the diet (McClements, Decker, and Park 2008; Oehlke et al. 2014; Liu et al. 2015).
2.4.2 Solubility in digestate
Because micellar solubilisation is a necessary step for the absorption of non-water soluble
molecules, factors that affect the production and volume of micelles also affect bioavailability.
For example, the rate and extent of lipid hydrolysis affect the transfer of β-carotene and other
lipophilic molecules to the aqueous phase from the hydrophobic phase (Nik et al. 2010; Nik et al.
2011)
Lipid soluble compounds have increased bioavailability when consumed with digestible
lipids because lipolysis increases the micellar volume available for solubilisation while at the
same time decreases the volume of bulk lipid phase (Furr and Clark 1997; Nik et al. 2011).
Using an in-vitro digestion model, Hedrén et al. (2002) showed an increase in bioaccessibility of
β-carotene in cooked carrot samples from 27% to 39% when they were consumed with cooking
oil. It was also found that consumption of yellow peppers with a long-chain triglyceride
emulsion increased BC micellarisation to over 70 % from under 30 % for a sample containing no
oil (Liu et al. 2015). In humans, consumption of salad with avocado or avocado oil has been
shown to increase carotenoid absorption (Unlu et al. 2005). The presence of lipid in the small
intestine also stimulates the secretion of digestive liquids from the pancreas, promoting
emulsification of lipids and lipid digestion products, and facilitating hydrolysis (Dahan and
Hoffman 2008).
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Although there is a general effect of lipids on transfer, the TAG chemical composition is
also an influencing factor. Long-chain TAGs (LCT) facilitate higher solubilisation of
carotenoids in-vitro than both medium-chain TAGs (MCT) and indigestible oils (Huo et al. 2007;
Liu et al. 2015). Liu et al. (2015) found that the bioavailability of carotenoids under simulated
gastrointestinal conditions increased to above 70 % in the presence of LCT compared to ~ 45 %
and under 30 % in the presence of MCT and indigestible oil, respectively. This effect was due to
the digestion products from LCTs forming micelles with hydrophobic cores large enough to
solubilize the carotenoids. In in-vitro experiments, the quantity of TAG necessary for optimum
transfer of carotenoids was shown to be 0.5-1 % of the meal, however conflicting reports appear
in literature on the overall effect of lipid quantity on the transfer of bioactive molecules (Huo et
al. 2007).
The manipulation of bioavailability with the addition of lipid as discussed above can also
be seen in the design and evaluation of drug delivery materials (Humberstone and Charman
1997; Dahan and Hoffman 2007; Porter et al. 2007). As is the case with delivery of
nutraceuticals, there is no consensus on the quantity of lipid necessary to enhance drug transfer
and absorption in oral lipid-based formulations (Porter et al. 2007).
2.4.3 Solubility in delivery medium
Low solubility of hydrophobic bioactives in hydrophilic systems also provides a barrier
for bioavailability, as it reduces the initial quantity of bioactive which can be delivered in a given
system. Some bioactives, such as BC, are crystalline in their natural food matrices and in their
extracted and purified form. When crystalline, there is an energy barrier to dissolution in the
digestive emulsion, and the molecule is difficult to incorporate into a delivery system (Faulks
and Southon 2005; McClements et al. 2009). Curcumin, a lipophilic bioactive, showed very low
bioaccessibility in-vitro when present in an aqueous suspension and precipitated out of a MCT
solution after one month of storage due to low solubility (Yu and Huang 2010; Yu et al. 2012).
The issue of solubility is especially challenging because many delivery materials for drugs or
nutraceuticals are aqueous-based.
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2.4.4 Chemical degradation
Bioactives and lipid-soluble drugs for delivery can be sensitive to chemical degradation,
such as oxidation or hydrolysis (McClements and Li 2010). Protection from these effects is
necessary for bioactive molecules to retain their biological activity. Some matrices allow for
more bioactive degradation than others and must be considered in an effort to maximize
bioavailability. For example, BC is highly sensitive to oxidation, and can decompose into a
variety of products. BC concentration in sodium caseinate-stabilized emulsions decreased to 6085 % of original content after 30 days of storage at room temperature under no-light conditions
and emulsions with smaller droplet size were more susceptible to oxidation (Yi et al. 2014).
BC degradation was also more advanced after encapsulation in a solid lipid nanoparticle
compared to a liquid nanoparticle (Helgason et al. 2009).
Bioactives may also be sensitive to degradation in biological environments and they must
be protected before they reach their site of absorption. For example, curcumin is susceptible to
hydrolysis in alkaline environments and showed elevated bioactivity in-vitro when encapsulated
in modified Ԑ-polylysine micelles (Yu et al. 2011).

2.5 Current delivery strategies for lipophilic bioactives
To overcome the challenges of delivery of lipid soluble molecules, various structured
systems have been designed. These have been reviewed extensively in other publications
(Humberstone and Charman 1997; McClements et al. 2009; McClements and Li 2010; Marze
2013; Ting et al. 2014). These systems can be classified as lipid-based, surfactant-based, or
biopolymer-based, where all three address the effective delivery of hydrophobic molecules using
differing strategies.
2.5.1 Lipid-based delivery systems
Lipid-based systems with delivery applications appearing in literature are most often
emulsion-based, including conventional oil-in-water emulsions, nano-emulsions, multiple
emulsions, solid lipid nanoparticle emulsions, gelled oil-in-water emulsions, and selfemulsifying systems. A newer approach is the use of lipid-based gels for delivery, which will be
discussed in depth in the following section.
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As mentioned above, the presence of lipids increases the bioavailability of lipid soluble
molecules in a number of ways. Lipids also provide a favourable environment for the
solubilisation of hydrophobic compounds and could contain other hydrophilic antioxidants,
protecting the deliverable molecule against degradation (Liu et al. 2015). The presence of lipid
in the system and its chemical composition will also affect absorption and transport of lipid
soluble molecules in the body (Humberstone and Charman 1997; Porter et al. 2007). Lipidbased systems can be altered by manipulating the TAG composition or processing conditions, to
modulate release, provide protection, or change other physicochemical characteristics of the
system.
Some challenges encountered with lipid-based systems are the stability of the systems
against recrystallization or coalescence and the need for food-grade status ingredients. Given the
structural diversity of gels and the increase in number of food-grade gelling strategies available
for liquid oil, oleogels are another lipid-based medium worth exploring for delivery applications
(Rogers et al. 2014; Wang et al. 2016).
2.5.1.1 Gels for delivery
Organogels (gels made with non-aqueous solvents) have been used for delivery purposes
in non-oral applications, including transdermal, rectal, and parenteral delivery of drugs
(Motulsky et al. 2005; Huri et al. 2013). Several reviews exist on their potential for
pharmaceutical and drug delivery applications (Murdan 2005; Vintiloiu and Leroux 2008; Sahoo
et al. 2011; Sagiri et al. 2014). Organogels for oral delivery are less common, with only a few
examples appearing in literature (Murdan et al. 2005; Iwanaga et al. 2010; Lupi et al. 2013). The
use of oil as the solvent for organogels with delivery applications is also rare, but would provide
benefits of biocompatibility and generally recognized as safe (GRAS) ingredients for the
development of novel food-grade materials.
Lipid-based gels offer the same advantages as other lipid delivery systems in terms of
solubility and increased bioavailability due to the presence of oil in the system. In addition, gels
can provide increased stability for bioactive compounds, preventing recrystallization or
precipitation which can occur in liquid or solid lipid systems. Oleogelation has been shown to
prevent recrystallization of curcuminoids and quercetin in oil systems (Yu et al. 2012; Xuechen
2014). Although solid lipid systems, such as solid lipid nanoparticles, can protect bioactive
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compounds from oxidation or degradation, they are prone to polymorphic rearrangements and
changes in crystallinity, which affect the solubility and stability of the bioactive compound
within (Müller et al. 2000). Recently, BC solubilized in three different bulk lipids (tristearin,
tripalmitin, and saturated monoglyceride) was shown to degrade at different rates as a result of
changes in crystal structure over time (Calligaris et al. 2014). Oleogels, especially polymerbased gels, could offer an alternative solid-like matrix to these solid lipid systems, with increased
stability.
Hydrogels are aqueous systems structured by 3-D polymer matrices and have been used
extensively in drug delivery applications. They are biocompatible, and can offer slowed or
targeted release due to their polymer networks. Hydrogels can also be manipulated to respond to
changes in pH or temperature, resulting in increased permeability and allowing molecules to be
released (Qiu and Park 2012). Polymer oleogels, one sub-group of oleogels, are an interesting
alternative to hydrogels, as they share the same complex matrix but have a hydrophobic medium
(Hughes et al. 2009; Davidovich-Pinhas 2015).
The ability to manipulate gel matrices for release control is another unique advantage of
oleogels. Controlled release is an especially important quality in drug delivery, where gradual
release allows for a steady plasma concentration of the bioactive. This prevents the spikes and
drops in levels that are characteristic of immediate release materials and allows for a therapeutic
level of bioactive to be present in the body over a longer period of time (Turner et al. 2004;
Hughes et al. 2011). Gel structure manipulation can be achieved in many ways, and can result in
changes in functionality, including release rates. Manipulation can involve external factors, such
as application of heating, cooling and shear, or internal factors such as the addition of small
molecules, increase in gelator concentration, combination of gelators, or change in oil
composition. Oleogels are also thermo-reversible, formed by non-covalent bonds, meaning they
could be engineered to respond to an external stimulus (a change in temperature or pH, for
example) to allow release (Hughes et al. 2011).

2.6 Strategies to gel oil and delivery applications of oleogels
Oleogels can be classified by the size of their oil-gelling molecules, being low molecular
weight or high molecular weight molecules. Low molecular weight gelators (LMOGs) can be
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further subdivided by the method with which they structure oil, through the formation of a 3-D
network of crystalline particles or a space-filling fibrillar network. High molecular weight
oleogelators, primarily polymers, structure organic solvents by the formation of physical or
chemical interactions between strands, resulting in a supramolecular network. Many reviews
exist on the topic of oleogelation and organogelation, providing in depth analyses of gel
structure, gelation mechanism, and factors affecting gel formation (Bot et al. 2009; Suzuki and
Hanabusa 2010; Co and Marangoni 2012; Patel and Dewettinck 2015; Davidovich-Pinhas et al.
2016).
The following section will discuss applications of oleogels for the delivery of lipid
soluble molecules or control of lipid digestibility appearing in literature. Details of the
physicochemical properties of the gel systems will be discussed, as well as the structure, matrix
composition, and impact on release or digestion where applicable. Monoacylglycerols (MAGs),
fatty acids, waxes, sorbitan monostearate (SMS), ceramides, β-phytosterol and γ-oryzanol, sugar
esters, 12-hydroxystearic acid (12-HSA), and ricinelaidic acid will be covered as examples of
LMOG systems. The polymer section will focus on ethylcellulose, the only known food grade
polymer gelator used to gel oil directly. Table 1 summarizes all examples found in literature of
edible oleogels with oral delivery applications.
2.6.1 Crystalline particles
Similar to TAGs, different crystalline particles can be used to structure liquid oil by
forming colloidal networks which trap the liquid portion of the material. Examples of crystalline
particle gelators include MAGs, DAGs, fatty acids, and fatty alcohols (Co and Marangoni 2012).
Many plant-based waxes can also gel oil at low concentrations (Toro-Vazquez et al. 2007; Blake
et al. 2014). The same processing parameters which affect crystal growth in TAG systems also
affect these alternative crystalline systems, including cooling rate and presence of shear above
and below crystallization temperature.
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Table 1 Current examples found in literature of edible oleogels with oral delivery applications.
Gelator
Group
Monoacylglycerol

Type
Monostearin

Fatty acid

Policosanol
(60%
octacosanol)

Sorbitan ester

Sorbitan
monostearate
(SMS)

Sorbitan
monopalmitate
(SMP)

Sugar ester

Sucrose stearate

Hydroxylated
fatty acid

12hydroxystearic
acid

Gel
composition
MCT-Span 20
solvent; 20%
MAG; oleogel
Olive oil;
1-10%
policosanol;
oleogel
spherical
particles
Sorbitan
monooleate
and
polysorbate 20;
18% SMS;
gelatin
capsules
containing
oleogel
Two systems:
castor oil, 25%
SMP; and
castor oilwater, 13%
SMP; oleogel
tablets
MCT; 20%
sugar ester;
gel-in-water
nanoemulsion
Canola oil; 2%
12-HSA;
oleogel
Soybean oil; 210% 12-HSA;
oleogel
capsules

Molecule
delivered
Curcuminoid

Ferulic acid

Ciclosporin

Analyses
conducted
In-vitro
lipolysis,
bioaccessibility
In-vitro release

In-vitro
bioavailability,
in-vivo
bioavailability
in dogs

Reference
Yu et al.
2012
Lupi et al.
2013

Murdan
et al. 2005

Metronidazole In-vitro release,
gel
disintegration
studies

Singh
et al. 2013

Quercetin

In-vitro
bioaccessibility

Xuechen
2014

β-carotene

In-vitro
bioaccessibility

Ibuprofen

In-vitro release,
erosion and
diffusion
measurements,
in-vivo
bioavailability
in rats

Hughes
et al.
2009, 2011
Iwanaga
et al. 2010
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2.6.1.1 Monoacylglycerols (MAGs)
Monoacylglycerol (MAG) molecules are composed of a single fatty acid attached to a
glycerol backbone. In virgin olive oil, MAG crystals are needle-like, while in corn oil, MAG
crystals have been described as spherulites (Kesselman and Shimoni 2007). Like other
crystalline systems, anhydrous MAG gels are sensitive to processing parameters. Increasing the
concentration of MAG in the gel results in a higher gelation temperature and a harder gel
network (Ojijo, Neeman, et al. 2004). Shearing can produce gels with weaker or stronger
networks than those cooled statically, depending on the shear rate applied and the temperature of
application (Ojijo, Neeman, et al. 2004). The complex phase behaviour of monoglyceride-oil
mixtures has been characterized for specific systems, revealing changes in molecular packing
arrangements of the amphiphilic molecules at different temperatures and volume fractions (Chen
and Terentjev 2011). Monopalmitin and monostearin can be used to gel olive oil, creating a
spreadable food product that can be a substitute for hydrogenated and partially hydrogenated
vegetable oils (Ojijo, Neeman, et al. 2004; Ojijo, Kesselman, et al. 2004; Ritter et al. 2005).
Yu et al. (2012) studied a monoglyceride oleogel for oral delivery of curcuminoids in a
medium-chain TAG (MCT) medium. They experimented with different types of MAGs as
gelators and found that although 10 % of monolaurin, monomyristin, monopalmitin, or
monostearin, were able to gel MCT, 20 % MAG was necessary to gel the MCT, Span 20,
curcuminoid mixture used in the formulation. In addition, only the monostearin was able to form
a gel at this concentration. These authors suggested that the presence of Span 20 and
curcuminoid in the formulation interfered with the MAG crystalline structure. This brings up an
important point in the use of gels for delivery: because of the delicate balance necessary to
achieve gelation, gel formation may be inhibited or otherwise affected by the presence of other
components in the oil phase (Murdan 2005; Gravelle et al. 2016). It was found that the MAG gel
was successful at inhibiting the precipitation of curcuminoids from the oil, leading to better longterm stability. Interestingly, no effect of oil structuring on in-vitro lipolysis was seen, possibly
due to the partial melting of the gel at 37 °C (Yu et al. 2012).
The relationship between MAG gel structure and release is not fully understood. Realdon
and Ragazzi (2001) examined samples of olive oil gelled with glycerol monostearate for
application as a topical ointment. Samples were either statically cooled, sheared while cooled, or
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sheared after gelation, resulting in three samples with distinctly different crystal network
morphologies. It was found that although in-vitro drug release was different between the three
samples, in-vivo absorbance tests showed no significant difference between the three samples.
Similarly, there was no significant difference in in-vivo absorbance between samples with 15 %,
20 % and 25 % gelator concentration, although significant differences in rheological
characteristics between the gels were seen.
MAGs are also capable of stabilizing oil droplets in high concentration oil-in-water
emulsions (Marangoni et al. 2007). The emulsions have been shown to have different effects on
postprandial serum triglyceride, free fatty acid, and insulin levels in humans compared to liquid
oil, depending on the structure of the emulsion (see 2.3 Factors affecting lipolysis) (Marangoni et
al. 2008; Rush et al. 2008; Wright et al. 2014).
2.6.1.2 Fatty acids and fatty alcohols
Long-chain fatty acids (FAs) can form networks of crystalline platelets at low
concentrations in oil, resulting in a gel (Gandolfo et al. 2004). Their gelling ability increases
with increasing chain length and FAs of 18 carbons or longer can gel oil at 2 % concentration.
Similarly, the melting points of these oleogels increase with FA chain length (Daniel and
Rajasekharan 2003). Fatty acids are more efficient gelator molecules than TAGs and therefore
need to be added at much lower concentrations to create gels with comparable mechanical
properties to fats (Co and Marangoni 2012).
Mixtures of fatty acids and fatty alcohols have also been used together to form mixed
gels; the ratio of stearic acid to stearic alcohol in a formulation gives another way to manipulate
gel physical characteristics such as melting point, melting profile, and hardness (Gandolfo et al.
2004; Schaink et al. 2007).
Lupi et al. (2013) investigated the use of policosanol, a mixture of fatty acids, to gel olive
oil; the policosanol gels were subsequently characterized and tested for their use as controlled
delivery systems for oral administration of ferulic acid. They found that a minimum of 3%
policosanol was needed in order to provide enough structure to the gels, to crystallize fast
enough to immobilize the ferulic acid, and to yield a gel with a melting point above 37 °C. The
gel showed slowed release profiles compared to liquid olive oil under in-vitro gastric and
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duodenal conditions, showing the potential of the gel to be used for delayed release formulations.
As an added advantage, policosanol has been shown to have nutraceutical properties, including
reducing blood lipid levels, cholesterol levels and preventing and treating cardiovascular disease
(Varady et al. 2003; Xu et al. 2007).
2.6.1.3 Waxes
Plant waxes such as candelilla wax, sunflower wax, rice bran wax, and carnauba wax can
be used to gel oil at concentrations as low as 0.5 % depending on the wax variety (Toro-Vazquez
et al. 2007; Dassanayake et al. 2009; Blake et al. 2014). Of the waxes, candelilla wax, carnauba
wax, and rice bran wax are all US FDA-approved food additives (Blake et al. 2014). Waxes are
made up of complex mixtures of alkanes, long chain esters, phytosterols, fatty acids, fatty
alcohols, and other hydrocarbons, their compositions varying widely depending on their source.
Their high efficiency of gelation has been credited to the morphology of the crystals, which was
recently revealed to be platelet-like for candelilla wax, sunflower wax and carnauba wax (Blake
and Marangoni 2015a; Hwang et al. 2015). The shape and size of the crystals affect many of the
physicochemical parameters of the bulk system, including its oil binding capacity, hardness, and
shear sensitivity (Blake and Marangoni 2015b; Blake and Marangoni 2015c). These factors
would therefore equally impact the use of wax gels as delivery systems.
Although waxes have been proposed for use as structuring agents in fat-based spreads
and margarines, no studies have looked at the application of wax oleogels as oral delivery
systems. Wax-gelled triacylglycerols have, however, been used for transdermal drug delivery
applications. 10 % beeswax-fish oil oleogels have been shown to delay the release of a lipophilic
drug, betamethasone dipropionate, when applied topically in in-vivo experiments (Huri et al.
2013). However, gels made with beeswax in oil above 10 % concentration did not exhibit any
slowed drug release, as the structure was destroyed with shearing during application (Realdon et
al. 1996).
2.6.1.4 Sorbitan monostearate (SMS)
Sorbitan monostearate (SMS) is a food-grade emulsifier, also called Span 60. It
promotes the formation of water in oil emulsions in mixed systems and forms rod-shaped tubes
upon crystallization in pure oil (Rogers 2009). SMS gels are opaque and thermo-reversible, with
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a minimum gelation concentration in TAG of 10 % (Murdan et al. 1999). Recently, it was also
shown that SMS at concentrations of 25 % and above can modify the crystal habit of a solid fat
blend to induce heat resistance in the system (Peyronel and Marangoni 2014). The added SMS
crystallizes independently of the TAG in the blend, but the two species are held together by
strong forces. This unique matrix changes the thermal behaviour of the system.
SMS-TAG gels have been used for transdermal drug release formulations. A fish oilbased topical lotion for pharmaceutical delivery was made with 10 %, 15 % and 20 % SMS but
did not show sufficient long-term stability to be used as a commercial product (Huri et al. 2013).
In oral applications, SMS was used as a gelator for sorbitan monooleate solvent in an oral
delivery application for the drug ciclosporin. An emulsion of SMS gel in water was created,
allowing high solubility of ciclosporin in the gel and showing comparable delivery levels to a
commercial formulation in in-vivo testing in dogs (Murdan et al. 2005). For delivery
applications, it should be considered that the microstructure and gelation temperature of SMS
gels can be altered by the presence of the solubilized molecule (Murdan 2005).
Sorbitan monopalmitate (SMP), having the same molecular structure as SMS but with a
palmitic acid tail, has also been used as a gelator for castor oil in a controlled drug delivery
application (Singh et al. 2013). It was found that a castor oil gel with 47% water and 13 % SMP
produced a faster release profile in-vitro than the castor oil-SMP formulation with no water due
to the amorphous structure of the water-containing gel.
2.6.1.5 Ceramides
Ceramides are a type of sphingolipid, molecules made of a fatty acid attached to the
amino group of a sphingosine molecule. They are food grade, and can be enzymatically
synthesized from sphingomyelins extracted from milk and eggs, using phospholipase C to
hydrolyze the phosphocholine group from the ceramide structure (Zhang et al. 2006). They can
form lipid gels in oil at 2 % concentration and show an increase in minimum gelation
concentration with increasing fatty acid length, unlike many other crystalline gelator molecules
(Rogers et al. 2009). Chemically homogeneous ceramides, with one type of fatty acid moiety,
have been shown to form long, thin, fibrillar crystal networks in oil, while heterogeneous
ceramides form spherulites, resembling the structure of crystalline TAGs in oil (Rogers et al.
2011).
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Along with their gelation capabilities, ceramides also have interesting bioactive
properties. They have been shown to induce antiproliferative activity and increased apoptosis in
cancer cells (Ogretmen and Hannun 2004). In addition, ceramides are digested and absorbed in
the small intestine and therefore could still offer protection to encapsulated nutraceuticals
passing through the stomach (Rogers et al. 2011). Despite these effects, there are no reports of
the use of ceramide-based oleogels for oral delivery of nutraceuticals or pharmaceuticals.
Ceramides also have beneficial properties for cosmetic applications, where they are used in
formulations to improve skin hydration and moisture-retention properties and have been shown
to be an effective treatment for dermatitis (Chamlin et al. 2002; Zhang et al. 2006). Ceramidebased oleogels could therefore be an interesting material for a variety of drug and nutraceutical
delivery applications.
2.6.2 Fibrillar networks
2.6.2.1 β-Phytosterol and γ-oryzanol
β-phytosterol and γ-oryzanol self-assemble in oil to form fibrillar networks (Bot and
Agterof 2006; Bot et al. 2009). They are part of a larger group of phytosterol ester and
phytosterol oleogelators and have been found to gel oil efficiently at a 1:1 molar ratio. To form a
network, they co-assemble, forming helical ribbon tubules with diameter of ~10nm, which do not
vary widely in size when oil type, phytosterol:oryzanol ratio, or gelator concentration are varied
(Rogers et al. 2014). The oleogels formed are transparent, due to the nanoscale dimensions of
the fibers. Oleogels with 5 to 10 % concentration of β-phytosterol and γ-oryzanol are the
consistency of solid fat (Bot et al. 2009). A benefit of these gels for use as delivery systems,
aside from the edible nature of the phytosterols, are the positive health benefits of the gelators
themselves: phytosterols have recognized cholesterol-reducing properties (Katan et al. 2003). A
patented formulation for a β-phytosterol and γ-oryzanol structured vegetable oil fat replacement
exists (Ritter et al. 2005). Although the nutritional benefits and the food grade status of the
gelator molecules make it a promising system for edible and delivery applications, it should be
noted that these gels may be challenging to incorporate into any system containing water because
water can interfere with the gelator’s ability to assemble into tubules or cause recrystallization of
the network (Bot et al. 2009; Duffy et al. 2009).
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Gelled emulsions, such as β-phytosterol and γ-oryzanol-gelled olive oil in water can be
created to alter lipolysis profile compared to conventional oil in water emulsions (Duffy et al.
2009). However, in the case of this gelled system, the structure of the emulsion was seen to
change over time due to the solubility of the gelator in the water medium, modifying the lipolysis
profile of the emulsion.
2.6.2.2 Sugar esters
Sugar esters, made from the esterification of a sugar and a fatty acid, are capable of
gelling edible oils at low concentrations through the formation of crystalline fibrillar networks.
Their amphiphilic nature gives them the ability to self-assemble via hydrogen bonding and van
der Waals forces to form the high aspect ratio structures (Silverman and John 2015). Raspberry
ketone glucoside fatty acid esters were recently shown to be able to gel MCT oil at
concentrations < 0.25 % (Silverman and John 2015). Gels with low gelator concentration (0.25
to 2%) showed good long term stability at room temperature compared to gels with higher ester
concentrations.
Recently, a sucrose stearate and MCT gel in a nano-emulsion was studied for its
application as a gel delivery system for quercetin (Xuechen 2014). In contrast to the previous
study, a significantly higher concentration of sugar ester was used (20 %) to gel the MCT
droplets. The gel was able to prevent the recrystallization of quercetin from the oil medium,
increasing the amount of solubilized bioactive in the organogel-in-water emulsion. No
comparison of lipolysis profile between the gelled and un-gelled emulsion was conducted.
2.6.2.3 12-Hydroxystearic acid (12-HSA)
12-hydroxystearic acid (12-HSA) is an extremely efficient gelator, forming long fibrils
with high aspect ratio resulting in strong, thermo-reversible gels at gelator concentrations as low
as 0.5 % (Rogers et al. 2008). Although it is not a food grade additive, it is derived from castor
oil, a natural compound and has been studied extensively as a model oleogel system. The
structure, assembly mechanism, and physicochemical properties of the gel have previously been
described (Rogers et al. 2008; Rogers and Marangoni 2008).
One interesting feature of these gels from a delivery property perspective is the extensive
work that has been done on the relationship between gel processing conditions, 12-HSA network
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structure, and gel functionality. Rogers et al showed that both the network crystallinity and the
oil binding capacity of these gels could be modified using post-crystallization temperature
treatment (Rogers et al. 2008). 2 % 12-HSA canola oil gels placed at 5 ºC were shown to have
higher degrees of network branching, higher oil binding capacities, and uniform pore sizes
compared to gels set at 30 ºC, which showed higher degrees of crystallinity, higher rates of
syneresis, and less branched structures. Subsequently, Co and Marangoni (2013) showed that the
microstructure of 12-HSA gels could be altered with the use of oscillatory shear during
crystallization at different cooling rates. Gel formation under a cooling rate of 30 ºC/min
resulted in a spherulitic microstructure, while a cooling rate of 1 ºC/min yielded a fibrillar
network. At a low cooling rate, oscillatory shear resulted in fiber thickening, which could be
controlled by the magnitude of strain applied. At a high cooling rate, the application of shear
resulted in an increase in the number of spherulites present. These microstructural changes did
impact the mechanical properties of the gel; it was found that the presence of shear decreased the
mechanical strength and oil binding capacity of the gels. The shear sensitivity of 12-HSA gels
does provide a challenge for the use of these gels for edible applications, as shear could result in
changes to crystal structure, oil leakage, and loss of any functionality associated with the
structured oil (Co and Marangoni 2013).
To investigate the use of 12-HSA canola oil gels for improved delivery and
bioavailability of β-carotene (BC), Hughes et al. (2009, 2011) compared the quantity of
micellarised BC during simulated digestion of 12-HSA gels and liquid canola oil containing BC.
They found that the maximum amount of BC released from the oil was between 0 and 30 min of
simulated duodenal digestion, while the maximum BC release from the gel was between 30 and
75 min. They concluded that the structure of the 12-HSA gel provided protection to the
lipophilic molecule and had an effect on the rate of release of BC from the material.
Similarly, in their study on 12-HSA soybean oil gels, Iwanaga et al. (2010) found that
gels exhibited significantly slower release rates of ibuprofen compared with unstructured
soybean oil in simulated intestinal fluid. They further showed that release rates slowed with
increasing 12-HSA concentration (2 to 10 %). This was attributed not to the diffusivity of
ibuprofen through the matrix, but to the erosion of the gelled substance in the presence of
duodenal digestive fluids. The in-vitro studies were complemented with in-vivo studies in rats,
where 10 % 12-HSA soybean oil gels showed lower gastric absorption, lower maximum plasma
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concentration, prolonged release, and higher bioavailability of ibuprofen compared to both water
and soybean oil. This is a significant finding, as it demonstrates in-vitro and in-vivo the ability to
modulate release rates through gelator concentration and the benefits of using 12-HSA as a
gelator.
2.6.2.4 Ricinelaidic acid
Ricinelaidic acid is the trans- isomer of ricinoleic acid and gels oil in a similar manner to
12-HSA: dimers of the molecule stack to form crystalline fibers, resulting in a larger fibrillar
network structure. These fibres increase in thickness with increasing gelator concentration. A
gel can be made at ambient temperatures with 2.5 % ricinelaidic acid in canola oil, whereas 4 %
is needed to gel unrefined sesame oil, with its high content of polar molecules (Wright and
Marangoni 2006). Like 12-HSA gels, ricinelaidic acid oleogels have manipulable structure and
elasticity, and could potentially offer similar benefits for nutraceutical or drug delivery.
However, during storage, ricinelaidic acid gels can exhibit changes in crystallinity,
microstructural features, and mechanical properties, which could provide some challenges for
their long term stability and use in delivery applications (Wright and Marangoni 2007).
2.6.3 Polymers
Polymers are a promising class of molecules for edible oil structuring, as there are many
food grade polymers available. However, few of these naturally occurring polymers can be used
to gel oil directly, because of their hydrophilic nature. From a delivery material perspective,
polymer oleogels could provide an interesting complement to hydrogels (aqueous polymer-gelled
systems) for lipid-soluble molecules, as hydrogels are frequently used in delivery applications
for hydrophilic molecules (Davidovich-Pinhas 2015).
Single-step or direct polymer gelation is achieved by the formation of a supramolecular
network through physical or chemical crosslinking between the polymer strands (Suzuki and
Hanabusa 2010). The strength of the network is dependent on the molecular weight of the
polymers, as well as the crosslink density (Gravelle et al. 2014). It has recently been
demonstrated that oil can be structured by polymers indirectly, through the formation of porous
structures for oil sorption, for example, or by drying an oil-in-water emulsion structure by an
amphiphilic polymer (Patel et al. 2013; Patel, Cludts, et al. 2014; Patel and Dewettinck 2015).
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To form these gels, various high energy processing steps must be taken in order to disperse
hydrophilic or amphiphilic polymers in hydrophobic medium. In foam templating for example,
highly porous structures are created by drying solutions of polymer in water and subsequently
shearing the dried polymer into oil systems (Patel et al. 2013). As they are made with
hydrophilic polymers, these gels exhibit weak thixotropy and could be sensitive to the presence
of water (Patel and Dewettinck 2015). This would be challenging for a delivery application
where functionality is obtained from the network structure.
Ethylcellulose is the only food grade polymer gelator currently known to gel oil directly.
The structure and properties of the EC and EC oleogels have recently been reviewed
(Davidovich-Pinhas et al. 2016). The gel has shown promise in food applications, including as
saturated fat substitute in finely ground meat products, where a valuable property of EC as a
gelator is the ability to modulate gel hardness and other physicochemical properties to match
those of the replacement fat. In addition, the use of EC oleogels for nutraceutical or drug
delivery has been proposed (Stortz et al. 2012; Zetzl and Marangoni 2012; Davidovich-Pinhas
2015).

2.7 Ethylcellulose oleogels
EC oleogels made with vegetable oils have a range of interesting applications in both
cosmetics and food industries (Aiache et al. 1992; Zetzl et al. 2012; Stortz and Marangoni 2014;
Davidovich-Pinhas et al. 2016). In food, their primary application has been as a solid fat
replacement in high fat food products such as finely chopped meat products and cream fillings.
As interest into their properties as solid fat replacements has increased, studies have explored
various aspects of the material, including the mechanism of EC oil gelation (Davidovich-Pinhas,
Barbut, et al. 2015a; Davidovich-Pinhas, Gravelle, et al. 2015); effect of polymer concentration,
molecular weight and oil type on gel strength (Zetzl et al. 2012; Gravelle et al. 2014); gel
manufacturing considerations (Zetzl et al. 2012; Gravelle et al. 2013); effect of solvent polarity
on gel properties (Gravelle et al. 2016); and direct applications in food products (Zetzl et al.
2012). This section will provide a brief overview of EC oleogel properties, with a focus on
strategies to manipulate gel physicochemical properties and structure. This information could
lead to strategic design of EC oleogels for control of lipid bioavailability or lipophilic
nutraceutical release.
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2.7.1 Ethylcellulose
Commercially available ethylcellulose is a semi-crystalline polymer derivative of
cellulose with a 2.5 degree of ethoxy substitution (Davidovich-Pinhas et al. 2014). This degree
of substitution results in the ability of the polymer to be dispersed in liquid oil at high
temperatures. It is also soluble in a variety of organic solvents and is favoured in industrial
applications for its extensibility, flexibility, and film-forming properties (Koch 1937; Dow
2005). It is FDA approved as a food additive for applications in vitamin binding and filling,
coating, and fixative flavouring applications under regulation 21 CFR 172.868 and is currently
under review as a general food additive. EC is currently used in oral formulations in the
pharmaceutical industry as a matrix filler or as a tablet coating, making use of EC matrix
porosity and drug loading capacity to provide benefits of controlled release (Tiwari et al. 2003;
Mäki et al. 2006).
2.7.2 Mechanism of gelation
EC undergoes a glass transition at ~130 ºC, varying with the molecular weight of the
polymer (Davidovich-Pinhas et al. 2014). Above this temperature, some crystalline regions of
the polymer become amorphous, exposing the ethoxy groups, and allowing the polymer to
become soluble in oil (Davidovich-Pinhas, Barbut, et al. 2015a). As the solution cools below
100 ºC, a network forms due to the formation of hydrogen bonds between EC strands, trapping
the oil within the network, resulting in a gel (Davidovich-Pinhas, Gravelle, et al. 2015). The
minimum gelation concentration is 4-6 % depending on the molecular weight of the
ethylcellulose used, and the processing parameters employed (Zetzl et al. 2012). It has also been
reported that these gels do not form any secondary structures (Davidovich-Pinhas, Barbut, et al.
2015a).
2.7.3 Gel properties
The properties of the EC gels can be manipulated using different methods to achieve
desired functionalities. Oil type, polymer concentration and molecular weight, and addition of
small molecules such as surfactants or polar molecules are some ways in which gel formulations
and functionality can be manipulated (Zetzl et al. 2012; Gravelle et al. 2016). These oleogels are
also sensitive to external processing parameters: heating, cooling, shear during gelation, and
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setting temperature can all affect the final gel (Gravelle et al. 2013; Davidovich-Pinhas, Gravelle,
et al. 2015; Wang et al. 2016).
2.7.3.1 Oil type and polymer concentration
The type of oil used in an EC oleogel can have a strong influence on the mechanical
properties of the resulting gel. Zetzl et al. (2012) showed that 10 % 45 cP EC gels made from
canola oil or soybean oil varied in hardness from 26 N to 80 N as measured by back extrusion.
This difference was later attributed to the presence of polar compounds, oxidative by-products,
and free fatty acids in the different oil types, affecting the overall polarity of the oils and
influencing the strength of the gel network (Gravelle et al. 2016). When EC concentration is
increased, gel strength increases in a power law fashion (Zetzl et al. 2012; Gravelle et al. 2014).
The relationship between EC concentration and gel strength for different oils can be modeled,
creating a useful tool for choosing a specific gel formulation for a given application (Gravelle et
al. 2014).
2.7.3.2 Manufacturing considerations
Heating to above the glass transition temperature of EC is a step in oleogel manufacturing
which can introduce some variability in physical characteristics and have considerations for
further oleogel applications. Exposure to heat can lead to oxidation of the oil, and products
created in the process change the polarity of the oil, affecting the hardness of the gel (Gravelle et
al. 2012). In edible or oral delivery applications, this challenge can be overcome by the addition
of small amount of antioxidants, such as butylated hydroxytoluene (BHT) or rosemary oleoresin,
which minimize the formation of primary and secondary oxidation products. The antioxidant
chosen could also protect lipid-soluble bioactives in the gel from oxidation.
2.7.3.3 Cooling rate and gelation temperature
Because of the physical interactions between strands in the EC gel network, increasing
the gel-setting temperature results in a stronger gel. Davidovich-Pinhas et al. (2015) found that
allowing the same liquid molten gel formulation to set at temperatures equal to or above 80 °C
resulted in an increase in gel strength. This was attributed to the high thermal energy of the
system causing a prolonged extended state of the polymer during formation of the hydrogen
bonded network, leading to more entanglement and more inter-polymer junction zones.
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Interestingly, the polymer network also showed the ability to rearrange after gelation, resulting in
a change in gel strength, when the set gel was exposed to high or low temperatures (-20 °C or 80
°C). Formulations set at 80 °C and 100 °C showed good shelf-life stability over a 90 day period
under 25 °C storage.
2.7.3.4 Solvent quality
Solvent quality is one way to describe and predict solvent-gelator interactions and is
often employed as a strategy in the search for new food-grade oleogelating molecules (Gao et al.
2012). Using Hansen Solubility Parameter (HSP) theory, solvent quality can be quantified and
subsequently adjusted, such that the gelator has optimum solubility in the oil (Hansen 2007). For
EC oleogels, high solubility of the polymer in the oil phase would result in a more open polymer
conformation, and an increase in exposed hydroxyl groups available for network formation.
However, polymer-solvent interactions must not be so favoured that polymer-polymer
interactions do not occur, as no network would result in this case (Gravelle et al. 2016). In a
recent study by Gravelle et al. (2016) on solvent quality considerations for EC oleogels, the HSP
of the oil phase was modified by the addition of mineral oil and castor oil to soybean oil,
resulting in gels with different mechanical properties. The addition of oleic acid and oleyl
alcohol at concentrations of 0.25 % also influenced gel physicochemical properties due to their
surface activity, by preferentially interacting with the EC, and improving the overall solubility of
the polymer in the oil phase.
Elasticity and oil loss are examples of other gel properties which can be altered by
modification of oil polarity (Wang et al. 2016). In addition, different low molecular weight
organogelling molecules can be paired with EC (ex. small crystalline particles) to impart unique
properties to the gel. In their recent work, Gravelle et al. (2016) showed that when a gel was
made with EC and a mixture of stearic acid and stearic alcohol (SOSA), the presence of the
polymer had an effect on the organization and size of the SOSA crystals. In addition, the SOSA
molecules had a plasticizing effect on the EC. As a result, the gel made from the combination of
these two gelation strategies showed improved functional properties compared to gels made with
either pure system.
Edible oil EC gels tend to be shear sensitive, due to irreversible destruction of the
polymer network. Thixotropic oleogels—gels that recover their viscosity after thinning under
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fixed shear—can be obtained with the addition of a surfactant, resulting in a gel with a
functionality similar to petrolatum (Stortz and Marangoni 2014). At 45% glycerol monooleate
and 55% oil composition, the solvent is optimized for EC solubility by HSP theory and a
thixotropic, paste-like gel is obtained. Physicochemical properties such as thixotropy are
important when considering applications for these gels, as shearing is likely to be involved in any
further processing of a product containing the oleogel. In addition, when using gels for
applications dependent on matrix structure, such as for delivery, the integrity of the gel structure
affects performance (Rush et al. 2008; Yu et al. 2012).
The changes in gel physicochemical properties with formulation or processing conditions
discussed above are often accompanied by changes in gel structure. Knowledge of the structure
of these gels is essential in the understanding of the functionality of the gels in applied systems,
such as for delivery.
2.7.4 Gel structure
The basic structure of EC oleogels has been described as “coral-like”, when imaged after
partial solvent removal of oil with cryo-scanning electron microscopy (cryo-SEM) (Dey et al.
2011; Zetzl et al. 2014). Some oil removal was necessary to expose the EC network, revealing
strands of polymer supporting pockets of liquid oil. However, excess washing of the gel with
solvent caused some damage and collapse of the structure, indicating that the oil inside the
polymer network helps to maintain the structural integrity of the material (Sagiri et al. 2014). Oil
pockets in EC oleogels were approximately 3-4.5 µm in diameter and the hardness of the
network was hypothesized to be due to the size of the oil pockets as well as the strength of the
walls (Zetzl et al. 2014).
Changes in network structure with gel composition and processing conditions are also of
interest, as they influence the physical properties of the gel and gel applications. EC molecular
weight and concentration effects on the gel structure have been elucidated; in their work, Zetzl et
al. found that increases in EC concentration from 10 to 14 % 45 cP EC resulted in a decrease in
average pore size from ~4.5 µm to 3 µm. On the contrary, when comparing 45 cP EC gels with
100 cP EC gels, there was no significant difference in pore sizes (Zetzl et al. 2014). It was
hypothesized that the observed difference in gel strength with increase in polymer molecular
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weight was likely due to the strength of the polymer walls; longer polymer strands could form
more junction zones, and become more entangled, leading to a more rigid network.
Oil type has also been shown to affect EC oleogel structure, where gels made with canola
oil had on average larger pore sizes than gels made with soybean oil and flaxseed oil (Zetzl et al.
2014). Other studies have shown that the presence of minor components and polar molecules in
oils affect the mechanical properties of their EC gels (Gravelle et al. 2012; 2016). Therefore, an
effect of those minor components on gel structure and pore size would not be surprising. This is
currently being investigated, examining gels made with refined and virgin olive oils.
2.7.5 Gel applications
As the relationships between EC oleogel composition, functionality and structure become
better understood, the development of new applications of gels in food products is also
facilitated. Functionality-matching can be achieved easily and through a variety of strategies,
opening up possibilities in the fields of cosmetics, pharmaceuticals and food. However, one area
that remains to be fully understood is how oil-structuring in an EC oleogel changes its
physiological properties, and how this might influence its functionality in a food product or as a
drug delivery material. This is currently the subject of investigation, looking at the in-vitro
digestibility and β-carotene release of different EC oleogels.

2.8 In-vitro digestion models
Development of accurate, fast, affordable, in-vitro models to mimic digestion are
essential for the design and evaluation of novel food systems. In pharmaceutical research, such
in-vitro models are important as they are used to evaluate formulations before in-vivo studies
take place, providing insight during the drug design process (Dahan and Hoffman 2008). Invitro models are generally, faster, more cost efficient, and have no ethical considerations
compared to testing on animals or humans (Guerra et al. 2012).
In-vitro digestion models are designed to mimic one or several components of the
digestion tract: oral, gastric, small intestinal, and/or colonic. Aspects of the model are derived
from in-vivo data, including the composition of digestive fluids, the dilution of food with various
digestion fluids, and the time spent at different stages of digestion (Minekus et al. 2014).
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Although no single digestion model can perfectly mimic in-vivo conditions, models can offer
important mechanistic insights into digestion. In-vitro models can be used to assess the
digestibility and bioaccessibility of lipids and other food components, as well as pharmaceuticals
and bioactive molecules (Fatouros and Mullertz 2008; Hur et al. 2011). Lipid digestion is
quantified in these models by measuring the concentration of free fatty acids over time, relative
to the lipid content in the sample (Guerra et al. 2012). Transfer of lipid-soluble molecules to the
aqueous phase from the lipid phase can be quantified as a measure of bioaccessibility (Wright et
al. 2008; Hughes et al. 2011). Many digestion models exist and can vary in complexity, but
static models (with a constant ratio of food to digestive fluids and a set pH for each step of
digestion) are the most common (Hur et al. 2011).
Digestion analysis by in-vitro assay allows for reproducibility of conditions, sampling at
multiple time points, and the freedom to manipulate digestion conditions (Minekus et al. 2014).
With digestion models, different formulations can be assessed and ranked, and trends in
digestion profiles can be identified (Porter et al. 2004; Lupi et al. 2013). The extrapolation of
these results to in-vivo conditions should be done carefully, as no model is a perfect simulation
of real digestion conditions (Guerra et al. 2012). In-vitro to in-vivo correlation studies have been
conducted, mostly for pharmaceutical studies, showing varying degrees of success (Souliman et
al. 2006; Dahan and Hoffman 2008; Guerra et al. 2012). For complex systems such as gels,
discrepancies between in-vivo and in-vitro digestion results have been observed. When
comparing the attenuation of glycemic responses from different β-glucan solutions, some of
which form gels and others which increase digestate viscosity, in-vitro and in-vivo results did not
agree due to effects of mechanical disruption in-vivo that were not mimicked in-vitro (Kwong et
al. 2013). In addition, slower lipolysis rates in-vitro may not show an effect in-vivo if time in the
gastro-intestinal tract is sufficient for all lipids to be hydrolysed (McClements, Decker, and Park
2008).
The use of these models does provide other challenges: comparison of results between
research groups is difficult, as there is no universally accepted in-vitro model and the conditions
in each model vary. The results from in-vitro experiments are sensitive to changes in model
parameters, including enzyme activity, mechanical stress, bile salt concentration, salt
concentration, digestion time, or pH (Minekus et al. 2014). The creation of a universal model is
made more difficult by the fact that digestion conditions vary with the food being processed, and
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the model would need a range of acceptable inputs in order to adapt to different experimental
needs. For example, lipid-based systems may require a higher concentration of pancreatin or
longer digestion time, and solutions that form viscous liquids or gels may require higher shear
forces to be digested (Hur et al. 2011). Recently, a standardised static in-vitro digestion model
was proposed by Infogest, an international group of scientists specializing in food digestion
research (Minekus et al. 2014), in order to provide some consensus and guidance to groups
conducting in-vitro digestion testing for a broad range of applications.
In summary, in-vitro models of many different types have been used to analyze the
bioavailability of macronutrients and molecules from complex systems. The ability of models to
mimic in-vivo conditions should continue to improve as more insight into the mechanism of
digestion is achieved. As novel materials continue to be developed in food and pharmaceutical
industries, in-vitro models will remain a quick, safe, cost-efficient tool for the analysis of these
products.

2.9 Conclusions
Many oil-gelation strategies exist today to make organogels with diverse
physicochemical properties. These oil-based gels could be used for the control of lipid
digestibility and delivery of lipid soluble molecules, given their food-grade composition and
manipulable structures. In this review, the mechanism of lipolysis and the structural factors
affecting lipolysis were reviewed, specifically as they applied to gelled oil systems. Factors such
as gel composition, particle size, oil type, and matrix structure could have an impact on gel
digestibility. The need for delivery systems to improve the bioaccessibility of lipid soluble
molecules, such as carotenoids, was discussed, as well as the advantages gained from using a
lipid-based system. Subsequently, edible oil oleogels were proposed as a novel delivery material
for lipid-soluble molecules. These gels could improve bioaccessibility of lipid soluble molecules
by delivering the molecules in soluble form, and could offer added benefits of protection and
controlled release capabilities. Strategies to gel liquid oil were then reviewed, with a focus on
EC oleogels. The various ways to alter EC oleogel structure and functionality—oil composition,
gelator concentration, gel cooling and setting—make it a promising material for delivery.
Finally, the analysis of lipid digestion and release from these materials under in-vitro digestion
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conditions is an important step in understanding their functionality in food or pharmaceutical
applications.
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3.0 Materials and Methods
3.1 Materials
Canola oil (Mazola, ACH Food Companies, Inc., Cordova, TN, USA) was purchased
from the local supermarket, Guelph, ON, Canada. β-Carotene (Type I, synthetic, ≤93%, (UV),
powder), α-amylase (from porcine pancreas, type Vl-B, ≥ 10 units/mg solid), pepsin (≥250
units/mg, solid), pyrogallol (ACS reagent, ≥99%), pancreatin (from porcine pancreas 4 x USP
specifications), bile extract (porcine), hexane (Chromasolv for HPLC >97% (GC)), acetone
(ACS reagent, ≥99.5%), hydrochloric acid solution (1.0 N and ACS reagent, 37%), sodium
hydroxide (≥98%, pellets), were purchased from Sigma Aldrich (St. Louis, MO, USA). Fat free
soybean phospholipids with 70 % phosphatidylcholine (Alcolec PC 75) were provided by
American Lecithin Company (ALC), Oxford, CT, USA. Ethylcellulose blends ETHOCEL
standard 10 cP, 20 cP, and 45 cP premium grade were provided by Dow Chemical Company,
Midland, MI, USA. Ethyl alcohol (95%) was purchased from Commercial Alcohols, Brampton,
ON, Canada. The non-esterified free fatty acid kit (NEFA kit) and standard solution were
purchased from Wako Diagnostics, Mountain View, CA, USA. Deionized water was used in the
preparation of all solutions.

3.2 Methods
3.2.1 Sample preparation
3.2.1.1 Preparation of canola oil-BC stock solution
A canola oil-BC stock solution was prepared by adding 0.1 % w/w BC into canola oil.
This was heated to 65 °C and stirred with a magnetic stir bar for ~2 hours in a covered beaker
under low light, until the BC was dissolved. The solution was then vacuum filtered (Whatman 4
filter paper, 20-25 micron). The final concentration of BC in oil was 0.08 to 0.09 %, unless
otherwise specified. The stock solution was prepared the same day as the gel manufacturing and
was not stored.
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3.2.1.2 Preparation of EC oleogels
Ethylcellulose oleogels were prepared for in-vitro digestion testing, mechanical strength
analysis, and UV/VIS absorption testing. Ethylcellulose (10% w/w) was weighed and added into
the canola oil or canola oil-BC solution. The mixture was heated in an aluminum foil-covered
beaker on a hot plate to ~150 °C with magnetic stirring until the EC was fully dispersed in the oil
and no specks were visible (18-21 min). The heating was done as quickly as possible to
minimize canola oil and BC exposure to heat. The final concentration of BC in the gels was
~0.05 % as determined by BC extraction (Section 3.2.4.4) and spectrophotometric quantification
(Section 3.2.4.6), unless otherwise specified.
3.2.2 Mechanical strength testing
3.2.2.1 Gel preparation
Three replicate gels were prepared according to the procedure outlined above, and each
batch was poured into five test tubes (Fisherbrand Disposable Culture Tubes, borosilicate Glass
16x125mm, Fisher Scientific, Ottawa, ON, Canada) for mechanical testing. The tubes were
allowed to set at room temperature (23 °C) for 3 hours on the bench top before being placed at 5
ºC for 12-24 hours before testing.
3.2.2.2 Evaluation of oleogel mechanical strength
The mechanical properties of the oleogels were measured by back extrusion using a
texture analyzer (Model TA-XT2, Stable Micro Systems, Texture Technologies Corp., Scarsdale,
NY) using a 5 kg load cell and Gen5 1.11 software. Testing was done at room temperature (23
°C) on samples stored at 5 ºC. A stainless steel probe (height: 95 mm, diameter: 9 mm) with a
semi-spherical head (height: 8 mm, diameter: 10 mm) was used. The probe penetrated 30 mm
into each sample (test tube diameter 16 mm) at a rate of 1.5 mm/s and the resultant force was
recorded. The mechanical strength was recorded as the average force of the last quarter of the
test, when a steady flow was achieved, to reduce the noise of the measurement. The average
mechanical strength of the five tubes was taken. GraphPad Prism 5.0 (GraphPad Software, La
Jolla, CA, USA) was used to compute averages and standard errors, and to conduct one-way
ANOVA and Tukey post-hoc tests for all sample comparisons. Data presented is the average of
at least three replicate measurements. Significance was considered at p < 0.05.
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3.2.3 BC-EC interactions
3.2.3.1 Sample preparation
The concentration of BC in the canola oil-BC stock solution was adjusted by dilution
with canola oil before preparation of the gels and heated oil control, such that the BC absorbance
profile could be resolved on the UV/Vis spectrophotometer (Ultrospec 3100 pro, Bichrom Ltd,
Cambridge, UK). The hot gel and hot oil samples were poured into optical glass cuvettes (10
mm light path, Hellma Limited, Concord, ON, Canada) and allowed to cool to room temperature
(23 °C) on the bench top, shielded from light. All samples were analyzed the day of
manufacturing and three individual replicates of each gel and the heated canola oil control were
prepared. The oil samples were heated in the same way as the gel samples for comparison.
3.2.3.2 UV/VIS spectrophotometric analysis
A UV/VIS absorbance scan was taken from 350 nm to 550 nm to resolve the entire BC
absorbance profile, a broad absorption with three maxima between 400 nm and 500 nm (Tan &
Soderstrom, 1989). Plain canola oil EC oleogels with corresponding EC concentration and
viscosity were used for blank subtraction. For each gel formulation and for the canola oil
control, the average of the absorbance profiles of the three replicates was taken. The average
absorption curves for all samples were plotted together and normalized.
3.2.4. In-vitro digestion
This section covers two slightly different versions of the in-vitro digestion procedure,
first trial and second trial. The first trial experiments were used to compare oil and 10% 10 cP,
12% 10 cP and 14% 10 cP oleogels. Improvements were made in the procedure and second trial
experiments were used for all other in-vitro digestion analyses. Differences in methodology
between the two trials will be outlined in the corresponding sections.
3.2.4.1 Sample preparation
Gel samples for in-vitro digestion analysis were prepared according to the general gel
manufacturing procedure. Following manufacture, the molten gel was poured into amber glass
bottles and allowed to cool to room temperature (23 °C) before being placed under nitrogen at 5
ºC until in-vitro digestion testing (24 to 48 hours). Oil samples were prepared from the stock
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solution by dilution with canola oil to a BC concentration matching that of the gel samples. For
first and second trial experiments, the final concentration of BC in the samples was ~0.02 % and
~0.05 % respectively.
3.2.4.2 Digestion assay
A three-part digestion procedure with simulated oral, gastric, and duodenal phases for fed
conditions was used to assess lipid digestibility and extent of β-carotene transfer to the aqueous
phase from oil and oleogel samples. The model was a modification of one used previously by
Versantvoort et al. (2005) and Nik et al. (2012). The salt solutions for the simulated digestion
fluids were prepared in advance and their compositions appear in Table 2 below.
Table 2 Salt composition of digestive fluids for the in-vitro digestion model (Versantvoort et al. 2005).
Salivary
Conc.
Salt
(g/l)
KCl
89.6
KSCN
20
NaH2PO4
88.8

Vol.
(ml)
10
10
10

Gastric
Conc.
Salt
(g/l)
NaCl
175.3
NaH2PO4
88.8
KCl
89.6
CaCl2·
22.2
2H2O

NaSO4

57

10

NaCl

175.3

1.7

NH4Cl

NaHCO3

84.7

20

HCl

pH 6.8 ± 0.2
Volume: 500 ml

Vol.
(ml)
15.7
3.0
9.2

Duodenal
Conc.
Salt
(g/l)
NaCl
175.3
NaHCO3
84.7
KH2PO4
8

Vol.
(ml)

Salt

40
40
10

NaCl
NaHCO3
KCl

Bile
Conc.
(g/l)
175.3
84.7
896

Vol.
(ml)
30
68.3
4.2

18

KCl

89.6

6.3

HCl

37 %

0.150

30.6

10

MgCl2

5

10

CaCl2·
2H2O

22.2

10.0

37 %

6.5

HCl
37 %
0.180
CaCl2·
22.2
9.0
2H2O
pH 8.1± 0.2
Volume: 500 ml

pH 1.30 ± 0.02
Volume: 500 ml

pH 8.2 ± 0.2
Volume: 500 ml

Digestive solutions with enzymes were prepared fresh the day of the experiment. The
fluids were stirred with a stir bar for 15 min before addition to the assay.
Prior to the start of the digestion, 0.5 g of oil or oleogel was weighed into a 120 ml amber
glass bottle, five glass beads (10 mm diameter) were added to each sample bottle and the bottles
were preheated to 37 °C. Gels made with 10% 45 cP and 15.5% 20 cP EC were hard enough to
be cut and were chopped into pieces of ~4 mm in diameter before addition to the bottle. Bottles
were flushed with nitrogen during pre-heating of the gel samples and after every addition of
digestive fluids.
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Simulated saliva fluid (SSF) was prepared for a final α-amylase concentration of 0.3
mg/ml. To initiate the digestion assay, 4.5 ml of SSF was added to each bottle for a pH of 6.8;
the bottles were shaken for 5 min at 160 rpm (unless otherwise specified) and 37 ºC in a gyrotory
water bath shaker (New Brunswick Scientific Co, Edison, NJ, USA) for first trial experiments
and a reciprocal shaking water bath (Precision 2872, Thermo Scientific, Marietta, OH, USA) for
second trial experiments. Simulated gastric fluid (SGF) was prepared with pepsin (final
concentration of 3.2 mg/mL in the gastric phase) and pyrogallol (final concentration of 12.6
mg/ml in the gastric phase). 7.5 ml of SGF was added to each bottle for a pH level of 2, and the
bottles were shaken for 1 hour at 160 rpm. Simulated bile fluid (SBF) was prepared with bile
extract (final concentration of 10 mg/ml in the duodenal phase) and phospholipids (final
concentration of 5 mM in the duodenal phase). Simulated duodenal fluid (SDF) was prepared
with pancreatin (final lipase concentration of 92 U/ml in the duodenal phase). Duodenal
digestion was initiated by the addition of 3.5 ml of SBF and 7.5 ml of SDF to each bottle for a
pH of 6.5, and the bottles were shaken for 3 hours at 160 rpm.
Pancreatic lipase activity was measured using an assay based on the rate of tributyrin
hydrolysis, according to a previously described method (Minekus et al., 2014). For first trial and
second trial experiments, the pancreatic lipase activity was 18.4 U/ml and 43.14 U/ml
respectively.
Three individual samples of a single prepared gel (3 samples total) were tested for each
formulation in first trial experiments and three samples of three individually prepared gels (9
samples total) were tested for each formulation in second trial experiments.
3.2.4.3 Lipolysis determination after in-vitro digestion
During duodenal digestion, 100 µl aliquots were taken from sample jars at 0, 5, 10, 15,
30, 45, 60, 120, and 180 min (unless otherwise specified) and added directly to 1.5 ml
microtubes filled with 1 ml hexane and 100 µl 1.0 N HCl. The microtubes were spun in the
centrifuge (Eppendorf Microcentrifuge 5418, Hamburg, Germany for first trial and Eppendorf
Microcentrifuge 5415c, Hamburg, Germany for second trial) for 30 min at 16873 g (14000 rpm).
The samples were then diluted in 1 ml or 2 ml of hexane and were analyzed within 24 hours.
Free fatty acid (FFA) concentration was measured in duplicate for each sample, using a nonesterified free fatty acid (NEFA) kit (Wako Diagnostics, Mountain View, CA, USA) according
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to the manufacturer’s instructions. 5 µl of sample was added to 225 µl of NEFA Kit Solution A
in a 96-well plate microplate and the plate was incubated at 37 °C for 10 min. 75 µl of NEFA
Kit Solution B was then added and the plate was incubated at 37 °C for 15 min. The
concentration of FFAs in the samples was determined using a hybrid microplate reader
(Spectramax plus, Molecular Devices Corporation, CA, USA for first trial and Synergy H4,
BioTek, Winooski, VT, USA for second trial), measuring the absorbance at λmax 550 nm. A
standard curve of oleic acid (0.1 to 2 mM) was made the same day of analysis.

The percent

lipid hydrolysis was calculated as the ratio of the concentration of FFAs at a given time divided
by the total possible amount of FFA (Equation 1). The total possible FFA was based on the
weight of canola oil in the original sample (Equation 2). The molecular weight of canola oil was
taken to be 882.9 g/mol and the total FFAs available to be released was calculated as 2/3 of the
fatty acids present on the triacylglycerol molecules, based on the sn-1,3 specificity of pancreatic
lipase (Carey et al. 1983).
FFA(t) [mol]

Lipid hydrolysis [%] = FFA available [mol] × 100%

FFA available [mol] =

2
3

Canola oil [g]×3×
882.9 [g/mol]

(1)

(2)

Where ‘FFA available’ is the total possible moles of FFA from the canola oil sample and
FFA(t) is the moles of FFA present in the sample at time t.
GraphPad Prism 5.0 (GraphPad Software, La Jolla, CA, USA) was used to fit lipolysis
results to a one-phase association model, with Y0>0. One-way ANOVA and Tukey post-hoc
tests for sample time point comparisons. Data presented is the average of at least three replicate
measurements. Significance was considered at p < 0.05.
3.2.4.4 BC extraction from oil and oleogels
25-50 mg of oil or gel was weighed into a glass vial. 2-10 ml hexane was added to reach
an absorption value between 0 and 1 absorption units. The vials were vortexed for 5 seconds, or
until it was visible that the gel structure was completely destroyed. If necessary, a spatula was
used to crush the gel in the hexane to fully dissolve its contents. For gel samples, ~1.5 ml of the
46

hexane/gel solution was transferred to a 1.5 ml microtube and spun in the centrifuge (Eppendorf
Microcentrifuge 5415c, Hamburg, Germany) at 16873 g (14000 rpm) for 15 min, to separate the
solvent from any ethylcellulose particles. 1 ml of the solution (directly from the vial for oil
samples or from the microtube for the gel samples) was transferred into 1 ml methacrylate
cuvettes for BC quantification. All gels were sampled 8 times and the average of the
measurements was taken.
3.2.4.5 BC transfer from oil to aqueous phase in in-vitro digestion samples
3.2.4.5.1 Isolation of aqueous phase
During duodenal digestion, one bottle was removed from the experiment at every time
point chosen for a BC transfer measurement. BC measurements were taken at 0, 30, 45, 60, 120,
and 180 min for first trial experiments and 0, 60 and 180 min for second trial experiments. From
each bottle, duplicate digestate samples of 6.5 ml were taken and spun in the centrifuge (Thermo
Scientific Heraeus Multifuge X1R, Langenselbold, Germany) at 5 °C and 6792 g (4500 rpm) for
1 hour. After centrifugation, a layer of oil was visible on top of the aqueous layer with sediments
at the bottom. ~2 ml of aqueous fraction was separated using a disposable fine-tipped pipette.
These samples were stored at 5 °C in amber vials up to 24 hours before further analysis. The
total aqueous phase measured after spinning was 6.3 ml.
3.2.4.5.2 BC extraction from in-vitro samples
Solvent extraction was used to extract BC from the aqueous digestate, according to a
method previously described (Wright et al. 2008). 0.5 ml aliquots of aqueous digestate from
each sample were transferred into glass test tubes. To each aliquot, 0.5 ml of ethanol, 3.0 ml of
acetone and 1.0 ml of deionized water were added, vortexing for 5 s in between each addition.
2.0 ml of hexane was then added, samples were vortexed for 10 s, and allowed to settle for 5
min. The organic layer (top) was removed with a disposable fine-tipped pipette and transferred
into a clean test tube. The addition of hexane and the transfer steps were performed in triplicate
for each sample and the 6 ml of hexane were pooled in the same test tube. Samples were
evaporated under nitrogen until just dry at 30 °C (The Meyer N-Evap, Organomation, Berlin,
MA), leaving a thin layer of BC. 1 ml hexane was transferred into the tubes and they were
vortexed twice for 5 s. The solutions were then transferred to 1 ml methacrylate cuvettes for BC
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quantification. The percent transfer (BC transfer (t)) was determined relative to the initial
concentration in the gels or oil, measured the day of the experiment (Equation 3).
BC transfer (t)[%] =

Caq (t)
Co

× 100%

(3)

Where Caq (t) is the concentration of BC in the aqueous phase at time t and Co is the original
concentration of BC in the oil or gel.
3.2.4.6 BC quantification
The absorbance at 450 nm, the peak absorbance wavelength for all-trans BC (Hart &
Scott, 1995), was measured using a diode array spectrophotometer (Beckman DU 7400,
Fullerton, CA, USA). The concentration of BC was quantified according to Beer’s Law, using
an extinction coefficient of 137,400 L mol-1 cm-1 (Hart & Scott, 1995). Five replicate canola oilhexane solutions were prepared and their absorbance appeared within the baseline, indicating
that oil did not contribute to the BC absorbance at that wavelength.
3.2.5 BC stability
3.2.5.1 Sample preparation
The oleogels were prepared differently for BC stability experiments in order to minimize
the exposure of BC to heat in the gel manufacturing process. Ethylcellulose was weighed and
added into the canola oil. The mixture was heated in an aluminum foil-covered beaker on a hot
plate to ~150 °C with magnetic stirring until the EC was fully dispersed and no specks were
visible (25 to 30 min). 0.1 % w BC/w oil was added and the solution was stirred for 3 more
minutes. 5 g of hot gel was poured into a plastic container (diameter: 4.5 cm, height: 4 cm) and
allowed to cool to room temperature (23 °C) on the bench top (~2 hours) with no covering before
being placed under storage conditions. The gels were stored uncovered in incubators at 40 ºC
(MIR-153, Sanyo, Japan) and 60 ºC (132000M, Boekel Scientific, Feasterville, PA, USA). The
final concentration in the gels was 0.065 to 0.07 %. Two types of oil samples were prepared for
comparison, one unheated BC-canola oil solution and another BC-canola oil solution heated as in
the gel manufacturing procedure. The BC concentration in the unheated sample was adjusted to
match that of the gels. Three replicates of every sample were prepared.
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3.2.5.2 Determination of BC concentration
BC extraction and quantification for the gel and oil samples were done using the
procedure outlined in the in-vitro digestion section. A larger quantity of sample (80-100 mg)
was taken from oil or gel that had been stored for over 3 weeks. The gels were sampled from
five different locations in the jar and the average BC concentration was calculated to get a
representation of the whole sample. The BC concentration was expressed as a percentage
relative to the initial concentration in the sample.
3.2.5.3 Statistical analysis
The BC degradation data at 40 ºC and 60 ºC was fit to a log(inhibitor) vs. normalized
response curve with variable slope using GraphPad Prism 5.0 (GraphPad Software, La Jolla, CA,
USA). To obtain parameters for the fitting, the concentration of BC (%) versus the log time
(days) was graphed. For visual analysis, the concentration of BC (%) vs. time (days) was also
graphed and fitted to the same model. One-way and two-way ANOVA tests with Tukey posthoc tests were done with the same software to compare fitting parameters between storage
temperatures and sample formulations. Significance was considered at p < 0.05.
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4.0 Results and Discussion
4.1 Gel mechanical strength
EC oleogels with different formulations were prepared to test their mechanical strength
using back extrusion. The formulations tested (10% 10 cP, 10% 20 cP, 10% 45 cP, 12% 10 cP
and 14% 10 cP) and the manufacturing methods used were the same as those selected for in-vitro
digestion experiments. The canola oil gels were prepared with and without BC, in order to
investigate the influence of the bioactive on gel mechanical strength. Gel mechanical strength
was measured using back extrusion, a method that has been used previously on EC oleogels; an
explanation of the method can be found in previous publications (Zetzl et al. 2012; Gravelle et al.
2014). Using this method, the force recorded is the average of the last quarter of the test, which
reduces the noise of the measurement and gives a value for gel hardness. Back extrusion was the
chosen method for measuring gel hardness because the gels tested varied in hardness from 0.19
N to 17 N and would have been too weak to be measured using texture profile analysis (TPA).
Commercial ethylcellulose is available in a variety of viscosities, of which 10 cP, 20 cP
and 45 cP were used in these experiments. These viscosities correspond to different polymer
molecular weight distributions, where a higher average molecular weight distribution results in a
higher viscosity in solution (5 % (w/v) polymer in an 80 % toluene/20 % ethanol solvent,
viscosity measured at 25◦C). The molecular weight distributions of these EC varieties were
measured by size exclusion high performance liquid chromatography, and the peak molecular
weights calculated to be 29 ± 6, 52 ± 10, and 73 ± 15 kDa for 10 cP, 20 cP, and 45 cP
ethylcellulose, respectively (Davidovich-Pinhas et al. 2014). In this discussion, EC varieties will
be named according to their viscosities, but effects on gel properties will be discussed in terms of
their molecular weights.
The results showed that the presence of BC within the gel did not significantly affect gel
mechanical strength, as verified by individual t-tests between columns (see Figure 1). Gels
increased in hardness with increasing EC concentration and molecular weight, as was expected
(Gravelle et al. 2014) (see Figure 2). 10% 45 cP EC was the hardest gel tested, with a
mechanical strength of 18 ± 2 N, while the 10% 10 cP, 10% 20 cP, 12% 10 cP and 14% 10 cP
EC oleogels were significantly weaker.
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Figure 1 Back extrusion mean force (N) at maximum penetration (30 mm) for 10% 10 cP, 10% 20 cP,
10% 45 cP, 12% 10 cP, and 14% 10 cP canola oil EC oleogels with and without BC. Error bars indicate
standard error of the mean for n=3 replicates.

Figure 2 Back extrusion mean force at maximum penetration (30 mm) (N) for 10% 10 cP, 10% 20 cP,
10% 45 cP, 12% 10 cP, and 14% 10 cP canola oil EC oleogels. Results for each gel represent the pooled
average of gels with and without BC. Error bars indicate standard error of the mean for n=6 replicates
and letters indicate significant difference between values (p<0.05).

The 10 cP EC oleogels were further analyzed by graphing gel hardness versus EC
fraction in a log-log plot for gels with and without BC (see Figure 3). Gel hardness was
normalized in percent form to 49 N, the limit of the load cell. It was found that the scaling factor
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of both gels was not significantly different, indicating that the gel network has similar structure
in the presence and absence of BC. Power law scaling behaviour of gel hardness with EC
concentration has previously been documented by Zetzl et al. (2012) and Gravelle et al. (2014).
In those publications, although the scaling behaviour was different, the power law relationship
was found to be consistent across gels with different oil types and EC viscosities when
composition was kept constant and the concentration of EC was varied (Gravelle et al. 2014).
This suggests that for each formulation, the general structure of the network remains the same.

Figure 3 Influence of BC on the scaling behaviour of EC oleogel mechanical strength with EC mass
fraction (ɸ EC). The gels were made with canola oil and 10% 10 cP EC. The figure shows the log of the
mean force over the last 25 % of the back extrusion test as a function of the log of ɸ EC. The mean force
values were normalized in % format to the limit of the load cell used, 49 N. Error bars indicate the
standard error of the mean for n=3 replicates.

Gels made in the present work had lower values of mechanical strength than those
previously published by Zetzl et al. (2012) and Gravelle et al. (2014). This could be due to
manufacturing considerations: Zetzl et al. heated samples of 45 cP EC gels to 165 ºC before
lowering the temperature, while gels manufactured for the current experiments stayed below 160
ºC. In addition, Zetzl et al stirred samples at 20 ºC under the polymer glass transition
temperature, which may have had an effect on gel mechanical strength. Manufacturing
differences such as these, as well as the composition of the oil phase could contribute to
differences in physicochemical properties.
Differences in measured mechanical strength may also arise from sample cooling
conditions, which have been shown to affect gelation due to temperature gradients in the sample
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(Gravelle et al. 2013). Gel cooling can affect the integrity of the gel structure in the tube: as the
melt cools, the gel network forms but the oil also contracts as it cools down. This change in oil
volume may crack the gel in the sample tube. Any fracture in the gel sample or fractionation of
the sample due to cooling conditions can result in a lower gel mechanical strength to be
recorded, as the probe penetrates an already fractured gel network or a soft core. No
fractionation was observed in the samples made for back extrusion, but the effect of thermal
contraction on gel structure was observed.
The observation that the presence of BC within an EC gel does not significantly affect gel
mechanical strength is in contrast to findings for gels containing other small molecules which are
capable of forming hydrogen bonds, such as fatty acids, fatty alcohols, monoacylglycerols, and
sorbitan-based surfactants. Davidovich-Pinhas et al. (2015b) showed that the gelation behaviour
of EC oleogels, as well as the mechanical strength of the gels, was significantly affected by the
presence of 3.77 % glycerol monooleate (GMO), glycerol monostearate (GMS), sorbitan
monooleate (SMO), or sorbitan monostearate (SMS). Gravelle et al. (2016) also showed that
levels as low as 0.25 % oleic acid or oleic alcohol could significantly increase the mechanical
strength of soybean oil EC oleogels. It was also shown that gel properties of flaxseed oil
oleogels could be altered by the removal of free fatty acids from the oil prior to gel preparation.
The behaviour of these small molecules and their effect on EC oleogel gelation
mechanism and final gel properties has been attributed to their hydrogen-bonding capabilities.
As seen previously, the primary method of EC oleogel formation is based on hydrogen bond
formation between polymer strands (Davidovich-Pinhas, Barbut, et al. 2015a). Molecules which
are able to interact with the hydroxyl groups of the ethylcellulose can affect EC network
formation by preferentially aligning along the polymer backbone, allowing the polymer to be
fully extended in the solvent, and maximizing the number of inter-polymer junctions formed
(Gravelle et al. 2016). Likewise, surfactants GMO, GMS, SMO, and SMS were also shown to
interact with EC through their polar head groups by thermal analysis (Davidovich-Pinhas,
Barbut, et al. 2015b). BC is a conjugated hydrocarbon and cannot interfere with the
ethylcellulose polymers through any hydrogen-bonding mechanism, which explains its lack of
effect on gel mechanical strength. This would, however, be a factor to consider if EC oleogels
were being used for the encapsulation and delivery of other lipid soluble molecules with
hydrogen-bonding functionality. An encapsulated molecule with this feature could interfere with
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the gel structure, influence the physicochemical properties of the gel and/or have an altered
release profile.
Another way in which EC gel strength and physicochemical properties can be altered is
by changing the polarity of the solvent. This was illustrated by Gravelle et al. (2016), who used
Hansen Solubility Parameter theory and the addition of either mineral oil or castor oil to
manipulate the polarity of the oil, affecting the affinity of EC to the solvent. The gels showed
increasing mechanical strength when the solubility of the EC in the oil phase was improved. In
the present case, the addition of BC into the oil phase is so low (0.1 %) that changes to solvent
polarity would be insignificant. However, the effect of solvent polarity on gel strength could be
considered if oleogels were being loaded with a higher concentration of deliverable molecules,
such as 5-9 % drug or nutraceutical content used in other oleogel delivery studies (Murdan et al.
2005; Lupi et al. 2013).
The ability to manipulate oleogel hardness is important for all of its applications. As a
solid fat substitute, a minimum hardness is required to impart structure and to mimic saturated fat
functionality. The hardness of a gel can equally affect factors such as particle size after
mastication, and breakdown of the gel under gastric and duodenal conditions (Guo et al. 2013;
Guo et al. 2014). These factors could in turn influence physiological response, such as the
residence time of the material in the digestive tract (McClements, Decker, Park, et al. 2008). Gel
hardness has also been shown to affect the rate of lipid hydrolysis and the release of BC
molecules from EC oleogels (see following section), as well as the diffusion into the gel and gel
erosion in other oleogel systems (Iwanaga et al. 2010; Lupi et al. 2013). The mechanical
strength of the gel network is therefore an important parameter to control for a delivery
application.
Other oleogels designed for drug or nutraceutical delivery have seen changes in gel
physicochemical properties with the introduction of a deliverable molecule to the oil phase. For
example, Yu et al. (2012) found a higher concentration of monoacylglycerol was necessary to gel
an MCT and Span 20 solvent mixture once curcuminoids were loaded into the oil phase. Drug
solubilisation in sorbitan monostearate gels can change the temperature of gelation of the system
and the gel microstructure, depending on the chemical composition of the drug (Murdan 2005).
On the contrary, the addition of ferulic acid to a fatty acid-olive oil oleogel for a final
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concentration of 5 % had no effect on the rheological properties of the gel (Lupi et al. 2013).
The introduction of ibuprofen into a 12-HSA gel also did not compromise gel structure (Iwanaga
et al. 2010). Depending on the gelation mechanism, the polarity of the solvent phase and the
chemical composition of the introduced molecule, gel physicochemical properties may or may
not be affected when gels are used for delivery purposes.
4.2 β-Carotene – ethylcellulose interactions
The UV/Vis absorption spectra of BC in oil and canola oil EC oleogels was measured
using a spectrophotometer with wavelength scan between 350 to 550 nm to look for an
indication of interaction between the EC polymer and the BC molecule. To do this, spectra of
10% 10 cP, 10% 20 cP, and 10% 45 cP EC canola oil gels containing BC were examined and
compared against a heated canola oil-BC control. The concentration of BC in all samples was
~0.001 %. The blank-subtracted scans were normalized and overlaid in one plot (Figure 4). The
purpose of this analysis was to look for any interaction that the BC might have with the EC
polymer that would cause a change in chemical environment of the BC and therefore a shift in
the absorption spectrum.

Figure 4 Absorbance from 350 nm to 550 nm of BC in heated canola oil and in 10% 10 cP, 10% 20 cP
and 10% 45 cP canola oil EC oleogels. The absorbance scans were normalized individually to the largest
and smallest values of each spectrum and the BC concentration in each sample was ~0.001 %.

All three samples and the canola oil control displayed the same absorbance pattern,
suggesting that the BC is in the same chemical environment whether in a canola oil gel or in the
un-gelled oil. This would also indicate that the BC does not interact differently with the EC
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backbone in gels made with different molecular weight polymers. This result is expected, as the
BC does not have any hydrogen-bonding potential to interact with the EC. Shifts in the
absorption spectra of BC with changes in chemical environment have been shown previously,
where a change in polarizability of the solvent environment can cause a red or blue shift to the
absorbance spectrum (Andersson et al. 1991). The spectra of BC in different environments with
the same refractive index, however, were shown to be overlapping.
It is also possible that the UV/Vis spectrophotometry technique was not sensitive enough
to detect differences in absorbance signal at such low BC concentrations. The BC concentration
in the gel was low to allow for the absorbance to be within range for the spectrophotometer and
therefore the method may not be suitable to see interactions in this type of system.
In a polymer gel, the ability of an encapsulated molecule to form interactions with the
polymer network should be considered, as it can affect the release of the molecule. Delayed
release due to interactions with polymer gel network can be seen for some hydrogels. For
example, cationic drugs exhibit slower release rates than anionic drugs in-vitro due to
interactions with the negatively charged alginate (Stockwell and Davis 1986). In addition,
substitutions on polymer strands can be manipulated in order to maximize or minimize
interactions with drugs and alter release (Hoare and Kohane 2008).

4.3 In-vitro digestion
4.3.1 Impact of EC concentration on digestion
4.3.1.1 Lipid hydrolysis
The extent and profile of lipid hydrolysis of gels made with 10%, 12% and 14% 10 cP
EC were compared with a canola oil control to evaluate the impact of gelation and the
concentration of EC on lipolysis, as shown in Figure 5. The gels and canola oil also contained
BC. A static simulated digestion model was used and lipolysis was measured at different time
points during the duodenal stage by measuring the concentration of free fatty acids in the sample.
The lipolysis profiles of each sample were fit to a one-phase association model and the values for
Y0, K, and Plateau were calculated (Table 3). Significant differences between values in the
same column are labelled with letters. The extents of lipid hydrolysis for all samples at each
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time point were also compared. 10-14% EC is within the range of polymer concentrations used
previously in oleogel studies for edible applications (Zetzl et al. 2012; Gravelle et al. 2014).

Figure 5 Percentage of lipid hydrolysis for canola oil and 10% 10 cP, 12% 10 cP and 14% 10 cP canola
oil oleogels during three hours of simulated duodenal digestion. Error bars indicate the standard error of
the mean for n=3 replicates; the lipid hydrolysis profile of each formulation was fitted to a one phase
association model. 100 % lipolysis represents the case when 2/3 of all fatty acids present on the
triacylglycerol molecules are released.

The one-phase association model is in the form of Equation 4, appearing below.
Y = Y0 + (Plateau − Y0)(1 − 𝑒 −𝐾𝑥 )

(4)

Where Y0 is the extent of lipolysis when t=0 in units of % (Y0 must be above or equal to zero),
K is the rate constant in units of min-1, and Plateau is the total level of lipolysis that could be
achieved, in units of %. Data for this model was fit for time points at and above 5 min of
duodenal digestion.
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Table 3 Extent of lipolysis when t=0 (Y0), rate constant (K), and Plateau values obtained by fitting
lipolysis data for canola oil, and 10% 10 cP, 12% 10 cP, and 14% 10 cP canola oil oleogels to one-phase
association models. Superscript letters indicate significant difference between values in a given column
(p<0.05).
Sample

Y0 [%]

K [min-1]

Plateau [%]

Oil

3 ± 3a

0.020 ± 0.006a

37 ± 3a

10% 10 cP

4 ± 3a

0.008 ± 0.005b

52 ± 15bc

12% 10 cP

0b

0.014 ± 0.003c

43 ± 3ac

14% 10 cP

0b

0.007 ± 0.003b

57 ± 13b

Y0 for the oil and 10% 10 cP gel were significantly higher than for the 12% 10 cP and
14% 10 cP gels. All K values were significantly different except for 10% 10 cP and 14% 10 cP
gels, and decreased in the order: oil > 12% 10 cP > 10% 10 cP ~ 14% 10 cP. The plateau values
decreased in the order 14% 10 cP > 10% 10 cP > 12% 10 cP > oil, however the differences
between these values were not all significant (Table 3).
According to the fits of the one-phase association model, oil had the highest rate of
lipolysis. The oil, unlike the gels, was free to be emulsified and hydrolysed immediately. The
polymer structure of the gels may have slowed the initial rate of lipolysis by delaying the release
of oil from the system, thereby slowing access of the lipase to the lipid. However, there were no
significant differences in the extent of lipid hydrolysis at any sampling point in the duodenal
digestion between the gelled samples and the liquid canola oil. This would indicate that although
the presence of an EC polymer structure might have slowed access of the lipase to the lipid
slightly, as illustrated by the rate values, these differences were not significant enough to be
reflected in the level of lipolysis at any time point. Ethylcellulose gel structure in the 10 cP gels
is therefore easily broken by the shear forces of the simulated digestion model and the oil in the
gel is free to be emulsified and digested as in the liquid oil control.
The extent of lipid digestion from all samples after 180 min of simulated duodenal
digestion was 37 - 40 %. Considering 100 % is the theoretical maximum level of lipolysis which
could be obtained if all TAG molecules were hydrolyzed, this value is lower than expected. One
possible explanation for this is that the lipase activity of the pancreatin used was lower than in
previous experiments where a given concentration of pancreatin in weight per volume was
employed (Versantvoort et al. 2005; Nik et al. 2010). A low level of activity of the enzyme
58

would slow the rate of lipolysis and therefore result in lower overall levels of lipid hydrolysis
after a given time. More recent static in-vitro models designed for analyzing food, including a
standardized model designed by the Infogest network, have proposed using a concentration of
pancreatin based on lipase activity in order to overcome this challenge (Minekus et al. 2014).
The use of a static digestion model for the analysis could also have contributed to an overall
lower level of lipolysis for all samples. Static digestion models simulating digestion could be
subject to product inhibition, as lipolysis products build up in the reaction vessel over time and
are not absorbed. This resulting accumulation of free fatty acids can affect the progression of
lipolysis as well as the transfer of molecules from one phase to another (Bonnaire et al. 2008;
Minekus et al. 2014).
Some previous in-vivo and in-vitro studies examining the effect of structuring on lipid
digestion have also found that the presence of a gel network did not have a significant effect on
lipid digestion profiles. Hughes et al. (2011) looked at the effect of consumption of a 2% 12hydroxy stearic acid (12-HSA) gel on postprandial lipid levels in healthy individuals and found
no significant differences after consumption of the gel compared to unstructured oil. In a later
study, Yu et al. (2012) looked at the in-vitro digestibility of a monoglyceride-gelled medium
chain TAG system containing Span 20 and found that there were no significant differences in
extent of lipolysis between gelled and liquid systems after 30 min of simulated duodenal
digestion. Although both formulations were structured by gel networks, 12-HSA gels are highly
shear sensitive and the monoglyceride gels studied were partially melted at 37 °C. Therefore it is
probable that, similar to the 10 cP EC oleogels examined in this study, any structures of the 12HSA and monoglyceride gels were quickly destroyed in the initial stages of digestion, resulting
in a similar behaviour to oil.
Aside from physical structure, another way in which a gel may alter digestibility and BC
release from a lipid system is by the activity of its gelator ingredients. Ethylcellulose, in this
case, at 10%, 12% and 14% concentration in the gel, could affect lipid digestion by surrounding
lipid droplets or by directly interfering with other molecules involved in lipid digestion.
According to these results, the presence of EC did not significantly alter lipid hydrolysis;
therefore no effects of ingredient interference were seen. However, another analysis which could
be done in subsequent experiments is to examine the interfacial properties of lipid droplets after
gastric and duodenal digestion stages, by measuring the droplet ζ-potential. In recent
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experiments, cellulose derivatives methylcellulose, hydroxypropylmethylcellulose, and
hydroxypropylcellulose have shown surface activity at oil-water interfaces and the ability to bind
with bile salts (Torcello-Gómez and Foster 2014). Although EC is more hydrophobic than these
cellulose derivatives, it may still exhibit interfacial activity and bile salt-binding tendencies that
could affect lipid digestion and absorption from gels. It is possible that if a larger quantity of gel
were ingested (as a fat substitute, for example), the presence of a higher quantity of EC may have
a significant effect.
4.3.1.2 BC transfer
The transfer of BC from lipid phase to aqueous phase was quantified for the 10%, 12%
and 14% 10 cP BC-canola oil EC gels and a BC-canola oil solution during in-vitro digestion
(Figure 6). BC was extracted from the aqueous digestate phase at various time points during
simulated duodenal digestion to measure the percent transfer from the oil phase to the digestate,
quantifying the bioaccessibility of BC from the lipid-based systems. In the small intestine, BC is
solubilized in the aqueous digestate by being incorporated into mixed micelles, surrounded by
bile salts, phospholipids and various lipid digestion products. Only the BC that is freed from its
matrix and solubilized in the mixed micellar phase is available to be absorbed through the mucus
lining of the intestine and into the enterocytes in the small intestine (Rao and Rao 2007). This
fraction of the nutraceutical is available to exert its bioactivity in the body.

Figure 6 Portion of BC (%) transferred to the aqueous phase from canola oil and 10% 10 cP, 12% 10 cP,
and 14% 10 cP canola oil oleogels during three hours of simulated duodenal digestion. Error bars
indicate the standard error of the mean for n=3 replicates.

There were no significant differences detected in the extent of BC transfer between 10%,
12% and 14% 10 cP gels and canola oil at any time point during duodenal digestion. The total
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extent of BC transfer from the lipid phase was 32 to 37 % for all systems. This indicates that the
presence of EC and a weak EC network do not impact the bioaccessibility of the BC compared to
an un-gelled lipid system. This extent of transfer is comparable to those obtained for BC from
other lipid-containing systems, and is proportional to the level of lipid hydrolysis of the oleogel,
as is discussed in 4.3.3 Correlation between lipolysis and β-carotene transfer. For comparison,
the BC bioaccessibility from cooked, pulped carrots with added cooking oil measured under invitro digestion conditions was 39 % (Hedrén et al. 2002). BC bioaccessibility from canola oilin-water emulsions was 41.6 % and 59.8 % depending on the surfactant used, while BC transfer
from solid lipid nanoparticles was 5.0 % and 18.7 % (Nik et al. 2012). BC bioaccessibility from
these emulsion systems was also seen to vary with extent of lipolysis.
The ingestion of digestible lipids along with lipid-soluble molecules has been shown to
increase the bioaccessibility of those hydrophobic molecules (Hedrén et al. 2002; Liu et al.
2015). The presence of lipids in the small intestine triggers the release of bile salts and other
digestive fluids which help to emulsify lipids and increase lipolysis (Dahan and Hoffman 2007).
Lipid digestion also creates products which increase the micellar volume available to solubilize
hydrophobic molecules (Furr and Clark 1997). In addition to increasing bioaccessibility, the
presence of lipid may also impact other aspects of a lipophilic molecule’s bioavailability,
including absorption and transport in the body (Huo et al. 2007; Porter et al. 2007). The results
of this experiment show that the advantages of an oil-based delivery system can be extended to a
soft EC oleogel system, with no consequences to the bioaccessibility of the deliverable molecule.
As will be seen in the following section, the strength of the polymer network does affect lipolysis
and BC transfer, therefore not all EC oleogel formulations will mimic oil delivery functionality.
4.3.2 Impact of EC molecular weight on digestion
4.3.2.1 Lipid hydrolysis
The lipolysis of EC gels made with different polymer molecular weights (10% 10 cP,
10% 20 cP and 10% 45 cP EC) were compared using the same in-vitro digestion procedure, with
some small changes made to the reaction set-up and the number of repeated samples measured.
Liquid canola oil control and 10% 10 cP EC oleogel containing BC were analysed again in this
new set of experiments in order to have internal standard comparisons.
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Figure 7 shows the lipolysis profile of the three gels and the canola oil control. The
lipolysis profiles of the gels and oil were again fit to one-phase association models and their
parameters compared (Table 4). Similarly, the level of lipolysis for all formulations was
compared at corresponding time points.

Figure 7 Percentage of lipid hydrolysis for canola oil and 10% 10 cP, 10% 20 cP and 10% 45 cP canola
oil oleogels during three hours of simulated duodenal digestion. Error bars indicate the standard error of
the mean for n=3 replicates and the lipid hydrolysis profile of each formulation was fitted to a one phase
association model. 100 % lipolysis represents the case when 2/3 of all fatty acids present on the
triacylglycerol molecules are released.
Table 4 Extent of lipolysis when t=0 (Y0), rate constant (K), and Plateau values obtained by fitting
lipolysis data for canola oil, and 10% 10 cP, 10% 20 cP, and 10% 45 cP canola oil oleogels to one-phase
association models. Superscript letters indicate significant difference between values in a given column
(p<0.05).
Sample

Y0 [%]
a

K [min-1]
0.025 ± 0.004

Plateau [%]
a

44 ± 2a

Oil

5±2

10% 10 cP

3 ± 1a

0.028 ± 0.004a

39 ± 1a

10% 20 cP

1 ± 1a

0.021 ± 0.002a

45 ± 2a

10% 45 cP

2 ± 1a

0.016 ± 0.005a

17 ± 2b

The plateau for the 10% 45cP gel was significantly lower than that of 10% 10 cP, 10% 20
cP, and oil samples. No other parameters of the fit were significantly different. Similarly, the
extent of lipolysis for the 10% 45 cP gel was significantly lower than the other gels and the oil
sample at every time point 15 min and later into duodenal digestion. At 10-15 min, the 10% 20
cP gel had significantly lower lipolysis than the oil sample, but no significant differences
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compared to the 10% 10 cP gel. The extent of lipid hydrolysis for the 10% 45 cP gel was 15 ± 2
% compared to 47 ± 1 %, 38 ± 3 %, and 47 ± 4 % for the oil, 10% 10 cP and 10% 20 cP samples
respectively.
The mechanical strength of the 10% 10 cP and 10% 20 cP were 0.20 ± 0.03 N and 0.58 ±
0.05 N respectively, and the 10% 45 cP gel had a significantly higher mechanical strength of 18
± 2 N (see 4.1 Gel mechanical strength). The increase in physical strength of the higher
molecular weight gels originates from the increase in number of hydroxyl groups per polymer
strand available for hydrogen bonding.
According to the one-phase association fit and comparisons of lipolysis at different time
points, the 10% 10 cP gel and the 10% 20 cP gel were both digested in a similar manner to liquid
oil under simulated digestion conditions. The slightly lower lipolysis for the 10% 20 cP oleogel
observed between 10 and 15 min could be due to slower structural breakdown, and hence slower
release of oil from the 20 cP oleogel compared to the 10 cP oleogel and the oil. These small
differences in lipolysis levels were not reflected in the overall extent of lipolysis of the sample or
in the rate of lipid digestion as designated by the model parameters.
These lipolysis results are similar to what was observed in the previous set of
experiments, where the presence of a structuring network was seen to slow the initial rate of
digestion for the oleogel samples slightly, but the extent of lipolysis at corresponding time points
was never significantly different from that of oil. When comparing these gels in terms of
hardness, the strength of the 20 cP gel was not significantly higher than that of the 10% 10 cP gel
or the 12% 10 cP gel, but was significantly lower than the 14% 10 cP gel. However, these gels
all had mechanical strengths below 2 N, which are weak gels in comparison to the 10% 45 cP
formulation. Their lipolysis behaviour as similar to oil can therefore be understood by the weak
network strength of the gels.
The 10% 45 cP EC oleogel showed a significantly lower extent of lipolysis and plateau
value. Considering that no significant differences were seen in lipolysis profiles from gels
containing the same concentration of EC polymer and higher, this is likely an effect of the
mechanical strength of the gel network instead of direct interference by the presence of EC
molecules in the digestate. The EC 45 cP gel would be more difficult to break down
mechanically than the weaker gels tested. Because the polymer network of the stronger gels was
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more resistant to mechanical breakdown, oil was slower to be released from inside the gel
structure and could not be accessed by the lipase. Importantly, this also indicates that the oil did
not completely leak out from the gel structure in the presence of simulated digestion fluids and
was at least partially retained within the EC network. Gel degradation occurs as lipid digestion
progresses, leading to an increased surface area of the gel particles. This would also have
contributed to a lower extent of lipolysis and plateau for the 45 cP gel.
The results also suggest that the EC gel structure was not compromised by the simulated
gastric phase, as the effects of structure were still seen during simulated duodenal digestion.
This is consistent with visual observations during the reaction (data not shown), which indicate
that the gel was still present in discrete pieces after the simulated gastric stage and did not break
down until lipolysis was initiated during duodenal digestion. This is significant, as it indicates
that the EC network is not destroyed in the low pH environment (~ pH 2) and could provide
protection to encapsulated molecules which are sensitive to the acidic environment of the
stomach. This could be examined further, using a dynamic gastric model to quantify extent of
gel breakdown and the amount of oil lost from the EC gel during simulated gastric conditions.
This method has been employed to examine the effect of gel structure on the breakdown of hard
and soft protein emulsion gels in a simulated gastric environment (Guo et al. 2014).
Modulating matrix strength has been discussed previously as a method of controlling
lipid and macronutrient bioavailability (McClements, Decker, Park, et al. 2008; McClements,
Decker, and Park 2008; Norton et al. 2015). The breakdown of the matrix depends on the
surface area of the material, the concentration of the matrix component, and the nature of the
matrix interactions, among other factors. A lower degree of digestibility for a harder EC oleogel
could have different implications, depending upon the application of the material. For example,
poorly digested lipid could trigger a feedback response, slowing gastric emptying and inducing
feelings of satiety (Maljaars et al. 2008). This lipolysis behaviour may then have implications if
the oleogel were being consumed as a saturated or trans- fat substitute or in another application
as a food ingredient. Further in-vivo testing should be done to verify the behaviour of these gels
under physiological conditions. As another application of interest, a slowly digested lipid
material could also be an excellent carrier for poorly water soluble molecules such as drugs or
nutraceuticals because of the increased bioaccessibility offered by lipid-based systems and the
influence of lipolysis on release rate.
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4.3.2.2 BC transfer
The extent of BC transfer from lipid to aqueous phase was measured for the 10 cP, 20cP
and 45 cP oleogels, with samples removed at three time points during duodenal digestion (Figure
8). There was a significantly lower extent of BC transfer at 60 and 180 min for the 10% 45 cP
oleogel (19.8 ± 0.8 %) compared to the 10% 10 cP, 10% 20 cP and oil formulations (43 ± 3 %,
50 ± 1 %, and 46 ± 4 % respectively). There were no other significant differences found in
extent of BC transfer between the other samples. This was in accordance with lipolysis results,
where the extent of lipid hydrolysis of the 10% 45 cP gel was significantly lower than the other
three formulations.

Figure 8 Portion of BC (%) transferred to the aqueous phase from canola oil and 10% 10 cP, 10% 20 cP,
and 10% 45 cP canola oil oleogels during three hours of simulated duodenal digestion. Error bars
indicate the standard error of the mean for n=3 samples and letters indicate significant difference between
values at a given time point (p<0.05).

These results indicate that EC oleogels of sufficient network strength could provide
benefits of slowed release for a delivery application. Gradual release is desirable often in the
delivery of drugs or other bioactives where an ideal therapeutic range exists (Hughes et al. 2011).
It allows the deliverable molecule to be present in the digestive tract over an extended period of
time, and avoids the spikes and drops in plasma concentrations that tend to arise from immediate
release formulations. Although sustained release does not necessarily lead to increased
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bioavailability of nutraceuticals such as BC, the protection offered by the matrix could still be
beneficial.
Other lipid-based gels have been designed for drug delivery applications and have also
shown gradual release or modifiable release profiles with gelator concentration. A 12-HSA
soybean oil organogel was used for the delivery of ibuprofen and the drug release measured after
treatment in simulated digestion fluids (Iwanaga et al. 2010). It was found that a 2 % 12-HSA
gel reduced the rate of ibuprofen release compared to liquid oil and gels with increasing
concentration, up to 10 % 12-HSA, saw greater reductions in release. In another study, a fatty
acid-olive oil oleogel designed for the delivery of ferulic acid was shown to provide delayed
release compared to liquid oil even at low gelator concentrations (1 to 3 %) (Lupi et al. 2013).
Small increases in fatty acid concentration did not result in large differences in the extents of
release; however as the gelator concentration increased to 5 % and 10 %, significantly lower
release over 6 hours was obtained. Of note, both of these oleogel systems were stable in the
presence of gastric fluid and allowed little or no release before the onset of the duodenal
digestive phase. This is similar to the case of the EC oleogels, where minimal BC transfer (< 7
% of total BC content in all formulations) was observed before the start of duodenal digestion.
The mechanism of release of hydrophobic bioactives from the fatty acid and 12-HSA
oleogels previously mentioned was shown to be the result of erosion of the matrix in the
presence of duodenal fluid and the diffusion of the lipophilic component within the gel matrix
(Iwanaga et al. 2010; Lupi et al. 2013). To better understand the release properties of EC
oleogels, gel erosion in the presence of digestive fluids and BC diffusion through the gel network
could be measured for gels with intermediate hardness between the 10% 45 cP oleogel and the
other formulations tested in this experiment.
Oleogels provide some unique advantages over other lipid-based systems which also
offer delayed release of encapsulated drugs or nutraceuticals. Although the EC gels exhibit
solid-like behaviour, they are stable and do not exhibit polymorphic rearrangements seen in other
crystalline lipid-based matrices, such as bulk lipids or other oleogels. The melting temperature
of EC oleogels is well above 37 C, therefore the gel would not melt once consumed, as was the
case for a monoglyceride-gelled system designed for curcuminoid delivery (Yu and Huang
2010). Because of their gel strength, EC oleogels could be made easily into a capsule form.
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4.3.3 Correlation between lipolysis and β-carotene transfer
The extent of BC transfer was compared against the extent of lipolysis for all samples, to
examine the relationship between the two parameters in the canola oil/EC oleogel formulations.
The results for all lipid formulations tested were pooled, with each point representing the average
of three repetitions. As shown in Figure 9, BC transfer was linearly correlated to lipolysis (r2 =
0.80, P<0.0001). When lipolysis > 40 %, there was a visible increase in the spread of the data,
with a trend of increasing proportion of BC transfer relative to lipolysis; this could be due to
continuation of transfer of BC from the lipid phase to the aqueous phase while lipolysis was
slowed due to product inhibition in the in-vitro model

Figure 9 Portion of BC (%) transferred from all formulations to the aqueous phase as a function of lipid
hydrolysis (%). Each point represents the average of three repetitions. A linear regression was performed
on the data (r2 = 0.80, P<0.0001).

The linear correlation between lipolysis and BC transfer is expected, as the extent of
lipolysis increased the micellar volume available for BC solubilisation in the aqueous phase,
while at the same time decreased the lipid volume present. However, previous experiments have
found different results when looking at the relationship of lipid digestion and hydrophobic
molecule transfer. In a whey-protein isolate (WPI)-stabilized oil-in-water emulsion, Nik et al.
(2010) found that the extent of BC transfer after 2 hours of simulated digestion was correlated to
the extent of lipolysis; however the BC transfer was never as high as the level of lipolysis. This
was attributed to the location of the BC in the oil droplet, where the bioactive preferentially
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locates in the centre of the droplet, away from the oil-water interface. In another study, the same
group studied the lipolysis and bioactive release of protein-stabilized oil-in-water emulsions
containing coenzyme-Q10, BC, vitamin D3, or phytosterols (Nik et al. 2011). They found that
emulsions containing coenzyme-Q10 or BC (the most lipophilic of the bioactives tested) both
showed lag phases in their extents of bioactive transfer compared to their lipolysis in the initial
stages of simulated duodenal digestion. It was hypothesized that these bioactives concentrated in
the emulsion droplets before being transferred, due to their highly lipophilic nature. A similar
lag phase in lipophilic bioactive transfer was observed during simulated digestion of a
monostearin MCT oleogel containing curcuminoids (Yu et al. 2012).
No lag phase was observed in the EC oleogel or canola oil samples tested in the present
experiments, suggesting that the BC was uniformly distributed in the gel matrix and did not
concentrate in the gel samples. The linear relationship also indicates that as lipolysis progressed,
BC was released and solubilized at the same rate as the gel was being broken down. This
suggests that even in the case of the hardest gel tested (10% 45 cP), BC was freely dissolved in
the oil phase and available to be transferred from oil to micellar phase. This supports the
previous finding that BC does not interact with the EC matrix, as these would most likely restrict
BC transfer while lipolysis progressed. These properties could be advantageous for the delivery
of pharmaceuticals, where a steady release rate could prevent the sharp increases and decreases
in plasma concentration characteristic of immediate release formulations (Hughes et al. 2011).
4.3.4 Effect of gel structure on lipolysis and BC transfer
To compare the effect of EC oleogel structure on lipolysis and BC release, two gels with
matching mechanical strength but different formulations were compared. The hardest gel in
previous experiments, 10% 45 cP, which showed significant differences in lipolysis profile and
BC release from oil and the softer gels, was chosen as the one gel to be matched in hardness. A
second gel made with 20 cP EC was formulated to have the same hardness as the 10% 45 cP gel;
this was done by trial and error, preparing several oleogels with increasing 20 cP concentrations
until the mechanical strength, as measured by back extrusion, was matched. 15.5% 20 cP was
the final formulation for the second oleogel. The hardness of the 10% 45 cP gel was 18 ± 2 N
while that of the 15.5% 20 cP gel was 17 ± 2 N.
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Both gels were subject to in-vitro digestion and the degree of hydrolysis at three time
points was measured (see Figure 10). In this case, BC transfer was not measured, as it was
previously seen that BC transfer was proportional to the degree of lipolysis for all the gel and oil
samples (see above).
At every time point measured, the level of lipolysis for the 45 cP gel was the lowest,
followed by the 20 cP gel and finally the oil. Hydrolysis of the 45 cP gel was significantly lower
than the oil at 15, 45, and 180 min into duodenal digestion, in agreement with the results seen
previously. Similarly, lipolysis of the 20 cP gel was significantly lower than the oil at 15, 45 and
180 min of simulated digestion. The extent of hydrolysis of the two gels was not significantly
different at 15 and 45 min, but the 20 cP gel had a significantly higher degree of hydrolysis after
180 min compared to the 45 cP gel. After 180 min, the 20 cP gel had the same level of lipolysis
as the oil after 45 min.

Figure 10 Percentage of lipid hydrolysis for canola oil and 10% 45 cP and 15.5% 20 cP canola oil
oleogels during three hours of simulated duodenal digestion. Error bars indicate the standard error of the
mean for n=3 samples and letters indicate significant difference between values at a given time point
(p<0.05). 100 % lipolysis represents the case when 2/3 of all fatty acids present on the triacylglycerol
molecules are released.

EC oleogels are made up of a coral-like network of ethylcellulose, forming pockets 3-4.5
µm in diameter, which are filled with oil (Zetzl et al. 2014). According to previous work, this
structure is altered with changes in gel composition. A linear decrease in average pore diameter
from 4.5 to 3 µm was observed when the concentration of 45 cP ethylcellulose was increased
from 10 % to 14 %. No significant differences in pore size were seen with increasing EC
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molecular weight, and it was hypothesized that the increase in mechanical strength seen with
increase in molecular weight was due to the strength of the polymer network walls, rather than
the pore structure. Using these findings, one could infer that the structure of the 10% 45 cP gel
would differ from that of the 15.5% 20 cP gel. If the structural trends observed by Zetzl et al
hold true for these gels, 15.5% 20 cP would have smaller pores than 10% 45 cP but 10% 45 cP
would have thicker or more rigid walls.
The rate and extent of lipid digestion from a complex matrix depends upon the ease with
which the matrix containing the lipid can break down. This is governed by sample erosion,
fragmentation and/or the rate of diffusion of the lipase into the matrix (McClements, Decker,
Park, et al. 2008). Along with EC network strength, structure could affect all of these digestion
mechanisms. Looking at the digestibility of the two gels, the extent of lipolysis of the 20 cP gel
was higher than that of the 45 cP gel, but only after 3 hours of simulated duodenal digestion. As
the EC structure of the gel must be destroyed or partially disrupted in order for the lipase to
access the oil, these results indicate that the stronger, more rigid walls (due to the higher MW
polymer) are more resistant to breakdown in this in-vitro model. The 20 cP oleogel still resulted
in a higher extent of lipolysis after 180 min even though less oil leakage and lower rates of
diffusion into the gel structure would be predicted given the expected smaller average pore sizes
for the higher concentration EC gel. Since lipolysis is altered with structure, it can be inferred
that BC release and solubilisation would also differ in the same way. This would indicate that
not only EC oleogel hardness, but also network structure, could be manipulated to control the
rate of delivery of a lipid soluble molecule.
4.3.5 Effect of shaking rate on simulated digestion procedure: 160 and 200 rpm
In order to examine the importance of shaking rate on the in-vitro digestion results,
lipolysis and BC transfer of canola oil and 10% 45 cP canola oil oleogel, both containing BC,
were measured during simulated digestion at two different shaking rates, 160 and 200 rpm. A
reciprocal shaking water bath was used for the assay and each sample bottle run contained 5
glass beads to aid in the uniform mixing of the samples. The number of oscillations per minute
is a reflection of the amount of shear present in the assay. To put these two shaking rates into
perspective, the difference in oscillation speed means that the sample processed at 200 rpm
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undergoes the same number of oscillations in 4 min that the sample undergoes in 5 min when
processed at 160 rpm.
These results suggest that the extent of lipolysis of the oil at 160 rpm and 200 rpm was
not significantly different at any time point with the exception of 180 min (Figure 11). After 180
min, the extent of lipolysis for the oil at 160 rpm and 200 rpm was 47 ± 1 % and 38 ± 1 %,
respectively. The degree of lipolysis of the 10% 45 cP gel was significantly higher at 200 rpm
compared to 160 rpm at every time point after 15 min. After 180 min, the extents of lipolysis for
the 10% 45 cP gel at 160 rpm and 200 rpm were 15 ± 2 % and 32 ± 1 %, respectively. Similarly,
when analyzed with a 160 rpm shaking rate, the gel showed significantly lower lipolysis than the
oil sample at every time point after 5 min of duodenal digestion. However, when analyzed at a
200 rpm shaking rate, although the gel had lower levels of lipolysis at most time points, the
differences between gel and oil were smaller than those found with the lower shaking rate and
were only significant at 10, 15, and 180 min into duodenal digestion.

Figure 11 Percentage of lipid hydrolysis for canola oil and 10% 45 cP canola oil oleogels processed at
160 rpm and 200 rpm during three hours of simulated duodenal digestion. Error bars indicate the
standard error of the mean for n=3 samples; the lipid hydrolysis profile of each formulation at both
processing speeds was fitted to a one phase association model. 100 % lipolysis represents the case when
2/3 of all fatty acids present on the triacylglycerol molecules are released.

When the lipolysis profiles of the different samples were fitted to a one-phase association
model (Table 5), the fit parameters for the oil and the gel analyzed at 200 rpm were not
significantly different. The plateau was significantly higher for the oil sample at 160 rpm than
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the oil at 200 rpm, and was significantly higher for the gel at 200 rpm compared to the gel at 160
rpm.
Table 5 Extent of lipolysis when t=0 (Y0), rate constant (K), and Plateau values obtained by fitting
lipolysis data for canola oil and 10% 45 cP canola oil oleogels processed at 160 rpm and 200 rpm to onephase association models. Superscript letters indicate significant difference between values in a given
column (p<0.05).
Sample

K [min-1]

Y0 [%]
a

0.025 ± 0.004

Plateau [%]
ab

44 ± 2a

Oil 160 rpm

5±2

Oil 200 rpm

3 ± 1a

0.037 ± 0.004a

35 ± 1b

10% 45 cP 160 rpm

2 ± 1a

0.016 ± 0.005b

17 ± 2c

10% 45 cP 200 rpm

0 ± 2a

0.028 ± 0.005ab

36 ± 2b

The extent of BC transfer from the oil and oleogel samples to the aqueous phase showed
similar trends to those observed in the lipolysis experiments when the two shaking rates were
used (Figure 12). For the canola oil, there were no significant differences in extent of BC
transfer at all time points during in-vitro digestion at 160 rpm or 200 rpm. The extent of BC
transfer after 180 min for both canola oil samples was 46-47 %. However, for the oleogels, the
200 rpm processed sample had significantly more BC transfer than the 160 rpm sample at both
60 and 180 min. The extents of BC transfer from the 45 cP oleogel at 160 rpm and 200 rpm
were 19± 1 % and 58 ± 3 %, respectively. Interestingly, the gel sample processed at 200 rpm
had significantly higher BC transfer than the oil processed at 200 rpm after 60 min. After 180
min, BC transfer from the gel at 200 rpm was still higher than the oil at 200 rpm, although the
difference between gel and oil was not significant.
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Figure 12 Portion of BC (%) transferred to the aqueous phase from canola oil and 10% 45 cP canola oil
oleogels processed at 160 rpm and 200 rpm during three hours of simulated duodenal digestion. Error
bars indicate the standard error of the mean for n=3 samples and letters indicate significant difference
between values at a given time point (p<0.05).

The increase in lipolysis and BC transfer for the gel at the higher shaking rate can be
explained by a higher shear force being applied to the system, resulting in more damage to the
polymer network structure and an increase in the rate and extent of oil release. The increase in
oil released leads to an increase in oil digested by the lipase. A higher shaking rate would also
lead to increased kinetic energy, which could yield higher rates of lipolysis depending on the
reaction-limiting parameter.
Interestingly, the increase in shaking rate did not have an effect on lipolysis and transfer
for the canola oil sample. It was hypothesized that the increase in shaking rate would result in a
faster and higher extent of oil emulsification in the simulated digestion medium, and would
therefore increase the rate of lipolysis and BC transfer. The absence of an effect of shaking rate
on lipolysis could be due to the lipase-to-oil ratio in the experiment. The extents of lipolysis for
all samples in this experimental setup were seen to plateau at 47 % or lower. It is possible that
the low concentration of lipase in the reaction vessels was the limiting factor, and even an
increase in shaking rate, which would lead to an increase in oil droplet surface area, did not have
an effect on lipolysis.
Although there was a correlation between BC transfer and lipolysis for the oil and gel
processed at both 160 rpm and 200 rpm, the extent of BC transfer relative to lipolysis was
significantly higher for samples subject to 200 rpm compared to those processed at 160 rpm.
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This increase in partitioning between oil and micellar phase could be due to the increase in
mechanical energy of the system facilitating the transfer of more BC, although the micellar
volume may not have increased.
The issue of shaking rate also raises an important point about the interpretation of results
from different in-vitro models, with regard to the comparison of formulations and the
extrapolation to performance in-vivo. In this example, significant differences were seen in the
lipolysis and BC transfer of oil compared to a 10% 45 cP EC gel at the 160 rpm shaking rate.
However, these differences were less apparent with the use of a 200 rpm shaking rate, and were
even seen to be contradictory in the case of BC transfer, where BC transfer from the gel was
higher than that of the oil after 60 min. This raises a question of which shaking rate gives a
result which is most representative of how gel breakdown would occur under in-vivo conditions.
This information would be required to answer more accurately whether the hard and soft EC
oleogels behave differently from oil.
Relevant shear conditions for in-vitro models are especially important when comparing
oleogel formulations with drastically different mechanical properties, as shear greatly affects the
breakdown and digestion of the structured samples. This can be seen in the present experiments,
where hard oleogels exhibit different lipolysis and release behaviour when processed at different
shaking rates, but weaker oleogels, from which oil is readily released, may not be as affected by
a change in shaking rate. Examples of shear and processing steps occurring during digestion invivo which could affect the digestion of lipids from a complex matrix include mastication,
muscle contractions in the stomach, and peristaltic contractions in the duodenum causing shear
and compression forces (Carey et al. 1983).
Other experiments employing static in-vitro analysis methods have used different shaking
apparatuses and shaking rates to simulate digestion. The original model from which the
procedure used in this work was derived used a head-over-heels shaking apparatus at 55 rpm for
their analysis (Versantvoort et al. 2005). Their experiments looked at the bioaccessibility of
mycotoxins from peanut slurry, buckwheat and a liquid standard meal and all samples were
blended or processed before introduction into the model. Subsequent modifications of this
model have been made to test different emulsion systems, including whey-protein stabilized
soybean-in-oil emulsions, and emulsifier-stabilized solid lipid nanoparticles and canola oil-in74

water emulsions (Nik et al. 2010; Nik et al. 2012). Notably all of these experiments compared
either liquid systems or systems where the matrix was already homogenized prior to analysis.
Pharmaceutical studies also use static monocompartmental models for the analysis of
different drug formulations, where simulated digestional fluids are introduced into a reaction
vessel containing the formulation and sample disintegration and dissolution can be measured
(Iwanaga et al. 2010). However, the reaction vessel is only gently stirred and the medium is very
dilute, producing conditions which are not representative of the complex in-vivo digestive
environment (Guerra et al. 2012). Regardless, this method remains useful as a large, prescreening approach to assess potential formulations.
Some dynamic models have been designed to incorporate other aspects of digestion such
as peristaltic forces. One such model, the human gastric simulator (HGS), simulates many
aspects of gastric processing including peristaltic contraction, gastric secretions and gastric
emptying (Kong and Singh 2010). Using this model in combination with in-vivo oral processing
experiments, the breakdown mechanism and lipid droplet release from protein emulsion gels
with very different structures (soft and hard) was able to be compared (Guo et al. 2014).
Although this is a significantly more complex procedure, it is one example of how physically
different formulations can be compared by taking mechanical processing into consideration.
In summary, if the structural breakdown is a key step in the digestion profile of a
material, as is the case for oleogels, structured oil emulsions, and other complex food systems,
the mechanical processing of the sample should be a key consideration in the design and
selection of the in-vitro analysis system. Information on oleogel digestion gathered from the
static digestion model used in these experiments may still be helpful for indicating promise for a
delayed release material and for screening between samples, however further in-vivo testing
should be done to confirm any impact on overall digestibility or impact on lipid release profiles.
4.4 β-Carotene stability
The stability of BC in EC oleogel was tested by measuring the BC concentration in gels
through time, during storage at 40 °C and 60 °C. BC is susceptible to oxidation and degrades
rapidly into a variety of products upon exposure to oxidative species. BC and other bioactive
molecules lose their bioactivity once oxidized; therefore protection from oxidation is a necessary
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feature for a delivery system offering high bioavailability. Accelerated shelf-life testing
conditions above room temperature were chosen in order to measure BC degradation over a 45
day period. The BC had great stability at 20 °C and showed no signs of precipitation from the
gelled or liquid oil after 6 months of storage at room temperature. The initial concentration of
BC in the samples was 0.060 to 0.075 %.
Table 6 IC50 and Hill slope values obtained by fitting β-carotene degradation as a function of the log of
time to dose response curves with variable slope for canola oil, and 10% 10 cP, 10% 20 cP, and 10% 45
cP canola oil oleogels stored at 40 °C and 60 °C. Superscript letters indicate significant difference
between the parameters (p<0.05).

Formulation

40 ºC

60 ºC

IC50 [day]

Hill slope

a

d

-3.0 ± 0.3

IC50 [day]
4.7 ± 0.1

Hill slope

e

-3.6 ± 0.3d

Unheated oil

26.6 ± 0.8

Heated oil

16.5 ± 1.3b

-3.2 ± 0.3d

1.8 ± 0.2f

-2.3 ± 0.3d

10% 10 cP EC
oleogel

17.5 ± 1.5bc

-2.7 ± 0.6d

3.6 ± 0.3eg

-2.6 ± 0.5d

10% 20 cP EC
oleogel

21.0 ± 0.5abc

-3.2 ± 0.2d

2.9 ± 0.3g

-2.1 ± 0.3d

10% 45 cP EC
oleogel

20.5 ± 1.8abc

-2.5 ± 0.6d

3.0 ± 0.3g

-1.6 ± 0.3d

The BC concentration in all samples was measured by spectrophotometric analysis. The
increase in BC oxidation leads to a decrease in absorbance signal, due to a decrease in
concentration of BC and an increase in the presence of degradation products, which do not
absorb at the same peak wavelengths as the original compound. It should be noted that
degradation products may contribute slightly to the absorbance at 450 nm (the maximum
absorbance wavelength of all-trans BC in hexane) and therefore the signal may not be exactly
proportional to the concentration of BC in the sample (Craft and Soares 1992). However,
measuring BC degradation by spectrophotometric analysis is still a common procedure
(Hentschel et al. 2008; Helgason et al. 2009).
The data was fitted to a dose response curve with variable slope, giving two parameters:
IC50, the time at which 50 % of the BC originally present in the sample remains, and hill slope,
quantifying the steepness of the degradation curve (Table 6, Figure 13). BC degradation in other
systems was seen to follow zero order kinetics (Hentschel et al. 2008; Cornacchia and Roos
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2011) and exponential decay (Helgason et al. 2009). These differences in degradation kinetics
are most likely due to the physical differences between the systems, the storage conditions, and
the chemical compositions of the lipid phases.

Figure 13 β-Carotene content (%) as a function of storage time (day) at a) 40 ºC and b) 60 ºC for canola
oil, heated canola oil, and 10% 10 cP, 10% 20 cP, and 10% 45cP canola oil oleogels. Error bars indicate
the standard error of the mean for n=3 samples; the breakdown profile of each formulation was fitted to a
dose response curve with variable slope.

The results showed that at both storage temperatures the IC50 for the heated oil was the
lowest, followed by the three EC oleogel formulations, and finally the unheated oil sample. At
40 °C, the IC50 of the heated oil was 1.8 days, while that of the unheated oil was 4.7 days.
Although they were not significantly higher than the heated sample, the IC50 values for the EC
oleogels fell in between the IC50 values of the heated oil and the unheated oil, with IC50 20 cP>
IC50 45 cP> IC50 10 cP. The IC50 values of the gels at 40 °C were also not significantly
different from each other. At 60 °C, although the same general trend in IC50 values was
observed, the heated oil had a significantly lower IC50 than all samples. Notably, the IC50 for
the 10 cP oleogel was not significantly different from that of the unheated oil, and was
significantly higher than the IC50 of the heated oil. The IC50 of the 20 cP oleogel and the 45 cP
oleogel were significantly higher than the IC50 of the heated oil, although were significantly
lower than the IC50 of the unheated oil. As expected, the degradation of all samples occurred at
a faster rate at 60 °C compared to at 40 °C, and all IC50 values for 60 °C samples were
significantly lower than for the 40 °C samples. The hill slopes were not significantly different
between all samples at 40 °C and at 60 °C.
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These results indicate that the EC oleogel does offer protection against oxidation
compared to the liquid canola oil. However, the effects of sample heating on BC degradation are
also evident, as all the samples that were prepared with heating (the gels and the heated oil
control) exhibited faster BC degradation than the unheated canola oil. Oil oxidation is
accelerated by high temperatures, and results in the formation of two types of oxidation products:
hydroperoxides, primary oxidation products, formed by the reaction of free radicals with oxygen,
and aldehydes and ketones, secondary oxidation products, formed by the decomposition of
peroxy- radicals (Choe and Min 2006). BC is easily oxidized due to its conjugated structure and
decomposes into a variety of products in the presence of pro-oxidizing species (El-Tinay and
Chichester 1970). UV radiation also promotes ionization and oil and BC oxidation.
BC oxidation in delivery systems generally takes place at the oil/water or oil/air interface
(Cornacchia and Roos 2011). BC in EC oleogels is found within the oil phase of the gel, which
according to previous characterizations, is located in connected pockets contained within a
greater polymer network (Zetzl et al. 2014). It is likely that this confinement of oil within the
network would decrease or prevent the diffusion of BC to the surface of the gel and the diffusion
of oxidative species throughout the material. This would agree with general observations of the
gel during storage, where it was seen that the gel that was exposed to the air or was close to the
air interface was lighter in colour, signifying a higher degree of BC oxidation, than the gel in the
deeper regions of the sample.
Many lipid-based delivery systems have been designed for increased BC bioavailability
and protection against oxidation. Helgason et al. (2009) found that solid lipid nanoparticles
(SLNs) containing BC slowed BC oxidation when emulsified with a high melting point lecithin.
In their system, the lecithin-stabilized SLNs protected BC from oxidation by restricting BC
mobility in the solid lipid matrix and by preventing polymorphic transformations of the solid
lipid matrix. Previously, solid lipid-in-water emulsions were shown to expel encapsulated
bioactives from the matrix during crystallization or polymorphic rearrangement, bringing the
lipid soluble molecule to the surface of the particle, where it can come into contact with the
external environment or encounter oxidized lipids on the surface (Okuda et al. 2005; Helgason et
al. 2009). The use of surfactants with long hydrocarbon tails, such as the high melting lecithin
used by Helgason et al, can allow for nucleation to be initiated at the surface of the lipid droplet
instead of the centre, avoiding expulsion of the encapsulated molecule. In addition, lipids which
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can be stabilized in the α-polymorphic form are the best material for drug-encapsulated solid
lipid particles, as their crystal structure allows for the incorporation of lipophilic molecules
within the matrix (Müller et al. 2000). Oil-in-water emulsions provide some protection against
BC oxidation, but were not found to be as efficient as SLNs due to higher mobility of BC in the
liquid droplets (Helgason et al. 2009). Liquid systems avoid the problems associated with
crystallization and polymorphic form, however they also allow for higher diffusivity of oxidative
species through the matrix, leading to decreased stability (Cornacchia and Roos 2011).
In bulk lipid systems, BC was found to participate in fat crystallization in pure tristearin
(SSS) and tripalmitin (PPP) systems, but crystallized in clusters when incorporated into a
saturated monoglyceride system (Calligaris et al. 2014). BC degradation occurred at a faster rate
in the SSS and PPP systems compared to the MAG matrix, suggesting that the location of the BC
within a network and the structure of the network could both affect the stability of an
incorporated molecule.
These findings highlight some of the challenges associated with other lipid-based
delivery systems- specifically solid- and oil-in-water emulsions and bulk solid matrices. EC
oleogels offer unique features for the encapsulation of oxidation-sensitive species, because oil
and the encapsulated molecule are contained in pockets within the EC polymer network. In
addition, the polymer gel has solid-like characteristics but does not exhibit structural
rearrangements during storage. The protection against oxidation offered by the EC oleogel
would therefore make it an interesting feature of the material for drug and nutraceutical delivery
purposes.
One way that could be explored in order to improve the rate of BC degradation in EC
oleogels and possibly approach that of BC in unheated oil is with the addition of an antioxidant
in the oil phase of the oleogel. Antioxidants can suppress auto-oxidation in oils by quenching
free radicals. Previous experiments have included butylated hydroxytoluene (BHT) or natural
antioxidant rosemary oleoresin at 0.1 % to limit oil oxidation in EC oleogel manufacturing
procedures, leading to improved gel quality and consistency (Gravelle et al. 2012). Hentschel et
al. (2008) also showed that tocopherols could be used to delay the onset of BC degradation in
solid lipid nanoparticles during storage.
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Similarly, other methods which facilitate dispersion of EC in the oil phase, such as the
addition of surface active small molecules or the increase in polarity of the oil phase could
improve the stability of the BC oleogels by reducing the heating time necessary to prepare the
oleogel, reducing the oxidation of the oil phase (Davidovich-Pinhas, Barbut, et al. 2015b;
Gravelle et al. 2016). This would in turn lower the number of oil oxidation bi-products present
in the oil that accelerate BC degradation, and lead to lower heat exposure for the BC. However,
it should be noted that such changes may impact gel physicochemical properties and structure,
and could therefore influence the delivery application of the oleogels (Zetzl et al. 2014;
Davidovich-Pinhas, Barbut, et al. 2015b; Gravelle et al. 2016).
It is evident that the heating of the oil not only accelerated the overall rate of BC
degradation, but also increased the variability in BC degradation rates. This can be observed in
the high standard error of measurement of BC concentration in the gels and the heated oil
samples, compared to the unheated oil sample. Heating for these experiments was conducted on
a hot plate, which could have introduced some of the error; hotplate heating occurs only from the
bottom of the beaker, while the rest of the beaker is exposed to the air, and can result in uneven
heating of the oil sample. In addition, hot plates have variable temperature regulation, and might
expose samples to different levels of heat although they may be heated at the same hot plate
setting, or lead to different heating times. These irregular heating conditions can lead to different
levels of heat exposure and oil oxidation, which could contribute to variable BC degradation
rates.
Another factor which may contribute to sample variability is the exposure of the gel
surface to air. As mentioned previously, BC was seen to degrade faster at the surface of the gel;
therefore gels with different surface areas could exhibit different rates of oxidation. The effects
of gel surface area on BC concentration were minimized by sampling in five different locations
in each gel and taking the average of the BC concentrations at the five locations. Variable
surface area was not a factor in the oil samples, where mobility of the BC in the oil phase was
not restricted, and the surface area exposed to the air was constant. Since there was also a high
standard error in the heated oil samples, it is likely that the heating method introduced the most
variability to BC oxidation. Gel preparation in an oven has been found to be successful at
reducing gel variability due to heating and should be used, along with antioxidant, in larger scale
oleogel manufacturing procedures (Gravelle et al. 2012).
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5.0 Conclusions and Future Work

In this work, canola oil ethylcellulose oleogels with different polymer concentrations and
molecular weights were tested in order to analyze the impact of gel formation and composition
on in-vitro digestion and β-carotene release. A static monocompartmental model was used as
digestion model, simulating oral, gastric, and duodenal digestion phases. The impact of
oleogelation on lipid and BC bioaccessibility is relevant for food applications of the gel and for
the use of EC oleogels as encapsulation and delivery material for lipid soluble molecules. The
results from this study could open up new applications for EC oleogels, and lead to a better
understanding of their breakdown and release behaviour. In addition to in-vitro lipolysis and BC
release profiles, gel strength and the influence of BC on the properties of the gels were also
analysed. Lastly, the rate of BC oxidation in the EC oleogel was compared to that in oil, to
analyze whether gel structure offers any benefits of protection to the encapsulated molecule.
The inclusion of 0.1 % BC in canola oil EC oleogels did not result in any changes to the
mechanical strength of the gels, suggesting that the molecule did not interfere with the EC
network. In agreement with previous studies, it was shown that gels made with different EC
concentration and molecular weights had varying mechanical strength. Gels increased in
mechanical strength in a power law manner with increasing mass fraction of 10 cP EC; gels with
and without BC exhibited the same scaling behaviour, suggesting the gels had the same general
structure. No indication of interactions between BC and EC were evident using UV/VIS
spectrophotometry, indicating that the BC in the oleogels was likely located in the oil pockets
contained within the polymer network.
Gels prepared using 10% 10 cP, 12% 10 cP, and 14% 10 cP had slightly lower rates of
lipolysis during simulated duodenal digestion compared to liquid oil when subject to in-vitro
digestion conditions. However, the total extent of lipolysis of all samples after three hours of
simulated digestion was not significantly different. There were no differences in the extent of
transfer of BC from the oil phase to the digestate, indicating that weak EC oleogels have similar
release behaviour to unstructured oil. Like other lipid-based delivery systems, these oleogels
would also offer a high loading capacity and increased bioaccessibility for encapsulated lipid
soluble molecules.
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10% 45 cP EC oleogel, which was significantly harder than the other gels tested, had a
lower extent of lipolysis compared to oil, 10% 10 cP and 10% 20 cP gels from 10 min into
duodenal digestion and onwards. The total extent of lipolysis for the 45 cP oleogel was 15 ± 2 %
compared to 47 ± 1 % for the oil. Gels made with higher molecular weight EC have a higher
number of hydrogen-bonding sites per polymer strand, resulting in a higher gel strength
compared to lower molecular weight gels with the same polymer concentration. The lower
degree of lipolysis of the hard gel also corresponded to a slower BC transfer and a lower extent
of transfer after 3 hours of duodenal digestion compared to oil and all other oleogels tested. BC
transfer and percent lipolysis were linearly correlated for all oil and oleogel formulations tested,
indicating that BC did not concentrate in the gel oil phase before release and that the transfer of
BC from the oil to the aqueous digestate phase was dependent upon lipid digestion.
The differences seen in lipolysis and BC transfer profiles of the hardest gel were likely
due to the physical effects of the gel structure on oil release. The oil was contained within the
polymer network and slow to be released and to be accessed by the lipase. The breakdown of a
food matrix (of which an oleogel is an example) occurs through a combination of erosion,
fragmentation and lipase diffusion into the material. Similarly, erosion and diffusion are the
main mechanisms of molecular release from oleogel matrices. The strength of the gel network as
well as the nature of its network connections influences all of these breakdown mechanisms.
The results also indicated that oil did not leak out entirely from the gel when placed in simulated
digestive fluids and that the gel structure was not destroyed under the low pH conditions of the
simulated gastric phase. The lipolysis and transfer results of the 10% 45 cP oleogel highlight the
potential of EC oleogels to be used for delayed or gradual release matrices for the delivery of
lipid soluble molecules. Slow or incomplete lipolysis of hard gels in-vivo could also have an
impact on gastric emptying and satiety, however further testing in-vivo would need to be
conducted in order to characterise and observe this effect. In addition, it would be interesting to
look at the impact of EC-gelled oil versus liquid oil on metabolic response in humans to better
understand impacts of lipid structuring.
Because the gels tested in the previous experiments varied so significantly in mechanical
strength, the effect of gel structure on in-vitro lipolysis was analyzed by testing 15.5% 20 cP and
10% 45 cP gels, oleogels with different compositions but the same network strength. Although
they had the same hardness and were processed in the same way during in-vitro analysis, the gels
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showed significantly different lipolysis profiles during 3 hours of simulated duodenal digestion;
the 20 cP gel had a higher degree of lipolysis and a faster rate of lipolysis compared to the 45 cP
formulation. Since lipolysis and BC transfer were linearly correlated, this lipolysis behaviour
would likely correspond to differences in BC transfer between the two formulations as well.
Changes in EC molecular weight and concentration have been shown to impact oleogel structure,
affecting average pore size and wall strength. These structural differences likely led to the
difference in lipid digestion profiles seen between the two formulations and highlight the impact
of gel composition as well as mechanical strength on the behavior of the gels. Gel imaging is an
important follow-up to these findings, to examine what structural differences exist between these
two formulations and others and how those may have impacted gel hydrolysis.
The importance of shaking rate on the in-vitro assay was highlighted by conducting the
analysis at both 160 rpm and 200 rpm. The differences in lipolysis and release behaviour
between the 10% 45 cP oleogel and oil seen under initial experimental conditions (160 rpm)
were no longer significant when processed with the higher shaking rate. Lipolysis and BC
transfer from the oil were largely unaffected by the change in shaking rate, but the 10% 45 cP
formulation showed significantly higher lipolysis and transfer when processed at 200 rpm
compared with 160 rpm. Because the mechanical strength of the gels varied greatly between all
formulations and the breakdown of the gel structure was a crucial aspect in the lipolysis and BC
transfer properties of the gels, an in-vitro model incorporating more realistic mechanical
processing conditions would be an appropriate next step for the comparison of EC oleogel
formulations.
Protection against oxidation is a desirable feature for delivery systems to ensure high
bioavailability of the encapsulated molecule. EC oleogels of different compositions provided
some protection against BC degradation compared to a heated oil control. This was likely due to
the restriction of BC diffusion through the gel structure, slowing the exposure of BC to prooxidative species at the gel-air interface. The heating of the oil during gel manufacturing did
negatively impact the stability of BC; however different methods could be explored to cut down
on the oil heating time needed to make a gel, in order to mitigate this effect. These methods
include the addition of surfactants, addition of antioxidants and/or changes to the solvent
polarity.
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These findings provide a solid foundation for further explorations into the application of
oleogels for delivery. Since there are many ways in which oleogel formulations can be
manipulated—oil type, EC concentration, addition of surfactants and other small molecules, and
others—it would be interesting to explore the impact of some of these variables on gel digestion
and release. For example, changes in TAG composition have been shown to have an impact on
both rate of lipolysis and extent of bioactive transfer, and could therefore impact the
functionality of the oleogel. In addition, modifications to the in-vitro procedure used in the
current experiments could be made, including using a higher pancreatic lipase activity and
incorporating more realistic mechanical processing conditions in the model. Gel formulations
could also be tested using another more dynamic in-vitro digestion model, to further understand
the mechanism of gel digestion. In particular, the breakdown and bioactive release from the gels
under acidic gastric conditions should be examined, in order to better qualify the protection
offered by the matrix at low pH.
In terms of EC oleogels for delivery applications, there are many avenues which deserve
further investigation. For example, the encapsulation and release of different hydrophobic
molecules could be tested. It would be interesting to look at the impact of concentration and
chemical compositions of these molecules on gel physicochemical properties and release
profiles. Also, oleogels could be made into capsule form for in-vitro testing.
In conclusion, the in-vitro digestion and release of EC oleogels were found to differ
depending on gel composition and mechanical strength. This quality, along with the possibility
to manipulate gel physicochemical properties with composition make EC oleogels a promising
material for lipophilic molecule delivery and could have added physiological significance. EC
oleogels are therefore an exciting material to study, meriting further investigation under in-vitro
and in-vivo conditions.

84

6.0 References
Aiache JM, Gauthier P, Aiache S. 1992. New gelification method for vegetable oils I:
cosmetic application. Int. J. Cosmet. Sci. 14:228–234.
Almdal K, Dyre J, Hvidt S, Kramer O. 1993. Towards a phenomenological definition of
the term “gel.” Polym. Gels Networks 1:5–17.
Andersson PO, Gillbro T, Ferguson L, Cogdell RJ. 1991. Absorption spectral shifts of
carotenoids related to medium polarizability. Photochem. Photobiol. 54:353–360.
Armand M, Borel P, Dubois C, Senft M, Peyrot J, Salducci J, Lafont H, Lairon D. 1994.
Characterization of emulsions and lipolysis of dietary lipids in the human stomach. Am. J.
Physiol. 266:G372–G381.
Armand M, Borel P, Pasquier B, Dubois C, Senft M, André M, Peyrot J, Salducci J,
Lairon D. 1996. Physicochemical characteristics of emulsions during fat digestion in human
stomach and duodenum. Am. J. Physiol. 271:G172–G183.
Armand M, Pasquier B, André M, Borel P, Senft M, Peyrot J, Salducci J, Portugal H,
Jaussan V, Lairon D. 1999. Digestion and absorption of 2 fat emulsions with different droplet
sizes in the human digestive tract. Am. J. Clin. Nutr. 70:1096–1106.
Bauer E, Jakob S, Mosenthin R. 2005. Principles of physiology of lipid digestion. AsianAustralasian J. Anim. Sci. 18:282–295.
Bier DM. 2015. Saturated Fats and Cardiovascular Disease: Interpretations Not as Simple
as They Once Were. Crit. Rev. Food Sci. Nutr.:00–00.
Blake AI, Co ED, Marangoni AG. 2014. Structure and physical properties of plant wax
crystal networks and their relationship to oil binding capacity. J. Am. Oil Chem. Soc. 91:885–
903.
Blake AI, Marangoni AG. 2015a. Plant wax crystals display platelet-like morphology.
Food Struct. 3:30–34.
Blake AI, Marangoni AG. 2015b. The use of cooling rate to engineer the microstructure
and oil binding capacity of wax crystal networks. Food Biophys. 10:456–465.
Blake AI, Marangoni AG. 2015c. The Effect of Shear on the Microstructure and Oil
Binding Capacity of Wax Crystal Networks. Food Biophys. 10:403–415.
Bonnaire L, Sandra S, Helgason T, Decker EA, Weiss J, McClements DJ. 2008.
Influence of lipid physical state on the in vitro digestibility of emulsified lipids. J. Agric. Food
Chem. 56:3791–3797.
Borgström B. 1975. On the interactions between pancreatic lipase and colipase and the
substrate, and the importance of bile salts. J. Lipid Res. 16:411–417.
Borgström B, Erlanson C. 1973. Pancreatic lipase and co-lipase, interactions and effects
of bile salts and other detergents. Eur. J. Biochem. 37:60–68.
Bot A, Agterof WGM. 2006. Structuring of edible oils by mixtures of γ-oryzan with betasitosterol or related phytosterols. J. Am. Oil Chem. Soc. 83:513–521.
85

Bot A, Veldhuizen YSJ, den Adel R, Roijers EC. 2009. Non-TAG structuring of edible
oils and emulsions. Food Hydrocoll. 23:1184–1189.
Calligaris S, Valoppi F, Barba L, Anese M, Nicoli MC. 2014. Mutual effect of fat and
beta-carotene on fat crystal network structure and carotenoid bleaching. Food Res. Int. 66:257–
263.
Carey M, Small D, Bliss C. 1983. Lipid Digestion and Absorption. Annu. Rev. Physiol.
45:651–677.
Chamlin SL, Kao J, Frieden IJ, Sheu MY, Fowler AJ, Fluhr JW, Williams ML, Elias PM.
2002. Ceramide-dominant barrier repair lipids alleviate childhood atopic dermatitis: Changes in
barrier function provide a sensitive indicator of disease activity. J. Am. Acad. Dermatol. 47:198–
208.
Chen C-H, Terentjev EM. 2011. Monoglycerides in Oils. In: Marangoni AG, Garti N,
editors. Edible Oleogels, structure and health implications. Urbana, IL: AOCS Press. p. 173–203.
Choe E, Min DB. 2006. Comprehensive Reviews in Food Science and Food Safety
Mechanisms and Factors for Edible Oil Oxidation. Compr. Rev. Food Sci. Food Saf. 5:169–186.
Van Citters GW, Lin HC. 1999. The ileal brake: a fifteen-year progress report. Curr.
Gastroenterol. Rep. 1:404–409.
Co E, Marangoni AG. 2012. Organogels: And Alternative Edible Oil-Structuring
Method. J. Am. Oil Chem. Soc. 89:749–780.
Co ED, Marangoni AG. 2013. The formation of a 12-hydroxystearic acid/vegetable oil
organogel under shear and thermal fields. JAOCS, J. Am. Oil Chem. Soc. 90:529–544.
Cornacchia L, Roos YH. 2011. State of dispersed lipid carrier and interface composition
as determinants of β-carotene stability in oil-in-water emulsions. J. Food Sci. 76:C1211–8.
Craft NE, Soares JH. 1992. Relative Solubility , Stability , and Absorptivity of Lutein and
beta-Carotene in Organic Solvents. J. Agric Food Chemi:431–434.
Dahan A, Hoffman A. 2007. The effect of different lipid based formulations on the oral
absorption of lipophilic drugs: The ability of in vitro lipolysis and consecutive ex vivo intestinal
permeability data to predict in vivo bioavailability in rats. Eur. J. Pharm. Biopharm. 67:96–105.
Dahan A, Hoffman A. 2008. Rationalizing the selection of oral lipid based drug delivery
systems by an in vitro dynamic lipolysis model for improved oral bioavailability of poorly water
soluble drugs. J. Control. Release 129:1–10.
Daniel J, Rajasekharan R. 2003. Organogelation of plant oils and hydrocarbons by longchain saturated FA, fatty alcohols, wax esters, and dicarboxylic acids. J. Am. Oil Chem. Soc.
80:417–421.
Dassanayake LSK, Kodali DR, Ueno S, Sato K. 2009. Physical properties of rice bran
wax in bulk and organogels. JAOCS, J. Am. Oil Chem. Soc. 86:1163–1173.
Davidovich-Pinhas M. 2015. Oleogels: a promising tool for delivery of hydrophobic
bioactive molecules. Ther. Deliv. 6:1239–1241.
Davidovich-Pinhas M, Barbut S, Marangoni AG. 2014. Physical structure and thermal
behavior of ethylcellulose. Cellulose 21:3243–3255.
86

Davidovich-Pinhas M, Barbut S, Marangoni AG. 2015a. The gelation of oil using ethyl
cellulose. Carbohydr. Polym. 117:869–878.
Davidovich-Pinhas M, Barbut S, Marangoni AG. 2015b. The role of surfactants on
ethylcellulose oleogel structure and mechanical properties. Carbohydr. Polym. 127:355–362.
Davidovich-Pinhas M, Barbut S, Marangoni AG. 2016. Development, Characterization,
and Utilization of Food-Grade Polymer Oleogels. Annu. Rev. Food Sci. Technol. 7:4.1–4.27.
Davidovich-Pinhas M, Gravelle AJ, Barbut S, Marangoni AG. 2015. Temperature effects
on the gelation of ethylcellulose oleogels. Food Hydrocoll. 46:76–83.
Dey T, Kim D, Marangoni AG. 2011. Ethylcellulose Oleogels. In: Marangoni AG, Garti
N, editors. Edible Oleogels, structure and health implications. Urbana, IL: AOCS Press. p. 295–
311.
Dow. 2005. Ethocel, ethylcellulose polymers technical handbook.
Duffy N, Blonk HCG, Beindorff CM, Cazade M, Bot A, Duchateau GSMJE. 2009.
Organogel-Based Emulsion Systems, Micro-Structural Features and Impact on In Vitro
Digestion. J. Am. Oil Chem. Soc. 86:733–741.
El-Tinay AH, Chichester CO. 1970. Oxidation of beta-carotene. Site of initial attack. J.
Org. Chem. 35:2290–3.
Erdman JW, Bierer TL, Gugger ET. 1993. Absorption and Transport of Carotenoids.
Ann. N. Y. Acad. Sci. 691:76–85.
Fatouros DG, Mullertz A. 2008. In vitro lipid digestion models in design of drug delivery
systems for enhancing oral bioavailability. Expert Opin. Drug Metab. Toxicol. 4:65–76.
Faulks RM, Southon S. 2005. Challenges to understanding and measuring carotenoid
bioavailability. Biochim. Biophys. Acta 1740:95–100.
Flory PJ. 1953. Principles of Polymer Chemistry. Ithaca: Cornell University Press.
Food and Drug Administration. 2015. Final Determination Regarding Partially
Hydrogenated Oils.
Furr HC, Clark RM. 1997. Intestinal absorption and tissue distribution of carotenoids. J.
Nutr. Biochem. 8:364–377.
Gandolfo FG, Bot A, Flöter E. 2004. Structuring of edible oils by long-chain FA, fatty
alcohols, and their mixtures. J. Am. Oil Chem. Soc. 81:1–6.
Gao J, Wu S, Rogers MA. 2012. Harnessing Hansen solubility parameters to predict
organogel formation. J. Mater. Chem. 22:12651.
German JB, Dillard CJ. 2004. Saturated fats: what dietary intake? Am. J. Clin. Nutr.
80:550–9.
Gravelle AJ, Barbut S, Marangoni AG. 2012. Ethylcellulose oleogels: Manufacturing
considerations and effects of oil oxidation. Food Res. Int. 48:578–583.
Gravelle AJ, Barbut S, Marangoni AG. 2013. Fractionation of ethylcellulose oleogels
during setting. Food Funct. 4:153–61.
87

Gravelle AJ, Barbut S, Quinton M, Marangoni AG. 2014. Towards the development of a
predictive model of the formulation-dependent mechanical behaviour of edible oil-based
ethylcellulose oleogels. J. Food Eng. 143:114–122.
Gravelle AJ, Davidovich-Pinhas M, Zetzl AK, Barbut S, Marangoni AG. 2016. Influence
of solvent quality on the mechanical strength of ethylcellulose oleogels. Carbohydr. Polym.
135:169–179.
Greenberger NJ, Rodgers JB, Isselbacher KJ. 1966. Absorption of medium and long
chain triglycerides: factors influencing their hydrolysis and transport. J. Clin. Invest. 45:217–27.
Guerra A, Etienne-Mesmin L, Livrelli V, Denis S, Blanquet-Diot S, Alric M. 2012.
Relevance and challenges in modeling human gastric and small intestinal digestion. Trends
Biotechnol. 30:591–600.
Guo Q, Ye A, Lad M, Dalgleish D, Singh H. 2013. The breakdown properties of heat-set
whey protein emulsion gels in the human mouth. Food Hydrocoll. 33:215–224.
Guo Q, Ye A, Lad M, Dalgleish D, Singh H. 2014. Effect of gel structure on the gastric
digestion of whey protein emulsion gels. Soft Matter 10:4173–4183.
Hansen CM. 2007. Hansen solubility parameters: a user’s handbook. Second. Boca
Raton, FL: CRC Press.
Hedrén E, Diaz V, Svanberg U. 2002. Estimation of carotenoid accessibility from carrots
determined by an in vitro digestion method. Eur. J. Clin. Nutr. 56:425–430.
Helgason T, Awad TS, Kristbergsson K, Decker EA, Mcclements DJ, Weiss J. 2009.
Impact of surfactant properties on oxidative stability of beta-carotene encapsulated within solid
lipid nanoparticles. J. Agric. Food Chem. 57:8033–8040.
Hentschel A, Gramdorf S, Müller RH, Kurz T. 2008. β-Carotene-loaded nanostructured
lipid carriers. J. Food Sci. 73:1–6.
Hoare TR, Kohane DS. 2008. Hydrogels in drug delivery: Progress and challenges.
Polymer (Guildf). 49:1993–2007.
Hu FB, Manson JE, Willett WC. 2001. Types of Dietary Fat and Risk of Coronary Heart
Disease: A Critical Review. J. Am. Coll. Nutr. 20:5–19.
Huang H. 2015. Developing Saturated Fat-reduced Processed Cheese Products. Ohio
State University.
Hughes NE, Marangoni AG, Wright AJ, Rogers MA, Rush JW. 2009. Potential food
applications of edible oil organogels. Trends Food Sci. Technol. 20:470–480.
Hughes NE, Rush JW, Marangoni AG. 2011. Clinical study on 12-hydroxystearic acid
organogel ingestion. In: Edible Oleogels, structure and health implications. p. 313–330.
Humberstone AJ, Charman WN. 1997. Lipid-based vehicles for the oral delivery of
poorly water soluble drugs. Adv. Drug Deliv. Rev. 25:103–128.
Huo T, Ferruzzi MG, Schwartz SJ, Failla ML. 2007. Impact of fatty acyl composition and
quantity of triglycerides on bioaccessibility of dietary carotenoids. J. Agric. Food Chem.
55:8950–8957.
88

Hur SJ, Lim BO, Decker EA, McClements DJ. 2011. In vitro human digestion models for
food applications. Food Chem. 125:1–12.
Huri MFD, Ng S, Zulfakar MH. 2013. Fish Oil-Based Oleogels: Physiochemicals
Characterisation and In Vitro Release of Betamethasone Dipropionate. Int. J. Pharm. Pharm. Sci.
5:458–467.
Huynh S. 2014. The Effect of Tripalmitin Crystallinity on Emulsion Lipid In Vitro
Digestion.
Hwang H-S, Kim S, Evans KO, Koga C, Lee Y. 2015. Morphology and networks of
sunflower wax crystals in soybean oil organogel. Food Struct. 5:10–20.
Iwanaga K, Sumizawa T, Miyazaki M, Kakemi M. 2010. Characterization of organogel
as a novel oral controlled release formulation for lipophilic compounds. Int. J. Pharm. 388:123–
128.
Kalantzi L, Goumas K, Kalioras V, Abrahamsson B, Dressman JB, Reppas C. 2006.
Characterization of the human upper gastrointestinal contents under conditions simulating
bioavailability/bioequivalence studies. Pharm. Res. 23:165–176.
Katan MB, Grundy SM, Jones P, Law M, Miettinen T, Paoletti R. 2003. Efficacy and
safety of plant stanols and sterols in the management of blood cholesterol levels. Mayo Clin.
Proc. 78:965–78.
Kesselman E, Shimoni E. 2007. Imaging of oil/monoglyceride networks by polarizing
near-field scanning optical microscopy. Food Biophys. 2:117–123.
Khachik F, Carvalho L, Bernstein PS, Muir GJ, Zhao D-Y, Katz NB. 2002. Chemistry,
distribution, and metabolism of tomato carotenoids and their impact on human health. Exp. Biol.
Med. 227:845–851.
Koch W. 1937. Properties and Uses of Ethycellulose. Ind. Enginnering Chem. 29:687–
690.
Kong F, Singh RP. 2010. A Human Gastric Simulator (HGS) to Study Food Digestion in
Human Stomach. J. Food Sci. 75.
Kritchevsky D, Story JONA. 1974. Binding of Bile Salts in vitro by Nonnutritive Fiber.
J. Nutr. 104:458–462.
Kwong MGY, Wolever TMS, Brummer Y, Tosh SM. 2013. Attenuation of glycemic
responses by oat β-glucan solutions and viscoelastic gels is dependent on molecular weight
distribution. Food Funct. 4:401–408.
Liang R, Huang Q, Ma J, Shoemaker CF, Zhong F. 2013. Effect of relative humidity on
the store stability of spray-dried beta-carotene nanoemulsions. Food Hydrocoll. 33:225–233.
Linthorst JM, Bennett Clark S, Holt PR. 1977. Triglyceride emulsification by amphipaths
present in the intestinal lumen during digestion of fat. J. Colloid Interface Sci. 60:1–10.
Liu X, Bi J, Xiao H, McClements DJ. 2015. Increasing Carotenoid Bioaccessibility from
Yellow Peppers Using Excipient Emulsions: Impact of Lipid Type and Thermal Processing. J.
Agric. Food Chem. 63:8534–8543.
Lupi FR, Gabriele D, Baldino N, Mijovic P, Parisi OI, Puoci F. 2013. Olive
89

oil/policosanol organogels for nutraceutical and drug delivery purposes. Food Funct. 4:1512–
1520.
Mäki R, Suihko E, Korhonen O, Pitkänen H, Niemi R, Lehtonen M, Ketolainen J. 2006.
Controlled release of saccharides from matrix tablets. Eur. J. Pharm. Biopharm. 62:163–170.
Maljaars PWJ, Peters HPF, Mela DJ, Masclee AAM. 2008. Ileal brake: A sensible food
target for appetite control. A review. Physiol. Behav. 95:271–281.
Marangoni AG, Acevedo N, Maleky F, Co E, Peyronel F, Mazzanti G, Quinn B, Pink D.
2012. Structure and functionality of edible fats. Soft Matter 8:1275.
Marangoni AG, Garti N, editors. 2011. Edible Oleogels: Structure and Health
Implications. Urbana, IL: AOCS Press.
Marangoni AG, Idziak SHJ, Rush JW. 2008. Controlled release of food lipids using
monoglyceride gel phases regulates lipid and insulin metabolism in humans. Food Biophys.
3:241–245.
Marangoni AG, Idziak SHJ, Vega C, Batte H, Ollivon M, Jantzi PS, Rush JW. 2007.
Encapsulation-stucturing of edible oil attenuates acute elevation of blood lipids and insulin in
humans. Soft Matter 3:183.
Marze S. 2013. Bioaccessibility of Nutrients and Micronutrients from Dispersed Food
Systems: Impact of the Multiscale Bulk and Interfacial Structures. Crit. Rev. Food Sci. Nutr.
53:76–108.
Mateo Anson N, Aura A-M, Selinheimo E, Mattila I, Poutanen K, van den Berg R,
Havenaar R, Bast A, Haenen GRMM. 2011. Bioprocessing of wheat bran in whole wheat bread
increases the bioavailability of phenolic acids in men and exerts antiinflammatory effects ex
vivo. J. Nutr. 141:137–143.
McClements DJ, Decker EA, Park Y. 2008. Controlling Lipid Bioavailability through
Physicochemical and Structural Approaches. Crit. Rev. Food Sci. Nutr. 49:48–67.
McClements DJ, Decker EA, Park Y, Weiss J. 2008. Designing Food Structure to Control
Stability, Digestion, Release and Absorption of Lipophilic Food Components. Food Biophys.
3:219–228.
McClements DJ, Decker EA, Park Y, Weiss J. 2009. Structural Design Principles for
Delivery of Bioactive Components in Nutraceuticals and Functional Foods. Crit. Rev. Food Sci.
Nutr. 49:577–606.
McClements DJ, Li Y. 2010. Structured emulsion-based delivery systems: Controlling
the digestion and release of lipophilic food components. Adv. Colloid Interface Sci. 159:213–
228.
Mei J, Lindqvist A, Krabisch L, Rehfeld JF, Erlanson-Albertsson C. 2006. Appetite
suppression through delayed fat digestion. Physiol. Behav. 89:563–568.
Mensink RP, Zock PL, Kester ADM, Katan MB. 2003. Effects of dietary fatty acids and
carbohydrates on the ratio of serum total to HDL cholesterol and on serum lipids and
apolipoproteins: a meta-analysis of 60 controlled trials. Am. J. Clin. Nutr. 77:1146–55.
Michalski MC, Genot C, Gayet C, Lopez C, Fine F, Joffre F, Vendeuvre JL, Bouvier J,
90

Chardigny JM, Raynal-Ljutovac K. 2013. Multiscale structures of lipids in foods as parameters
affecting fatty acid bioavailability and lipid metabolism. Prog. Lipid Res. 52:354–373.
Minekus M, Alminger M, Alvito P, Ballance S, Bohn T, Bourlieu C, Carrière F, Boutrou
R, Corredig M, Dupont D, et al. 2014. A standardised static in vitro digestion method suitable for
food - an international consensus. Food Funct. 5:1113–1124.
Motulsky A, Lafleur M, Couffin-Hoarau AC, Hoarau D, Boury F, Benoit JP, Leroux JC.
2005. Characterization and biocompatibility of organogels based on L-alanine for parenteral drug
delivery implants. Biomaterials 26:6242–6253.
Mu H, Høy CE. 2004. The digestion of dietary triacylglycerols. Prog. Lipid Res. 43:105–
133.
Müller RH, Mäder K, Gohla S. 2000. Solid lipid nanoparticles (SLN) for controlled drug
delivery - A review of the state of the art. Eur. J. Pharm. Biopharm. 50:161–177.
Mun S, Decker EA, McClements DJ. 2007. Influence of emulsifier type on in vitro
digestibility of lipid droplets by pancreatic lipase. Food Res. Int. 40:770–781.
Mun S, Decker EA, Park Y, Weiss J, McClements DJ. 2006. Influence of interfacial
composition on in vitro digestibility of emulsified lipids: Potential mechanism for chitosan’s
ability to inhibit fat digestion. Food Biophys. 1:21–29.
Murdan S. 2005. Organogels in drug delivery. Expert Opin. Drug Deliv. 2:489–505.
Murdan S, Andrýsek T, Son D. 2005. Novel gels and their dispersions--oral drug delivery
systems for ciclosporin. Int. J. Pharm. 300:113–124.
Murdan S, Gregoriadis G, Florence AT. 1999. Novel sorbitan monostearate organogels.
J. Pharm. Sci. 88:608–614.
Nik AM, Corredig M, Wright AJ. 2010. Changes in WPI-Stabilized Emulsion Interfacial
Properties in Relation to Lipolysis and ß-Carotene Transfer During Exposure to Simulated
Gastric–Duodenal Fluids of Variable Composition. Food Dig. 1:14–27. [accessed 2015 Jan 5].
http://link.springer.com/10.1007/s13228-010-0002-1
Nik AM, Corredig M, Wright AJ. 2011. Release of lipophilic molecules during in vitro
digestion of soy protein-stabilized emulsions. Mol. Nutr. Food Res. 55:278–289.
Nik AM, Langmaid S, Wright AJ. 2012. Digestibility and β-carotene release from lipid
nanodispersions depend on dispersed phase crystallinity and interfacial properties. Food Funct.
3:234–245.
Norton JE, Gonzalez Espinosa Y, Watson RL, Spyropoulos F, Norton IT. 2015.
Functional food microstructures for macronutrient release and delivery. Food Funct. 6:663–678.
Oehlke K, Adamiuk M, Behsnilian D, Gräf V, Mayer-Miebach E, Walz E, Greiner R.
2014. Potential bioavailability enhancement of bioactive compounds using food-grade
engineered nanomaterials: a review of the existing evidence. Food Funct. 5:1341–1359.
Ogretmen B, Hannun Y a. 2004. Biologically active sphingolipids in cancer pathogenesis
and treatment. Nat. Rev. Cancer 4:604–616.
Ojijo NKO, Kesselman E, Shuster V, Eichler S, Eger S, Neeman I, Shimoni E. 2004.
Changes in microstructural, thermal, and rheological properties of olive oil/monoglyceride
91

networks during storage. Food Res. Int. 37:385–393.
Ojijo NKO, Neeman I, Eger S, Shimoni E. 2004. Effects of monoglyceride content,
cooling rate and shear on the rheological properties of olive oil/monoglyceride gel networks. J.
Sci. Food Agric. 84:1585–1593.
Okuda S, McClements DJ, Decker EA. 2005. Impact of lipid physical state on the
oxidation of methyl linolenate in oil-in-water emulsions. J. Agric. Food Chem. 53:9624–9628.
Parker RS. 1996. Absorption, metabolism, and transport of carotenoids. Faseb J 10:542–
551.
Parodi PW. 2015. Dietary guidelines for saturated fatty acids are not supported by the
evidence. Int. Dairy J. 52:115–123.
Patel AR, Cludts N, Sintang MD Bin, Lesaffer A, Dewettinck K. 2014. Edible oleogels
based on water soluble food polymers: preparation, characterization and potential application.
Food Funct. 5:2833–2841.
Patel AR, Dewettinck K. 2015. Edible oil structuring: an overview and recent updates.
Food Funct. 7:20–29.
Patel AR, Rajarethinem P, Grędowska A, Turhan O, Lesaffer A, De Vos WH, Van de
Walle D, Dewettinck K. 2014. Edible Applications of Shellac Oleogels : Spreads, Chocolate
Paste and Cakes. Food Funct. 5:645–652.
Patel AR, Schatteman D, Lesaffer A, Dewettinck K. 2013. A foam-templated approach
for fabricating organogels using a water-soluble polymer. RSC Adv. 3:22900–22903.
Pernetti M, van Malssen KF, Flöter E, Bot A. 2007. Structuring of edible oils by
alternatives to crystalline fat. Curr. Opin. Colloid Interface Sci. 12:221–231.
Peyronel F, Marangoni AG. 2014. In search of confectionary fat blends stable to heat:
Hydrogenated palm kernel oil stearin with sorbitan monostearate. Food Res. Int. 55:93–102.
Porter CJH, Kaukonen AM, Taillardat-Bertschinger A, Boyd BJ, O’Connor JM, Edwards
G a., Charman WN. 2004. Use of in Vitro Lipid Digestion Data to Explain the in Vivo
Performance of Triglyceride-Based Oral Lipid Formulations of Poorly Water-Soluble Drugs:
Studies with Halofantrine. J. Pharm. Sci. 93:1110–1121.
Porter CJH, Trevaskis NL, Charman WN. 2007. Lipids and lipid-based formulations:
optimizing the oral delivery of lipophilic drugs. Nat. Rev. Discov. 6:231–248.
Qiu Y, Park K. 2012. Environment-sensitive hydrogels for drug delivery. Adv. Drug
Deliv. Rev. 64:49–60.
Rao A, Rao L. 2007. Carotenoids and human health. Pharmacol. Res. 55:207–216.
Realdon N, Zotto MD, Ragazzi E, Fini GD. 1996. Drug Release from Lipogels
According to Gelling Conditions and Mechanical Treatmente. Drug Dev. Ind. Pharm. 22:125–
134.
Rein MJ, Renouf M, Cruz-Hernandez C, Actis-Goretta L, Thakkar SK, da Silva Pinto M.
2013. Bioavailability of bioactive food compounds: a challenging journey to bioefficacy. Br. J.
Clin. Pharmacol. 75:588–602.
92

Ritter H, van de Sande RL, Muller V. 2005. U.S. Patent No. 6,846,507. :1–7.
Rogers MA. 2009. Novel structuring strategies for unsaturated fats – Meeting the zerotrans, zero-saturated fat challenge: A review. Food Res. Int. 42:747–753.
Rogers MA, Marangoni AG. 2008. Non-isothermal nucleation and crystallization of 12hydroxystearic acid in vegetable oils. Cryst. Growth Des. 8:4596–4601.
Rogers MA, Strober T, Bot A, Toro-Vazquez JF, Stortz TA, Marangoni AG. 2014.
Edible oleogels in molecular gastronomy. Int. J. Gastron. Food Sci. 2:22–31.
Rogers MA, Wright AJ, Marangoni AG. 2008. Engineering the oil binding capacity and
crystallinity of self-assembled fibrillar networks of 12-hydroxystearic acid in edible oils. Soft
Matter 4:1147–1150.
Rogers MA, Wright AJ, Marangoni AG. 2009. Oil organogels: the fat of the future? Soft
Matter 5:1594.
Rogers MA, Wright AJ, Marangoni AG. 2011. Ceramide Oleogels. In: Marangoni AG,
Garti N, editors. Edible Oleogels, structure and health implications. Urbana, IL: AOCS Press. p.
221–234.
Rush JWE, Jantzi PS, Dupak K, Idziak SHJ, Marangoni AG. 2008. Effect of food
preparation on the structure and metabolic responses to a monostearin-oil-water gel-based
spread. Food Res. Int. 41:1065–1071.
Ruxton CHS, Reed SC, Simpson JA, Millington KJ. 2007. The health benefits of omega3 polyunsaturated fatty acids: A review of the evidence. J. Hum. Nutr. Diet. 20:275–285.
Sagiri SS, Behera B, Rafanan RR, Bhattacharya C, Pal K, Banerjee I, Rousseau D. 2014.
Organogels as Matrices for Controlled Drug Delivery: A Review on the Current State. Soft
Mater. 12:47–72.
Sahoo S, Kumar N, Bhattacharya C, Sagiri SS, Jain K, Pal K, Ray SS, Nayak B. 2011.
Organogels: Properties and Applications in Drug Delivery. Des. Monomers Polym. 14:95–108.
Schaink HM, van Malssen KF, Morgado-Alves S, Kalnin D, van der Linden E. 2007.
Crystal network for edible oil organogels: Possibilities and limitations of the fatty acid and fatty
alcohol systems. Food Res. Int. 40:1185–1193.
Silverman JR, John G. 2015. Biobased Fat Mimicking Molecular Structuring Agents for
Medium-Chain Triglycerides (MCTs) and Other Edible Oils. J. Agric. Food Chem. 63:10536–
10542.
Singh VK, Pal K, Pradhan DK, Pramanik K. 2013. Castor oil and sorbitan monopalmitate
based organogel as a probable matrix for controlled drug delivery. J. Appl. Polym. Sci.
130:1503–1515.
Souliman S, Blanquet S, Beyssac E, Cardot J-M. 2006. A level A in vitro/in vivo
correlation in fasted and fed states using different methods: applied to solid immediate release
oral dosage form. Eur. J. Pharm. Sci. 27:72–79.
Stockwell AF, Davis SS. 1986. In vitro evaluation of alginate gel systems as sustained
release drug delivery systems. J. Control. Release 3:167–175.
Stortz TA, Marangoni AG. 2014. The replacement for petrolatum: thixotropic
93

ethylcellulose oleogels in triglyceride oils. Green Chem. 16:3064–3070.
Stortz TA, Zetzl AK, Barbut S, Cattaruzza A, Marangoni AG. 2012. Edible oleogels in
food products to help maximize health benefits and improve nutritional profiles. Lipid Technol.
24:151–154.
Suzuki M, Hanabusa K. 2010. Polymer organogelators that make supramolecular
organogels through physical cross-linking and self-assembly. Chem. Soc. Rev. 39:455–463.
Tanti R. 2015. Hydroxypropyl-methylcellulose and Methylcellulose Structured Oils as an
Alternative Low Saturated Fat Stabilizer and Shortening Replacement for Food Applications. :1–
98.
Terech P, Weiss RG. 1997. Low Molecular Mass Gelators of Organic Liquids and the
Properties of Their Gels. Chem. Rev. 97:3133–3160.
Ting Y, Jiang Y, Ho CT, Huang Q. 2014. Common delivery systems for enhancing in
vivo bioavailability and biological efficacy of nutraceuticals. J. Funct. Foods 7:112–128.
Tiwari SB, Murthy TK, Pai MR, Mehta PR, Chowdary PB. 2003. Controlled release
formulation of tramadol hydrochloride using hydrophilic and hydrophobic matrix system. AAPS
PharmSciTech 4:1–6.
Torcello-Gómez A, Foster TJ. 2014. Interactions between cellulose ethers and a bile salt
in the control of lipid digestion of lipid-based systems. Carbohydr. Polym. 113:53–61.
Toro-Vazquez JF, Morales-Rueda JA, Dibildox-Alvarado E, Charo-Alonso M, AlonzoMacias M, Gonzalez-Chavez MM. 2007. Thermal and textural properties of organogels
developed by candelilla wax in safflower oil. J. Am. Oil Chem. Soc. 84:989–1000.
Turner S, Federici C, Hite M, Fassihi R. 2004. Formulation development and human in
vitro-in vivo correlation for a novel, monolithic controlled-release matrix system of high load
and highly water-soluble drug niacin. Drug Dev. Ind. Pharm. 30:797–807.
U.S. Department of Health and Human Services and U.S. Department of Agriculture.
2015. 2015 – 2020 Dietary Guidelines for Americans, 8th Edition.
Uauy R, Aro A, Clarke R, L’Abbé MR, Mozaffarian D, Skeaff CM, Stender S, Tavella
M. 2009. WHO TFA Scientific Update on trans fatty acids: summary and conclusions. Eur. J.
Clin. Nutr. 63:S68–S75.
Unlu NZ, Bohn T, Clinton SK, Schwartz SJ. 2005. Carotenoid absorption from salad and
salsa by humans is enhanced by the addition of avocado or avocado oil. J. Nutr. 135:431–436.
Varady KA, Wang Y, Jones PJH. 2003. Role of policosanols in the prevention and
treatment of cardiovascular disease. Nutr. Rev. 61:376–383.
Versantvoort CHM, Oomen AG, Van de Kamp E, Rompelberg CJM, Sips AJAM. 2005.
Applicability of an in vitro digestion model in assessing the bioaccessibility of mycotoxins from
food. Food Chem. Toxicol. 43:31–40.
Vintiloiu A, Leroux J-C. 2008. Organogels and their use in drug delivery — A review. J.
Control. Release 125:179–192.
Wang FC, Gravelle AJ, Blake AI, Marangoni AG. 2016. Novel trans fat replacement
strategies. Curr. Opin. Food Sci. 7:27–34.
94

Wright A, Pinto C, Tulk H, McCluskey J, Goldstein A, Huschka B, Marangoni AG,
Seetharaman K. 2014. Monoacylglycerol gel offers improved lipid profiles in high and low
moisture baked products but does not influence postprandial lipid and glucose responses. Food
Funct. 5:882–893.
Wright AJ, Marangoni AG. 2006. Formation, structure, and rheological properties of
ricinelaidic acid-vegetable oil organogels. J. Am. Oil Chem. Soc. 83:497–503.
Wright AJ, Marangoni AG. 2007. Time, temperature, and concentration dependence of
ricinelaidic acid-canola oil organogelation. J. Am. Oil Chem. Soc. 84:3–9.
Wright AJ, Pietrangelo C, MacNaughton A. 2008. Influence of simulated upper intestinal
parameters on the efficiency of beta carotene micellarisation using an in vitro model of digestion.
Food Chem. 107:1253–1260.
Xu Z, Fitz E, Riediger N, Moghadasian MH. 2007. Dietary octacosanol reduces plasma
triacylglycerol levels but not atherogenesis in apolipoprotein E-knockout mice. Nutr. Res.
27:212–217.
Xuechen X. 2014. Improve bioaccessibility of quercetin using pseudo-organogel based
nanoemulsions.
Yi J, Li Y, Zhong F, Yokoyama W. 2014. The physicochemical stability and invitro
bioaccessibility of beta-carotene in oil-in-water sodium caseinate emulsions. Food Hydrocoll.
35:19–27.
Yilmaz E, Öğütcü M. 2015. Oleogels as spreadable fat and butter alternatives: sensory
description and consumer perception. RSC Adv. 5:50259–50267.
Yu H, Huang Q. 2010. Enhanced in vitro anti-cancer activity of curcumin encapsulated in
hydrophobically modified starch. Food Chem. 119:669–674.
Yu H, Li J, Shi K, Huang Q. 2011. Structure of modified ε-polylysine micelles and their
application in improving cellular antioxidant activity of curcuminoids. Food Funct. 2:373–380.
Yu H, Shi K, Liu D, Huang Q. 2012. Development of a food-grade organogel with high
bioaccessibility and loading of curcuminoids. Food Chem. 131:48–54.
Zetzl AK, Gravelle AJ, Kurylowicz M, Dutcher J, Barbut S, Marangoni AG. 2014.
Microstructure of ethylcellulose oleogels and its relationship to mechanical properties. Food
Struct. 2:27–40.
Zetzl AK, Marangoni AG. 2012. Structured oils and fats (organogels) as food ingredient
and nutraceutical delivery systems. In: Encapsulation technologies and delivery systems for food
ingredients and nutraceuticals. p. 392–411.
Zetzl AK, Marangoni AG, Barbut S. 2012. Mechanical properties of ethylcellulose
oleogels and their potential for saturated fat reduction in frankfurters. Food Funct. 3:327–337.
Zhang L, Hellgren LI, Xu X. 2006. Enzymatic production of ceramide from
sphingomyelin. J. Biotechnol. 123:93–105.
Zulim Botega DC, Marangoni AG, Smith AK, Goff HD. 2013. Development of
formulations and processes to incorporate wax oleogels in ice cream. J. Food Sci. 78:1845–1851.

95

