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ABSTRACT 

DIGESTATE COLLOIDAL PROPERTIES IMPACTED BY EMULSION CRYSTALLINITY 

ALTER STATIC AND DYNAMIC IN VITRO DIGESTIBILITY 

 

Ye Ling Li 

University of Guelph, 2021

Advisor: 

Dr. Amanda J. Wright 

 

The static and dynamic in vitro digestibility of similarly sized palm stearin (PS) and palm 

olein o/w emulsions stabilized with Span 60 was explored. PS emulsions were 

tempered to contain different levels of crystallinity (PS, PS-SE-25 °C and PS-LE) and 

compared with a completely liquid PO emulsion. Static in vitro digestion experiments 

used particle size distribution (PSD) analysis as an investigational tool to explore the 

reasons for lipolysis differences. Emulsion digestibility and bioaccessibility were also 

compared between the static and dynamic TIM-1 models, respectively. The results 

indicate that colloidal property differences in the gastric environment, impacted by 

triacylglycerol (TAG) crystallinity, altered lipid digestion. Increasing level of crystallinity 

attenuated early lipolysis among the PS samples, although ultimate lipolysis did not 

differ and the liquid control PO did not exhibit the highest degree of lipolysis as 

expected. The work has relevance to postprandial lipemia as lipid digestion can 

modulate lipemic response.   
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1 Chapter 1 Introduction 

The health effects of saturated fats are a matter of current interest which has important 

implications for the food industry, given they contribute desirable attributes in many 

foods. For several decades, studies have demonstrated linkages between the 

consumption of saturated fatty acids (SFA) and cardiovascular disease (CVD) risk 

(Khosla & Khosla, 2017). However, the relationship between SFA and CVD is often 

oversimplified as not all SFA should be viewed as equally detrimental to health (Khosla 

& Khosla, 2017; Willett, 2012). For instance, the health effects of SFA may be mediated 

by chain length such that palmitic and stearic acids raise the “bad” low-density 

lipoproteins (LDL) to a lesser degree compared to myristic acid (Hunter et al., 2010; 

Willett, 2012). Moreover, there are obvious physical property differences between 

triacylglycerols (TAGs) and foods rich in saturated versus unsaturated fatty acids (FA), 

but the extent to which these differences might influence health is rarely considered. 

The matter of how TAG physical properties influence lipid digestion and absorption has 

not been adequately investigated and doing so may help to resolve some of the 

apparent contradictions and saturated fat controversy.  

Lipids in foods are often present as emulsified droplets and emulsion structuring can 

directly impact the rational design of many foods widely enjoyed such as milk, salad 

dressings and ice cream etc. (Golding et al., 2011; Hur et al., 2009; Salentinig, 2019; 

Singh et al., 2000). Upon ingestion, 70 – 90% of lipid digestion occurs in the small 

intestine (Sarkar et al., 2016), although ingested lipids are subjected to mechanical 

forces and acidic conditions in the stomach which can led to changes in colloidal 
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properties, including emulsification or destabilization of emulsified lipids (i.e., droplet 

coalescence and flocculation). These factors collectively contribute to the alteration of 

lipid supramolecular structure which can affect lipid absorption (Armand et al., 1996; 

Meynier & Genot, 2017; Michalski et al., 2013). Some recent works highlight that lipid 

physical properties, including crystallinity, viscosity, polymorphic forms, interfacial 

composition etc., may play important roles in lipid digestion and absorption, controlling 

postprandial lipemia, satiety response as well as enhancing bioactive deliveries using 

both in vitro and in vivo models (Sarkar et al., 2016; Singh et al., 2000; Singh & Sarkar, 

2011).  

One vein of research has focused on exploring the contribution of TAG crystallinity, 

specifically, to discern if and how TAG physical state (i.e., liquid oil versus crystalline 

solids) influences lipid digestibility and postprandial lipemia. Although it has long been 

assumed that high melting TAG are digested less readily, until relatively recently, direct 

evidence for this was lacking. In 2008, Bonnaire et al. characterized the digestibility of 

undercooled and solid lipid tripalmitin oil-in-water (o/w) emulsions and reported that the 

undercooled liquid lipid particles were digested in vitro more extensively and hydrolyzed 

at a faster rate because of the differences exhibited in the spatial organization of lipid 

molecules within the solid versus liquid emulsions. Guo et al. (2017) investigated the 

digestion behaviour of whey protein-stabilized o/w emulsions containing different 

degrees of crystallinity by exposing various ratios of soybean oil and fully hydrogenated 

soybean oil to in vitro digestion and found that lipid digestion tended to decrease with 

increasing solid fat content (SFC). Moreover, in a study by our group looking into the 
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relationships between lipid crystallinity, digestibility, and bioaccessibility of encapsulated 

β-carotene, the presence of solids in the emulsion droplets delayed digestive lipolysis 

and bioactive solubilization (Hart et al., 2018). We conducted another in vitro digestion 

study on compositionally equivalent palm stearin (PS) o/w emulsions tempered into 

undercooled and partially crystalline systems and both emulsions were subjected to 

simulated gastrointestinal (GI) conditions (Thilakarathna & Wright, 2018). Not only was 

lipid crystallinity found to attenuate early lipolysis, but it was also observed that 

coalescence of droplets and aggregation of partially crystalline droplets in the gastric 

phase impacted overall lipid digestibility when shear force was introduced 

(Thilakarathna & Wright, 2018). A subsequent human study confirmed an attenuated 

postprandial lipemic response and lower plasma TAG concentration up to 6 hours when 

healthy male participants consumed the solid crystalline PS emulsion, echoing with the 

previous in vitro study (Thilakarathna et al., 2020). Nonetheless, the undercooled PS 

emulsion studied was thermodynamically unstable and some partial crystallization was 

observed to be induced during in vitro digestion, although the extent of crystallization 

was uncertain.  

1.1 Objectives  

This thesis builds on previous work with tempered PS emulsions in order to clarify the 

contributions of TAG physical state to emulsified lipid digestibility. It aims to first 

compare the static in vitro TAG digestibility of palmitic acid rich PS emulsion with 

different levels of crystallinity, namely the undercooled liquid (PS-LE) and partially 

crystalline (PS-SE) droplets with the addition of another emulsion sample containing an 
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intermediate level of crystallinity (PS-SE-25 °C). An oleic acid rich liquid palm olein 

liquid control (PO) is introduced to the comparison to further clarify the digestibility 

differences as a purely liquid control without the crystallization susceptibility which exists 

with undercooled droplets. Given that the presence of crystallinity can influence colloidal 

properties (Bunjes, 2011), particle size distributions (PSD) are investigated at key 

intervals of digestion. In vitro duodenal lipolysis is compared for digestions with and 

without a preceding gastric phase to isolate the influence of acidic flocculation and with 

variable shear. The second objective of the current study is investigate FA 

bioaccessibility using the dynamic TNO Gastro-Intestinal Model (TIM-1) in vitro 

digestion model. Although static in vitro digestion models have value as a predictive 

approach to evaluate the digestion and bioaccessibility of single food components, they 

cannot entirely mimic the complex in vivo digestion processes and physiological 

conditions (Alegría et al., 2015; Colombo et al., 2021; Wojtunik-Kulesza et al., 2020). 

The multi-compartmental TIM-1 may better approximate human in vivo digestive 

conditions is thus employed in this thesis to compare the bioaccessibility of lipids from 

the PS-SE, PS-LE, and PO emulsions. Lastly, corelations between the static vs. 

dynamic methods will be evaluated and the in vitro digestion results compared with 

human data from a previous study.  

1.2 Hypotheses 

It was hypothesized that the PO o/w emulsion would be digested most extensively being 

an all-liquid state emulsion at body temperature (37 °C) and that the presence of 

crystallinity in the PS emulsions would potentially influence the colloidal properties at 
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the beginning of duodenal phase, which may in turn impact the available interfacial area 

for lipolysis and ultimately affect digestion. It was expected that the results yielded from 

TIM-1 dynamic digestion simulator would reflect the static in vitro model findings and 

that both in vitro methods would exhibit good comparability with the human model.   
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2 Chapter 2 Literature Review 

2.1 Dietary Lipids 

Dietary lipids include a variety of lipophilic molecular species (Whitney et al., 2019). 

Common classes are TAG which are composed of a glycerol with three esterified FA 

molecules; phospholipids which constitute one glycerol molecule, two FA, and a 

phosphate group; sterols with multiple ring structures with side chains; and also fat-

soluble vitamins, waxes, and glycerophospholipids (Whitney et al., 2019). FA molecules 

consist of a methyl group at one end, a hydrocarbon chain, and a carboxylic acid group 

at the other end (Whitney et al., 2019). The hydrocarbon chain is non-polar and 

insoluble in water and the chain length varies in terms of the number of carbon atoms 

and can be classified as short (less than six carbons), medium (6 – 10 carbons), or 

long-chain fatty acid (12 – 24 carbons) (Whitney et al., 2019). FAs are further 

categorized based on their degree of saturation (Lawrence, 2010a). SFA comprise only 

single bonds with a straight chain of carbon atoms whereas unsaturated FA contain at 

least one double bond in the carbon chain (Lawrence, 2010a). These are commonly 

referred to as monounsaturated fatty acids (MUFA) when there is one double bond 

present or polyunsaturated fatty acids (PUFA) when there is two or more double bond 

present (Coupland, 2002).   

FA are generally found as constituents of TAGs versus the free form, in foods and for 

storage in the body (Whitney et al., 2019). TAGs are the predominant form of dietary 

lipids in the human food supply and contribute approximately 97% of energy intake 

(Meynier & Genot, 2017). The relationship between TAG FA composition and food 
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properties has been studied, extensively. For example, it is well known that, given their 

linear chain structure, SFA stack together aligning closely, allowing for the development 

of attractive forces and thus tend to be tightly packed with relatively high melting 

temperatures meaning that they are partially crystalline solids at room temperature 

(Coupland, 2002). Lipids that have a solid consistency at room temperature are referred 

to as “fats” and include butter, lard, and shortening etc. (Coupland, 2002). In contrast, 

the double bonds present in unsaturated fats result in a bent configuration that does not 

allow for easy FA stacking (Coupland, 2002). Hence, lipids containing TAG rich in 

unsaturated FA tend to exist as “oils” at room temperature and include various 

examples such as sunflower, olive, and canola as well as fractionated oils such as palm 

olein (Coupland, 2002; Whitney et al., 2019). Differences in the FA molecular 

composition and structure of TAGs, leads to differences in TAG physical properties, 

including crystallinity, polymorphism, as well as rheological behaviour e.g., hardness, 

spreadability, etc. that contribute to their industrial and pharmaceutical applications and 

may also influence health, when they are consumed (McKimmie et al., 2013; Whitney et 

al., 2019). Moreover, the consumption of TAG with varying physical structures may 

affect the processes of nutrient release and absorption in the GI tract, although this 

remains poorly understood (Guo, Ye, et al., 2017).  

2.1.1 Dietary Lipids in Health & Disease  

Dietary TAG are calorie-dense macronutrients that deliver 9 kcal of energy per gram, 

transport fat-soluble vitamins A, D, E, K, and hydrophobic molecules, act as precursors 

for hormones, and provide insulation to protect vital organs in the body (Brockman, 
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2012). The Acceptable Macronutrient Distribution Ranges (AMDR) recommends around 

25 – 35% of daily total energy intake for healthy adults come from various dietary fats 

sources (Dietary Reference Intakes, 2006).  

Importantly, not all fats are viewed equally in terms of their health effects, based on their 

constituent FA. Animal fats largely contribute to saturated fat intake, while the main 

sources of unsaturated fats are vegetable oils, fatty fishes, and nuts and seeds 

(Whitney et al., 2019). Fractionated palm oils, specifically, the solid fraction palm stearin 

and liquid fraction palm olein, are widely used in many food products, such as baked 

goods, snacks and chocolate etc. contributing significant proportions of the saturated 

16-carbon FA palmitic acid (Yılmaz & Ağagündüz, 2021). The consumption of SFA from 

animal sources, a few plant foods (i.e., palm oil high in saturated palmitic acid), and 

trans-FA manufactured from industrial sources (i.e., partial hydrogenation) are deemed 

detrimental to heart health (Carta et al., 2017; Dietary Fats, Oils and Cholesterol, n.d.; 

Yılmaz & Ağagündüz, 2021). Most famously, SFA has been seen to raise total serum 

cholesterol, particularly LDL levels whereas, unsaturated FA aid in lowering serum total 

cholesterol and LDL, specifically (Lawrence, 2010b). LDL is often referred to as the 

“bad” cholesterol as it has been identified as a risk factor for heart disease (Elshourbagy 

et al., 2014). Nonetheless, more recent studies have raised the prospect that the effects 

of SFA consumption may be more nuanced, depending on the FA, food form, health 

outcome indicator as well as inter-individual differences on FA metabolism. Not all SFA 

will have the same effects. For example, one meta-analysis suggests that earlier 

intervention trials failed to consider the combined effects of SFA with n-3 PUFA and that 
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the consumption of SFA may not be the sole cause of observed increases in blood lipid 

levels (Dias et al., 2014). Two recent studies present contradictory findings on dietary 

fats and their associations with CVD incidence. The paper published by Sacks et al. 

(2017) completed a thorough review of different types of studies including randomized 

controlled trials, prospective observational studies, and animal studies etc. on CVD 

outcomes. The conclusions made based on the evidence extracted from the studies 

indicate that CVD rates can be reduced by approximately 30% when saturated fats are 

replaced by unsaturated fats and that polyunsaturated fats more effective than 

monounsaturated fats, whereas, replacing saturated fats with refined carbohydrate 

sources did not demonstrate the same disease reduction effects (Sacks et al., 2017). In 

contrast, the findings from a prospective cohort study analyzing the associations of fat 

and carbohydrate intake with CVD and total mortality in 18 different countries indicate 

that high carbohydrate intake, rather than dietary fat intake, is associated with higher 

total mortality (Dehghan et al., 2017). Higher fat intake was not found to be associated 

with CVD, rather it lowered total mortality, non-CVD mortality, and stroke, opposing the 

presumable relationship between dietary fats and their detrimental effects on CVD 

(Dehghan et al., 2017). Nonetheless, findings on unsaturated fats are consistent in both 

studies, suggesting that a higher intake of unsaturated fats reduce the risk of CVD. 

Moreover, the systematic review by O’Sullivan et al. (2013) indicates that associations 

between increased mortality rate and saturated fat consumption are confounded by 

variables food source and ethnicity. Specifically, a higher intake of dairy foods was not 

found to correlate with increased mortality, yet an increased intake of processed meats 
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raised all-cause mortality (O’Sullivan et al., 2013). This may be attributed to the types of 

SFA contained in these foods, since stearic (18:0) and palmitic (16:0) acids have been 

postulated to have neutral effects on blood lipid serum levels compared to myristic 

(14:0) and lauric (12:0) acids (O’Sullivan et al., 2013). Additionally, the positive 

association of increased meat consumption and all-cause mortality is not observed in 

the Asian population in the sub-group analysis conducted (O’Sullivan et al., 2013).  

Empirical evidence from clinical trials and cohort studies supports the notion that a high 

intake of saturated fat is linked to obesity, inflammation, heart disease and other health 

problems as a result of increasing concentration of LDL cholesterol in the body, 

specifically in North America, where the consumption of saturated animal lipids is high 

(T. A. B. Sanders, 2016; Trichopoulou & Lagiou, 1997). Nevertheless, those studies are 

not without shortcomings and many questions have not been adequately addressed. 

For instance, confounding variables, including genes and gene-environment 

interactions, are not properly accounted for, food frequency questionnaires used to 

assess macronutrient intake may lack rigour, and, most pertinent to this thesis, possible 

impacts of physical properties and food structures on digestion have been given little 

consideration (Golding & Wooster, 2009; Kadegowda & Yu, 2016; Poledne, 2016). All 

the above complications call for a re-evaluation of SFA intake as there has been a 

shifting attitude toward the roles of SFA in terms of health and disease risks and more 

experimental data, both in vitro and in vivo on lipid digestion, particularly for SFA, is 

needed before conclusions can be made (Khosla & Khosla, 2017). Additionally, with the 
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increasing general recognition that food form has implications for metabolism, 

considering a role for SFA physical properties in affecting metabolism is warranted.  

2.2 Oil-in-Water Emulsions – Definitions and Formation 

Dietary TAGs exist in foods within different structures, this includes commonly being 

found in naturally occurring or processed emulsion droplets dispersed in an aqueous 

phase (Petersen et al., 2013). Other food forms of dietary TAG include bulk fat and oil 

bodies. Depending on the individual food sources, the lipid content, TAG structure and 

FA composition also varies (Meynier & Genot, 2017). Emulsions are liquid-liquid 

dispersed systems containing dispersed and continuous phases, which are otherwise 

immiscible, brought together by an emulsifier (Petersen et al., 2013; Walstra & Vliet, 

2017). O/W emulsions, in which oil is the dispersed phase throughout an aqueous 

continuous phase, have wide applications in the food industry and are more common 

than water-in-oil (w/o) emulsions (Walstra & Vliet, 2017). Examples of o/w emulsions 

include milk and salad dressings (Walstra & Vliet, 2017). Depending on the size of 

emulsion droplets, different types of emulsion systems, namely conventional emulsions 

(> 500nm), and nanoemulsions (100 – 500nm) are formed, with suitability for different 

applications, ranging from improving nutritional values of products in the food industry, 

formulating cosmetics, to delivering drugs and lipophilic components in pharmaceutics 

(Niakousari et al., 2018; Roohinejad et al., 2018).  

The formation of a stable emulsion involves combining a mixture of oil or melted fat, 

water, and a suitable emulsifier with sufficient mechanical energy to deform the 

interface and break up droplets into dispersed and finer particles via intense agitation 
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(Walstra & Vliet, 2017). Emulsification entails appropriate surfactant selection, 

temperature, pH, and homogenization method, including pressure (Marangoni, 2002). 

Emulsions can be formed via microfluidization which is a method of high-pressure 

homogenization (Shah et al., 2015). During microfluidization, a coarse emulsion is fed 

through an inlet reservoir, the intensifier pump generates pressure which forces a 

coarse emulsion through piping with diversions to flow in opposite directions through 

very narrow channels (S. J. Lee et al., 2018). As the liquid streams impinge on each 

other, the high energy and pressure caused by the collisions create a disruptive force 

which breaks up the lipids into smaller droplets (S. J. Lee et al., 2018). The increasing 

energy input depending on the pressure applied and repeat passes through the 

microfluidizer yields dispersed and small droplets which finally exit as a fine emulsion 

(Ganesan et al., 2018; S. J. Lee et al., 2018). Emulsion droplet size is dependent on the 

homogenization pressure, i.e., higher pressure contributes higher kinetic energy to 

particles, but, at extreme levels where there is insufficient emulsifier present, may cause 

particles to coalescence, subsequently leading to larger droplet size as a result of 

“overprocessing” (S. J. Lee et al., 2018; Mehnert & Mäder, 2001). Thus, the composition 

(i.e., oil to water ratio and emulsifier), the pressure applied, the velocities through the 

microchannels, and the number of passes repeated in the microfluidizer need to be 

carefully considered and monitored to determine the final droplet size and gravitational 

stability of the emulsion (Ganesan et al., 2018).  

Aside from the homogenization method, emulsion stability is also dependent on the 

emulsifier chosen (McClements & Weiss, 2005). This is another controllable factor that 
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can be manipulated during the formation of an emulsion to improve the overall stability 

(McClements & Weiss, 2005). Emulsion instability typically includes gravitational 

separation resulting in either creaming or sedimentation, droplet aggregation due to 

flocculation and coalescence (McClements & Weiss, 2005). Ostwald ripening, 

specifically, is recognized as a main cause of emulsion instability in o/w emulsions and 

occurs when different particle sizes exist and the smaller particles diffuse onto larger 

ones which propels further growth of larger particles (McClements & Weiss, 2005). As 

such, various strategies need to be considered to overcome emulsion colloidal 

instability.  

2.2.1 Emulsifiers 

The formation of a stable emulsion requires the presence of oil, water, and also an 

emulsifier. As above, emulsifiers can be crucially important both in terms of providing 

stability, as well as influencing the physical properties of a final emulsion (Marangoni, 

2002). Emulsifiers are surfactants with a hydrophobic tail and hydrophilic head which 

allow them to orient and adsorb at an oil/water interface, reducing the interfacial tension 

between the two phases and increasing the stability of the emulsion by making it more 

kinetically stable (McClements & Weiss, 2005). There are various types of emulsifiers. 

The hydrophilic-lipophilic balance (HLB) value of an emulsifier ranges from 0 – 20, and 

is indicative of its ability to stabilize an emulsion (Cassiday, 2014). Emulsifiers with HLB 

values ranging from 3.5 – 6.0 are often used for w/o emulsion as they are more 

hydrophobic, whereas, hydrophilic emulsifiers with HLB values greater than 8 are better 

suited for o/w emulsions (Cassiday, 2014; Zheng et al., 2015). However, the selection of 
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an emulsifier depends on other factors such as the purpose of the emulsion. Proteins 

can act as emulsifiers because they exhibit amphiphilic properties and are able to form 

strong visco-elastic films that provides electrostatic and steric repulsions to resist 

mechanical stresses (Lam & Nickerson, 2013; Walstra & Vliet, 2017). Nevertheless, the 

emulsifying capacity of protein is lower than small molecular weight molecules and 

proteins are also sensitive to surface denaturation (i.e., at the o/w interface) (Lam & 

Nickerson, 2013; Zayas, 1997) . Non-ionic surfactants are heavily used in the food and 

pharmaceutical industries as a result of their environmentally friendly and biodegradable 

nature (McClements & Weiss, 2005). For instance, Spans (sorbitan esters) and Tween 

(ethoxylated sorbitan esters) series are effective at reducing interfacial tensions, and 

can enhance the bioavailability of lipophilic molecules, contribute to the chemical 

stability of emulsions, as well as being palatable (S. J. Lee et al., 2018; McClements & 

Weiss, 2005). All these characteristics of Spans and Tweens make them ideal 

candidates for human digestion trials. The amount of emulsifier used is highly 

dependent on the FA species of the emulsifying lipid, although typical concentrations for 

the Span and Tween families are generally low and between 0.5-5% (Span 60, n.d.). In 

addition to stabilizing at the oil-water interface, the emulsifiers' behaviour during fat 

crystallization contributes to crystallization and can influence the polymorphic crystal 

form of emulsified TAG (Hondoh et al., 2018). Depending on the interactions between 

an emulsifier and the emulsified lipid, crystallization can either be delayed or promoted, 

with implications for the emulsion properties (Hondoh et al., 2018). The colloidal 

properties of an emulsion are also highly impacted by the surfactant chosen. For 
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example, the non-ionic Polysorbate 80, also known as Tween 80, is highly stable in the 

acidic environment and experience minimal microstructural change due to the 

polyoxyethylene headgroup providing stearic repulsion (Golding et al., 2011). In 

contrast, non-ionic sorbitan monostearate Span 60 with a HLB value of 4.7, is less 

stable under gastric conditions as the droplets’ electrostatic repulsion decreases in an 

acidic environment, leading to droplet aggregation (Huynh & Wright, 2018; 

Thilakarathna & Wright, 2018). In a recent human study conducted by our lab, Hamad 

et al. (2021) discovered that emulsions stabilized using Span 60 led to flocculation in 

the stomach, thus resulting in faster gastric emptying and lower short-term appetite 

suppression. Whereas emulsions prepared with Tween 80 displayed the longest 

hormonal satiety enhancements (Hamad et al., 2021).  

In this thesis, 0.4% of Span 60 was used to make the test emulsions as Span 60 has 

been reported to postpone polymorphic transitions thus exhibiting a stabilizing effect on 

the emulsions (Aronhime et al., 1987; Aronhirne et al., 1988). Literature findings indicate 

that both the emulsifier selection and concentration subsequently determine fat 

crystallization, polymorphic transformations, and other physical properties of emulsions 

(Marangoni, 2002). 

2.2.2 TAG Crystallization 

Crystallization refers to the process by which materials in the liquid state transform into 

solids and occurs when there is a driving force that initiates nucleation, leading to 

crystal growth, and ultimately the formation of a crystal network, or crystal aggregation 

at high enough solids concentration (Hondoh et al., 2018; Sato, 2001). The nature of the 
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crystallization process in an o/w emulsion can potentially impact the emulsion droplet 

size, as well as polymorphic transitions (Marangoni, 2002). Factors such as 

temperature, rate of crystallization, storage conditions, and impurity also collectively 

affect the final crystal structure and its physical properties (Marangoni, 2002).  

Supercooling (also known as undercooling) is the driving force for crystallization and 

involves bringing a lipid below its melting temperature or refers to the differential 

between the applied temperature and the TAG melting temperature (Bonnaire et al., 

2008; Marangoni, 2002). The initial step of crystallization is nucleation which occurs 

when the TAG molecules collide and form nuclei (McGauley & Marangoni, 2002). 

Homogenous and heterogeneous nucleation are the two main types of nucleation in FA 

crystallization (Hondoh et al., 2018). In simple terms, nucleation is categorized as 

homogenous when no foreign matter is present whereas heterogeneous nucleation 

requires the presence of impurities or foreign materials such as a dust particle to induce 

the crystallization process (Hondoh et al., 2018). Heterogeneous nucleation is further 

classified as either primary or secondary in which primary heterogeneous nucleation 

occurs when the impurity present exhibit a different chemical structure than the liquid oil 

while secondary nucleation is catalyzed by the crystal of the same kind as the liquid oil, 

often referred to as "seeding" (McClements & Decker, 2010; Hondoh et al., 2018). It 

should be noted that bulk lipids crystallize differently than emulsified lipids, for instance, 

bulk fat often crystallizes through heterogeneous nucleation at a higher temperature 

while emulsified fats more commonly follow the homogenous nucleation path and 

generally crystallize 10 – 20 °C lower comparing to bulk lipids (McClements, 2012). This 
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is because any impurities present are distributed to each individual droplet, single 

droplet nucleates independently of other emulsion droplets, thus unable to trigger bulk 

fat nucleation (McClements, 2012). Once stable nuclei have been formed at the solid-

liquid interface, adjacent molecules merge, allowing crystal growth to proceed 

(Coupland, 2002; Ribeiro et al., 2015; Sato, 2001). When lipids are undercooled, 

external factors can be applied to induce and tailor the crystallization process, for 

instance, plunging the temperature, applying shear, introducing foreign materials etc. 

(Sato, 2001). These methods lead to the development of different microscopic features 

of TAG crystals, including within emulsion droplets (Sato, 2001).   

With an increased supercooling, the nucleation rate increases correspondingly meaning 

that the critical size of nuclei required to prompt crystal growth decreases, until a certain 

temperature is reached, and further cooling will only decrease the nucleation rate 

(McClements & Decker, 2017). This phenomenon is explained by the increasing 

viscosity of the oil which prohibits the movement of lipid molecules toward nuclei as a 

result of temperature cooling (McClements & Decker, 2017). Similarly, the rate of crystal 

growth is also impacted by supercooling as it becomes faster with an increasing degree 

of supercooling until the maximum rate is achieved, which then decelerates 

(McClements & Decker, 2017). Nevertheless, the nucleation and crystal growth rates 

exhibit different temperature dependencies, and these relationships can be carefully 

monitored to obtain the desired number and size of crystals (McClements & Decker, 

2017). Aside from manipulating the rate of supercooling, applying shear can also speed 

up primary nucleation and propel the formation of more small crystals in the emulsion by 
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generating more energy to overcome the activation energy barrier for nucleation 

(Rogers, 2017; Tran & Rousseau, 2016).   

2.2.3 Lipid Polymorphism  

Polymorphism refers to the fact that TAGs (like some other materials) can exist in more 

than one crystalline form with differing molecular arrangements and therefore properties 

(McClements & Decker, 2017; Ribeiro et al., 2015). Crystallization can be varied to 

obtain desired polymorphs via multiple methods (Sato, 2001). The three most common 

polymorphs in TAGs are hexagonal, orthorhombic (parallel), and triclinic 

(perpendicular), which are commonly denoted as α, β′, and β, respectively, based on 

their sub-cell unit structures (Sato, 2001; McClements & Decker, 2010). Crystalline 

polymorphs form in the order with the lowest activation energy from α, β′, to β (Sato, 

2001). The stability and packing density of these polymorphs also increases in the order 

of α (metastable), β′, and β (most stable) and is reflected by the values of Gibbs free 

energy (G) with the highest G in α polymorphs and the lowest yet most 

thermodynamically stable in β polymorphs (Sato, 2001; Ribeiro et al., 2015). For 

instance, the α polymorph forms most easily requiring the least activation energy while 

exhibiting the highest free energy, however, over time and with temperature 

fluctuations, the TAGs may transition to the more stable polymorphic forms (Ribeiro et 

al., 2015; Rogers, 2017). Therefore, each polymorph exhibits a different melting 

temperature (McClements & Weiss, 2005). A polymorphic transition is an irreversible 

process, such that, once the α form has transformed to the β form, it cannot revert to α 

again except through the melt (McClements & Weiss, 2005).  
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Dietary lipids tend to prefer particular polymorph structures, dependent largely on their 

TAG composition (Rogers, 2017). In mixed-acid TAGs which contain more than one 

type of fatty acid, the α to β′ and β′ to β transitions tend to occur more slowly due to the 

diverse molecular structures present, comparing to TAGs with homogenous fatty acid 

compositions (Sato, 2011; McClements & Decker, 2019). Also, the crystallization 

process can be tailored, i.e., tempering applied, to obtain desired polymorphs via 

multiple methods and this is done in food systems where particular TAG polymorphs are 

known to yield specific properties. For example, cocoa butter exhibits six different 

polymorphic forms and its microstructure formation is impacted by the melting 

temperature, shear applied, as well as the cooling rate (Quast et al., 2013). The 

temperature profiles of metastable γ (also known as sub-α, a polymorphic form exhibits 

as orthorhombic subcell) and α phases can be observed via fast cooling below -15°C, 

the transformation of α to β’ phase occurs at the moderate temperature range between -

15°C to 20°C, and β’ to β transitions happen above 15°C with desirable crystalline 

properties in chocolate (Marangoni & Mcgauley, 2003; Quast et al., 2013).  

TAG polymorphism can be characterized using thermal analysis such as differential 

scanning calorimetry (DSC), nuclear magnetic resonance (NMR), and X-ray diffraction 

(XRD) (McClements & Decker, 2019). DSC measures and records temperatures of 

melting and crystallization events, and data acquired on the temperatures and entropy 

and enthalpy values can be interpreted to identify polymorphic forms present in the 

sample (McClements & Weiss, 2005; Zhou, 2014). DSC essentially operates by 

comparing the rate of heat flow of the sample contained in the DSC pan to a reference 
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pan, recording heat exchange events that are associated with phase transitions (melting 

and crystallization) in samples, usually as they are heated or cooled under controlled 

conditions (McClements & Weiss, 2005). The observed peaks and the area under the 

peaks are categorized as either endothermic, which represents a melting event, or 

exothermic, depicting crystallization, depending on the directions of the heat flow 

(Biliaderis, 1983). The peak temperatures correspond to TAG melting and crystallization 

events that can be compared to literature reports for various polymorphs to study the 

occurrence of phase transitions, including between polymorphs (Biliaderis, 1983). 

Furthermore, NMR and XRD can be used to gather molecular structural and 

conformational information of crystalline TAGs (McClements & Weiss, 2005).  

2.3 Palm Oil – Composition, Palm Stearin and Palm Olein 

This thesis utilizes palm-based lipids and investigates the in vitro digestibility of palm oil 

fractions. Palm oil is the second largest consumed vegetable oil worldwide due to its 

high productivity, low price, higher thermal and oxidative stability as well as fractionation 

accessibility (Liu et al., 2021; Podchong et al., 2018). Palm oil contains a FA profile with 

approximately 50% SFA and 50% unsaturated FA (Pande et al., 2012). Palm olein is 

the liquid fraction of palm oil and with a melting point around 18 – 20 °C, it’s therefore a 

liquid at room temperature (Pande et al., 2012). PS, on the other hand, is the solid 

fraction of palm oil and contains more SFA, mainly palmitic acid, with a melting 

temperature of 48 – 50 °C (Gibon, 2006; Pande et al., 2012).  

The fractions of palm oil are utilized in various food products including soft margarines, 

salad dressings, and cooking/frying oil (Gibon, 2006; Pande et al., 2012). Nonetheless, 
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industrial processing with palm oil can be hindered by a slow crystallization rate as 

crystallization and polymorphic forms are directly linked to the hardness, texture, and 

rheology etc. of lipid-based products (Anaı¨s Vuillequez et al., 2010; Liu et al., 2021; 

Podchong et al., 2018). In a study investigating the influence of cooling rate on fat 

crystallization using palm olein and PS separated from palm oil by centrifugation, the 

authors discovered that cooling rate is one determining factor of crystal size (Anaı¨s 

Vuillequez et al., 2010). Upon DSC crystallization and melting analysis, it was found that 

higher melting point and bigger crystal size are associated with slow cooling rate, 

whereas, lower melting point and smaller crystal size are linked to fast cooling rate 

owning to the different TAG species present (Anaı¨s Vuillequez et al., 2010). Moreover, 

cooling rate had a bigger impact on the solid fraction of palm oil as different polymorphic 

forms can be induced by manipulating the cooling rate yet the polymorphic forms of 

palm olein remain largely unaffected (Anaı¨s Vuillequez et al., 2010). The crystallization 

temperature of PS can be further influenced by the emulsifier present (Sonoda et al., 

2004). For instance, the temperatures of crystallization and melting of PS are lower in 

the emulsified state than the bulk state as a result of the reduced rate of heterogenous 

nucleation of crystals in the PS emulsion (Sonoda et al., 2004).  

2.4 Lipid Digestion  

Lipids in the GIT are diluted, dispersed, and digested. Given their lipophilic nature, this 

process of breaking down TAG and packaging them into mixed bile salt micelles is 

critical for absorption and is often referred to as “bioaccessibility” (Meynier & Genot, 

2017). Products of lipid digestion are used as energy sources, required for membrane 
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synthesis, and produce and function as signaling molecules (Phan et al., 2015). The 

lipid digestion process governs the efficacy and efficiency of the absorption that follows, 

impacts metabolism, and may exhibit implications for metabolic disorders such as type 

2 diabetes and atherosclerosis (Cao et al., 2008). Only around 10% of TAGs ingested 

are hydrolyzed by lingual lipase (Brockman, 2012; Whitney et al., 2019) such that it is 

generally ignored when discussing lipid digestion, although contributions should not be 

neglected, entirely. Ingested lipids are mixed with water, hydrochloric acid, and 

digestive enzymes in the stomach. Minimal digestive action occurs here, as well (~ up to 

30% hydrolysis by end of this stage) through the activity of gastric lipase (Whitney et al., 

2019). The majority of TAG hydrolysis, up to 70%, occurs in the small intestine 

catalyzed largely by the pancreatic lipases acting at sn-1 and sn-3 positions in TAG and 

supported by emulsification with bile which is produced in the liver and secreted via the 

bile duct (Golding & Wooster, 2009; Lentle & Janssen, 2011; Wilde & Chu, 2011). When 

the chyme empties from the stomach into the upper small intestine, i.e., the duodenum, 

bile salts act as the emulsifier or the bio-surfactant to solubilize lipids in the continuous 

aqueous phase as they are amphiphilic, exhibiting both hydrophobic and hydrophilic 

properties (Maio & Carrier, 2011; Mansbach II et al., 2001). The lipids are dispersed into 

fine emulsion droplets with a particle size of approximately 1 to 50 μm, suspended in the 

aqueous environment and available for hydrolysis at the oil-water interface by enzymes 

(Maio & Carrier, 2011; Mansbach II et al., 2001). This emulsification of TAGs effectively 

increases the surface area of the oil-water interface allowing the pancreatic lipase, with 

the help of colipase, to bind to the surface of the emulsion droplets, initiating the 
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hydrolysis of TAG into 2 free fatty acids (FFA) and one 2-monoacylglycerol (MAG) 

molecule within the lumen of the small intestine (Kohlmeier, 2014; Mansbach II et al., 

2001). Pancreatic lipase can be activated at the interface by an increase in dissolved 

substrate concentration as well as the conformational change it undergoes as it binds to 

the emulsion droplet (Pogell et al., 1965). The digestibility of TAGs and the rate of lipid 

hydrolysis is impacted by emulsion design, the presence of other food molecules such 

as fibre, lipid type, and TAG physical properties, including their structural formation 

upon crystallization. Factors governing the digestion of dietary TAG will be addressed 

further in subsequent sections, drawing on evidence from both in vitro digestion and in 

vivo studies.  

As TAG are hydrolyzed, the FA and sn-2 MAG are packaged into mixed micelles which 

are spherical amphiphilic colloidal structures with diameters ranging from 2 – 20 nm 

then crossing the intestine lumen and into the enterocyte and triggering lipid absorption 

(Joseph et al., 2017; Lentle & Janssen, 2011). Mixed micelles aid in the absorptive 

process by solubilizing a variety of lipid digestion products, including cholesterol, FA, 

phospholipids etc. and packaging these hydrophobic lipids in their cores and 

transporting lipid digestion products across the unstirred water layer (UWL) (Hennessy 

et al., 2014; Wang et al., 2013). The UWL acts as the rate-limiting step in lipid 

absorption, the idea essentially is that UWL will only allow access of water-soluble 

species, and the micelles can cross the UWL and approach the enterocyte for 

absorption, hence the “bioaccessibility” (Thomson et al., 1993). Once inside the 

enterocyte and reaching the endoplasmic reticulum, the FA and MAG are resynthesized 
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into TAG and, along with cholesterol esters, are packaged into chylomicrons (CM), 

which are spherical lipoproteins 75 – 450 nm in diameter, consisting of an outer layer of 

phospholipid and with apolipoproteins embedded (Wang et al., 2013). CM subsequently 

exit the enterocytes and enter the lymphatic system via lymph vessels and finally are 

released for circulation in the bloodstream to be taken up by muscles for energy or by 

adipose tissue for storage (Kohlmeier, 2014).  

2.4.1 In Vitro Digestion Methods  

In vitro digestion models are now used extensively to explore the digestive fate of food 

molecules and to determine the possible health effects by mimicking GI tract conditions. 

Despite their limitations, in vitro digestion models have certain advantages over in vivo 

models including the relatively low costs and lack of ethical concerns (Bohn et al., 

2018). In vitro digestion models include both static and dynamic systems. For instance, 

the dynamic TIM-1 simulates realistic GI conditions using a multicompartment 

computer-controlled system to gather data that is more physiologically relevant to 

human studies, although expensive to set up and maintain (Brodkorb et al., 2019; E. H. 

Lee et al., 2018). In comparison, static in vitro models employ a sequential approach by 

having mouth, stomach, and intestine stages separately (E. H. Lee et al., 2018). 

Important strengths have been identified for various static in vitro models, including their 

reproducibility as study findings can be easily replicated across labs and measurements 

can be taken at each stage of the digestion process (Alegría et al., 2015; Brodkorb et 

al., 2019).  Static in vitro digestion models are particularly useful when investigating the 

digestion of isolated food components such as TAGs, and screening experiments since 
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the digestion conditions can be easily modified at each step, if necessary (Alegría et al., 

2015). Although no in vitro digestion method can simulate the entire complexity of the 

human digestive system, they still offer useful insights on lipid digestive processes, and 

can also be used synergistically with in vivo methods to strengthen our understanding of 

concepts of digestion and absorption (McClements et al., 2009).  

In vitro digestion models have been refined over the years to allow intra- and 

interlaboratory results comparisons, and standardization. InfoGest, which is an 

international consensus developed by the InfoGest panelists, published a standardized 

static in vitro digestion model based on existing digestion models and which the 

InfoGest network now promotes as a harmonized method to ensure more accurate 

results and allow easy comparisons of experimental results between groups and 

publications (Brodkorb et al., 2019). The InfoGest 2.0 static in vitro method, updated in 

2019, includes a preparation phase, three digestive phases, as well as a sample 

treatment component (Brodkorb et al., 2019). During the preparation phase, enzymatic 

activity, namely α-amylase, pepsin, trypsin, chymotrypsin, pancreatic lipases, and bile 

assays are determined using a pH-stat titration system (Brodkorb et al., 2019). 

Following the preparation phase, the food molecule is exposed to three successive 

digestion phases which are oral, gastric, and intestinal phases containing simulated 

salivary fluid (SSF) and mixing at pH 7, simulated gastric fluid (SGF) at pH 3, and 

simulated intestinal fluid (SIF) at pH 7, respectively (Brodkorb et al., 2019; Mackie & 

Rigby, 2015). The sampling procedure encompasses sample treatment and 

preservation, for instance, if lipid hydrolysis is the goal, the addition of Orlistat may be 
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necessary to stop lipase activity in the gastric phase (Brodkorb et al., 2019). In vitro 

models serve as verification of in vivo model findings (Golding & Wooster, 2009). For 

example, in an animal study using pigs as subjects, the authors concluded that the 

InfoGest in vitro protocols were suitable for capturing in vivo gastric and intestinal 

endpoints and exhibit physiological comparability (Egger et al., 2017). Multiple studies 

evaluating the correlation between in vitro and in vivo data on food digestion have 

affirmed that, while retaining good references of in vivo conditions, static in vitro model 

can be used to mimic relevant physiological situations and the results serve as good 

predictors of in vivo digestion outcomes (Bohn et al., 2018; Scheuble et al., 2018; Ye et 

al., 2018).  

2.5 Impact of TAG Supramolecular Structure and Physical State on 
Digestibility  

Sources of dietary FA, fats and oils are not consumed alone and usually are present 

embedded in more complex food matrices (Michalski et al., 2013). At the 

supramolecular level, the organization of lipids in food products can modulate their 

metabolism and impact their bioavailability (Michalski et al., 2013). For instance, the 

organization of milk fats are found different in various dairy products, i.e., w/o emulsion 

in butter, dispersed or free droplets in milk powders, and both emulsion and foam in ice 

cream (Michalski et al., 2013). Extraneous factors such as dietary fibre, protein, and 

starch etc. when present with FA, may also impact lipid accessibility (Michalski et al., 

2013). For example, the cell walls of lipid-rich almond seeds act as physical barriers and 

impair lipid bioaccessibility (Grundy et al., 2015). The structural characteristics of 
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almond products determine the extent of lipid digestion, i.e., more FA are available for 

hydrolysis and greater nutrient release is observed in ruptured cells compared to whole 

kernels due to mechanical processing such as chopping or dicing, or mastication (M. M. 

L. Grundy et al., 2015). 

Increased attention has been directed at clarifying the role of lipid supramolecular and 

physical properties on digestion and absorption (Meynier & Genot, 2017), although 

research in this area remains limited. Ingested lipids undergo physiochemical changes 

upon entering the GI tract. For example, destabilization of lipid emulsions may occur at 

various steps of digestion, including droplet flocculation and coalescence, resulting in 

changes in physical structure (Bonnaire et al., 2008). There is a lot of evidence that 

emulsification, droplet size, and interfacial properties alter lipid digestibility (Guo, Ye, et 

al., 2017). For example, both results from in vitro and in vivo studies suggest that small 

emulsion droplets are digested more efficiently than large emulsion droplets in the GI 

tract resulting from a higher interfacial area, thus more accessible to the digestive 

enzymes (Michalski et al., 2013). There also is empirical and other evidence that the 

physical state of TAG (i.e., solid versus liquid) may alter digestibility, although it is 

surprisingly little and disjointed and require further investigation. One animal study using 

rats compared the digestibility of cocoa butter, containing mostly SFA, versus corn oil, 

with predominantly unsaturated fats, and found that, despite the high SFA content in 

cocoa butter, its digestibility (59 – 72%) was much lower than corn oil (93 – 97%) and its 

consumption did not correlate to elevated cholesterol levels as anticipated (Apgar et al., 

1987). In another in vitro digestion study comparing emulsions with canola oil versus 
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hydrogenated canola stearin (C18 SFA) and β-carotene release, lipid hydrolysis was 

observed to a much greater extent for liquid droplets with more extensive β-carotene 

transfer and higher digestibility than solid particles (Nik et al., 2012). Moreover, the 

digestibility and stability of the emulsions was also dependent on the type of non-ionic 

surfactant selected, as well as the physical states of emulsions (Nik et al., 2012). SFC is 

another factor with the potential to affect lipolysis. In another study exploring the SFC 

within the dispersed oil droplet in the emulsion containing both the soybean oil and fully 

hydrogenated soybean oil blends, SFC was found of crucial importance to lipid 

digestion as the extent and rate of lipolysis during intestinal digestion decreased with 

the increasing SFC and suggested that the particle size and polymorphs were less 

important in impacting lipolysis (Guo, Bellissimo, et al., 2017). However, until 2008, 

there were no controlled studies specifically addressing this topic of TAG crystallinity. 

Most studies have focused on comparing the effects of SFA versus unsaturated FA and 

related health consequences and were done from the perspective of lipid composition 

rather than physical properties. Although those studies can suggest a role of physical 

state (i.e., solid versus liquid), they are not conclusive and in many cases factors that 

might influence digestion, e.g., composition or colloidal properties, were not controlled 

for.  

In a very clever attempt to investigate the digestion of solid and liquid lipid particles 

using an in vitro digestion model, Julian McClements’ group tempered tripalmitin 

emulsions to contain partially crystalline solid and supercooled lipid particles (Bonnaire 

et al., 2008). They achieved contrasting physical states using a unique tempering 
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approach which capitalized on the fact that emulsified lipids may remain liquid (i.e., 

undercooled) below their melting temperature for a period of time (Bonnaire et al., 

2008). They also used an in vitro digestion method that simulated the upper intestinal 

environment to evaluate lipolysis by pancreatic lipase of the two emulsions (Bonnaire et 

al., 2008). The study found that the emulsion containing liquid particles was digested at 

a higher rate and more susceptible to lipolysis compared to the emulsion containing 

solid particles (Bonnaire et al., 2008). Those results were confirmed in a subsequent 

study by our group Huynh & Wright (2018) which also showed a higher digestibility and 

greater extent of lipolysis in undercooled emulsion droplets than in the crystalline solid 

emulsion both prepared using tripalmitin. We then investigated the bioaccessibility of β-

carotene using both solid and undercooled liquid cocoa butter emulsions, observing that 

β-carotene release and TAG lipolysis were initially (up to 2 hours) higher for the liquid 

state emulsion droplets, while solid lipid emulsion droplet displayed attenuated lipolysis 

using in vitro model (Hart et al., 2018). This similarly confirmed that the physical state of 

TAGs has an impact on in early stage of lipid hydrolysis, although experiments had to 

be conducted at a non-physiological temperature (25 °C) to maintain the emulsion 

crystallinity differences.  

Most recently, our lab formulated palmitic acid-rich emulsions with food-grade 

ingredients that were carefully tempered to obtain undercooled liquid versus partially 

crystalline solid emulsion droplets that were otherwise identical (i.e., composition, 

particle size, charge, and shape) at 37 °C. In vitro digestion modelling, which included 

both gastric and duodenal conditions, allowed the comparison of lipolysis of PS (rich in 
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the SFA 16:0) from TAG in the undercooled liquid versus crystalline states 

(Thilakarathna & Wright, 2018). The rate and extent of lipolysis were higher in the liquid 

state than in the crystalline solid state (Thilakarathna & Wright, 2018). Collectively, in 

vitro digestion studies support that TAG in the liquid state are more readily digested 

than TAG in the solid-state. Furthermore, in a randomized double-blind crossover study, 

healthy men aged 18-55-year-old were recruited to investigate and compare 

postprandial lipemia of the same partially crystalline solid and undercooled liquid palm 

stearin emulsion droplets (Thilakarathna et al., 2020). The results showed attenuated 

plasma TAG following consumption of TAG in the crystalline state; liquid emulsion 

droplets demonstrated a higher TAG postprandial peak concentration (Thilakarathna et 

al., 2020), as well as differences in satiety (Hamad et al. 2020). Simply put, lipolysis was 

postponed in the crystalline state compared to liquid emulsion droplets (Thilakarathna et 

al., 2020). This in vivo result aligns with the earlier in vitro work. The consistency of both 

in vivo and in vitro observations, i.e., both models demonstrate that TAG physical state 

has a vital role in determining lipolysis and lipid digestion, supports that in vitro digestion 

models can be used to predict in vivo behaviours. This rationalizes continued 

application of the in vitro digestion methods for future investigations.  

2.6 Postprandial Lipemia 

Postprandial lipemia can be defined as the changes in blood serum TAG levels that 

occur after the consumption of a meal and has been recognized as a risk factor for CVD 

as well as other chronic diseases (Bozzetto et al., 2020; Dias et al., 2017). Non-fasting 

TAG response is actually now considered more relevant to CVD risk than fasting TAG 
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concentration, although it remains to be seen precisely which parameter is the most 

consequential (Kolovou et al., 2011; Lindman et al., 2010). An exaggerated TAG 

response is associated with impairments in endothelial function (Julia et al., 2010). The 

presence of intestinally (largely CM) and hepatically (largely very low density) derived 

TAG-rich lipoproteins and their remnants in the plasma after a meal drive a pro-

oxidative and pro-inflammatory state (Julia et al., 2010; Zhao et al., 2021). The hormone 

insulin is also involved in postprandial lipemia since different pathways are regulated by 

insulin to control postprandial variations in lipoprotein concentration and composition 

(Bozzetto et al., 2020). For instance, postprandial lipemia has been associated with an 

elevated level of CM particles secreted upon digestion and absorption of dietary fat, and 

is most often seen in individuals with high CVD risk and who are insulin resistant 

(Desmarchelier et al., 2019; Nakajima et al., 2011). Higher fasting TAG levels and 

prolonged postprandial lipemic response are seen in diabetic patients with dyslipidemia, 

which can be attributed to a reduced inhibitory effect of insulin on the secretion of very 

low-density lipoprotein (VLDL) and CM (Pirillo et al., 2014).  

Endogenous factors such as circulating FFA and hormones, genetics, and/or 

exogenous factors, including physical activity and diet composition, collectively impact 

the secretion rate of CM (Bozzetto et al., 2020; Desmarchelier et al., 2019; Dias et al., 

2017). Physical activity has been found to mitigate postprandial TAG levels and VLDL 

production, and energy expenditure also demonstrates beneficial effects on lipemia 

regulation (Pirillo et al., 2014). Meal composition is another contributing factor that can 

potentially modulate postprandial lipemia such that the dietary fat in a meal impacts FA 
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constituents of CM and therefore, the postprandial TAG response (Pirillo et al., 2014). 

Several studies indicate that the consumption of MUFA- and PUFA-rich diet led to the 

production of CM that are more prone to lipolysis whereas, relevant CM production 

effects are not observed following the consumption of meals high in SFA (Bozzetto et 

al., 2020). In a study looking into the effect of interesterified fats on fasting and 

postprandial lipemia, the authors indicate that the interesterified palm oil, in which the 

majority of palmitic acid is located in the sn-2 position, can effectively lower postprandial 

lipemia in young people (Alfieri et al., 2018; T. A. Sanders et al., 2011). Recent clinical 

trials by our lab have discovered that the physical state of lipids also play a role in 

regulating the postprandial lipemic response (Hamad et al., 2021; Thilakarathna et al., 

2020). Thilakarathna et al. (2020) illustrated that crystalline PS emulsion attenuated 

postprandial lipemic response compared to undercooled PS emulsion. Building upon 

this, Hamad et al. (2021) showed that acid-stable PS emulsion can mediate 

postprandial lipemia due to a delayed gastric emptying. The evidence presented above 

suggest that diet composition, FA structure and physical states, collectively contribute to 

the postprandial lipemic response. Given the relevance of postprandial lipemia to 

disease risk, further consideration of the nuanced ways lipid properties, including 

physical state, might affect this response is warranted.  

2.7 Conclusions  

Evidence obtained on lipids, especially SFA, is contradictory, thus, the consumption of 

SFA and its relationship to health and disease needs to be further clarified. This partly 

centralizes on digestion in the GI tract. Also, more emphasis should be placed on food 
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form and the role of TAG physical properties needs to be carefully considered. In vitro 

and in vivo studies have demonstrated linkages between lipid digestibility and various 

factors i.e., physical states of emulsion droplets, interfacial properties, and SFC etc. In 

the current study, we introduce another PS emulsion sample with an intermediate level 

of crystallization (PS-SE-25 °C) and an oleic acid-rich PO emulsion sample as a liquid 

control without any crystallization tendency to further clarify the digestibility differences 

exist between samples. Different in vitro digestion conditions are tested, i.e., impact of 

acidity and/or shear on samples digested with assessments of droplet size during 

digestion. Experiments with the dynamic in vitro model, TIM-1, are also included in the 

comparison study to investigate the static and dynamic correlations.  
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3 Chapter 3 Materials & Methods 

3.1 Materials 

Commercial refined palm stearin (PS) and palm olein were obtained from Bunge Oils 

Inc. (Bradley, IL, USA) and item #S1385, Jedwards International, Inc (Braintree, MA, 

USA), respectively. Sorbitan monostearate (Span 60) was generously provided by 

Croda Canada Ltd. (Vaughan, ON, Canada). The Folch method was applied to 

determine the FA composition of PS, palm olein and Span 60 by gas chromatography 

(Folch et al., 1957). The major FAs present in PS were ∼58% saturated palmitic acid 

and ∼27% monounsaturated oleic acid, palm olein contained ∼45% of oleic acid and 

∼36% palmitic acid, and Span 60, the emulsifier, was mainly composed of ∼50% 

palmitic and ∼49% stearic acids (Hamad, 2020; Thilakarathna & Wright, 2018).  

Table 3.1: FA composition of bulk lipids and emulsifiers based on Folch extraction and 
gas chromatography 

FA Palm stearin 
(wt%) 

Palm olein     
(wt%) 

Span 60         
(wt%) 

C14:0 1.1 ± 0.0 0.8 ± 0.0 0.5 ± 0.0 

C16:0 58.7 ± 0.0 36.4 ± 0.1 49.7 ± 0.1 

C18:0 4.9 ± 0.0 4.1 ± 0.0 49.2 ± 0.1 

C18:1c9 26.8 ± 0.1 45.2 ± 0.0 0.0 ± 0.0 

C18:1c11 0.7 ± 0.1 1.4 ± 0.1 0.0 ± 0.0 
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C18:2n6 6.2 ± 0.0 10.4 ± 0.0 0.0 ± 0.0 

C18:4n3 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0  

C20:0 0.4 ± 0.0 0.4 ± 0.0 0.4 ± 0.0 

Total  98.6 ± 0.0 99.0 ± 0.0 99.9 ± 0.0 

1 Data reported as mean ± SEM, adapted from Hamad, 2020. 

Constituents used in preparing the stock solutions of simulated digested fluids were 

potassium chloride, potassium phosphate monobasic (ACS reagent, ≥ 99%), calcium 

chloride dihydrate, sodium chloride, ammonium carbonate (ACS reagent, ≥ 30.0% NH3 

basis) purchased from Sigma-Aldrich (St. Louis, MO). Sodium hydrogen carbonate 

(ACS reagent) and magnesium chloride hexahydrate (ACS reagent) were acquired from 

EMD Millipore Corporation (Billerica, MA). For simulated digestion fluids, pepsin from 

porcine gastric mucosa (activity of 1020 U per milligram of protein) and pyrogallol (ACS 

reagent, ≥ 99%) purchased from Sigma-Aldrich (St. Louis, MO) were added to the 

simulated gastric fluid (SGF). The simulated intestinal fluid (SIF) contained pancreatin 

from porcine pancreas (8 × USP, including trypsin, amylase and lipase, ribonuclease, 

and protease), lipase from porcine pancreas (type II, 100-500 units/mg protein) 

purchased from Sigma-Aldrich (St. Louis, MO). Bile extract (containing glycine and 

taurine conjugates of hyodeoxycholic acid and other bile salts) was from Santa Cruz 

Biotechnology, Inc. (Dallas, TX) and Lipoid S 75 phospholipids was obtained from 

Lipoid LLC (Neward, NJ). 1.0N hydrochloric acid and sodium hydroxide (Thermo Fisher 

Scientific, Waltham, MA) were used to adjust to the pH of SGF and SIF and the final pH 
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values were confirmed using a pH meter (Accumet Basic AB 15, Thermo Fisher 

Scientific, Waltham, MA).  

3.2 Methods 

3.2.1 Emulsion Preparation  

The 10% (w/v) emulsions were prepared using the liquid/solid fractions of palm oil and 

stabilized with 0.4% (w/v) Span 60. The solid and liquid fractions of palm oil, which are 

PS and palm olein respectively, were placed in the 85 °C oven for 30 minutes to ensure 

complete melting and erase any possible crystal memories. The crude PS and PO 

emulsions were then prepared by adding 80 °C deionized (DI) water to the melted fat 

and emulsifier and mixed using a pre-warmed hand-held homogenizer (Ultra Turrax, 

IKA T18 Basic, Staufen, Germany) set at 12,000 revolutions per minute (rpm) for 1 

minute. The crude emulsion samples were transferred to the hot hopper of the 

microfluidizer (M-110EH, Microfluidics, Westwood, MA) one at a time, each sample was 

homogenized for 5 passes at 125 MPa with the piping and reservoir of the microfluidizer 

both kept at 95 °C. The 10% (w/v) PS in water emulsions stabilized with 0.4% (w/v) 

Span 60 as the emulsifier were carefully tempered immediately following hot 

homogenization. The PS emulsion was separated into three portions in the mason jars 

with the liquid state emulsion, PS-LE being directly placed into the 37 °C water bath and 

the crystalline solid state emulsion, PS-SE submerged in an ice-water bath for 20 

minutes before storage in the 4 °C water bath and the PS-SE-25 °C emulsion with an 

intermediate level of crystallinity between PS-SE and LE was placed in the 25 °C water 

bath. Lastly, the liquid state 10% (w/v) PO-in-water emulsion was stored in the 37 °C 



 

 

37 

 

water bath as well. Cooling curves for the emulsions are shown in Appendix A. All 

samples were stored for 24 hours to allow complete crystal growth of the PS-SE and 

PS-SE-25 °C containing crystalline solid and held at 37 °C for 30 minutes prior to any 

analysis to simulate the human physiological condition (average human body 

temperature at 37 °C). Strict temperature control was maintained throughout the entire 

emulsion preparation and storage process to ensure the accuracy of impending 

analyses of each emulsion sample. Note that the cooling method (i.e., water cooled) 

used in the current study was different than Thilakarathna & Wright (2018), in which the 

emulsion samples were air cooled in the incubator and/or 4 °C fridge. This may result in 

minor differences in the physical properties of original emulsion samples which are 

discussed later.  

3.2.2 Particle Size and ζ-Potential 

The particle size of each original sample (prior to digestion) was confirmed using laser 

diffraction, a Mastersizer 2000S (Malvern Instruments Inc., Southborough, MA). The 

particle refractive index for both palm olein and PS were 1.45 and the rotation per 

minute was set at a rotation speed of 1800 rpm. Data on PSD graphs and the surface-

weighted (D3,2) and volume-weighted (D4,3) mean diameters were extracted from the 

instrument software (Malvern Instruments Inc., Southborough, MA). ζ-potential was 

measured using a Zetasizer (Zetasizer Nano ZS, Malvern Instruments Inc., 

Southborough, MA) to determine the electrostatic repulsion between droplets in the 

dispersion (Das & Chaudhury, 2011). The dilution ratio of the sample with DI water was 

1:250 to minimize multiple-scattering effects.  
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3.2.3 Differential Scanning Calorimetry  

The melting behaviour of bulk PS and palm olein, and emulsion samples PS-SE, PS-

SE-25 °C, PS-LE, and PO were determined using the DSC (DSC; Q2000 model, TA 

Instruments, Mississauga, ON, Canada) in triplicates. Approximately 10 mg of each 

emulsion sample was sealed in hermetic aluminum pan and lid (TA Instruments Inc., 

New Castle, DE). The method used was as following: the DSC sample was first 

equilibrated at 37 °C and kept at 37 °C for 3 minutes, then the sample was heated to 80 

°C at a rate of 5 °C/min. Subsequent analyses on melting enthalpies and peak melting 

temperatures were examined using the system software (TA Instruments Universal 

Analysis 2000 Software, TA Instruments Inc., New Castle, DE).  

3.2.4 Light Microscopy  

The four emulsion samples were examined under the light microscope (Olympus, 

Tokyo, Japan) with a Sony Camera (Sony Corporation, Tokyo, Japan). A drop of 

emulsion was placed on a glass slide and covered using a coverslip. The magnification 

used was 100x as the diameters of the emulsion droplets were extremely small. The 

samples were observed under both the bright-field and as well as the polarized 

conditions and the Image Capture software was used to take pictures of each sample.  

3.2.5 Static In Vitro Digestion Model  

The emulsion samples were subjected to a static in vitro digestion model comprising 

both gastric and duodenal phases adapted from the InfoGest protocol as described in 

Thilakarathna & Wright (2018) with modifications, including the omission of an oral 

phase. The gastric digestion consisting of 5 mL emulsion sample and 5 mL of SGF in an 
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amber jar was placed in a 37 °C and 250 rpm Innova 40 incubator shaker (New 

Brunswick Scientific Co., Inc., Canada) for two hours then followed by the duodenal 

digestion phase. 10 mL of SIF was further added to the amber jar and continually stirred 

for another four hours. Details about the preparation of the SGF and SIF are provided in 

Appendix B. Three different experimental conditions were applied on each sample 

including: duodenal digestion without a gastric phase to elucidate differences in 

digestion without the influence of acidic flocculation, gastro-duodenal digestion with low 

shear and gastro-duodenal digestion with extra shear. The extra shear was introduced 

by adding four glass beads, each 10 mm in diameter to mimic the shear force 

experienced in the stomach. Each experimental condition was repeated for 3 to 6 times 

to ensure the accuracy and consistency of the data obtained.  

3.2.6 Dynamic TIM-1 Gastrointestinal Model  

The dynamic TIM-1 in vitro gastrointestinal model (The TIM Company, Zeist, The 

Netherlands) was then utilized to simulate the digestion of emulsion samples. The multi-

compartmental TIM-1 mimics realistic digestion in the lumen of the GIT and has been 

employed to investigate the gastrointestinal digestion behaviour of variety of feed, food, 

and pharmaceuticals products (Elie Uriot et al., 2016; Minekus, 2015). The serial 

compartments include the stomach, duodenum, jejunum and ileum for each step of 

digestion (Minekus, 2015). The sample meal then travels through the compartments 

while exposing to the graduation secretion of digestion fluids and the absorption of 

water of nutrients in the GIT (Li & McClements, 2011; Minekus, 2015). Specific digestive 

setting can be simulated by adjusting the physiological parameters (i.e., mixing, meal 
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transit, gastric acidification and emptying etc.) to reproduce the underlying in vivo 

settings (Minekus, 2015; Ng et al., 2019).  

The fed state protocol was used for the GI digestion experiments with the SGF and SIF 

being added to the respective compartments (Ng et al., 2019). The secretions 

comprised of the HCl (1.0M), sodium bicarbonate (1.0M), hydroxypropylmethyl cellulose 

(HPMC), 7% pancreatic solution, gastric enzyme solution (NaCl 4.80 g L-1, KCl 2.20 g L-

1, CaCl2 0.22 g L-1, lipase 20 U mL-1, pepsin 4800 U mL-1 and amylase 47 U mL-1), small 

intestinal electrolyte solution (SIES 1×), fresh bile, ileal and jejunal secretions. 

Specifically, the 7% pancreatin solution consisted of 237 ± 3 g water and 35 ± 0.2 g 

pancreatic powder. To allow a complete mixing of the pancreatin solution, it was stirred 

on a magnetic stirring plate for 10 minutes at room temperature then centrifuged for 20 

minutes (12500 x g at 4 °C), the supernatant was then collected for later use. Gastric 

electrolyte solution (GES 1×) contained 53 ± 0.5 g GES 10× and 450 ± 5 g water. The 

gastric enzyme solution was mixed with 249 ± 3 g GES 1×, 2.5 ± 0.1 ml 1.0M sodium 

acetate buffer (pH = 5), 167 mg lipase, 480 mg pepsin and 13.5 amylase on a magnetic 

stirring plate for 10 minutes at room temperature then stored at approximately 0 – 5 °C. 

SIES was prepared by mixing 88 g ± 1g SIES 25× and 1920 ± 10 g water. Frozen bile 

was thawed in a 60 °C water bath before use. 206 ± 2 g of bile was then added to the 

jejunal secretion which consisted of 88 ± 1g SIES 25× and 1720 ± 10 g water. The ileal 

secretion was of 1606 g SIES 1×. Once all the solutions have been prepared, the 

gastric start residue (5 ± 0.1 g gastric enzyme solution and 5 ± 0.1 g HPMC (0.4% 

HPMC and 0.04% bile)), duodenal start residue (15 ± 0.3 g SIES 1×, 15 ± 0.3 g 7% 
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pancreatin solution, 30 ± 0.5 g bile and 1 cup trypsin solution (2 mg/cup)), jejunal start 

residue (35 ± 0.5 g SIES 1×, 35 ± 0.5 g pancreatin solution and 70 ± 1 g bile), ileal start 

residue solution (140 ± 1 g SIES 1×) were added directly into the corresponding 

compartments of TIM-1.  

Each “feed” meal included 100 g sample emulsion (i.e., PO, PS-LE and PS-SE), 90 g 

GES 1×, 10 g gastric start residue which was previously added the stomach 

compartment, 50 g water and 11 mg amylase which were kept in the 37 °C incubator.  

The meal and 50 g water rinse were then added to the stomach compartment 

containing 10 g gastric start residue after the initiation of the digestion experiment. All 

the utensils used were kept at 37 °C to ensure that the physiological temperature was 

maintained throughout the experiment. The simulation program used in the current 

study was the FED HFM V2 TIM protocol. Approximately 50 mL of water was pulled out 

from the air outlet using a syringe at the 120 and 160 time points to optimize stomach 

mixing. TIM-1 jejunal and ileal compartments were equipped with semi-permeable, 0.05 

μm pore size capillary membranes (Spectrum Milikros modules M80S-300-01P, 

Repligen, Waltham, MA) to allow the collection of jejunal and ileal dialysates 

bioaccessible fractions. PS-SE, PS-LE and PO were each subjected to TIM-1 

gastrointestinal digestion four times.  

3.2.7 Digestate Analysis  

For the static in vitro model, 50 L of digestate samples were taken from about 0.5 cm 

from the digestion jar bottom at 2, 5, 10, 15, 30, 60, 90, 120, 180 and 240 minutes 

during digestion and free fatty acid (FFA) were analyzed at the end of the digestion. 
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FFA concentrations were determined using an in vitro enzymatic colorimetric method 

assay which quantified the non-esterified fatty acids (NEFA) (Fujifilm Wako Diagnostics 

U.S.A. Corporation, Mountain View, CA). NEFA plates prepared were then subjected to 

the spectrophotometric analysis at a wavelength of 550 nm (Spectramax plus, 

Molecular Devices Corporation, San Jose, CA). PSD data were also obtained on all 

samples at the end of the 2-hour gastric phase and 2- and 10-min in the early duodenal 

phase. For the dynamic TIM-1 gastrointestinal model, jejunal and ileal dialysates 

collected at 30, 60, 90, 120, 180, 240, 300 and 360 minutes were analyzed using the 

same NEFA kit as described above.  

3.2.8 Statistical Analysis  

All analysis of emulsion properties were performed in at least triplicate, for at least 3 

batches of sample. In vitro digestion experiments were repeated using 6 replicate 

samples to compare the lipolysis with different digestion conditions, including duodenal 

digestion with low shear, gastro-duodenal digestion with low shear and extra shear. 

Raw data acquired were analyzed in the GraphPad Prism (GraphPad Software, LLC., 

San Diego, CA). Two-way ANOVA with Bonferroni’s multiple comparisons testing was 

used to determine the overall effective treatments (i.e., emulsion samples) over time 

(i.e., experimental timeframe). One-way ANOVA with Bonferroni’s multiple comparisons 

testing assessed the lipolysis and/or bioaccessibility of emulsion samples at particular 

timepoints (i.e., at the end of digestion). The nonlinear least squares fit and descriptive 

statistics with a significance level of p < 0.05 were used to compare the differences 

between treatments and/or digestion conditions. Results are reported as means ± SEM.  
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4 Chapter 4 Results & Discussion 

4.1 Physical Properties of the Original Emulsion Samples  

PSD were analyzed for PS-SE, PS-SE-25 °C, PS-LE and PO before digestion. 

Referring to Figure 4.1, all emulsion samples were monodispersed with peak diameters 

around 417 nm and perfectly overlaid each other. 

 

Figure 4.1: Particle size distribution of undigested PO, PS-LE, PS-SE-25 °C and PS-
SE. Data reported as mean ± SEM, n=3. 

Values of D4,3 taken originally and at specific points of the static in vitro digestion 

methods are shown in Table 4.1.  

Table 4.1: Diameters (D4,3 values, μm) of PS-LE, PS-SE-25, PS-SE, and PO prior to 
digestion (original), at 2 min duodenal digestion without the inclusion of a gastric phase 
(2min-D), after 120 min gastric phase (120min-G), and after 2 min duodenal digestion 
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after the inclusion of the gastric phase (2min-G+D) for regular (low) shear condition and 
PO with extra shear 

Emulsion  Original  2min-D 120min-G 2min-G+D 

PS-SE 0.5 ± 0.0c 208.0 ± 25.2b 500.7 ± 49.1a 317.0 ± 33.5b 

PS-SE-25 °C 0.5 ± 0.0c 126.5 ± 8.7b 342.6 ± 41.7a 317.0 ± 33.6a 

PS-LE 0.5 ± 0.0b 250.7 ± 26.4a 99.1 ± 8.1b 91.3 ± 19.0b 

PO 0.5 ± 0.0c 197.6 ± 52.2a 104.0 ± 18.4b 186.0 ± 1.2ab 

PO (extra 
shear) 

0.5 ± 0.0b 17.2 ± 7.1b 67.8 ± 4.4b 218.1 ± 27.4a 

1 Data reported as mean ± SEM, n=3 (original), n=6 (2min-D, 120-G, 2min-G+D). 

2 Values with different letters are significantly different (p < 0.05) within each row. 

3 Duodenal digestions on PO (extra shear) were not done without the inclusion of a 
gastric phase.  

D4,3 (μm) values obtained for PO, PS-LE, PS-SE-25 °C and PS-SE were 0.5 ± 0.0, 0.5 ± 

0.0, 0.5 ± 0.0 and 0.5 ± 0.0, respectively and did not differ significantly (p > 0.05).  

Additionally, no significant differences (p > 0.05) were observed between samples in 

terms of D3,2 (0.3 ± 0.0 for PO, 0.4 ± 0.0 for PS-LE, 0.3 ± 0.0 for PS-SE-25 °C and 0.3 ± 

0.00 for PS-SE, p > 0.05). Note Table 4.1 only reports D4,3 values for PSD analyses 

conducted during digestion since D3,2 values monitor the proportion of fine particles 

present, whereas D4,3 values better reflect the size of coarse particles that make up the 

bulk of the sample (Malvern Instruments Limited., 2015).  
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Lipid emulsion droplet particle size influences melting and crystallization behaviour as 

well as polymorphic transitions of lipid particles, which can ultimately affect 

drug/bioactive delivery (Bunjes et al., 2000; Gö et al., 2016; Salvia-Trujillo et al., 2013). 

Therefore, for the purposes of this study, PSD were intentionally the same for all 

samples before digestion. This eliminated potential confounding factors that may have 

differentially impact digestibility results between samples. Of note, the PSD of PS-LE 

and PS-SE also align with our group’s earlier study on which this research seeks to 

build. D4,3 values of PS and PO in the current study were not found significantly different 

(p > 0.05) from previous D4,3 values of the PS-SE (0.5 ± 0.0) and PS-LE (0.5 ± 0.0) 

(Thilakarathna & Wright, 2018). Moreover, no difference (p > 0.05) was observed 

between the current study and the previously reported D3,2 values of PS-SE (0.3 ± 0.0) 

and PS-LE (0.4 ± 0.0) by Thilakarathna & Wright (2018).   

ζ-potential represents the degree of charge repulsion between particles in a dispersion 

(Das & Chaudhury, 2011; Samimi et al., 2019). ζ-potential (mV) values measured for 

PO, PS-LE, PS-SE-25 °C and PS-SE were -44.0 ± 1.0, -38.1 ± 3.2, -39.4 ± 2.1 and -

37.2 ± 4.2, respectively, and were not statistically different (p > 0.05). Compared to 

previously reported ζ-potential values by Thilakarathna & Wright (2018), PO in the 

current study was not significantly different from PS-LE (−56.5 ± 2.7 mV) nor PS-SE 

(−56.6 ± 4.8 mV).  Although ζ-potential values of PS-LE, PS-SE and PS-SE-25 °C were 

statistically different (p < 0.05) than Thilakarathna & Wright (2018) previously reported 

for PS samples, a ζ-potential value of -30 mV is generally an indication of good 

dispersion stability and that the particles are not especially prone to aggregation (Das & 
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Chaudhury, 2011; Kathe et al., 2014). Therefore, all emulsion samples in the previous 

and current study contained droplets with strong repulsion, and the differences 

observed may relate to the minor compositional differences in emulsifiers from different 

batches.  

Figure 4.2 illustrates the melting behaviours and peaking melting temperatures and 

enthalpies of bulk PS (53.8± 0.1 °C, 48.8 ± 2.8 J/g) and palm olein (27.7 ± 0.1 °C, 25.9 

± 0.2 J/g) as determined by the DSC.  

 

Figure 4.2: Representative DSC thermograms of melting of bulk palm olein (A) and bulk 
palm stearin (B). Data reported as mean ± SEM, n=3. 

The melting temperatures and enthalpies were also compared between the four 

emulsion samples (see Figure 4.3). PO and PS-LE were completely liquid as seen in 

Figures 4.3A,B and no melting event was identified thus confirming the absence of solid 

crystalline fat. However, as intended, crystallinity was detected in PS-SE-25 °C and PS-

SE. The peak melting temperatures of PS-SE-25 °C and PS-SE were 53.9 ± 0.1 °C and 

53.0 ± 0.2 °C, respectively (Figure 4.3C, D). The melting enthalpy is indicative of the 
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amount of crystallinity contained in each sample. The melting enthalpy of PS-SE was 

4.6 ± 0.2 J/g, which was approximately 10% of the value for bulk PS (48.8 ± 2.8 J/g), 

indicating that the maximum crystallinity was achieved for the emulsion containing a 

10% lipid phase. Moreover, upon cooling the PS-SE from 37 °C to 0 °C, a flat 

thermogram resulted indicating there was no additional TAG crystallized (data not 

shown). The melting enthalpy of PS-SE-25 °C was 1.1 ± 0.3 J/g, therefore the 

crystallinity in PS-SE was higher than PS-SE-25 °C. The melting temperature of bulk PS 

and PS-SE in the current study were not significantly different (p > 0.05) from the 
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previously reported melting temperatures of bulk PS (54.0 ± 0.3 °C) and PS-SE (52.6 ± 

0.4 °C) as determined by Thilakarathna & Wright (2018).  

 

Figure 4.3: Representative DSC thermograms of melting behavior of tempered 
emulsions PO (A), PS-LE (B), PS-SE-25 °C (C) and PS-SE (D). Data reported as mean 
± SEM, n=4.  

PO, PS-LE, PS-SE-25°C and PS-SE were also observed under both bright-field as well 

as polarized light. Referring to Figure 4.4, all the emulsion samples contained small 

uniform spherically shaped droplets. Fat crystal polymorphs as well as their size 

distribution can be easily identified under polarized light as they exhibit birefringence 

(Corradini & Julian McClements, 2019). In this case, fat crystals were present in PS-SE-

25°C and PS-SE (Figure 4.4G, H). The above analyses further confirmed that PO and 
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PS-LE were completely liquid while PS-SE-25°C and PS-SE contained differing 

amounts of crystals. The similar droplet shape, identical PSD and highly negative ζ-

potential values observed eliminate potential confounding variables that could be 

introduced when the emulsions were subjected to digestion experiments subsequently.  

 

Figure 4.4: Microstructures of PO (A, E), PS-LE (B, F), PS-SE-25 °C (C, G), and PS-SE 
(D, H) emulsion droplets observed under bright-field (A, B, C, D) and polarized-light (E, 
F, G, H) conditions using 100x magnification. For scale, the magnification bar indicates 
5 μm. 

4.2 Static In Vitro Digestion Experiments  

4.2.1 In Vitro Duodenal Digestion with Low Shear 

In vitro digestion experiments were performed to compare the TAG lipolysis between 

compositionally equivalent PS emulsion samples with various degree of crystallinity 

while using liquid state PO emulsion sample as a control. The first experimental 

condition tested was duodenal digestion without a gastric phase as this eliminates the 

acid-induced flocculation and potential for crystallization of the undercooled emulsions. 

PSD data was obtained at 2 minutes of the digestion as shown in Figure 4.5.  
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Figure 4.5: Particle size distribution before digestion, after 120-minute gastric phase 
(120min-G), 2-minute gastro-duodenal digestion (2min-G+D), and 2-minute duodenal 
digestion without a gastric phase (2min-D) of PS-LE (A), PS-SE-25 °C (B), PS-SE (C), 
and PO (D). Particle size distribution after 120-minute gastric phase and 2-minute 
gastro-duodenal digestion with extra shear are shown only for PO since measurements 
were not feasible due to aggregates formed in PS-LE, PS-SE-25 °C and PS-SE. Data 
reported as mean, n=6. 

Referring to Table 4.1, D4,3 values then were found to be 126.5 ± 8.7 μm for PS-SE-25 

°C, 198.0 ± 52.2 μm for PO, 208.0 ± 25.2 μm for PS-SE and 251.0 ± 26.4 μm for PS-LE, 

and did not statistically differ between emulsions (p > 0.05). Thilakarathna & Wright 

(2018) previously reported that the undercooled PS-LE liquid state sample exhibited a 

higher tendency for coalescence during digestion and this might help to explain the 

trend to a higher D4,3 value for PS-LE at 2 minutes. The PSD data is also interesting 
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given that TAG lipolysis also was not significantly different (p > 0.05) between samples 

within the first 10 minutes as shown in Figure 4.6A, at 2, 5, and 10 minutes.  
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Figure 4.6: Free fatty acid release for PO, PS-LE, PS-SE-25 °C and PS-SE during the 
duodenal phase of digestion under duodenal low shear digestion (A), gastro-duodenal 
low shear digestion (B) and gastro-duodenal extra shear (C) conditions. Data reported 
as mean ± SEM, n=5. 
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Therefore, the presence of crystallinity, specifically, did not change very early lipolysis 

since the liquid (i.e., PO) and undercooled emulsion droplets (i.e., PS-LE) and partially 

crystalline droplets (i.e., PS-SE-25 °C and PS-SE) were the same up to 10 minutes. 

However, crystallinity affected colloidal structures and therefore interfacial area, with 

differences in lipolysis emerging around the 15-minute timepoint. Specifically, the 

completely liquid control PO sample was hydrolyzed more extensively (63.0%) 

compared to maximally crystallized PS-SE (46.6%) at 15-minute (p < 0.05), reinforcing 

that crystallinity exerts an attenuating effect on in vitro lipid droplet lipolysis. 

Unfortunately, PSD data is not available for these samples at 15 minutes duodenal 

digestion.  

According to Figure 4.6A, lipolysis trended higher for the undercooled PS-LE and liquid-

state PO samples starting from around 10 to 15 minutes of duodenal digestion, although 

values were not significantly different compared to PS-SE-25 °C and PS-SE (p > 0.05). 

The maximum TAG lipolysis reached at the end of 240-minute duodenal digestion also 

did not differ between samples (p > 0.05), but ranged from being the highest for PO 

(61.0%), followed by PS-SE-25 °C (59.4%), PS-LE (58.0%) and the lowest for PS-SE 

(52.2%). The overall lipolysis trends observed for the PS-LE and PO emulsions were 

similar to the previous study results in that there was evidence that the liquid state 

emulsion (PS-LE) facilitated digestion compared with PS-SE, yet the ultimate lipolysis 

reached did not differ  (Thilakarathna & Wright, 2018).  The inclusion of the PO 

emulsion in this study is especially helpful because it has no crystallization tendency. 

Unlike PS-LE which is thermodynamically unstable and may undergo partial 
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crystallization during digestion, PO droplet liquid state is maintained throughout the 

digestion, giving the unique opportunity to confirm that digestibility differences exist 

between samples based on the absence and presence of crystallinity.  

4.2.2 In Vitro Gastro-duodenal Digestion with Low Shear  

Next, a gastric phase was included before exposure to simulated duodenal conditions in 

order to more accurately mimic the human digestive processes. PS-LE, PS-SE, PS-SE-

25 °C and PO were exposed to a gastric phase with a pH of 3. This led to 

microstructural changes in the emulsion droplets, as expected. Gastric structuring 

occurs dependent on droplet interfacial nature as well as the lipid used in formulating an 

emulsion and the solids it contains (Golding et al., 2011; Golding & Wooster, 2009). The 

emulsions in this study were stabilized with Span 60 which is susceptible to acidic 

droplet flocculation by hydrogen ion shielding which decreases the charge repulsion 

(Comas et al., 2006; Mantovani et al., 2013). In the present study, compositionally 

equivalent PS emulsions with various degrees of crystallinity and a PO emulsion were 

tempered to have the same PSD before digestion.  

Following 2 hours of gastric digestion, digestate PSD was analyzed. The results indicate 

a shift towards larger particle diameters, but this was most pronounced for the partially 

crystalline PS-SE and PS-SE-25 °C samples which had peaks centering around 631.0 

and 416.9 μm, respectively (Figure 4.5B, C). D4,3 values at the end of the gastric phase 

were 500.7 ± 49.1 μm for PS-SE and 342.6 ± 41.7 μm for PS-SE-25 °C, and were 

statistically different (p < 0.05), suggesting the presence of larger particles in PS-SE 

versus PS-SE-25 °C. Given the role of TAG crystallinity in partial coalescence, this is 
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not unexpected. Of note, values of D4,3 are compared throughout as an indication of 

differences, but recognizing there are limitations when they are based on bimodal or 

skewed PSD, as is the case when the emulsions during simulated digestion.  

PSD was again analyzed 2 minutes into duodenal digestion (see Figure 4.5). When 

compared between samples, the D4,3 values between the two partially crystalline 

emulsions PS-SE-25 °C and PS-SE did not differ (p > 0.05), and the D4,3 values also did 

not differ significantly between the undercooled PS-LE and liquid PO (p > 0.05). 

Nonetheless, the values for PS-LE and PO significantly differed from those tempered to 

contain crystalline TAG, i.e., PS-SE-25 °C and PS-SE (p < 0.05). This suggests an 

overall trend for emulsion samples containing crystallinity to develop and exhibit larger 

particles than liquid droplet samples early on during duodenal digestion. Furthermore, 

PS-SE, PS-SE-25 °C and PS-LE all showed a decrease in droplet diameter (from the 

end of the gastric phase) as reflected in the D4,3 values. Specifically, the reduction of 

particle diameter in PS-SE (D4,3: 317.0 ± 33.5 μm) in the duodenal phase was 

significant (p < 0.05). PS-SE-25 °C and PS-LE also shifted toward smaller particles 

diameter with D4,3 (μm) value of 317.0 ± 33.6 and 91.3 ± 19.0, respectively, but these 

changes were not statistically significant (p > 0.05) compared to their 2-hour gastric 

phase values. The results are consistent with Jiao et al. (2019), which reported that, 

when subjected to simulated intestinal digestion at 37 °C, the particles sizes of 30% 

sodium caseinate PS emulsions decreased in the order of those crystallized at 4 °C>37 

°C>25 °C (i.e., PS emulsion tempered at 4 °C showed the greatest reduction in particle 

size), although different tempering methods were applied in that study. Contradictory to 
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the other samples and to what was predicted, a different trend was observed for PO. 

PO particle size tended to increase from the end of the gastric to 2-minute duodenal 

analyses, although the D4,3 values did not differ significantly (p = 0.8819). This may 

relate to differences in gastric structuring and mixing in which the rate of lipolysis is 

related to the gastric structuring and can also be governed by colloidal properties and 

SFC etc., as discussed below.  

In the set of experiments including the gastric and duodenal phases, rapid FA release 

was observed for all samples at the start of the intestinal phase. No significant 

differences were observed in the first 2 minutes between any of the samples in terms of 

lipolysis or PSD. Visually looking at Figure 4.6B, FFA release trended higher for PS-LE 

than PS-SE and PS-SE-25 °C starting from the 2-minute timepoint, but it only differed 

significantly from PS-SE at the 15-minute timepoint (p < 0.05), indicating a faster 

lipolysis for the undercooled sample. After the 30-minute timepoint, no further 

differences (p > 0.05) were witnessed at any of the timepoints between PS-LE, PS-SE-

25 °C and PS-SE.  

Figure 4.6B shows that PS-LE was digested extensively with a maximum lipolysis of 

56.8% and that this was not significantly different (p > 0.05) from PS-SE (46.9%) and 

PS-SE-25 °C (48.0%). Surprisingly, however, the liquid control PO only reached a 

lipolysis of 38.6%, which was significantly lower (p < 0.05) than all other samples. PO 

also distinguished itself at the 5-minute timepoint, by having a lower degree of lipolysis 

(8.6%) than PS-LE which was 24.8%. At 10-minute, the lipolysis of PO (11.3%) was 

also significantly lower (p < 0.05) compared to PS-SE-25 °C (22.7%) and, at 30-minute, 
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the digestibility difference extended to PS-SE (38.1%) when compared to PO (17.6%) (p 

< 0.05). We had hypothesized that PO would exhibit the fastest lipolysis rate and 

potentially most complete digestion during the experimental timeframe. Unexpectedly, 

however, PO had a slower lipolysis compared to the PS partially crystalline solid and 

PS-LE and this trend was maintained throughout the duodenal digestion. It may be that 

the presence of TAG crystallinity in the gastric phase affected the structures, keeping 

some droplets quasi-intact and ready to be redispersed at the start of the duodenal 

digestion, even though macroscopically large clumps were observed. 

PSD was also analyzed specifically for PO at the 10-minute duodenal timepoint (data 

not shown), and this gave evidence of increases in D4,3 value from the 2-minute 

timepoint. This is further evidence that the TAG physical state differences affected 

colloidal behaviour extending into the duodenal phase. Since this dictates the interfacial 

area for enzyme binding, digestibility differences were realized between PO and the PS 

samples. One complication of the current study is that the PS-LE sample is 

undercooled, meaning that it is only temporarily stabilized in the liquid form. 

Undercooled droplets can be nucleated by various forces, including shear and 

potentially interfacial activity. Some degree of crystallization was previously observed 

for the PS-LE sample during gastric in vitro digestion and estimated at ~ 45% 

(Thilakarathna & Wright, 2018). Because of sample dilution, it was not possible to 

quantify the proportion of TAG crystallinity present in the PS-LE sample in the duodenal 

phase (then or now). However, it is expected that PS-LE contains some level of 

crystallinity by the end of the gastric phase, whereas the PO emulsion is the only lipid 
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emulsion that will remain completely liquid throughout. Regardless, the results acquired 

from the current experimental conditions highlight that differences in lipid digestion 

depend on TAG physical state, SFC, and colloidal properties that may also be affected 

by TAG crystallinity.  

Golding et al. (2011) discovered that rate of lipolysis was directly correlated to the 

gastric structuring, which impacted the surface area, with the lower surface area taking 

longer to be digested. In particular, an emulsion containing liquid oil and stabilized using 

the non-ionic emulsifier Polysorbate 80, underwent substantial microstructural change in 

the gastric phase (Golding et al., 2011). Two fractions of emulsion were formed, with the 

first fraction being the broke emulsion forming an oil layer on top (Golding et al., 2011). 

The second fraction underwent limited partial coalescence which led to an increase the 

particle size that continued into the intestinal phase, and resulted in a lower surface 

area available (Golding et al., 2011; Palanuwech & Coupland, 2003).  Wan et al. (2020) 

previously identified a correlation between FA release rate and emulsion lipid content 

such that FA release rate decreased as lipid content increased during duodenal 

digestion, presumably due to differences in the proportions of interfacial area and 

enzymes.  

The above-mentioned non-significant (p > 0.05) increase observed in the particle size of 

PO at 2-minute in the duodenal phase may have contributed to the lower lipolysis trend 

for PO. Furthermore, PSD of PO re-analyzed at 10-minute (data not shown) indicated a 

significant increase (p < 0.05) in D4,3 value compared to both the end of the 2 hours 

gastric phase and 2-min in the duodenal phase. Even with the neutral duodenal pH 
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decreasing charge repulsion, and the presence of bile and digestive enzymes, the large 

oil droplets formed on top of the PO emulsion due to coalescence in the gastric phase 

point may lead to an initially lower surface area available to lipases at the oil-water 

interphase (Ng et al., 2019). In previous studies, it was seen that PS-SE and PS-LE 

were unstable in the simulated gastric environment and both were susceptible to partial 

coalesce, although PS-SE exhibited a greater extent of destabilization (Thilakarathna & 

Wright, 2018). PS-LE was digested more extensively than PS-SE, but both presented 

lower overall lipolysis compared to experiments with duodenal digestion only without the 

exposure to a gastric phase (Thilakarathna & Wright, 2018). Human-level work focusing 

on the interactions between emulsion droplet crystallinity and emulsion acid colloidal 

digestibility revealed that the gastric emptying can be modulated by acid colloidal 

stability, independent of TAG physical state (Hamad et al., 2021). The acid-unstable 

partially crystalline PS emulsion droplets formed solid clumps in the human stomach, 

while oil layering and droplet flocculation were observed in undercooled liquid PS 

emulsion (Hamad et al., 2021). In comparison, acid-stable partially crystalline and 

undercooled emulsions both showed no evidence of droplet aggregation as verified in 

vivo by gastric ultrasound imaging (Hamad et al., 2021). The destabilized acid-unstable 

emulsions (i.e., undercooled and partially crystalline PS emulsions), displayed a faster 

gastric emptying, whereas, the acid-stable undercooled emulsion induced the longest 

satiety enhancements (Hamad et al., 2021). Moreover, an animal study compared the 

digestion of bovine milk fat separated into solid and liquid fractions with the solid fraction 

containing high proportions of medium- and long-chain FAs (Ren et al., 2021). The 
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authors discovered that the rats fed with reconstituted milk fat globules (MFGs) 

emulsion containing high-melting-temperature solid TAG fractions were digested slower 

and had enhanced satiety signals compared to rats who consumed the low-temperature 

melting liquid TAG fractions, indicating that physical state of lipid played an important 

role in altering digestion rate (Ren et al., 2021).  Therefore, TAG crystallinity sometimes, 

but not always, has an attenuating influence on digestive lipolysis with wider metabolic 

consequences. The results in this thesis point to differences in colloidal properties 

during digestion as potentially mediating these effects.   

4.2.3 In Vitro Gastro-duodenal Digestion with Extra Shear  

Various factors are known to impact in vitro lipid digestion and FA release (Tan et al., 

2020). For example, the presence of ions, including calcium and ionic strength, physical 

force applied, and pH adjustment are all factors that can potentially affect the rate and 

extent of lipolysis (Eldemnawy et al., 2015; Jiao et al., 2019; Kong & Singh, 2008). To 

further investigate the impact of mechanical forces, specifically shear, on digestion of 

PO, PS-LE, PS-SE-25 °C, and PS-SE, four glass beads were added into each emulsion 

sample jar. This was intended to better mimic the shear stress experienced in the 

stomach and intestine and recognizing that mixing is a common limitation of in vitro 

digestion experiments which may influence results.  

The previous study in our lab found that increased shear attenuated lipolysis in PS-SE 

(i.e., in the emulsion containing crystallinity) but had minimal impact on the undercooled 

liquid PS-LE sample (Thilakarathna & Wright, 2018). In the current study, Figure 4.6C 

indicates that the maximum lipolysis reached for PS-LE was 46.7%, followed by PO 
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(42.0%) and PS-SE (40.0%). PS-SE-25 °C was the least digested with a maximum 

lipolysis of 34.9%, although none of the values were statistically different (p > 0.05). 

Similar to Thilakarathna & Wright (2018), initial lipolysis of PS-LE, PS-SE and PS-SE-25 

°C was suppressed in the presence of glass beads. Droplet aggregation with solid 

clumps was seen at the end of the gastric phase when extra shear was introduced, 

except for PO (see Figure 4.7). PO was liquid throughout digestion whereas the 

emulsions based on PS were either tempered to contain crystallinity or susceptible to 

crystallization. The extra shear aggravated the colloidal differences between the PS and 

PO samples at the end of the gastric phase. 

 

Figure 4.7: Emulsion appearance of PO (A, E), PS-LE (B, F), PS-SE-25 °C (C, G), and 
PS-SE (D, H) after 120-minute gastric phase with low shear (A, B, C, D) and high shear 
(E, F, G, H).  

According to Figure 4.8A, PO lipolysis was relatively unaffected by the low versus high 

shear gastro-duodenal digestion, relative to the PS-based emulsions. The solid clumps 
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present in the PS samples seemed to resist redispersal at the beginning of the 

duodenal phase, resulting in less surface area available for the digestive enzymes to act 

on, and this consequently led to lower overall lipolysis as previously reported 

(Thilakarathna & Wright, 2018). Representative sampling for PSD was not possible from 

the PS-SE, PS-SE-25 °C and PS-LE digestates due to the aggregates formed at the 

end of the gastric phase and therefore particle size analysis did not provide helpful 

information. In contrast, irreversible agglomeration was not seen in the PO sample, 

related to the fact its melting temperature is below the 37 °C experimental conditions so 

PSD data was obtained. Specifically, a single peak at 39.8 μm with a D4,3 value of 67.8 

± 4.4 μm was detected at the end of the gastric phase. This is consistent with extra 

shear force creating finer particles in PO when compared to PO digestion with low shear 

(105.4 ± 19.6 μm).  
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Figure 4.8: Free fatty acid release during the duodenal phase of digestion under 
duodenal low shear, gastro-duodenal low shear and gastro-duodenal extra shear 
conditions for PO (A), PS-LE (B), PS-SE-25 °C (C) and PS-SE (D). Data indicate mean 
± SEM, n=5. 

Early lipolysis attenuation was seen with extra shear in every sample other than PO. In 

contrast, the FA release and digestibility of PO was enhanced compared to gastro-

duodenal digestion with low shear. As above, although both PS-LE and PO contained 

liquid droplets initially, the undercooled PS-LE was thermodynamically unstable, with a 

tendency towards crystallization. The attenuated lipolysis seen in PS-LE affirms that 

some crystallization occurred during digestion, as previously reported and discussed. 

Despite this, the lipolysis of PS-LE still trended higher than PS-SE and PS-SE-25 °C 
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throughout the experimental timeframe (Figure 4.6), suggesting that the degree of 

crystallization was less than PS-SE and PS-SE-25 °C.  

As shown in Figure 4.6, PO had an accelerated lipolysis up to 60 minutes, and it was 

significantly different (p < 0.05) from the PS emulsion samples. The rate of PO lipolysis 

slowed for the latter 3 hours of duodenal digestion and the PO lipolysis values were no 

longer different from PS-LE (p > 0.05). The rate of droplet coalescence is known to be 

associated with the mechanical shear forces present and shear rate (Fredrick et al., 

2009; Nandi et al., 2001). As the shear rate increases, coalescence frequency 

increases correspondingly until a maximum is reached at which point further increase in 

shear rate leads to a progressive reduction in the coalescence rate (Nandi et al., 2001; 

Williams et al., 2019). In this study, it is speculated that the additional mixing created by 

the glass beads disrupted the oil droplets in PO resulting in greater dispersal and 

enhanced early lipolysis compared to the PS samples as illustrated by Figure 4.6. 

Figure 4.5D indicates there was a slight but non-statistically significant (p > 0.05) 

increase in particle size 2 minutes into the duodenal phase for PO (D4,3: 165.7 ± 27.2 

μm) compared to at the end of gastric phase (D4,3: 67.8 ± 4.4 μm). Although this 

increase in particle size was not statistically significant (p > 0.05), larger particles are 

theoretically associated with an overall lower interfacial area. Thus, changes in D4,3 do 

not provide a clear explanation for the faster early lipolysis seen in PO compared to 

other PS emulsions. Interestingly, values of D3,2, which may better reflect the fine 

particles present, decreased significantly from PO at 2-minutes to 10-minutes (p < 0.05) 

into the duodenal phase (data not shown for the extra shear condition), indicating a 
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continual decrease in particle size. The presence of smaller particles (as indicated by 

the D3,2) may be more readily hydrolyzed by the digestive enzymes thus higher lipolysis 

in earlier timepoints, partially accounting for the faster initial lipolysis observed for PO 

(i.e., finer droplet can lead to greater interfacial area and theoretically greater lipolysis). 

Furthermore, the addition of SIF also increased the volume of the overall digestion fluids 

in the jar, affecting the coalescence frequency that was previously established in the 

gastric phase, and this distortion may be reflected in the PSD at the early stage of 

duodenal digestion. With the PS emulsions, the extra shear led to more partial 

coalescence of the droplets, with solid clumps formed at the end of the gastric phase 

potentially being more resistant to dispersal. The dilution with SIF may have dampened 

the impact on the PS emulsions in terms of coalescence frequency.  

Nonetheless, the inconsistency between enhanced early lipolysis and the increase in 

particle size seen in PO in the duodenal phase with extra shear highlights that the 

interplay of factors affecting lipid digestion is complicated. For instance, in a study 

investigating into emulsion instability and lipid digestion kinetics, the authors noted the 

complexity of the interaction between the digestion of lipid emulsion droplets and the 

transformation of emulsion microstructure (Scheuble et al., 2017). While the lipolytic 

enzymes hydrolyze the lipid emulsion to smaller droplets, this can also alter the 

emulsion structure and lead to larger particle sizes simultaneously (Armand et al., 1992; 

Scheuble et al., 2017). Moreover, Dille et al. (2021) determined in vitro lipolysis of corn 

oil emulsion stabilized with polysorbate 80. Specifically, emulsions with droplet sizes of 

∼3 μm (large), ∼1 μm (medium) and ∼0.3 μm (small) were prepared and subjected to 
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digestion (Dille et al., 2021). It was found that despite smaller droplets being hydrolyzed 

faster, medium emulsion displayed the highest rate of lipolysis per surface area (i.e., the 

finer the droplets, the larger the surface area) and that the lipolysis rate maybe 

impacted by the accumulation of digestion products (i.e., FA etc.) at droplet surfaces 

therefore restraining further lipase access (Dille et al., 2021; Golding & Wooster, 2009).  

4.3 Dynamic In Vitro Digestion Experiments  

4.3.1 In Vitro TIM-1 Gastrointestinal Digestion  

To further our understanding of emulsion droplet crystallinity and lipid bioaccessibility in 

a more physiologically relevant and controlled conditions, PS-SE, PS-LE and PO were 

examined using the dynamic in vitro TIM-1 multi-compartmental mode of upper GI 

digestion. PS-SE-25 °C was not digested using TIM-1 as the static in vitro data showed 

that the digestibility of PS-SE-25 °C was not significantly different from PS-LE nor PS-

SE (p > 0.05) and given availability of the TIM-1 equipment.  

Bioaccessibility can be defined as the fraction of a substance released from its food 

matrix within the GI lumen and which is available for intestinal absorption through the 

gut wall (Minekus, 2015; Pascoviche & Lesmes, 2021). In the case of lipids, it refers to 

lipids solubilized within the aqueous phase of the digestates. In the TIM-1, 

bioaccessibility is specifically obtained by analyzing the membrane filtrates in the jejunal 

and ileal phases. The data for the TIM-1 experiments includes FA bioaccessibility (%) 

over time in the jejunal and ileal compartments and combined compartments. Based on 

curve fitting to the shifted logistics model, values for k, the rate constant of FA release 

per unit time, and tc, the induction time that represents the time to reach effective 
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lipolysis at which half the total amounts of FAs are released, and % FFA bioaccessibility 

were also obtained (Borduas, 2021; Ng et al., 2019). Figure 4.9 shows the 

bioaccessibility results of the TIM-1 experiments. 
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Figure 4.9: Cumulative percent bioaccessible fractions in the jejunum (A), ileum (B) and 
combined (C) TIM-1 compartments following digestion of PS-LE, PS-SE and PO using a 
non-linear regression shifted logistics model during 360 minutes in vitro TIM-1 digestion. 
Data reported as mean ± SEM, error bars represent SEM, n=4. 

Two-way ANOVA was used to determine the overall effect of treatment (i.e., PO, PS-LE 

and PS-SE) over time (timepoints at 0, 30, 60, 90, 120, 180, 240, 300, and 360 
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minutes), followed by Bonferroni’s multiple comparisons for the emulsion 

bioaccessibility discussed below unless otherwise indicated. Referring to Figure 4.9A, 

the cumulative percent bioaccessible fractions (%) in the jejunum were found to be 9.8, 

10.9 and 13.8 for PS-SE, PS-LE and PO, respectively at 360 minutes and was non-

statistically different (p > 0.05). Treatment comparisons based on ANOVA p-values 

indicate that there were no significant differences (p > 0.05) between the emulsions in 

the jejunal phase, although values trended to be highest for PO and lowest for PS-SE.  

In the ileal phase, statistical differences were observed in the two-way ANOVA, in that 

time (i.e., experimental timeframe) and treatment (i.e., emulsion samples), but not 

interaction, were significant (p < 0.05). Specifically, the bioaccessibility of PS-LE (8.0%) 

was significantly higher (p < 0.05) than PS-SE (2.8%) at the 240-minute timepoint and 

this difference was maintained for the rest of the jejunal digestion (360-minute timepoint: 

PS-SE: 4.0%, PS-LE: 10.4%). PO bioaccessibility at 360 minutes (7.7%) did not differ (p 

> 0.05) from PS-SE or PS-LE as confirmed by two-way ANOVA. Furthermore, ileal 

filtrates from the earlier timepoints also showed no differences (p > 0.05) between the 

emulsion samples.  

Comparing the overall bioaccessibility differences at 360-minutes between the jejunal 

and ileal compartments (Figure 4.9A, B), jejunal bioaccessibility trended higher in PS-

SE and PO than in the ileal compartment, whereas relatively equal levels of 

bioaccessibility were observed in the jejunal (10.9%) and ileal (10.4%) filtrates for PS-

LE. Nonetheless, no significant differences (p > 0.05) were observed between the 

jejunal and ileal phases within each sample.  
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Figure 4.9C illustrates the cumulative bioaccessibility combining both jejunal and ileal 

compartments for the duration of the 6-hour digestion. Overall, there was a significant 

effect of treatment according to the 2-way ANOVA (p < 0.05), yet that PS-SE (13.8%) 

significantly differed from PO (21.6%) (p < 0.05), although not different from PS-LE 

(21.3%) (p = 0.06) at 360 minutes. Visually looking at the bioaccessibility trends for PO, 

PS-LE and PS-SE in Figure 4.9C, the initial bioaccessibility for PS-SE and PS-LE were 

relatively similar in the first 90 minutes, then PS-LE experienced a slight increase 

around 120 minutes, and bioaccessibility continually trended higher for PS-LE than PS-

SE, meaning that the PS-LE was more bioaccessible throughout the rest of the 

digestion. Furthermore, PO without any crystallinity demonstrated a faster initial lipolysis 

rate compared to PS-LE and PS-SE up to 240 minutes, even though its ultimate 

bioaccessibility did not differ from PS-LE (p> 0.05) by the end of 6-hour digestion. The 

results are consistent with earlier studies showing that FA bioaccessibility was 

associated with emulsion physical state, specifically that liquid-state samples are more 

readily digested than samples containing crystallinity/ solid fat although lipolysis is 

complete eventually (Hamad et al., 2021; Thilakarathna et al., 2020; Thilakarathna & 

Wright, 2018).  

Statistical significance was assessed by one-way ANOVA followed by Bonferroni’s 

multiple comparisons testing (p, 0.05) and by comparing overlapping 95% confidence 

intervals (CI) for values of AUC, induction time and rate constant for jejunal, ileal and 

combined filtrates. Similar differences were observed and only the ANOVA results are 

shown in Figure 4.10 and Figure 4.11.  
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Figure 4.10: Bioaccessibility AUC values for the jejunum (A), ileum (B) and combined 
(C) TIM-1 compartments after 360 minutes in vitro digestion of PS-SE, PS-LE and PO. 
Data reported as mean ± SEM, error bars represent SEM, n=4. 

Referring to Figure 4.10, the AUC values for the jejunal, ileal and combined data were 

not significantly different (p > 0.05) between emulsion samples. The AUC values for PO 

and PS-LE were consistently higher than those for PS-SE (observed in jejunal, ileal and 

combined filtrates), although not statistically significant. Figure 4.11 displays that the 

induction time and rate constant values were not different (p > 0.05) across treatments 

within both jejunal and ileal filtrates. Induction time showed a slight increase for all 

samples between the jejunal and ileal phases, which is reasonable since the meal 

reaches the ileum after the jejunum. No significant differences (p > 0.05) were detected 

between emulsion samples for induction time rate constant values (Figure 4.11C, F). 

Results obtained from the current study are consistent with earlier studies suggesting 

that bioaccessibility is related to the physical state of emulsion samples such that the 

liquid-state samples are more readily digested more that samples containing 

crystallinity/solid fat although lipolysis is complete eventually (Hamad et al., 2021; 
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Thilakarathna et al., 2020; Thilakarathna & Wright, 2018). However, there were no 

statistical differences observed in terms of the AUC or shifted logistics model 

parameters, which may partially be related to the large variability observed.  

 

Figure 4.11: Induction times (A, B, C) and rate constants (D, E, F) determined from the 
shifted logistics model for PS-SE, PS-LE and PO bioaccessibility curves in the jejunum 
(A, D), ileum (B, E) and combined (C, F) compartments during 360 minutes in vitro TIM-
1 digestion. Data reported as mean ± SEM, n=4, except for PO in (C) and PS-LE and 
PS-SE in (B) where n=3 as these datasets did not fit the shifted logistics model. 
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4.4 Integration of Static and Dynamic In Vitro Digestion Results and 
Comparison with Human Data 

The bioaccessibility trends observed in Figure 4.9C were compared with the static in 

vitro gastro-duodenal digestion with both low and extra shear (Figure 4.6B, C). This 

reveals that the bioaccessibility of the emulsion samples as determined by TIM-1 model 

were more aligned/share similarities with in vitro gastro-duodenal digestion with extra 

shear (see Figure 4.6C). The extra shear (i.e., glass beads) introduced was intended to 

better mimic the shear stress experienced in the stomach and intestines. Referring to 

Figure 4.6C, the initial lipolysis of PS-LE and PS-SE was suppressed when extra shear 

was induced, whereas the liquid-state PO contained no crystallinity, thus the digestibility 

differences seen in PO were not attributed crystallinity. Early lipolysis trended higher for 

PO digested with extra shear, corresponding to the higher initial bioaccessibility seen for 

PO in TIM-1 gastrointestinal digestion. Furthermore, the lower overall bioaccessibility of 

PS-SE revealed that crystallinity and the presence of solid fat in the emulsion exerted 

an impact by attenuating lipolysis as confirmed by both static and dynamic in vitro 

methods.  

In the previous human study comparing the lipemic response of PS-LE containing 

undercooled droplets and PS-SE tempered to have crystalline fat, the presence of 

crystallinity in PS-SE mitigated the lipemic response (Thilakarathna et al., 2020). 

Specifically, PS-LE showed an earlier rise in plasma TAG and exhibited higher 

postprandial TAG peak compared to PS-SE, indicating overall more rapid and higher 

digestibility of the liquid-state emulsion (Thilakarathna et al., 2020). The results in this 
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thesis suggest that the static in vitro and dynamic TIM-1 models exhibit good 

comparability with the human model as all three models demonstrate that TAG physical 

state has a role in determining lipid digestion. This underscores the importance of 

considering TAG physical state in postprandial lipemia. Nonetheless, the current study 

indicates that the shear force experienced by the emulsions needs to be carefully 

designed for static in vitro experiments to better predict in vivo behaviours. In some 

samples it played a significant role. For the liquid droplet emulsions (i.e., PO and PS-

LE), we demonstrated the association between PSD (i.e., smaller particle size and 

greater interfacial area for enzyme binding) and digestibility. In some instances, 

insufficient shear force may result in less surface area and ultimately lower digestibility.  
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5 Chapter 5 Conclusions 

This study worked with similarly sized PS and PO o/w emulsions stabilized with Span 

60 and used in vitro models of upper GI tract digestion to explore the influence of TAG 

physical state on lipolysis. Our lab previously reported that early lipolysis attenuation 

was seen in PS-SE due to the presence of TAG crystallinity (Thilakarathna & Wright, 

2018). The undercooled liquid emulsion PS-LE had significantly higher lipolysis 

(Thilakarathna & Wright, 2018). Nonetheless, PS-LE is thermodynamically unstable and 

some partial crystallization was confirmed to have been induced during digestion 

(Thilakarathna & Wright, 2018). Therefore, building on that work, in this thesis we 

introduced another sample with an intermediate level of crystallization (PS-SE-25 °C) 

and an oleic acid-rich PO emulsion sample without any crystallization tendency as a 

liquid control and utilized a leading dynamic digestion simulation (TIM-1). The work also 

included analysis of PSD at intervals during static digestion as a main investigational 

tool to help explain the digestibility differences between samples. The thesis also 

allowed for the comparison of findings between static and dynamic (TIM-1) in vitro 

digestion methods and with a human study where participants consumed PS-SE and 

PS-LE. 

Specifically, in the static digestions it was found that initially lipolysis was not impacted 

by the presence of crystallinity as all emulsions were hydrolyzed at the same rate under 

the experimental condition, duodenal digestion with low shear. That is, for the static 

duodenal digestion which was not preceded by a gastric phase which would induce 

droplet acidic flocculation. It was hypothesized that the PO emulsion would be digested 
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most easliy and possibly more entensively being an all-liquid state emulsion at body 

temperature (37 °C). However, this was not the case in the duodenal alone or gastro-

dudonal digestion conditions with low shear. In fact, in the latter, PO had the lowest rate 

and extent of lipolysis among all emulsion samples. The results support that the 

differences in lipid digestion depend on TAG physical state as well as other factors such 

as interfacial area, that may be affected by TAG crystallinity because of the influence on 

colloidal behaviour during digestion. Nonetheless, when exposed to gastro-duodenal 

digestion with extra shear, PO was the only sample that had enhanced initial lipolysis, 

albeit this was modest. Digestion of all the PS-containing samples was substantially 

supressed in the presence of extra shear force. PSD measured during digestion 

indicate that TAG physical state differences affected colloidal behaviours which dictates 

interfacial area available for enzyme binding (i.e., finer droplets led to greater disposal, 

thus creating more surface area for digestion).  

Subsequently, the TIM-1 gastrointestinal model was utilized as a more physiologically 

relevant digestion model to explore differences in FA bioaccessibility based on TAG 

physical state and to investigate the static and dynamic correlations for PS-LE, PS-SE 

and PO. The bioaccessibility trends observed in the dynamic model showed 

resemblance to the lipolysis seen in static in vitro model, sharing similarities with gastro-

duodenal digestion with extra shear, in particular. Comparing to the in vivo results 

obtained by Thilakarathna et al. (2020), both the static and dynamic in vitro models 

presented good predictability in which all three models illustrate that TAG physical state 

plays a role in determining the lipolysis and lipid digestion. The results in this thesis 
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show this is partly through affecting colloidal behaviour. This study highlights the 

intersection between TAG crystallinity and colloidal properties. The integration of results 

from different experimental models is a strength of this work, as well as the inclusion of 

particle size analysis. Moreover, the fact that the trends between models are similar 

adds strength to the conclusion that emulsion TAG crystallinity contributes to 

postprandial lipemia. The 3 PS-based emulsions were compositionally identical, and the 

PO was similar in terms of the emulsifier, lipid content, and PSD.   

The observation that early lipolysis did not differ between any of the samples in the 

static duodenal only condition underscores that differences in digestion were not at the 

level of lipase binding. The current study also has some limitations, including that the 

variability in PSD measurements (reflected in the SEM) was high, especially for the 

duodenal fluids. Furthermore, values obtained from the PSD (i.e., D4,3 values) are 

skewed for polydisperse distributions such as the bimodal peaks which were frequently 

seen in PO. We initially hypothesized the PO emulsion would be digested most easliy 

and extensively being an all-liquid state emulsion. However, the lipolysis data obtained 

for PO did not offer a lot of clarity between samples, as both the rate and extent of 

lipolysis for PO were confounded by factors including collodial structures and interfacial 

area etc. It should also be noted that, although PS and palm olein are solid and liquid 

fractions of palm oil, respectively, the FA species present in PS and palm olein are 

similar but not the same. In particular, PS contains more saturated palmitic acid, while 

monounsaturated oleic acids dominate in palm olein, and this may account for some 

differences observed in comparing the PO versus PS samples. Lastly, further studies 
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are warranted to investigate how colloidal behaviours are impacted by the physical state 

differences, which in turn, affects the PSD and available interfacial area for lipolytic 

behaviours during digestion. Given the relevance of postprandial lipemia, rises in 

plasma and CM TAG may be slowed through the careful modulation of colloidal 

structures. This is important for future in vitro and in vivo studies as the interplay 

between physical states and colloidal properties can collectively impact the FA release 

and/or bioavailability.
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APPENDICES 

Appendix A Cooling Rates of PO, PS-LE, PS-SE-25 °C and PS-SE, data reported as 
mean ± SEM: 

 

Cooling curves of PO, PS-LE, PS-SE-25 °C, and PS-SE during tempering to reach their 
respective temperatures immediately after microfluidization.  

 

 

 

 

 

 

 

 

 

 



 

 

95 

 

Appendix B Composition of Simulated Digested Fluids (SGF and SIF): 

  SGF  SIF  

pH 3 pH 7 

Constituent Stock conc. Stock 

vol. 

Conc. of 

SGF 

Stock 

vol. 

Conc. of 

SIF 

 

KCl 

KH2PO4 

NaHCO3 

NaCl 

MgCl2(H2O)6 

(NH4)2CO3 

g/L 

37.3 

68 

84 

117 

30.5 

48 

mol/L 

0.5 

0.5 

1 

2 

0.15 

0.5 

mL 

8.625 

1.125 

15.625 

14.75 

0.5 

0.625 

mmol/L 

6.9 

0.9 

25 

47.2 

0.1 

0.5 

mL 

8.5 

1 

53.125 

12 

1.375 

- 

mmol/L 

6.8 

0.8 

85 

38.4 

0.33 

- 

Gastric phase (pH 3) 

SGF basic 
components 

320 mg pepsin & 536.17 mg pyrogallol in 16 mL SGF stock 

Acid/Base 0.16 mL 1M HCl 

Water 3.83 mL 

CaCl2 2.5 μL each jar 
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Intestinal phase (pH 7) 

SIF basic 
components 

1020 mg pancreatin & 406.4 mg pancreatic lipase in 20 mL SIF stock  

800 mg bile extract & 304 mg phospholipids in 17 mL SIF stock  

Acid/Base 0.1 mL 1M NaOH 

Water 2.82 mL 

CaCl2 20 μL each jar 
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