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 Lipid digestion kinetics and fatty acid bioaccessibility were compared between oil-in-water 

(o/w) emulsions stabilized with monoglycerides (i.e., glycerol monostearate (1-GMS), glycerol 

monooleate (1-GMO), or sn-2 glycerol monooleate (2-GMO)) or commonly-used synthetic 

surfactants (i.e., Span 60, Span 80, Tween 60, or Tween 80) using a multi-compartmental, 

simulated digestion model (TIM-1). Although statistically significant differences in induction time 

and rate of lipid digestion were not observed, total bioaccessibility was significantly lower for 

emulsions stabilized with Span 80 and 2-GMO. Comparable trends were observed between area 

under the curve (AUC) of the absolute bioaccessibility and total overall bioaccessibility obtained 

by fitting a three-parameter shifted logistic model to the cumulative bioaccessibility. No significant 

differences for overall bioaccessibility were observed between oil-in-water emulsions stabilized 

by commercial 1-GMO and 1-GMS, Span 60, Tween 60 and Tween 80. The results confirm that 

sn-position and surfactant choice influence the total extent of lipid digestion (total bioaccessibility) 

in vitro.
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Chapter 1 Introduction 
 

 The global diet has become increasingly dominated by energy-dense, ultra-processed foods 

(UPFs) which are typically high in fat, sugar, and salt (Moubarac et al. 2013; Monteiro et al. 2013). 

Numerous studies have correlated UPF consumption with increased prevalence of obesity 

(Louzada et al. 2015; Juul and Hemmingsson 2015; Poti et al. 2017; Monteiro et al. 2018b; 

Nardocci et al. 2019). This has contributed significantly to the global obesity pandemic and rise in 

obesity-related non-communicable diseases, including insulin resistance, metabolic syndrome, 

type 2 diabetes, and coronary heart disease (Misra and Khurana 2011; Ng et al. 2014). 

Consequently, dietary risk factors have become the leading cause of all-cause mortality, with ~11 

million deaths across 195 countries attributable to dietary risk factors in 2017 (Afshin et al. 2019). 

Therefore, careful attention to food processing and formulation is necessary to attenuate negative 

health outcomes associated with diets largely dominated by UPFs (Monteiro et al. 2018a).  

 Foods with the same nutritional composition and energy content, but of different structure 

and form, can demonstrate different metabolic responses (Dias et al. 2019). Food matrices can 

impact the release, digestion, and absorption of lipids (McClements 2018). Therefore, an 

alternative to reducing fat content in foods, which would negatively impact organoleptic properties 

(i.e., texture and flavor), is structuring foods to modify lipid digestion and bioavailability (Singh 

and Ye 2013). Foods are complex systems containing a variety of components, such as dietary 

fibers, minerals, proteins, carbohydrates, and surfactants, which all have the potential to alter 

digestion and absorption of lipids (McClements et al. 2009). The body must breakdown food 

matrices surrounding lipids before lipolysis can occur (Chen et al. 2006). Furthermore, hydrolysis 

of proteins, polysaccharides, and lipids during digestion produces molecular species capable of 
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interfering with lipid digestion and absorption (i.e., amino acids, peptides, fatty acids, 

monoglycerides) (Vaskonen 2003; Reid 2004; McClements et al. 2009).  

 Lipid digestion occurs in the oral, gastric, and intestinal segments of the GI tract via action 

of lipolytic enzymes (Guo et al. 2017). Lipolysis is initiated in the stomach by acid-stable lingual 

and gastric lipases (Moreau et al. 1988; Wahbeh and Christie 2011). In adults, lingual lipase 

secreted by the serous Von Ebner glands of the tongue do not significantly contribute to overall 

lipolysis; lingual lipase is more significant in infants or patients with severe pancreatic 

insufficiency (Abrams et al. 1987; Hamosh 1990; Mu and Høy 2004). Gastric lipases cleave sn-3 

ester bonds of triacylglycerides (TAGs), resulting in sn-1,2 diacylglycerides (DAGs) and free fatty 

acids (FFAs); these gastric lipolytic products act as emulsifying agents to facilitate digestion in the 

small intestine where lipid absorption primarily occurs (Ramírez et al. 2001; Singh and Ye 2013; 

Guo et al. 2017). Gastric lipolytic activity hydrolyzes ~10-30% of ingested TAGs in human adults 

(Singh and Ye 2013). Pancreatic lipase is responsible for ~40-70% of TAG lipolysis and cleaves 

both sn-1 and sn-3 ester bonds to release two FFAs and sn-2 monoacylglycerides (Wilde and Chu 

2011; Meynier and Genot 2017). Pancreatic lipase requires co-lipase to reduce interfacial tension 

facilitating adsorption of lipase at oil-water interface in the presence of bile salts (Singh and Ye 

2013). Lipid absorption occurs in two ways: (1) passive diffusion through the brush border 

membrane of enterocytes, and (2) transport to brush border membrane via transporters (i.e., fatty 

acid transport protein 4, FATP4) (Meynier and Genot 2017). 

 Different approaches to controlling the rate and extent of lipid digestion of food emulsions, 

include controlling the characteristics of the lipid phase, lipid droplet size, and interfacial 

properties of lipid droplets (McClements et al. 2009). For instance, long chain saturated fatty acids 

are poorly absorbed compared to short or medium chain fatty acids due to their tendency to form 
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insoluble soaps with multivalent ions (Karupaiah and Sundram 2007; Thilakarathna et al. 2016). 

The oil droplet size of emulsions determines the interfacial surface area available for enzyme 

activity (Verkempinck et al. 2018). Smaller droplet sizes (<1 m) correspond to greater interfacial 

surface area available for lipase adsorption, thus faster lipolysis rates and higher lipid digestibility. 

Conversely, larger droplet sizes (>10 m) result in less surface area and confer a slower lipolysis 

rate (Salvia-Trujillo et al. 2013, 2017; Zhang and McClements 2016; Guo et al. 2017). Interfacial 

composition may affect the stability of lipid droplets to coalescence in the GI tract and the ability 

of lipases (also co-lipases, phospholipids, and bile salts) to adsorb to the interface and act upon 

TAG substrates (Reis et al. 2006; Sonesson et al. 2007). Surfactants at the oil-water interface may 

inhibit lipase via steric hindrance, interfacial complex formation, direct interaction with lipase, and 

interaction with other digestive compounds (i.e., bile) (Favé et al. 2004; Mun et al. 2007; Golding 

and Wooster 2010; Speranza et al. 2013). 

 By influencing lipid bioavailability, food structure also has the potential to modulate other 

physiological responses such as satiety and post-prandial lipemia (Gallier et al. 2014; Dias et al. 

2019). The lipemic index is similar to the well-established glycemic index and represents post-

prandial serum triacylglyceride (TAG) levels following ingestion of a meal relative to a reference 

meal, which contains a fixed load (i.e., 50-70 g) of a mixture of saturated, polyunsaturated and 

monounsaturated fats in known quantities (Ooi et al. 2011). Elevated post-prandial lipemia is a 

criterion for metabolic syndrome and recognized as a risk factor for obesity-related chronic 

diseases, such as type-2 diabetes and cardiovascular diseases (Ardern and Janssen 2007; Dekker 

et al. 2009). Food structure plays an important role in modulating post-prandial lipemia by 

influencing the rate and extent of lipolysis (Dias et al. 2017, 2019). For example, intake of food 

emulsions stabilized by different surfactants (i.e., egg lecithin, sodium stearoyl lactylate, and 
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sodium caseinate/monoglyceride) have been shown to result in different levels of post-prandial 

plasma TAG concentrations; thus demonstrating that food can be structured to reduce post-

prandial TAG levels without changing the amount of food intake (Keogh et al. 2011).  

 Monoglycerides are glycerol esters of fatty acids, most commonly-used in the food industry 

for bakery products (i.e., bread, cake, cake mixes) and frozen desserts, and are classified as non-

ionic oil-soluble surfactants (Weiss 1971; Chen 2015). Monoglycerides have two isomeric forms 

(i.e., sn-1 and sn-2) based on a temperature-dependent equilibrium (Lauridsen 1976). Both 

isomeric forms revert to an equilibrium mixture of predominantly the sn-1 isomer (>90%) (Hudson 

2004). Commercial monoglycerides typically contain 95% sn-1/3 isomers and 5% sn-2 isomers 

(Krog and Sparso 2004). Therefore, commercial-grade monoglycerides and common non-ionic 

synthetic surfactants (i.e., Spans and Tweens) are expected to be more effective surfactants and 

better at reducing particle size compared to predominantly sn-2 isomers of MAGs, due to 

symmetry of the attached hydroxyl groups for sn-2 MAG molecules (Lauridsen 1976; Krog 1977). 

 As surfactants are widely used in the food industry to increase emulsion stability, it is 

important to consider the physicochemical properties of surfactants on their physiological impact 

(Speranza et al. 2013; McClements 2018). While the food industry is not responsible for managing 

consumer lifestyle choices, food manufacturers should strive to create food products with a greater 

focus on their healthfulness (Lundin and Golding 2009). Overall, understanding the relationship 

between food properties, digestion, and absorption will facilitate the design of foods with improved 

health outcomes (Sanguansri and Augustin 2006; Parada and Aguilera 2007). 
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1.1 Objectives 
 

 The objective of this study was to investigate the effects of sn-position for monoglycerides 

and the structure of non-ionic, synthetic surfactants on the rate and extent of lipid digestion of oil-

in-water (o/w) emulsions using the in vitro TIM-1 simulated digestion model. This was achieved 

by comparing the lipid digestion profiles of oil-in-water (o/w) emulsions stabilized with one of the 

following surfactants: 

a) Span 60 (sorbitan monostearate) 

b) Span 80 (sorbitan monooleate) 

c) Tween 60 (polyoxyethylene (20) sorbitan monostearate) 

d) Tween 80 (polyoxyethylene (20) sorbitan monooleate) 

e) Commercial glycerol monostearate (1-GMS) 

f) Commercial glycerol monooleate (1-GMO) 

g) Sn-2 glycerol monooleate (2-GMO)  

1.2 Hypothesis 
 

 Sn-2 monoglycerides will reduce the rate and extent of lipid digestion by forming a 

monolayer around emulsion droplets that is more difficult to displace by bile compared to 

commercial monoglycerides and non-ionic, synthetic surfactants. 
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Chapter 2 Literature Review 
 

2.1 Introduction 
 

 With rising prevalence of diet-related diseases, careful consideration must be given to the 

processing and formulation of foods (Speranza et al. 2013). The interaction between food and the 

human body is extremely complex and influenced by food composition, properties, structure, time 

of consumption, and previous foods consumed (Sensoy 2014). Food structure, not just 

composition, influences digestion and metabolism (Golding and Wooster 2010). Food structure 

can be manipulated to influence the rate of release and absorption of metabolites in the 

gastrointestinal (GI) tract (Sensoy 2014; McClements 2018). Food matrices can alter the rheology 

of GI fluids to slow diffusion and mixing, act as physical barriers to limit access of digestive 

enzymes, and/or sequester digestion components (i.e., bile salts, enzymes) (McClements 2018).  

 Fat digestion significantly influences health, as elevated blood serum fatty acid 

concentrations leads to insulin resistance, inflammation, and increased risk of metabolic syndrome 

(Boden 2008). Lipolysis converts water-insoluble lipids into amphiphilic fatty acids and sn-2 

monoacylglycerides (2-MAGs) that are incorporated into water-soluble bile salt/phospholipid 

micelles and vesicles that are transported to enterocyte cells for absorption (Stipanuk 2006; Hur et 

al. 2009). Dietary lipids are typically emulsified into droplets within foods or during digestion in 

the GI tract; emulsification increases surface area allowing bile, co-lipase and lipase to access the 

interface facilitating lipolysis (Wilde and Chu 2011). The majority of fatty acid and 2-MAG 

absorption occurs in the duodenum and jejunum, but in cases of excess consumption or 

malabsorption, undigested foods travel to the ileum. This triggers hormonal secretions that slow 

digestion and signals the brain to reduce appetite. The ileal brake is a negative feedback mechanism 

whereby the presence of ingested food triggers hormonal signals that inhibit proximal GI motility 
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and gastric emptying (Cummings et al. 2007). Modifying the ileal brake mechanism modulates 

hunger, satiety and satiation, and may aid in weight management (Maljaars et al. 2008a). 

 An alternative to reducing fat content in foods, which is deleterious to organoleptic 

properties (i.e., texture and flavour), is structuring lipids to have reduced digestibility and 

bioavailability (generally referred to as the lipemic index) (Singh and Ye 2013). Foods may be 

structured to decrease lipid bioavailability to target individuals with high blood lipid levels at risk 

for cardiovascular disease or obesity. Conversely, foods may be structured to increase lipid 

bioavailability to target individuals with diseases that affect digestion and absorption of lipids (i.e. 

pancreatitis, cystic fibrosis) (Mun et al. 2007; Singh et al. 2009). To effectively structure foods to 

modify lipid bioavailability, it is important to correlate physicochemical properties of foods to 

physiological events in the body (McClements 2018). Interfacial access in complex foods requires 

additional physicochemical changes to occur during digestion to breakdown these matrices. 

Important interfacial characteristics include: interfacial area, competitive adsorption of 

emulsifiers, and other surface-active compounds (McClements 2018). 

2.2 Lipid Digestion 
 

 Lipid digestion hydrolyzes triacylglycerides (TAGs) into fatty acids and 2-MAGs that are 

either absorbed via passive or facilitated diffusion (Guo et al. 2017). Lipids are not only an 

important energy source, but also carry essential lipid-soluble vitamins (i.e., A, D, E, and K), 

carotenoids, flavonoids, and some drugs (Wilde and Chu 2011; Meynier and Genot 2017). Lipid 

digestion occurs in oral, gastric, and intestinal segments of the GI tract (Figure 2.1) (Guo et al. 

2017). 
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Figure 2.1 Physiological conditions in the gastrointestinal tract (McClements 2013). 

 

2.2.1 Oral Phase 

 

 Lipid digestion begins with mechanical and biochemical modifications in the oral cavity 

(Singh and Ye 2013). Solid and semi-solid foods are masticated, releasing oil droplets, and mixed 

with saliva to form a bolus before swallowing (Singh and Ye 2013; Guo et al. 2017; Meynier and 

Genot 2017). The mechanical shear experienced by food between teeth, tongue, and oral palate 

reduces particle size, increases surface area, and aids nutrient release (McClements 2018). Liquid 

emulsions are mixed with saliva and swallowed immediately. Saliva (pH of ~6.8) consists of water, 

proteins (i.e., lingual lipase, α-amylase, and negatively-charged mucins) and minerals 

(Vingerhoeds et al. 2005; Singh and Ye 2013). In human adults, a limited amount of lipolysis 

occurs due to lingual lipases secreted by the serous Von Ebner glands of the tongue; lingual lipase 

is more important in human infants or patients with severe pancreatic insufficiency (Abrams et al. 
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1987; Hamosh 1990a; Mu and Høy 2004). Αlpha-amylase hydrolyzes starch to oligosaccharides 

and maltose (McClements 2013). Mineral ions (i.e., Ca2+, K+) facilitate droplet aggregation in 

emulsions via electrostatic screening or ion-binding effects (Keowmaneechai and McClements 

2006; Chang and McClements 2016). Mucin interacts with positively-charged protein-stabilized 

emulsions (i.e., lactoferrin) and induces flocculation via electrostatic interactions (Singh and Ye 

2013). In the oral cavity, foods are subject to changes in pH, ionic strength, temperature, complex 

flow/force patterns, and interactions with oral cavity surfaces (McClements 2013). The oral phase 

is often omitted in in vitro digestion studies; however, these changes have been shown to influence 

subsequent digestion (Singh and Ye 2013). 

2.2.2 Gastric Phase 

 

 After swallowing, the bolus travels down the esophagus into the gastric cavity (pH 1-2), 

where gastric secretions and mechanical forces from peristalsis further degrade food structure 

(McClements 2018). Proteolytic pepsin has optimal hydrolytic activity at pH 2 and at temperatures 

ranging between 37 and 42°C (Singh and Ye 2013). Pepsin preferentially cleaves peptide bonds 

of aromatic and hydrophobic amino acids that typically reside in the interior of proteins before 

denaturation. Denaturation is triggered in the stomach by the drastic pH reduction (Singh and Ye 

2013). Lipolysis in the stomach is catalyzed by acid-stable lingual and gastric lipases (Moreau et 

al. 1988; Wahbeh and Christie 2011). Gastric lipase, secreted by chief cells in the gastric fundic 

mucosa, remains active over a wide pH range (i.e., pH 3-6) (Meynier and Genot 2017). Gastric 

lipase is largely responsible for pre-duodenal lipolytic activity (~118 U/g; 1 U = 1 μmol oleic acid 

released/min from hydrolysis of trioleylglycerol), while lingual lipase is only present in trace 

amounts (~0.3 U/g) (DeNigris et al. 1988). Gastric lipase cleaves sn-3 ester bonds of TAGs, 

resulting in sn-1,2 diacylglycerides (DAGs) and free fatty acids (FFAs) (Singh and Ye 2013). 
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Gastric lipolytic products act as emulsifying agents facilitating digestion in the small intestine 

where lipid absorption primarily occurs (Ramírez et al. 2001; Guo et al. 2017). However, short 

and medium chain FFAs (< C12) can also be absorbed via passive diffusion through the gastric 

mucosa and enter the portal vein prior to intestinal absorption; thus, medium chain TAGs have 

been used to reduce fat malabsorption and increase caloric intake in the management of certain GI 

disorders (i.e., pancreatic or bile insufficiency) (Bracco 1994; Parrish 2017).  

 Surface-active materials in the stomach may originate from foods (i.e., proteins, 

polysaccharides, phospholipids, surfactants), lipolytic products (i.e., 1,2-DAGs, FFAs) or gastric 

secretions (i.e., enzymes, glyco-proteins, phospholipids) (Pafumi et al. 2002; Kalantzi et al. 2006). 

Bile salt solubilization of surface-active molecules begins in the duodenum; thus, surface-active 

molecules in the stomach may accumulate at the interface and impede lipase accessibility to the 

substrate (Reis et al. 2008). Overall, gastric lipolytic activity hydrolyzes ~10-30% of ingested 

TAGs in human adults (Singh and Ye 2013). The main purpose of gastric lipase is to facilitate 

subsequent pancreatic lipase activity by promoting lipid emulsification and generation of fatty 

acids and diglycerides (Hamosh et al. 1975; Hamosh 1990b; Carriere et al. 1993; Armand et al. 

1994, 1996). Transit time of food in the gastric phase can range from minutes to hours depending 

on its quantity, physical state, structure, and location in the stomach, resulting in: matrix 

breakdown, lipid droplet coalescence, and changes in interfacial composition (Figure 2.2) 

(McClements et al. 2008). 
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Figure 2.2 Destabilization of food emulsions in the acidic environment of the human gastric 

compartment, beginning with (i) flocculation and leading to various possible structures in the 

small intestine: (ii) redispersed (stable), (iii) partially-coalesced), (iv) coalesced, or (v) broken, 

depending on the nature of the emulsion interface and fat composition (Golding et al. 2011). 

 

2.2.3 Intestinal Phase 

 

 Partially-digested food, now known as chyme, travels through the pylorus sphincter into 

the small intestine. This is the main site for lipid digestion where food is broken down into smaller 

sub-units for absorption at the epithelial lining (Singh and Ye 2013; McClements and Gumus 

2016). The transit of food into the small intestine triggers gall bladder secretions of digestive 

enzymes and bile salts (Singh and Sarkar 2011). Chyme is mixed with intestinal fluids containing 

bicarbonate, proteases, pancreatic lipase, bile salts, phospholipids, co-lipase, and other salts. The 

addition of sodium bicarbonate neutralizes pH allowing maximum pancreatic enzyme activity 

(Singh and Ye 2013; McClements 2013). Enterokinase is synthesized by the enterocytes of the 

small intestine in order to activate trypsinogen, the zymogen of trypsin. Active trypsin, generated 

via enterokinase or autoactivation, subsequently triggers an activation cascade of the remaining 

pancreatic zymogens (i.e., chymotrypsinogen, proelastase, kallikreinogen, etc.) (Rinderknecht 
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2005). The main proteases present in the intestinal phase are trypsin and chymotrypsin, each with 

different substrate specificities (Ma et al. 2005; Singh and Ye 2013). Trypsin preferentially cleaves 

the peptide bonds to the C-terminal side of amino acids (i.e., lysine and arginine); while, 

chymotrypsin favours peptide bonds neighboring large aromatic residues (i.e., phenylalanine, 

tyrosine, and tryptophan) (Vajda and Szabo 1976; Olsen et al. 2004; Ma et al. 2005). 

 Pancreatic lipase is synthesized by the acinar cells of the pancreas and has an optimum pH 

of 8-9 (Singh and Ye 2013). It is responsible for ~40-70% of TAG lipolysis and cleaves both sn-1 

and sn-3 ester bonds to release FFAs and 2-MAGs (Wilde and Chu 2011; Meynier and Genot 

2017). Solubilization of lipids and lipid-soluble nutrients rely on the adsorption of lipase and 

emulsification of FFAs and 2-MAGs at the oil-water interface (Patton and Carey 1979). Pancreatic 

lipase requires co-lipase to reduce interfacial tension facilitating adsorption of lipase at oil-water 

interface in the presence of bile salts. Thus, pancreatic lipase activity depends on competitive 

adsorption between bile salts and surface-active materials, lipase/co-lipase adsorption, and 

removal of lipolytic products by bile salts (Wilde and Chu 2011; Singh and Ye 2013). The most 

surface-active lipolysis product is 2-MAGs, followed by FFAs, DAGs, and TAGs (Golding and 

Wooster 2010). 

 Bile, produced in the liver and stored in the gall bladder, is secreted into the duodenum in 

response to the presence of food. It is composed of protonated bile acids and deprotonated bile 

salts (Wilde and Chu 2011). Bile is responsible for the continual displacement of surface-active 

molecules at the oil-water interface after the initiation of lipolysis (Reis et al. 2008). Due to its 

high surface activity, bile salts limit pancreatic lipase access to the oil droplet interface. Hence, 

lipase requires a co-factor (co-lipase) that synergistically reduces interfacial tension and allows 

adsorption of lipase onto the oil droplet interface in the presence of bile salts (Wilde and Chu 
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2011). Lipolytic products then must be incorporated into mixed micelles (8-20 nm) containing bile 

salts or larger vesicles (40-200 nm) containing phospholipids to be absorbed (Meynier and Genot 

2017). Mixed micelles and vesicles act as vehicles for solubilized FFAs, MAGs, oil-soluble 

nutraceuticals and vitamins (McClements 2013). Lipid absorption occurs in two ways: (1) passive 

diffusion through the brush border membrane of enterocytes, and (2) transport to brush border 

membrane via transporters – i.e., FATP4 (fatty acid transport protein 4), CD36 or SR-B1 

(scavenger receptor class B1 for cholesterol) (Meynier and Genot 2017).  

 The presence of nutrients (especially lipids and proteins) in the duodenum and jejunum 

triggers the release of cholecystokinin (CCK), a peptide that induces satiety and reduces food 

intake (Lieverse et al. 1995). Of greater significance is the “ileal brake”, a distal to proximal 

negative feedback mechanism that controls transit time through the GI tract to maximize nutrient 

digestion and absorption by inhibiting proximal GI motility and secretions (Maljaars et al. 2008a). 

Two peptides have been demonstrated to be key mediators of the ileal brake: peptide YY (PYY) 

and glucagon-like peptide 1 (GLP-1) (Schirra and Göke 2005; Stanghellini et al. 2016). Both 

peptides are secreted by L-cells in the ileum and colon in response to fatty acids and carbohydrates, 

resulting in inhibition of gastric and duodenal motility. Overall, the activation of the ileal brake 

enhances gastric distension from delayed emptying, stimulates central satiety centers by hormonal 

and neural signals, increases satiety, and reduces energy intake (Figure 2.3) (Maljaars et al. 2008a). 
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Figure 2.3 Ileal brake feedback mechanism to induce satiety and slow digestion (Goodman 

2012). 

 

2.2.4 Bioaccessibility & Bioavailability 

 

 Bioaccessibility is defined as the fraction of an ingested compound solubilized within 

intestinal fluids and available for absorption (Salvia-Trujillo et al. 2013a). On the other hand, 

bioavailability represents the fraction of ingested compound that reaches systemic circulation in 

its active form and measures bioactive functionality, not just serum concentration (Yao et al. 2015). 

There are two major motivations for controlling lipid bioavailability: (1) to increase lipid 

bioavailability of beneficial lipids and lipid-soluble compounds for those who suffer from 

absorption insufficiencies; and (2) to decrease lipid bioavailability to reduce lipid absorption for 

hyper-lipidemics, those at risk for cardiovascular disease, or those who suffer from metabolic 

syndrome (McClements et al. 2008; Meynier and Genot 2017). Possible ways to modify the 

bioavailability of lipophilic components include: controlling the characteristics of lipid molecules, 
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lipid droplet size, crystallinity of the lipid phase, interfacial properties and/or food matrix 

composition (McClements et al. 2008). It is also important to distinguish factors affecting lipolysis 

rate compared to extent of lipid digestion. The rate of digestion can be affected without changing 

the final amount absorbed, i.e., transit time of chyme. Whereas, modifying the extent of digestion 

affects the final amount absorbed, i.e., bioaccessibility (McClements et al. 2008). 

 Overall bioavailability of bioactive compounds encapsulated in lipid nanoparticles can be 

calculated according to the equation shown in Figure 2.4. FC is the fraction of the active 

micronutrient form when food is ingested. FB is the fraction released from the food matrix and 

solubilized within GI fluids. FA is the absorbed fraction of the bioactive that crosses the mucosal 

layer and epithelium cells (Singh et al. 2009). Transcellular or paracellular are the major pathways 

for intestinal absorption of glucose, peptides, as well as, lipophilic and hydrophilic drugs (Patel 

2011; Karasov 2017). Finally, FM represents the unmetabolized fraction that remains bioactive 

after chemical transformations within the GI tract (i.e., first-pass metabolism) and enters systemic 

circulation (Singh et al. 2009). First-pass metabolism (or elimination) is the process in which a 

drug/bioactive is metabolized between the site of administration and incorporation into systemic 

circulation, thereby reducing its plasma concentration (Pond and Tozer 1984; Yao et al. 2015). 

The major site of first-pass elimination is the liver, but other sites that may affect bioavailability 

include the GI tract, blood, vascular endothelium, and lungs (Pond and Tozer 1984). 
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Figure 2.4 Overall bioavailability of a bioactive compound encapsulated in a lipid nanoparticle 

(Joye et al. 2014). 

 

2.3 Factors Affecting Lipid Digestion 
 

2.3.1 Emulsion Droplet Size 

 

 Oil droplet size of emulsions determines the interfacial surface area available for enzyme 

activity (Verkempinck et al. 2018). Smaller droplet sizes (<1 m) correspond to greater interfacial 

surface area available for lipase adsorption, thus faster lipolysis rates and higher lipid digestibility 

is typically observed. Conversely, larger droplet sizes (>10 m) result in less surface area and 

confer a slower lipolysis rate (Salvia-Trujillo et al. 2013a; Zhang and McClements 2016; Guo et 

al. 2017; Salvia-Trujillo et al. 2017). Salvia-Trujillo et al. (2013) found significant differences in 

the rate and extent of in vitro lipolysis between emulsions with smaller droplet diameters (<0.4 

m) compared to larger droplet diameters (~23 m). Smaller droplet size emulsions demonstrated 

higher rates of digestion and greater bioaccessibility of FFAs. Emulsions with larger droplets were 

more susceptible to coalescence; while, emulsions with smaller droplets typically flocculated. 
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Overall, the rate and extent of lipolysis was inversely associated with droplet size, which was 

attributed to greater TAG exposure to lipase (Salvia-Trujillo et al. 2013a). Droplet size 

significantly influenced gastric and pancreatic lipolysis shown in healthy human adults. An 

increase in initial particle size (i.e., 0.7 m to 10 m) lowered gastric lipolysis from 35% to 16% 

and pancreatic lipolysis decreased from 73% to 46% when initial particle size increased from 0.7 

to 10 m (Borel et al. 2018).  

 Emulsion stability throughout digestion needs to be considered in conjunction with particle 

size (Verkempinck et al. 2018). A recent in vitro study by Guo et al. (2017), showed acid-stable 

emulsions remain homogenous; while acid-unstable emulsions, in gastric and duodenal conditions, 

exhibited creaming and flocculation. According to Meynier and Genot (2017), acid-unstable 

emulsions phase separate in gastric conditions forming an oil phase on top of the bolus causing the 

aqueous layer to empty the stomach first (Meynier and Genot 2017). An in vivo study by Marciani 

et al. (2007) found subjects fed acid-unstable meals experienced exponential gastric emptying 

curves, higher release of CCK, more gallbladder contractions, and decreasing post-prandial 

appetite. Conversely, acid-stable meals had more rapid, linear emptying curves, with higher rates 

of lipolysis in the duodenum (Marciani et al. 2007). A reduction in acid-stable emulsion droplet 

size from 52 m to 0.3 m delayed gastric emptying in human studies by 38 min (Steingoetter et 

al. 2015). The relationship between droplet size and digestion rate are confounded by free 

surfactant concentration, aqueous phase concentration, and changes to interfacial structure (Salvia-

Trujillo et al. 2013a). 

 In vitro studies using model emulsion systems, rather than real food matrices, report 

increasing rates of lipolysis with smaller droplet size (Armand et al. 1992; Ythier et al. 2003). 

While, in vivo studies found initial droplet size does not affect the extent of lipolysis because of 
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the relatively long time-scale of digestion which ensures all lipids are digested, regardless of 

differences in initial lipolysis rates (McClements et al. 2008; Borel et al. 2018). Furthermore, 

phospholipid-stabilized emulsion droplets reached a final mean diameter of 10-20 m in human 

subjects irrespective of initial droplet size (Bauer et al. 2005; Back 2008; Borel et al. 2018). 

Nanoscale emulsions digested slower compared to conventional emulsions due to much higher 

emulsifier-to-oil ratio required, resulting in thicker interfacial protein coating; therefore, lipolysis 

rate cannot be predicted using only particle size (Lee et al. 2011). 

2.3.2 Emulsifier Type 

 

 Emulsifier structure influences the gastrointestinal fate of emulsions by modifying lipase 

activity (Singh and Ye 2013; McClements and Gumus 2016). Surfactants at the oil-in-water 

droplet interface may inhibit lipase via steric hindrance, interfacial complex formation, direct 

interaction with lipase, and interaction with other digestive compounds (i.e., bile) (Mun et al. 2007; 

Back 2008; Golding and Wooster 2010; Speranza et al. 2013). Commonly used food-grade 

emulsifiers include: low molecular weight (LMW) surfactants, proteins, phospholipids, and 

polysaccharides (Hasenhuettl 2008; Kralova and Sjöblom 2009). Different conformations adopted 

by surfactants at an emulsion interface affect the surface loads (Figure 2.5). For example, LMW 

surfactants compared to polysaccharides form smaller emulsion droplets under the same 

concentration and homogenization conditions (McClements and Gumus 2016). The surface load 

of common emulsifiers increases for: LMW surfactants < globular proteins < flexible proteins < 

polysaccharides (Ozturk et al. 2014, 2015). Generally, emulsion droplet size decreases with 

increasing emulsifier concentration (McClements and Gumus 2016). 
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Figure 2.5 Common natural surfactants used to stabilize emulsions (McClements and Gumus 

2016) 

 

 Emulsifiers, primarily used in food emulsions, aid in achieving shelf-life stability against 

coalescence and flocculation destabilizing reactions. Subsequently, emulsifier choice also 

influences emulsion stability during lipid digestion (Guo et al. 2017). As previously mentioned, 

emulsion instability (i.e., increase in droplet size) decreases interfacial surface area, slowing 

digestion rate, impacting fat absorption and modifying hormones released that play a central role 

in satiety. Particle size changes in emulsions are modified during digestion, which are attributed 

to: emulsion destabilization mechanisms (i.e., flocculation, coalescence, Ostwald ripening), 

enzymatic degradation, release of lipolysis products, and/or solubilization of lipid molecules into 

the aqueous phase (McClements 2013). Surfactant chemistry determines its interfacial properties, 

such as: thickness, charge, permeability, rheology, environmental-responsiveness, and 

digestibility (Mason et al. 2006; McClements 2013). 
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 Interfacial composition and properties of emulsified oil droplets are affected by changing 

physicochemical and biological conditions throughout the GI tract; for example, surface-active 

components in intestinal fluids may competitively adsorb at the interface or co-adsorb with added 

emulsifiers (McClements 2013). Numerous studies show emulsion droplets coated with non-ionic 

surfactants tend to be negatively-charged due to anionic impurities that adsorb to the interface (i.e., 

FFAs, phospholipids, small anions such as OH- from water) (Hsu and Nacu 2003; Beysseriat et al. 

2006; Mun et al. 2006; Qian et al. 2012). Multilayer formation occurs when surface-active 

molecules released in the intestinal components adsorb on top of the original interfacial materials. 

Furthermore, emulsifiers can be digested or degraded due to the acidic environment in the gastric 

compartment or due to enzymatic activity (McClements 2013). In this literature review, the effect 

of emulsifier structure on lipid digestion will be compared for LMW surfactants (e.g., Spans, 

Tweens, phospholipids/lecithins), proteins, and polysaccharides. 

 LMW surfactants decrease interfacial tension more than proteins and polysaccharides 

(Wilde et al. 2004). An in vitro study by Speranza et al. (2013) demonstrated that the chain length 

and hydrophilic-lipophilic balance (HLB) value of emulsifiers influence rate of lipolysis and lipid 

bioaccessibility. Overall, decreased lipolysis rates in oil-in-water (o/w) emulsions were observed 

with increasing HLB values of surfactants and decreasing aliphatic chain lengths; while, lipid 

bioaccessibility was positively-correlated with HLB value and negatively-correlated with aliphatic 

chain length (Speranza et al. 2013). Lipolysis rates increased with surfactants of longer aliphatic 

chain lengths which was attributed to inefficient molecular packing of surfactants with longer 

aliphatic chains at the interface, thus allowing them to be easily displaced providing interfacial 

access to lipase (Israelachvili 2011; Speranza et al. 2013). The negative correlation between HLB 

value and lipolysis rates was attributed to the fact that hydrophilic surfactants reside primarily in 
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the aqueous phase at the interface thereby limiting lipase access, as lipases are water-soluble 

proteins that approach the interface from the aqueous phase (Singh and Ye 2013; Speranza et al. 

2013). Lipid bioaccessibility increased with increasingly hydrophilic surfactants as molecules with 

high HLB values may act as effective detergents which solubilize sn-2 MAGs generated in situ 

and promote continual lipase activity. On the other hand, increasing aliphatic chain length resulted 

in decreasing lipid bioaccessibility as chain length is negatively-correlated with HLB values (Reis 

et al. 2008; Speranza et al. 2013) 

 A study by Verkempinck et al. (2018) compared the physicochemical stability of emulsions 

stabilized with Tween 80 (HLB 15) or sucrose esters (HLB 8, 11, and 16). Tween 80-stabilized 

emulsions remained stable in simulated gastric conditions and maintained smaller particle sizes 

(1.37-1.50 m), while sucrose ester-stabilized emulsions exhibited a drastic increase in particle 

size (40.84-77.58 m) (Verkempinck et al. 2018). Sucrose esters interact with proteins (including 

digestive enzymes – i.e., pepsin) via hydrogen bonds between non-charged polar side groups of 

proteins and hydrophilic regions of sucrose esters. Sucrose esters with high HLB values tend to 

interact the most strongly with proteins (Nelen et al. 2015; Verkempinck et al. 2018). According 

to Marciani et al. (2006), Tween-stabilized emulsions are acid-stable; while, Span-stabilized 

emulsions are acid-unstable. Sucrose esters are also considered acid-unstable surfactants (Rao and 

McClements 2011; Verkempinck et al. 2018). Tween 80-stabilized emulsions had a significantly 

higher rate and extent of lipolysis compared to sucrose ester-stabilized emulsions. This was 

attributed to greater stability in gastric conditions allowing it to maintain smaller initial droplet 

size and larger surface area for lipase adsorption at the start of the simulated intestinal phase 

(Verkempinck et al. 2018). The rate of lipolysis for sucrose ester-stabilized emulsions increased 

with increasing HLB values, likely due to emulsion instability in acidic gastric conditions and 
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stronger interactions with pepsin, leading to flocculation of emulsion droplets and decrease in 

available interfacial area for lipase (Verkempinck et al. 2018).  

 The amphiphilic structure of phospholipids consists of a glycerol backbone, two fatty acids 

that act as the non-polar hydrophobic tail, and a phosphoric acid moiety (i.e., polar hydrophilic 

head group) which reduces surface tension (McClements and Gumus 2016). Phospholipids form 

three common structures upon interfacial adsorption: (1) phosphatidylcholine (PC) forms lamellar 

structures with well-ordered mono- and bi-layers, allowing it to form stable nanoemulsions (100-

300 nm) and liposomal vesicles; (2) phosphotidylethanolamine (PE) forms reverse hexagonal 

structures that are more difficult to arrange at the interface; (3) lysophosphatyidylcholine (LPC) 

and lysophosphatidylethanolamine (LPE) exhibit enhanced hydrophilicity and form hexagonal 

clusters (Figure 2.6) (van Nieuwenhuyzen and Szuhaj 2002). The most commonly-used 

phospholipid-based commercial emulsifiers are lecithins sourced from soybean, egg, milk, 

rapeseed, canola, cottonseed, or sunflowers (Bueschelberger et al. 2015). Lecithins are usually a 

combination of phospholipids and lipophilic components such as TAGs, glycolipids, and sterols 

(Guiotto et al. 2013). The most common phospholipids in commercial lecithin include: 

phosphatidylcholine, phosphatidylethanolamine, phosphatidylinositol, and phosphatidic acid. The 

ratio of these phospholipids present impacts emulsion formation; for example, phospholipid 

ingredients composed of more PC produce smaller emulsion droplets (McClements and Gumus 

2016). 
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Figure 2.6 Common phospholipid structures at an emulsion interface (van Nieuwenhuyzen and 

Szuhaj 2002). 

 

 Lecithin is a zwitterionic surfactant that stabilizes emulsions via electrostatic repulsive 

forces, while steric forces do not play a significant role (Gamon et al. 1989; Mantovani et al. 2013). 

A study by Torcello-Gomez et al. (2011) compared the rate and extent of in vitro lipid digestion 

by emulsions stabilized with lecithin (Asolectin) or a non-ionic synthetic surfactant (Pluronic F68). 

Pluronic F68 is a triblock co-polymer that forms bulky interfacial layers that primarily prevents 

coalescence via steric repulsion (Torcello-Gómez et al. 2011). Pluronic F68 was more effective at 

producing smaller droplets during homogenization, as well as, preventing aggregation after 

homogenization compared to lecithin. This was attributed to lower elasticity of the Pluronic F68 

interfacial layer which creates highly-deformable droplets (Torcello-Gómez et al. 2011). The 

addition of lipase and bile resulted in a large increase in droplet size for the lecithin-stabilized 

emulsion, whereas the Pluronic-stabilized emulsion maintained a large population of small 

droplets. This suggests that lecithin was almost completely displaced by lipase/bile extract, 

promoting droplet coalescence; while, the presence of smaller droplets in the Pluronic-stabilized 

emulsion indicates less lipolysis had occurred (Torcello-Gómez et al. 2011). Overall, Pluronic-

stabilized emulsions demonstrated a lower rate and extent of lipolysis compared to lecithin-

stabilized emulsions. Pluronic-stabilized emulsions were more resistant to lipolysis and interfacial 
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displacement from bile extract and lipase (Torcello-Gómez et al. 2011). This agrees with a 

previous study that reports Pluronic-stabilized emulsions are more resistant to destabilization by 

bile salts and better at inhibiting lipase adsorption than phospholipid-stabilized emulsions (Jódar-

Reyes et al. 2010). 

 Orogenic displacement is a three-stage mechanism that describes protein displacement 

from an interface (i.e., gas-liquid, liquid-liquid, or solid-liquid) by LMW surfactants. In the first 

stage, surfactants adsorb at weak points in the interfacial protein film and increase the local surface 

pressure without affecting the thickness of the protein film; thus, compressing the surrounding 

protein film. In the second stage, growth of surfactant domains decreases protein film area which 

causes film thickness to increase. Lastly, sufficiently high surface pressure causes breakdown of 

the protein network, allowing the formation of a continuous surfactant phase which completely 

displaces protein from the interface (Mackie et al. 2000). Based solely on this mechanism of 

orogenic displacement, bile is incapable of exerting enough surface pressure to displace interfacial 

phospholipids. However, the unique structure of bile disrupts interfaces beyond theoretical-

expectations and promotes emulsification and lipase adsorption (Wickham et al. 2002; Chu et al. 

2010; Wilde and Chu 2011). Unlike classical surfactant structures that consist of a hydrophobic 

head group and hydrophilic tail, bile salts exhibit facial amphiphilicity that consists of a rigid 

steroidal backbone with a hydrophobic and hydrophilic face (Figure 2.7) (Maldonado-Valderrama 

et al. 2011; Sarkar et al. 2016b). Bile alters surface pressures of adsorbed lipid layers via ionic 

interactions with lipid head groups, changing its conformation upon adsorption, and increasing 

surface pressure to disrupts lipid monolayers (Dreher et al. 1967). Although LMW surfactants are 

widely used in industry, bile easily displaces them limiting their role in in vitro lipid digestion (Li 
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and Mcclements 2010; Maldonado-Valderrama et al. 2011; Torcello-Gómez et al. 2011, 2012; 

Pinheiro et al. 2013; Zhang et al. 2015). 

 
Figure 2.7 (a) Deoxycholic acid and (b) schematic representation of facial amphiphilic structure 

of bile salts (i.e., polar hydroxyl groups on concave side, methyl groups on convex side)  

(Maldonado-Valderrama et al. 2011). 

 

Proteins adsorb to emulsion interfaces reducing interfacial tension and free energy of the 

system by forming viscoelastic networks at the oil-water interface (Wilde and Chu 2011; Singh 

and Ye 2013). Globular and random coil tertiary structures of proteins are most commonly-sought 

for emulsifiers used in the food industry (Dickinson 2003). Globular proteins have compact 

spherical structures that orient non-polar groups away from the aqueous phase into their core (i.e., 

whey, soy, and egg proteins). While, random coil proteins have open, flexible structures with 

ordered regions of helical or sheets (i.e., casein and gelatin) (Tcholakova et al. 2008; McClements 

and Gumus 2016). Casein proteins, which have more open structures compared to rigid globular 

proteins, rapidly undergo conformational changes upon adsorption (Singh and Ye 2013). These 



29 

 

conformational changes are controlled by the hydrophobic effect which drives hydrophilic groups 

to reside in the aqueous phase and hydrophobic groups to reside in the oil phase (McClements and 

Gumus 2016). Unfolding of globular proteins exposes free sulfhydryl groups and disulfide bonds 

which influences emulsion stability (McClements et al. 1993; Monahan et al. 1993; Wierenga et 

al. 2006; Zhai et al. 2011). For example, the native structure of β-lactoglobulin is resistant to pepsin 

but becomes susceptible to proteolysis when it absorbs to an interface due to conformational 

changes exposing peptide bonds (Singh and Sarkar 2011). Proteins are susceptible to the hydrolytic 

activity of proteases in the stomach and small intestine, which weakens the interfacial protein 

network and decreases its resistance to displacement by surfactants and bile salts (Macierzanka et 

al. 2009; Mackie and Macierzanka 2010; Malaki Nik et al. 2010; Maldonado-Valderrama et al. 

2010). Furthermore, bile salts have lower equilibrium interfacial tension than proteins allowing 

them to disrupt viscoelastic protein films, likely due to interactions between ionic groups of bile 

salts and polar headgroups of proteins (Gunning et al. 2004; Maldonado-Valderrama et al. 2008).  

 The two most common milk proteins used as emulsifiers are globular whey proteins and 

flexible caseins (Singh and Ye 2013). Upon adsorption, whey proteins undergo partial interfacial 

denaturation to form compact interfacial layers ~2 nm thick (Dalgleish 2002; Singh 2005). 

Caseins, which lack secondary and tertiary structures, unfold quickly and form extended interfacial 

layers ~10 nm thick (Dalgleish 2004). Caseins are disordered and easily hydrolyzed by pepsin 

compared to whey proteins, which are more compact (Singh and Ye 2013). The influence of 

various emulsifiers on in vitro digestibility using pancreatic lipase demonstrated sodium caseinate-

stabilized emulsions were more prone to flocculation; while, whey protein-stabilized emulsions 

were prone to coalescence (Mun et al. 2007). Flocculation of sodium caseinate-stabilized 

emulsions was attributed to the formation of a thick interfacial layer, allowing sufficient caseinate 
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monolayer to remain at the interface during digestion, compared to rigid globular whey proteins 

that form thin interfacial layers (Dickinson and McClements 1995; Mun et al. 2007). In addition, 

sufficient monolayer coverage for protein-stabilized emulsions is necessary to prevent bridging 

flocculation during homogenization, in which proteins are shared between droplets. Bridging 

flocculation is common with aggregated milk protein products, such as calcium caseinate or 

micellar casein (Singh and Sarkar 2011). 

 The effects of sodium caseinate (flexible protein), lactoferrin (globular protein), and Tween 

80 (non-ionic surfactant) on the in vitro GI fate of o/w emulsions were compared (Zhang et al. 

2015). The formation of larger droplets in the oral phase, observed in protein-stabilized emulsions, 

was due to bridging or depletion flocculation by mucin (Vingerhoeds et al. 2005, 2009; Sarkar et 

al. 2009). In the gastric stage, a large increase in average particle size was observed for protein-

stabilized emulsions (Zhang et al. 2015). Tween 80-stabilized emulsions demonstrated better 

resistance to droplet aggregation compared to caseinate- and lactoferrin-stabilized emulsions 

which have proven to be highly unstable in gastric conditions (Li et al. 2012; Shimoni et al. 2013). 

Sodium caseinate and lactoferrin instability under gastric conditions occurs because of: (1) pepsin 

hydrolysis of adsorbed proteins, (2) changes in pH and ionic strength shielding electrostatic 

repulsion, and/or (3) biopolymers (i.e., mucin) which promote flocculation (Singh et al. 2009; 

Singh and Sarkar 2011). Caseinate-stabilized emulsions had lower lipolysis rates compared to 

Tween 80- and lactoferrin-stabilized emulsions due to extensive flocculation in the gastric phase, 

which agrees with a previous study (Li et al. 2012; Zhang et al. 2015). Other studies have 

confirmed emulsions that are highly aggregated upon reaching the small intestine result in slower 

digestion rates (Golding and Wooster 2010; Golding et al. 2011). 
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 Polysaccharides form thick interfacial layers that prevent droplet aggregation via steric 

hindrance (Dickinson 2003; McClements 2004a). Protein interfacial layers (<10 nm) are thinner 

than polysaccharide layers (>10 nm) and therefore do not rely as heavily on steric repulsion to 

prevent aggregation. Stronger steric repulsive forces are achieved using high MW proteins with 

extended structures, such as casein (Dickinson 2003, 2010; McClements 2004b; Lam and 

Nickerson 2013). However, protein-stabilized emulsions are susceptible to flocculation in high salt 

concentrations or near their isoelectric point. For example, a decrease to a pH lower than 2, 

typically observed in gastric conditions, causes partial or full charge reversal in proteins. 

Furthermore, high ionic strength shields electrical charges on interfacial proteins leading to droplet 

aggregation (Dickinson 1994; McClements 2004b; Singh and Ye 2013). Polysaccharides require 

much greater surface loads compared to proteins. Typically, a 1:1 emulsifier-to-oil ratio is required 

for polysaccharides; while, whey proteins only require a 1:10 ratio (Xiang et al. 2015). As the 

primary mechanism of stabilization for polysaccharides is steric repulsion, this promotes stability 

over a wide range of environmental conditions compared to protein-stabilized emulsions 

(Dickinson 2003; McClements 2004a). For example, gum arabic-stabilized emulsion droplets are 

stable to flocculation between pH 3-9, salt conditions between 0-500 mM NaCl and 0-25 mM 

CaCl2, and temperatures between 30-90°C (McClements and Gumus 2016).  

 Lundin and Golding (2009) compared the ability of three different emulsifiers (i.e., 

phospholipids, whey protein isolate (WPI), and a mixed interface (1% wt. sodium caseinate, 0.25% 

wt. monoglyceride)) to modulate in vitro lipid digestion. Phospholipid- and WPI-stabilized 

emulsions had smaller droplets in the simulated intestinal conditions; while, the mixed interface 

emulsion exhibited a drastic increase in droplet size (Lundin and Golding 2009). The pH-stat 

method measured lipolysis kinetics and observed the rates in this order: phospholipid > WPI > 
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mixed interface (Lundin and Golding 2009). The pH-stat method measures the amount of alkali 

titrated into simulated chyme to maintain neutral pH after addition of intestinal fluids containing 

lipase, bile salts and CaCl2 (Yang and McClements 2013). The lowest rate of lipolysis for mixed 

interface was attributed to an increase in droplet size caused by emulsion instability in gastric 

conditions (Lundin and Golding 2009). However, it is important to note that the pH-stat method 

does not account for peristalsis. The presence of shear would re-emulsify and break-up flocculating 

oil droplets and facilitate further lipolysis; thus, the static in vitro digestion kinetics were likely 

underestimated (Carlson et al. 1966; Carey et al. 1983; Lundin and Golding 2009).  

2.3.3 Oil Type 

 

2.3.3.1 Naturally-occurring vs. processed 

 

 Food matrices are complex, heterogeneous combinations of solids, liquids and/or gases 

that may either occur naturally or form as a result of processing and formulation (Guo et al. 2017). 

Common examples of naturally-occurring lipid structures are illustrated in Figure 2.8. Muscle food 

TAGs are stored in adipocytes in adipose tissue (Figure 2.8A) (Meynier and Genot 2017). Fat 

globules in raw milk have a TAG core stabilized by a tri-layer membrane of phospholipids, 

sphingolipids, cholesterol and proteins (Figure 2.8B) (Lopez 2011; Raynal-Ljutovac et al. 2011). 

TAGs in egg yolk consists of a TAG core surrounded by a monolayer of phospholipids, proteins 

and cholesterol (Figure 2.8C) (Meynier and Genot 2017). Lipids in plants, nuts, and seeds are 

stored in oil bodies comprised of oil droplets surrounded by a phospholipid monolayer with 

embedded oleosin proteins (Figure 2.8D) (Singh and Ye 2013). TAGs found in animal-derived 

fats predominantly contain a saturated FA at the sn-1 position and an unsaturated FA at the sn-2 

position. TAGs from seed oils have primarily polyunsaturated FA at the sn-1 position; while, 



33 

 

vegetable oil TAGs primarily contain a saturated FA at the sn-1 position (Karupaiah and Sundram 

2007). 

 

Figure 2.8 Structures of naturally-occurring lipids in food (Meynier and Genot 2017) 

 

 In foods, lipids are used as either bulk ingredients during food preparation (i.e., frying oil) 

or ingredients in processed foods (i.e., yogurt, cheese) (Guo et al. 2017). Lipids in processed foods 

exist within water-in-oil emulsions (i.e., margarine, butter) or oil-in-water emulsions (i.e., milk, 

salad dressing) (Singh and Ye 2013; McClements 2018). Solid dispersions of lipids are present in 

baked goods and comminuted meat products (Meynier and Genot 2017). Food structure not only 

contributes to texture, sensory properties, shelf-life and stability; but it also modifies lipid 

digestion. For example, fat bioaccessibility is lower in whole peanuts compared to peanut butter 

and peanut oil (Levine and Silvis 2010; Nyemb et al. 2014, 2016). Lipids in native oil bodies are 
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partially protected from lipolysis by surrounding cellular structures that resist GI conditions 

(McClements 2018). Almonds contain ~50% oil bodies by weight; however, mastication is only 

able to release ~10% of the oils stored in raw and roasted almonds, while the cells remain mostly 

intact (Grundy et al. 2015, 2016b).  

 In a study by Grundy et al. (2016), the rate and total lipid bioaccessibility of in vitro lipid 

digestion of isolated almond cells was significantly lower than isolated oil bodies at 22% and 69% 

hydrolysis, respectively (Grundy et al. 2016a). The decreased bioaccessibility of almond cells was 

attributed to the cell walls which hindered diffusion of lipase into the intracellular environment to 

access TAG molecules (Grundy et al. 2016a). Almond cells were observed to remain intact 

throughout in vitro digestion for up to 20 h with minimal lipid digestion and release. As lipase 

must diffuse through the cell wall matrix in order to access lipids contained within the inner regions 

of almond cells, almond cells resulted in a slower rate of digestion and release of lipolytic products 

compared to isolated oil bodies (Grundy et al. 2016a). Thus, digestion and bioaccessibility of 

oilseed lipids is influenced by cell wall integrity and interfacial composition (Guo et al. 2017). 

 A study by De Oliveira et al. (2016) compared in vitro lipolysis of raw and pasteurized 

human milk. Raw milk flocculated and aggregated after 60 min in gastric conditions resulting in a 

bimodal particle size distribution (average mode diameters = 76.5 m, 6.5 m); while, pasteurized 

milk maintained its monomodal particle size distribution for 120 min (average diameter 6.5 m) 

(de Oliveira et al. 2016). The lower rate of gastric lipolysis for pasteurized human milk was mainly 

attributed to inactivation of bile salt-stimulated lipase, an endogenous maternal lipase found in 

breast milk (de Oliveira et al. 2016). However, the same rate of gastric emptying was used for raw 

and pasteurized milk; thus, the in vitro model could not account for non-homogenous gastric 

emptying due to emulsion destabilization, which may modulate hormonal feedback mechanisms 
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and nutrient absorption (Marciani et al. 2007; Golding et al. 2011; de Oliveira et al. 2016). 

However, in a randomized controlled trial using pre-term infants, similar rates of lipolysis for both 

raw and pasteurized breast milk were observed (De Oliveira et al. 2017). Although pasteurized 

milk had higher milkfat globule surface area than raw milk, interfacial protection from heat-

induced protein aggregates in the pasteurized milk may have offset differences in lipolytic activity 

(De Oliveira et al. 2017). 

 Milk and yogurt (i.e., liquid and semi-solid food matrices) are more susceptible to lipolysis 

compared to cheese (i.e., solid matrices), as their structures breakdown more readily (Lamothe et 

al. 2017; Mulet-Cabero et al. 2017). Solid food matrices are constructed of 3-D networks of 

macromolecules (i.e., proteins, polysaccharides and lipids) that obstruct diffusion of lipase limiting 

lipase access to oil droplet interfaces (Guo et al. 2017). For cheeses, digestibility is influenced by 

structural characteristics and hardness (Fang et al. 2016). For example, an in vitro study by Fang 

et al. (2016) found that cheddar cheese had a higher lipid bioaccessibility compared to mozzarella 

because of the less compact protein network (due to larger fat globules) and higher initial fat 

content in cheddar. Compared to cheddar, mozzarella consists of a dense and fibrous protein matrix 

as a result of the stretching step during processing (Fang et al. 2016). 

2.3.3.2 Chain Length 

 

 Fatty acid chain length and TAG composition (i.e., fatty acid position) affect the physical 

properties of lipid blends and impact lipid digestion (Thilakarathna et al. 2016). For example, the 

lipolytic activity of both human and porcine lipase are more active on TAGs with medium chain 

lengths (<C10) compared to TAGs containing long chain fatty acids (>C12) (Giang et al. 2016). 

Lipids comprised of long chain fatty acids slow down gastric emptying and the rate of lipid 

digestion compared to short or medium chain fatty acids (Thilakarathna et al. 2016). Shorter chain 
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fatty acids are more readily absorbed compared to long chain FAs; while, medium chain fatty acids 

are more rapidly hydrolyzed by pancreatic lipase than long chain fatty acids (Mu and Porsgaard 

2005; Wilde and Chu 2011). The rate of in vitro TAG digestion is observed to decrease with 

increasing fatty acid chain length: short chain TAGs (SCT) > medium chain TAGs (MCT) > long 

chain TAGs (LCT) (Saito et al. 2003; Ozturk et al. 2015; Liang et al. 2016; Zou et al. 2016). FFAs 

released from LCT tend to remain at the oil-water interface and restrict lipase access, while FFAs 

from SCT and MCT have a higher affinity for water and migrate into the aqueous phase (Sek et 

al. 2002; Day et al. 2010; Devraj et al. 2012; Guo et al. 2017). The rate and extent of LCT digestion 

depends on higher bile salt concentrations for greater solubilization; unlike digestion of SCT and 

MCT which are not dependent on bile concentrations (Sek et al. 2002; Guillot et al. 2006; 

Salentinig et al. 2011; Devraj et al. 2012; Salvia-Trujillo et al. 2013b). 

 According to Devraj et al. (2012), increasing calcium ion concentration more effectively 

promotes LCT digestion compared to increasing bile salt concentration (Devraj et al. 2012). 

Calcium complexes with long chain fatty acids to form insoluble calcium soaps, removing them 

from the droplet interface and preventing accumulation of long chain fatty acids at the droplet 

interface which may inhibit lipase (Scow 1988; Zangenberg et al. 2001). An increase in CaCl2 

concentration in an in vitro digestion model increased the rate of FFA release of an emulsion 

system; however, this effect was dependent on the emulsifier type and other food components 

present (i.e., calcium-chelating agents and polysaccharides) (Hu et al. 2010). These findings were 

consistent with a study by Ye et al. (2013) that reported the addition of calcium increased the rate 

and extent of FFA release throughout in vitro digestion, but to varying degrees depending on the 

emulsifier used (i.e., whey, casein, lecithin, or Tween 20). The profiles of individual FFAs released 

were not affected by calcium addition (Ye et al. 2013). 
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  The bioaccessibility of vitamin E is highly dependent on its chemical form and on the 

surrounding food matrix, with reported values of α-tocopherol bioaccessibility ranging from <1% 

to 100% (Reboul et al. 2006; O’Callaghan and O’Brien 2010). Yang and McClements (2013) used 

MCT as a carrier oil for α-tocopherol acetate, resulting in a greater rate and extent of lipid digestion 

compared to LCT, which was attributed to differences in water dispersibility of the FFAs generated 

from lipolysis. Efficient digestion of LCT requires enough bile salts and free calcium ions to 

remove long chain FFAs from the interface (Li et al. 2011). However, vitamin E bioaccessibility 

was 17% from the MCT emulsion and 39% from the LCT emulsion (Yang and McClements 2013). 

Although the rate and extent of digestion was greater for MCT, long chain FFAs are capable of 

forming mixed micelles more suitable for incorporating large non-polar molecules (i.e., vitamin 

E) (Yang and McClements 2013). In a confirmatory study by Yao et al. (2015) it was determined 

LCT nanoemulsions have higher bioaccessibility of vitamin E, β-carotene, and co-enzyme Q10 

compared to MCT nanoemulsions; while MCT nanoemulsions had higher bioaccessibility for 

curcumin compared to LCT nanoemulsions (Yao et al. 2015). 

2.4 Looking Ahead: Food Nanotechnology 
 

 Nanotechnology is defined as “the understanding and control of matter at dimensions of 

roughly 1-100 nanometers, where unique phenomena enable novel applications” according to the 

National Nanotechnology Initiative (2019). Nanoscale structures have physical, chemical, and 

biological properties unique compared to their macroscopic counterparts (Weiss et al. 2006). In 

nature, self-assembly of nanoscale structures is thermodynamically-driven to minimize overall free 

energy (Weiss et al. 2006). Nanotechnology is used for pathogen control, sensors, and delivery 

systems in foods (Weiss et al. 2006). Delivery systems transport functional ingredients to desired 

site of action in the human body. The functional carrier must protect the ingredients from chemical 
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or biological degradation, provide controlled release for targeted delivery, and be compatible with 

other system components (Weiss et al. 2006). 

 Micronutrients often cannot be incorporated into food products due to limited solubility, 

stability, and sensory acceptability. Therefore, food-grade nanoparticle delivery systems are 

designed to encapsulate, protect, and release micronutrients (Joye et al. 2014; McClements 2014). 

Nanoparticles are fabricated from LMW surfactants, lipids, proteins, polysaccharides, or minerals 

(McClements 2014). Radius of nanoparticles <100 nm has the potential to provide optical clarity, 

physicochemical stability, good encapsulation and release characteristics, and higher bioactivity 

(Sekhon 2010; Ezhilarasi et al. 2013). Particles >300 nm cannot directly transport into systemic 

circulation; thus generally, smaller particles undergo greater absorption (Jani et al. 1990). 

Nanoparticle charge may be positive, negative or neutral, depending on its composition and 

environment (Joye et al. 2014). Nanoparticle delivery systems can have multiple release 

mechanisms, such as: diffusion through intact particle, particle swelling, particle disassembly, or 

particle erosion (Figure 2.9) (McClements 2014). For example, digestible protein nanoparticles 

used for targeted delivery of micronutrients in the stomach rely on particle breakdown by protease 

activity. Similarly, lipid nanoparticles mainly target delivery to the intestine by lipase activity 

(Joye et al. 2014). Examples of lipid-based nanoparticle systems include: nano-liposomes, multiple 

emulsions, solid lipid nanoparticles, and nanoemulsions (Joye et al. 2014). 
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Figure 2.9 Common release mechanisms of micronutrients encapsulated in nanoparticles: (a) 

diffusion through intact particle matrix, (b) release through particle swelling, (c) particle 

disintegration, and (d) particle erosion (Joye et al. 2014). 

 

  Nano-liposomes form via the self-assembly of phospholipid in aqueous environments into 

spherical, bilayer vesicle structures (Taylor et al. 2005; Reza Mozafari et al. 2008; Singh et al. 

2012). Phospholipids dispersed in water tend to form lamellar aggregates; however, sufficient 

energy will cause assembly into spherical-shaped liposomes consisting of single or multiple 

bilayers of phospholipids (Taylor et al. 2005; Reza Mozafari et al. 2008; Isailović et al. 2013). 

Both lipophilic and amphiphilic compounds may be encapsulated within the hydrophobic bilayer 

membranes; while, the aqueous inner core of liposomes allow encapsulation of hydrophilic 

compounds (Dos Santos et al. 2004; Taylor et al. 2005; Fritze et al. 2006; Zucker et al. 2009). 

Nano-liposomes can be formulated from natural ingredients such as soy, egg, lecithin or dairy 

(Joye et al. 2014). 

 Nano-structured multiple emulsions are emulsions within emulsions, most commonly 

either: oil-in-water-in-oil emulsions (O1/W/O2) or water-in-oil-in-water emulsions (W1/O/W2) 

(Benichou and Garti 2004, 2010). W1/O/W2 emulsions consist of nano-sized water droplets, 



40 

 

contained within larger oil droplets, dispersed in an aqueous continuous phase (Joye et al. 2014). 

Multiple emulsions require both oil-soluble and water-soluble emulsifiers. The first preparation 

step is to homogenize the water, oil, and oil-soluble emulsifier to create a W1/O emulsion. This is 

followed by homogenization of the W1/O emulsion with an aqueous phase and water-soluble 

emulsifier, but with less force than the first step so the W1/O emulsion is not disrupted. W1/O/W2 

emulsions can be used to create reduced-fat products of typical o/w emulsions (as the oil droplets 

are partly filled with water, lowering fat content) or for density control by incorporating denser 

polymers in the W1 phase to prevent gravitational separation (McClements 2012). Anthocyanins 

have been incorporated into W1/O/W2 emulsions with >80% encapsulation efficiency (Akhtar et 

al. 2014). But compared to conventional emulsions, multiple emulsions are difficult to prepare, 

more expensive, and highly susceptible to breakdown during storage or due to environmental 

stresses (McClements 2012). 

 Solid lipid nanoparticles (SLNs) are o/w emulsions where the lipid phase is partially or 

fully crystalline (McClements et al. 2007; Weiss et al. 2008; McClements and Li 2010). 

Preparation of SLNs involve creating a nanoemulsion above the melting temperature of the lipid 

phase, then temperature is lowered to induce nucleation and subsequent crystal growth. The 

solidified lipid phase delays molecular diffusion of entrapped lipophilic compounds, slowing down 

chemical degradation, and improving stability of entrapped compounds (McClements 2013; Joye 

et al. 2014). Changing the lipid physical state alters lipase accessibility to ester bonds of TAGs 

and its solubilization into mixed micelles (McClements et al. 2008; McClements and Li 2010). 

Generally, less ordered lipid crystalline phases are better for encapsulation and bioactive retention 

(Guri et al. 2013). A study comparing the physical state of the lipid phase (i.e., either liquid or 

solid) in o/w emulsions reported a higher rate and extent of lipolysis in the liquid emulsion 
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compared using the pH-stat model (Bonnaire et al. 2008). Another study by Guri et al. (2013) 

reported increased retention time and stability of curcumin encapsulated in SLNs compared to 

conventional emulsions (Guri et al. 2013). SLNs may also be used as delivery systems for omega-

3 fatty acids, conjugated linoleic acid, phytosterols or carotenoids (McClements and Li 2010). 

 Nanostructured multi-layer emulsions consist of oil droplets surrounded by layers of 

polyelectrolytes. These layers form using a layer-by-layer (LbL) electrostatic deposition method, 

which is the sequential adsorption of polyelectrolytes onto surfaces of oppositely-charged colloidal 

particles (Weiss et al. 2006). First, a primary emulsion is formed via homogenization of oil, water, 

and an ionic emulsifier; then an oppositely-charged polyelectrolyte is added to produce a 

secondary emulsion with a two-layer interface. These sequential steps can be repeated creating 

multiple layers (Gu et al. 2005; Mun et al. 2005; Guzey and McClements 2006). The LbL method 

controls charge, thickness, permeability, and environmental responsiveness of interfacial layers. 

Multi-layer emulsions are typically engineered to resist environmental stresses (i.e., pH and ionic 

strength) compared to conventional emulsions with monolayer interfaces (Decher 1997; Mun et 

al. 2005; Guzey and McClements 2006, 2007). Bioactives can be protected by residing in the core; 

while, the interfacial shell can be designed for targeted release in response to environmental stimuli 

(Weiss et al. 2006). However, being susceptible to changes in pH or ionic strength may also disrupt 

the electrostatic interactions holding together the interfacial layers (McClements and Li 2010). 

 Nanoemulsions are formed via low energy (i.e., spontaneous formation due to a change in 

the composition or temperature of a surfactant, oil, and water mixture) or high energy methods 

(i.e., homogenization, ultrasonication, etc.) (Rao and McClements 2011). Low energy methods 

require higher surfactant concentrations. Energy intensive methods require high shear forces to 

disrupt the oil phase into nano-sized droplets, but less surfactant and allows for wider ingredient 
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options (Joye et al. 2014). Irrespective of the method, surfactants are crucial in nanoemulsions due 

to the large surface area that needs stabilized compared to conventional emulsions (Ubbink et al. 

2008). LMW surfactants are better suited for nanoemulsions, compared to proteins and 

polysaccharides, as they rapidly absorb at the interface reducing interfacial tension (McClements 

2013). Bioactives contained within nanoemulsion droplets use the interface to protect them from 

degradation and reduce their permeation rate (Weiss et al. 2006). For example, resveratrol 

encapsulated within lipid nanoemulsions resulted in slower and more prolonged bioactive release 

(Sessa et al. 2014). Similarly, bioaccessibility of quercetin increased two-fold when incorporated 

into nanoemulsions compared to bulk oil (Pool et al. 2013). However, altering particle size at the 

nano-scale results in different physiological impacts (i.e., absorption, distribution, metabolism, 

excretion) which raises concerns over potential toxic effects (Hagens et al. 2007; Chaudhry et al. 

2008; Bouwmeester et al. 2009; Souto et al. 2009). 

 Mixed nanoparticle delivery systems contain two or more types of nanoparticles each with 

their own unique functionality (McClements 2017). For example, a hydrophobic bioactive may be 

encapsulated within protein nanoparticles, which are then mixed with lipid nanoparticles (Figure 

2.10). The protein nanoparticles protect the bioactive; while, the lipid nanoparticles act as a 

digestible TAG source to increase bioactive solubility in GI fluids (McClements 2017). This 

method was demonstrated using mixed curcumin- and tangeretin-loaded zein nanoparticles in two 

in vitro studies. Both studies demonstrated a higher bioaccessibility with increasing concentration 

of lipid nanoparticles due to greater bioactive solubilization capacity of the mixed micelle phase 

(Chen et al. 2015; Zou et al. 2016). 
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Figure 2.10 Mixed nanoparticle delivery systems with the potential to increase the 

bioavailability of hydrophobic bioactives in the gastrointestinal tract (GIT) (McClements 2017). 

 

 Nanolaminates consist of two or more nanometre-thick layers, physically- or chemically-

bonded using the LbL deposition method (Weiss et al. 2006; Decher and Schlenoff 2012). This 

process is used in edible coating/film applications to act as moisture, lipid, and gas barriers (Weiss 

et al. 2006). Nanolaminates are also carriers for functional ingredients (i.e., anti-microbials, anti-

browning agents, anti-oxidants) to increase shelf-life and quality of coated foods. Common coating 

materials for edible films include: polysaccharides, proteins, and lipids (Park 1999; Weiss et al. 

2006). 

2.4.1 Other Novel Delivery Systems 

 

 Colloidosomes differ from other delivery systems because its core is coated with a shell of 

smaller colloidal particles that may be comprised of liquid droplets, air bubbles, hydrogel 

microspheres, solid particles or starch granules (McClements 2012). For o/w colloidosomes, the 

shell colloids adsorb to the interface but protrude into the aqueous phase; thus, they have a higher 

affinity towards the aqueous phase compared to the oil phase (Patra et al. 2010). Colloidosomes 
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are used to increase emulsion stability, density, encapsulation and protection efficiency (i.e., 

chemically-inert shells), and controlled release applications (McClements 2012). 

 Micro-clusters are flocculated oil droplets prepared using controlled aggregation of oil 

droplets, which may be comprised of one or more lipid types, dispersed in a continuous aqueous 

phase (Dickinson 2011; Mao and McClements 2011). Droplet flocculation is induced via changes 

in pH, addition of electrolytes which screen electrostatic interactions, or mixing positively-charged 

droplets with negatively-charged droplets (McClements 2012). Micro-clustering is primarily used 

to control the rheological properties of emulsions because flocculated oil droplets trap the 

continuous aqueous phase increasing the viscosity to achieve gel or paste-like properties 

(Dickinson 2009; McClements 2012). Micro-clustered emulsions have demonstrated slower 

digestion rates compared to non-flocculated emulsions (Golding et al. 2011). However, these 

systems are highly susceptible to gravitational separation in dilute systems due to their larger 

particle sizes (Moschakis et al. 2010; McClements 2012). 

 Micelles and microemulsions spontaneously form when surfactants and water are mixed 

under specific environmental conditions (Flanagan and Singh 2006; Spernath and Aserin 2006). 

Micelles consist of surfactants and an aqueous phase (d <20 nm); while, microemulsions contain 

an additional oil phase (d <100 nm). These systems rely on surfactant head groups forming a 

hydrophilic shell and non-polar surfactant tails orienting to form a hydrophobic core. Their small 

particle size makes them suitable for clear product applications, such as beverages (Sagalowicz 

and Leser 2010; Joye et al. 2014). Microemulsions have been reported to increase the 

bioavailability of curcumin 20-fold due to increased solubilization in GI fluids. However, high 

concentrations of surfactant required for these systems may cause economic, regulatory, and 

product acceptability issues (Hu et al. 2012; Joye et al. 2014). 
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 Filled hydrogel particles are prepared by mixing an o/w emulsion with a biopolymer 

solution and then manipulating environmental conditions (i.e., pH, gelling agents, molding) to 

induce particle formation (Pich and Adler 2007; Burey et al. 2008; Matalanis et al. 2011). These 

systems have higher viscosities compared to conventional o/w emulsions (McClements 2012). 

McClements and Li (2010) found calcium alginate filled hydrogel beads very effective at delaying 

lipid digestion, likely because lipase had to first diffuse through the gel network to access the oil 

droplets (McClements and Li 2010). Filled hydrogel particles are potential fat replacers; however, 

these particles are more expensive and difficult to prepare than conventional emulsions, and still 

prone to destabilization mechanisms observed for conventional emulsions (McClements and Li 

2010; McClements 2012). 

 Biopolymer particles may be used as surface-active functional ingredients in emulsions 

and foams (Dickinson 2017). Solid particles form networks in the continuous phase acting as a 

structural barrier around the dispersed phase at high concentrations, or particles can adsorb to the 

oil-water interface forming a protective monolayer. Both occur simultaneously within multi-phase 

systems, where particles are attached to the interface and also dispersed in the continuous phase 

(Dickinson 2015). Solid particles stabilize emulsion droplets via a process termed Pickering 

stabilization. In Pickering emulsions, particle location at the interface depends on interactions with 

neighboring particles and the interfacial contact angle (Dickinson 2017). Biopolymer-based 

particles tend to be hydrophilic and therefore provide better stabilization to o/w emulsions. 

Furthermore, a monolayer of closely-packed solid particles can be fused together into a cohesive 

gel-like layer (Rayner et al. 2014; Sarkar et al. 2016a). Protein stabilizing particles (i.e., whey, soy, 

pea proteins) tend to form gel- or paste-like networks (Hoffmann and Reger 2014).  
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 Cellulose and chitin-based particles are resistant to digestive enzymes and gastric acids 

(Madadlou et al. 2016). The rate of in vitro lipid digestion for chitin-stabilized Pickering emulsions 

was reported to be slower than whey protein or caseinate-stabilized Pickering emulsions 

(Tzoumaki et al., 2013). Although emulsions stabilized by colloidal particles are highly-stable to 

coalescence, this Pickering stabilization mechanism is typically only applicable to emulsions with 

larger oil droplets (d >2 m). Therefore, the large droplet size of Pickering emulsions makes them 

more prone to gravitational separation (Kargar et al. 2012; McClements and Gumus 2016). Despite 

the multitude of novel delivery systems that are emerging with unique functionalities (Figure 2.11), 

the most widely-used delivery system at present are still conventional o/w emulsions due to ease 

of preparation (McClements and Li 2010).   

 

Figure 2.11 Various novel delivery systems that have potential to modify lipid digestion (Joye et 

al. 2014). 
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2.5 Conclusion 
 

 Food structure allows foods to be tailored controlling the extent and rate of lipid digestion. 

Potential applications for these foods include treatment of diet-related diseases and hunger 

suppression, bioactive delivery systems, or increased absorption of beneficial lipids. Factors to 

consider when formulating emulsion-based food products to modify lipid digestion, include 

emulsion droplet size, emulsifier type, oil type, and emulsion stability along the digestive tract. 

Development of delivery systems for functional ingredients must be able to deliver the functional 

component to its target site without sacrificing sensory properties or bioactive function. It is 

imperative to note that real food matrices are more complex than model conventional o/w 

emulsions commonly used in in vitro studies. Therefore, future work must involve validating in 

vitro findings with human trials using real food matrices. 
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Chapter 3 Surfactants1 
 

3.1 Introduction to Food Emulsions 
 

 An emulsion consists of two liquid immiscible phases: oil and water. Either of these two 

phases can be the continuous or the dispersed phase and as such there are two primary types of 

emulsions: oil-in-water (o/w) or water-in-oil (w/o). An o/w emulsion consists of an oil phase 

dispersed into a continuous water (aqueous) phase. Common food examples include: mayonnaise, 

salad dressing, whipped toppings, and ice cream. On the contrary, a w/o emulsion consists of an 

aqueous phase dispersed in a continuous oil phase, such as butter and margarine (Kralova and 

Sjöblom 2009). In addition to an oil phase and an aqueous phase, the formation of an emulsion 

requires energy input and addition of surfactants. The resulting emulsion that is formed (o/w or 

w/o) is greatly influenced by the chemistry of surfactant (Walstra 1993). Surfactants are used to 

reduce the work required to overcome surface free energy and disperse one phase into the other 

and to stabilize the final emulsion. Properties of o/w emulsions rely more heavily on the type of 

surfactant used and the composition of the aqueous phase; while, properties of w/o emulsions are 

more dependent on the type of fat (Kralova and Sjöblom 2009).  

 Food emulsions exist in a pseudo-equilibrium or ‘frozen’ kinetic state making them “shelf-

stable” only for a limited time. The stability of the emulsion is dependent on the crystallinity of 

oil/fat droplets, the interfacial material, and the chemistry of the aqueous phase. The degree of 

crystallinity of the oil phase influences its melting properties, which is important for partial 

coalescence in ice cream and whipped products. The quality of the interfacial layer depends on the 

mixture of macromolecules and small molecular weight (MW) surfactants. The quantity and 

 
1 Reprinted from Encyclopedia of Food Chemistry (Shahidi, F., Stadler, R., Sun-Waterhouse, D., Warelis, P.), 1st 

edition, Surfactants, Pages 276-282, Ng, N., Rogers, M.A., Copyright (2019), with permission from Elsevier. 
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structure of the adsorbed surface-active compounds affects interfacial properties. Small MW 

surfactants often displace adsorbed proteins or bind/interact with proteins (i.e., lecithin), which 

modifies emulsion droplet stability. Therefore, even small changes in interfacial composition can 

significantly influence overall stability. The interactions between emulsion droplets and the 

aqueous phase also impacts emulsion stability (Dalgleish 2006).   

 The terms emulsifier, surface-active agents and surfactant are often used interchangeably 

to describe amphiphilic compounds that contain both polar and non-polar residues. This 

characteristic allows them to reside at the oil-water interface and reduce the interfacial tension 

(Weiss 1971; Lauridsen 1976). This general review will focus on the mechanisms of 

emulsification, prevention of emulsion destabilization, common surfactants, and their applications 

in food.  

3.2 Mechanisms of Emulsification 
 

 Emulsions are thermodynamically unstable because they have a positive free energy of 

formation (∆Gf) and are considered non-equilibrium systems as emulsified droplet sizes increase 

with time (Bibette et al. 1992; Taylor 1998). This instability is due to the large interfacial area of 

droplets, represented by surface area (A) & interfacial tension (γ): 

∆𝐺𝑓 = 𝛾𝐴 − 𝑇∆𝑆𝑓 

The entropy of formation (∆Sf) is relatively small because only a small number of droplets are 

being formed in entropic terms. Hence, the larger interfacial area variable results in an overall ∆Gf 

≥0. Nonetheless, emulsions are kinetically stable due to the presence of an adsorbed interfacial 

layer which may include ionic surfactants (electrostatic forces) or non-ionic surfactants (steric 

forces) (Taylor 1998). 
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 To reduce the emulsion droplet size, energy is required to overcome its Laplace pressure 

which is the pressure differential between the convex and concave side of the interface: 

Laplace pressure (𝑝𝐿) = 𝛾 (
1

𝑅1
+

1

𝑅2
) 

where pL is the Laplace pressure, R1 and R2 are the radii. Accordingly, a smaller droplet radius 

corresponds to a greater pressure needed to be overcome to achieve further particle size reduction; 

however, by lowering the surface tension, via the addition of surfactants, the Laplace pressure also 

decreases. The process of emulsification involves: droplet deformation and breakdown, 

transportation and adsorption of surfactants to the newly formed droplet interface, and droplets 

possibly colliding and coalescing. As these processes occur simultaneously, a steady-state is not 

necessarily achieved. Ultimately, the main functions of surfactants are to (1) lower interfacial 

tension to facilitate a droplet size reduction and (2) prevent recoalescence of droplets (Walstra 

1993). 

3.3 Prevention of Emulsion Destabilization 
 

Without appropriate controls or after a prolonged duration, an emulsion will eventually 

separate into its two distinct phases. There are four primary mechanisms which destabilize an 

emulsion: creaming (gravitational separation), aggregation, coalescence, and Ostwald ripening. 

Typically, these mechanisms occur in combination (Figure 3.1) (Fredrick et al. 2010). 
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Figure 3.1 The relationships between different o/w emulsion destabilization mechanisms. 

Reprinted with permission from Meinders, M. B. J.; Kloek, W.; Van Vliet, T. Effect of Surface 

Elasticity on Ostwald Ripening in Emulsions. Langmuir 2001, 17, 3923–3929. Copyright 2001 

American Chemical Society.  

 Perhaps the most straightforward destabilization mechanism, creaming of an o/w emulsion, 

involves the gravitational separation of the dispersed oil and continuous aqueous phases due to 

differences in density (Rousseau 2000). For example, after some time, milk fat droplets in 

unprocessed raw milk will rise and gather together, forming a cream layer at the top (Fredrick et 

al. 2010). An effective method of stabilizing against creaming is to simply reduce average droplet 

size and increase the uniformity of the droplets via homogenization (Rousseau 2000). 

 Aggregation occurs when droplets come into contact, but whether they remain in contact 

depends on internal (i.e., attraction/repulsion) and external forces (i.e., stirring/agitation) (Fredrick 

et al. 2010). Flocculation is the aggregation of particles due to weak attractive forces, in which 

droplets retain their structural integrity. It is also described by the DLVO (Derjaguin-Landau, 

Verwey-Overbeek) theory as a function of interparticle distance and the balance between attraction 

(London-van der Waals forces) and repulsion (surfactants) (Rousseau 2000). Emulsions stabilized 

by globular proteins are stable against flocculation if no salt is present – due to electrostatic 

screening, but this is not usually the case in foods (Zhai et al. 2013). As flocculation involves 
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weaker associations, it is easier to disrupt the aggregates and may be reversible. However, when 

stronger forces are required to disrupt aggregates, this form of aggregation is referred to as 

coagulation (Fredrick et al. 2010). 

 If two droplets remain in close contact for long enough, the film separating them may 

rupture (Fredrick et al. 2010). Creaming and flocculation are both precursors to coalescence as 

they bring droplets close together (Taylor 1998). The likelihood of film rupture increases with 

larger droplet size, thinner film (greater attraction between droplets), and lower interfacial tension 

(which depends on the surfactant used). Coalescence results in the formation of one larger droplet 

from two smaller droplets, which assumes a spherical shape as this has the lowest Laplace pressure 

(Fredrick et al. 2010). To prevent coalescence, surfactants must form a viscous and rigid film at 

interface that acts as a physical barrier. While complete coalescence occurs between liquid 

droplets; the presence of crystalline matter within droplets results in partial coalescence (Rousseau 

2000). A partly-crystalline oil phase allows for the formation of a crystal network within oil 

droplets, with some crystal protrusion into the aqueous phase (Fredrick et al. 2010). 

 Ostwald ripening and coalescence are both examples of “coarsening phenomena”. 

Coalescence can be prevented by using certain surfactants; Ostwald ripening may occur whenever 

curved interfaces are present (Meinders et al. 2001). Ostwald ripening does not require droplets to 

be in close proximity, as it is based on diffusion (Taylor 1998). It involves the preferential diffusion 

of small droplets into larger droplets, due to their greater Laplace pressure (Bibette et al. 1992). 

The solubility of dispersed droplets increases with decreasing radius of curvature, smaller droplets 

tend to dissolve into the bulk phase and preferentially diffuse to larger droplets. This is because by 

growing larger to minimize interfacial area, emulsions droplets can reduce their free energy 
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(Taylor 1998). A critical radius (Cr) determines which droplets shrink (radius < Cr) and which 

droplets grow (radius > Cr) (Meinders et al. 2001). 

3.4 Hydrophilic-Lipophilic Balance of Surfactants 
 

 The hydrophilic-lipophilic balance (HLB), often used to describe surfactants, is calculated 

from the weight percentage of the hydrophilic groups to the hydrophobic groups in a molecule, 

with values ranging from 1-20 (Kralova and Sjöblom 2009). The HLB value of a surfactant should 

match the HLB value of the oil phase based on the notion of “like dissolves like”. It is not a simple 

linear relationship in which functionality increases with higher hydrophobicity (Nakai 1983). 

 As mentioned previously, the type of emulsion formed (o/w or w/o) is mainly determined 

by the surfactant present (Walstra 1993). Surfactants with an HLB value between 3-6 (i.e., glycerol 

esters, propylene glycol fatty acid esters, polyglycerol esters, and sorbitol fatty acid esters) 

promote formation of w/o emulsions. Surfactants with HLB values between 8-16 tend to form o/w 

emulsions. Surfactants between 8-16 include: proteins, phospholipids, potassium and sodium salts, 

and alginates (Kralova and Sjöblom 2009).  

 Nevertheless, there are limitations to the HLB concept. Depending on temperature, a single 

emulsifier can produce either an o/w or w/o emulsion. At high oil concentrations, a single 

emulsifier can produce an o/w at low emulsifier concentration, or a w/o emulsion at high emulsifier 

concentration. Furthermore, o/w emulsions can be prepared with emulsifiers across the entire HLB 

range. The stability of an emulsion prepared with a blend of opposite emulsifiers (i.e., Spans and 

Tweens) will depend on how the emulsifiers are positioned at the interface. Lastly, the theoretical 

calculation of HLB values does not apply to blends of emulsifiers that associate at the oil-water 

interface (Boyd et al. 1972). 
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3.5 Gibbs-Marangoni Effect 
 

 The Gibbs-Marangoni effect describes the mechanism that prevents recoalescence of 

newly formed emulsion droplets (Figure 3.2). When two droplets that are insufficiently coated 

with surfactant move towards each other, they will accumulate more surfactants as they approach 

each other. But, the amount of surfactant available for adsorption will be lowest at the point where 

the droplets are closest. This creates an interfacial tension (γ) gradient, where γ is highest at this 

point. Due to this gradient, surfactants will move in the direction of highest γ, where there is the 

least amount surfactant coverage. This streaming of liquid along the surface is known as the 

Marangoni effect, a self-stabilizing mechanism in which droplets are driven away from each other. 

However, this only occurs if the surfactant is present in the continuous phase and before the system 

reaches equilibrium. According to Bancroft’s Rule, when forming an emulsion, the phase in which 

the surfactant is most soluble becomes the continuous phase. The efficacy of the Gibbs-Marangoni 

mechanism depends on Gibbs elasticity (E) of film, where (A) represents area. 

𝜀 =
2𝑑𝛾

𝑑𝑙𝑛𝐴
 

 

If E is high, there is a strong interfacial gradient and stabilization occurs (Walstra 1993). Interfacial 

layers formed by non-protein surfactants are stabilized by the Gibbs-Marangoni effect. This 

mechanism relies on rapid diffusion of surfactants to the interface to prevent surface concentration 

gradients (Wilde et al. 2004). 
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Figure 3.2 Portrayal of the Gibbs-Marangoni effect on two approaching emulsion droplets, with 

surfactants represented by Y. Reprinted with permission from Walstra, P. Principles of emulsion 

formation. Chem. Eng. Sci. 1993, 48 (2), 333–349. Copyright 1993 Elsevier. 

 

3.6 Critical Micelle Concentration (CMC) 
 

 As surfactants are amphiphilic structures with a non-polar hydrocarbon tail and polar 

(usually ionic) head group, they arrange themselves into micelles in polar solvents, such as water. 

This is due to the hydrophobic effect, in which surfactants arrange themselves into a micellar 

structure with a hydrophobic core and hydrophilic head groups at the interface. The critical micelle 

concentration (CMC) refers to the concentration of surfactant above which micelles will form. 

There are three common methods of CMC determination: (1) measure the change in UV-vis 

spectrum of benzoylacetone, (2) measure the fluorescence emission spectrum of pyrene 

monomers, or (3) measure the electrical conductivity of an ionic surfactant solution as 

concentration increases. To determine CMC, simply plot the physical property as a function of 

surfactant concentration and the CMC will be the point in which the slope changes. CMC decreases 

with increasing hydrocarbon chain length of non-polar groups, or addition of electrolytes for ionic 

surfactants (Domínguez et al. 1997). 
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3.7 Major Food Surfactants 
 

3.7.1 Low Molecular Weight Surfactants 

 

 Low molecular weight (LMW) surfactants are very mobile at the interface making them 

efficient at lowering interfacial tension (Kralova and Sjöblom 2009). LMW emulsifiers do not 

form a viscoelastic interfacial layer, but rather form a compact interfacial layer. Competitive 

destabilization may occur when both proteins and surfactants are present at the interface. 

Surfactants weaken protein interactions, while proteins hinder surfactant mobility (Gibbs-

Marangoni effect) (Wilde et al. 2004). As LMW surfactants are smaller than proteins, they tend to 

displace proteins from the interface (Rousseau 2000). At low surfactant concentration, protein-

surfactant complexes form. While, high surfactant concentration results in protein displacement 

from the interface. Therefore, LMW surfactants are commonly used to intentionally destabilize 

food emulsions, such as ice cream, allowing for partial coalescence (Dickinson et al. 1989). 

 Lecithin used in foods are a mixture of phospholipids and can be modified to obtain various 

HLB values (van Nieuwenhuyzen and Szuhaj 1998). Methods of modification include 

fractionation in alcohol, hydrolysis (enzymatic, acid or alkali), acetylation or hydroxylation. 

Lecithin can be derived from egg yolk or various oilseeds (soybean, flax, cottonseed, corn, 

rapeseed, sunflower). However, soybean is the most common source due to its availability, 

emulsifying properties, colour, and taste. There are many food applications of soy lecithin, such 

as: viscosity lowering in chocolate, protein interaction in baked products, retardation of fat 

crystallization in chocolate, and dispersing effect in instant drinks. Furthermore, its stability 

increases when used together with other surfactants, such as monoglycerides or proteins (Van 

Nieuwenhuyzen 1976). 
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 Mono- and di-glycerides are glycerol esters of fatty acids. They are most commonly used 

in the food industry for bakery products (i.e., bread, cake, cake mixes) and frozen desserts (Weiss 

1971). Monoglycerides have two isomeric forms (1-form and 2-form) based on a temperature-

dependent equilibrium (Lauridsen 1976). Sorbitan esters, also known as “Spans”, are products of 

a reaction between sorbitol and fatty acids. Polysorbates, also known as “Tweens” are 

polyoxyethylene derivatives of sorbitan esters. Spans and Tweens are often used together in cakes, 

cake mixes, whipped toppings, icings, and coffee whiteners (Weiss 1971). According to Boyd et 

al. (1972), optimum stability in o/w emulsions is achieved when using a 1:1 ratio of Spans and 

Tweens (Boyd et al. 1972). 

3.7.2 Proteins 

 

 The main emulsion stabilization mechanism of proteins is through the formation of a 

viscoelastic adsorbed layer. However, the extent of adsorption depends on protein surface 

hydrophobicity and charge (Wilde et al. 2004). As non-polar amino acids reside within protein 

molecules to avoid contact with aqueous surroundings, only some of them partake in the 

emulsification process. Thus, the term protein hydrophobicity typically refers to surface 

hydrophobicity. As emulsifiers, proteins adsorb to the interface due to their amphiphilic nature and 

form a thick coating around oil droplets. The emulsifying ability of proteins depends on a balance 

between hydrophilic and lipophilic portions (Nakai 1983). As shown in Figure 3.3, when protein 

hydrophobicity increases, interfacial tension decreases and emulsifying activity increases. Thus, 

greater exposure of hydrophobic residues on proteins improves emulsifying and foaming ability. 

Additionally, the effectiveness of a protein as an emulsifier is also attributed to its molecular 

flexibility. For example, casein molecules are better emulsifiers than whey proteins as they have a 

looser conformation (Nakai 1983). 



70 

 

 
Figure 3.3 Relationship between interfacial tension, surface hydrophobicity and emulsifying 

activity of various proteins. Reprinted with permission from Nakai, S. Structure-Function 

Relationships of Food Proteins with an Emphasis on the Importance of Protein Hydrophobicity. J. 

Agric. Food Chem. 1983, 31 (4), 676–683. Copyright 1983 American Chemical Society. 

 

3.7.3 Applications in Food Systems 

 

 Cream liqueurs are o/w emulsions that contain ethanol in its aqueous continuous phase. 

The presence of ethanol (up to 20% wt.) improves emulsification and produces finer droplets, as 

it lowers interfacial tension. However, increasing alcohol content may eventually lead to protein 

aggregation, with precipitation observed at >30% wt. ethanol (Dickinson et al. 1989). Sodium 

caseinate is the primary stabilizer in cream liqueurs (Kralova and Sjöblom 2009). Sodium 

caseinate forms an interfacial layer of caseinate submicelles around fat droplets to stabilize 

emulsions (Rousseau 2000). If LMW surfactants are added to cream liqueurs, they reside in the 

primary interfacial layer with ethanol; while, the secondary interfacial layers contain adsorbed 

caseinates. But due to the intrinsic emulsifying ability of cream liqueurs, the addition of low MW 

surfactants does not significantly influence droplet size distribution. Ethanol content also lowers 

the surface viscosity of adsorbed caseinate film at the interface. This is beneficial for the consumer 
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acceptance of cream liqueurs which should not be too viscous or viscoelastic (Dickinson et al. 

1989). 

 Ice cream and whipped toppings are both examples of partially-coalesced emulsions that 

undergo shear and incorporation of small air bubbles. Whipped products use surfactants to displace 

proteins and weaken the interfacial layer, allowing oil from emulsion droplets to spread into the 

air-water interface (Dalgleish 2006). Compared to whipped products, ice cream has a lower fat 

volume, presence of ice crystals, and also utilizes a different whipping process (Petrut et al. 2016). 

For these products, it is important that the fat phase is semi-liquid during whipping, but crystallizes 

afterwards (Dalgleish 2006), The purpose of fat network formation is to entrap air bubbles and 

stabilize the foam structure (Petrut et al. 2016). 

 In ice cream, the destabilization of fat emulsions during whipping and subsequent freezing 

is necessary to impart dryness during extrusion, smooth mouthfeel/texture, and resistance to 

meltdown. Ice cream has an aqueous phase composed of sugar, salt, and a colloidal casein 

suspension. Its discrete globular phase is partially-crystalline and contains triglycerides, 

diglycerides and monoglycerides. The interface contains milk proteins, phospholipids, lipoprotein 

particles and any added surfactants (Goff and Jordan 1989). 

 Low HLB surfactants are not effective destabilizers as they adsorb to the fat globules, 

which helps retain their structural integrity. High HLB emulsifiers do not associate with fat 

globules as strongly and are easily displaced during agitation. This exposes the fat globules and 

promotes coalescence. For example, Tweens (HLB = 15) are very effective destabilizers, while 

Spans (HLB = 4.3-8.6) are not (Goff and Jordan 1989). Casein stabilized emulsions are more stable 

against partial coalescence than whey proteins; however, caseins are more easily displaced by 

LMW surfactants. This protein displacement mechanism is important in lowering emulsion 
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stability to reduce viscoelasticity and thickness of interface (Fredrick et al. 2010). Typically, 

monoglycerides and diglycerides are used to induce partial coalescence, while polysaccharides 

(such as carrageenan and gums) are used as stabilizers in ice cream (Kralova and Sjöblom 2009). 

 Mayonnaise contains up to 70-80% fat, and is considered an acidic o/w emulsion. The low 

pH and high fat content of mayonnaise makes it highly resistant to microbial spoilage (Depree and 

Savage 2001). To maintain emulsion stability, there must not be fat crystals within the dispersed 

oil phase. The aqueous continuous phase typically consists of eggs, sugar, vinegar, salt and spices. 

Egg yolk contains lecithin that function as the emulsifier and stabilizer (van Nieuwenhuyzen and 

Szuhaj 1998). Salt is also an important ingredient as it helps disperse egg yolk granules and 

neutralizes the charged proteins. This allows proteins to strongly adsorb to the interface and better 

interact with adjacent droplets, as shown below in Figure 3.4 (Depree and Savage 2001). 

 
Figure 3.4 The interfacial components and effect of salts on mayonnaise o/w emulsion. Reprinted 

with permission from Depree, J. A.; Savage, G. P. Physical and flavour stability of mayonnaise. 

Trends Food Sci. Technol. 2001, 12 (5–6), 157–163. Copyright 2002 Elsevier Science Ltd. 
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 To make mayonnaise, the first step is to mix together the components of the aqueous phase. 

Next, oil must be gradually added while continuously blending. This is an important step as the 

mixing of both phases together all at once will result in the formation of a w/o emulsion. Oil 

droplets within mayonnaise are distorted from their normal spherical shape as they are tightly 

associated with each other. This flocculation is important for mayonnaise viscosity and texture. 

Consequently, the pH of mayonnaise should be near the isoelectric point of the egg yolk proteins 

(~3.9) to allow for maximum viscoelasticity and stability (Depree and Savage 2001). This partial-

phase inversion results in a heat stable emulsion that can be pasteurized. Heating up mayonnaise 

to 60°C denatures the egg proteins, followed by hydrolysis to produce phosphatidylcholine which 

is an effective o/w surfactant. Alternatively, hydrolyzed soy lecithin is also commonly used in 

mayonnaise (van Nieuwenhuyzen and Szuhaj 1998). 

3.8 Conclusion 
 

 Overall, surfactants have a multitude of applications within the food processing industry. 

As emulsions are thermodynamically unstable, these surface-active agents are employed to 

improve kinetic stability and increase product shelf-life. Emulsions may be destabilized via 

creaming (gravitational separation), aggregation, coalescence, and/or Ostwald ripening. However, 

surfactants may combat these processes through several means. Electrostatic interactions involve 

the surface charge of emulsions droplets which is influenced by the presence of ionic surfactants, 

proteins and other charged compounds. Low molecular weight surfactants have the ability to 

displace proteins to induce partial coalescence which is desired in promoting foam stability of ice 

cream and whipped toppings. Lastly, dispersed emulsion droplets may also be stabilized by the 

steric repulsive forces of mono- and di-glycerides or proteins. 
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Chapter 4 Lipid Digestion of Oil-in-Water Emulsions Stabilized 

with Low Molecular Weight Surfactants2 
 

4.1 Abstract 
 

 Surfactant chemistry and concentration influences lipid digestion and thus total fatty acid 

bioaccessibility, as determined in the state-of-the-art simulated robotic TIM-1 gastrointestinal (GI) 

tract. Comparisons between surfactants (monoglycerides, (i.e., glycerol monostearate (1-GMS), 

glycerol monooleate (1-GMO), and sn-2 glycerol monooleate (2-GMO)), or non-ionic synthetic 

surfactants (sorbitan monostearate (Span® 60), sorbitan monooleate (Span® 80), polyoxyethylene 

(20) sorbitan monostearate (Tween® 60), or polyoxyethylene (20) sorbitan monooleate (Tween® 

80)) were evaluated in oil-in-water emulsions. The minimum surfactant concentration to achieve 

stable (i.e. over a 7-day period) monomodal oil-in-water emulsions with monolayer coverage 

formed emulsions with an average particle size of 230 ± 30 nm. Although statistically significant 

differences in induction time and rate of lipid digestion are not observed, total bioaccessibility was 

significantly lower for emulsions stabilized with Span 80 and 2-GMO. Comparable trends were 

observed between area under the curve (AUC) of the absolute bioaccessibility and total overall 

bioaccessibility obtained by fitting a three-parameter shifted logistic model to the cumulative 

bioaccessibility. Significantly (p <0.05) lower overall lipid bioaccessibility was observed for Span 

80- and 2-GMO-stabilized oil-in-water emulsions compared to all other surfactants studied. No 

significant differences for overall bioaccessibility were observed between oil-in-water emulsions 

stabilized by commercial 1-GMO and 1-GMS, Span 60, Tween 60 and Tween 80. The results 

confirm that sn-position and surfactant choice can influence the lipid digestion (total 

 
2 Manuscript submitted to Food & Function, Royal Society of Chemistry Journals (July 1st, 2019) 
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bioaccessibility) in vitro. This provides an exciting strategy to tailor lipemic responses of food 

emulsions. 

4.2 Introduction 
 

 Ultra-processed foods (UPFs) account for >50% of the total dietary energy intake in 

developed countries (i.e., USA, Canada, and the UK) and 20-30% in middle-income countries (i.e., 

Mexico, Chile, and Brazil) (Moubarac et al. 2017; Baraldi et al. 2018; Cediel et al. 2018; Louzada 

et al. 2018; Marrón-Ponce et al. 2018; Rauber et al. 2018; Monteiro et al. 2019). Common benefits 

of UPFs include: extended shelf-stability, hyper-palatability, convenience and low-cost, however 

for the most part they are obesogenic (Moubarac et al. 2013, 2014; Monteiro et al. 2013, 2019).  

UPFs are typically high in saturated or trans fats, refined sugars, and/or salt with high energy 

density of UPFs ranges from 225-275 kcal per 100 g of most baked products to 400-500 kcal per 

100 g of most packaged snack products and chips (Monteiro et al. 2018a). Numerous studies 

correlate frequency of UPF consumption with increased obesity prevalence (Louzada et al. 2015; 

Juul and Hemmingsson 2015; Poti et al. 2017; Monteiro et al. 2018b; Nardocci et al. 2019). For 

example, Canadian adults in the highest quintile of UPF consumption (76% of total energy intake) 

were reported to have 32% greater occurrence of obesity compared to individuals in the lowest 

quintile (20% of total energy intake) (Nardocci et al. 2019). Compounding the issue, being 

overweight (BMI ≥ 25 to < 30 kg/m2) or obese (BMI > 30 kg/m2) is strongly associated with 

increased risk of diet-related non-communicable diseases (i.e., coronary heart disease, stroke, etc.); 

obese individuals exhibited the highest risk, having reported hazard ratios of 1.69 for coronary 

heart disease and 1.47 for stroke compared to normal weight individuals (BMI ≥ 20 to < 25 kg/m2)  

(Lu et al. 2014). Consequently, dietary risk factors have become the leading cause of all-cause 
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mortality, with ~11 million deaths across 195 countries attributable to dietary risk factors in 2017; 

this represents a new and complex form of malnutrition unseen 100 years ago (Afshin et al. 2019). 

 Careful attention to food processing and formulation is a potential avenue to attenuate 

negative health outcomes associated with diets largely dominated by UPFs (Monteiro et al. 2018a). 

In addition to composition, the physical structure of foods also impacts digestion and consequently 

their metabolic response (Golding et al. 2011). Food matrices are complex, heterogeneous 

combinations of solids, liquids and/or gases that may either occur naturally or form as a result of 

processing and formulation (Guo et al. 2017). Since food matrices influence bioavailability, 

understanding the relationship between food structure and digestion facilitates design of healthier 

processed foods. For example, healthier processed foods may be engineered to control lipid 

digestion kinetics, modifying their bioavailability and potentially reducing their lipemic index 

(McClements et al. 2008, 2009; Singh et al. 2009; Singh and Sarkar 2011; Guo et al. 2017; Dias 

et al. 2019). The lipemic index is similar to the well-established glycemic index and represents 

post-prandial serum triacylglyceride (TAG) levels following ingestion of a meal relative to a 

reference meal, which contains a fixed load (i.e., 50-70 g) of saturated, polyunsaturated and 

monounsaturated fats in known quantities (Ooi et al. 2011). Elevated post-prandial lipemia is a 

criterion for metabolic syndrome and is recognized as a risk factor for obesity-related chronic 

diseases, such as type-2 diabetes and cardiovascular diseases (Talmud et al. 2002; Patel 2004; 

Bansal et al. 2007; Nordestgaard et al. 2007; Sarwar et al. 2007; Dekker et al. 2009). Individuals 

with higher concentrations of non-fasting TAGs (≥5 mmol/L) are associated with higher risk of 

heart failure (hazard ratio of 2.59) compared to individuals with concentrations <1 mmol/L, as 

shown in a large prospective cohort study of the general Copenhagen population (Mortensen et al. 

2015; Varbo and Nordestgaard 2018). 
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 During digestion, lipolysis cleaves water-insoluble TAGs into amphiphilic lipolytic 

products (i.e., 1,2- and 2,3-diacylglycerides (DAGs), 2-monoacylglycerides (2-MAGs), and free 

fatty acids (FFAs)), in the oral, gastric and intestinal segments of the GI tract (Stipanuk 2006; Hur 

et al. 2009; Guo et al. 2017). Lipolysis is initiated in the stomach by acid-stable lingual and gastric 

lipases (Moreau et al. 1988; Wahbeh and Christie 2011). In adults, lingual lipase secreted by the 

serous Von Ebner glands of the tongue does not significantly contribute to overall lipolysis; lingual 

lipase is more significant in infants or patients with severe pancreatic insufficiency (Abrams et al. 

1987; Hamosh 1990; Mu and Høy 2004). Gastric lipase is largely responsible for pre-duodenal 

lipolytic activity (~118 U/g), while lingual lipase is only present in trace amounts (~0.3 U/g) 

(DeNigris et al. 1988). Gastric lipase cleaves sn-3 ester bonds of TAGs, resulting in the formation 

of 1,2-DAGs and FFAs (Singh and Ye 2013). Overall, gastric lipolytic activity hydrolyzes ~10-

30% of ingested TAGs in human adults (Wahbeh and Christie 2011; Singh and Ye 2013). Gastric 

lipolytic products act as emulsifying agents facilitating digestion in the small intestine where lipid 

absorption primarily occurs (Carey et al. 1983; Lien 1994). Pancreatic lipase is responsible for the 

majority of lipolysis (~40-70% of TAG lipolysis) and cleaves both sn-1 and sn-3 ester bonds, 

producing 2-MAGs and FFAs as lipolytic metabolites (Reis et al. 2010; Wilde and Chu 2011; 

Meynier and Genot 2017). Pancreatic lipase requires co-lipase to reduce interfacial tension 

facilitating adsorption of lipase at oil-water interface in the presence of bile salts (Wilde and Chu 

2011). Bile then displaces surface-active metabolites from the interface (Reis et al. 2008b). 

Lipolytic products must be incorporated into mixed micelles (8-20 nm) containing bile salts or 

larger vesicles (40-200 nm) containing phospholipids that then absorb via junctions between 

enterocytes (Meynier and Genot 2017). Therefore, the rate of lipid digestion depends on: 1) the 

accessibility of lipase/co-lipase at the oil-water interface, 2) competitive adsorption between bile 
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salts; and, 3) surface-active materials and displacement of surface-active compounds with the aid 

of bile salts (Reis et al. 2009; Wilde and Chu 2011; Singh and Ye 2013; Speranza et al. 2013). 

 Low molecular weight surfactants are capable of displacing proteins, including lipolytic 

enzymes, from the oil-water interface by competing for adsorption at the oil-water interface, which 

potentially modifies lipolysis kinetics (Vinarov et al. 2012). Surfactant monolayers surrounding 

oil droplets must first be displaced by bile to facilitate lipase absorption onto the interface and 

lipolytic activity to occur; thus, surfactants have the potential to tailor lipid bioaccessibility 

(Speranza et al. 2013). Enzyme-surfactant interactions are dependent on concentration and 

surfactant selection (Reis et al. 2008a, 2010). Accumulation of surface-active lipolytic products at 

the oil-water interface occurs when the rate of hydrolysis exceeds the micellization rate (Carey et 

al. 1983; Reis et al. 2010). The complexity and dynamic nature of the interfacial environment 

makes it difficult to understand and quantify lipolysis dynamics (Reis et al. 2010). As such, a better 

understanding regarding the effect of surfactants on lipase activity is needed, including enzyme 

interactions with endogenous surface-active compounds generated in situ from lipolysis, such as 

2-MAGs (Reis et al. 2010; Vinarov et al. 2012). As surfactants are widely used in the food industry 

to increase emulsion stability, it is imperative to consider their physiological impact on digestion 

(Speranza et al. 2013; McClements 2018). The purpose of this study was to investigate the effects 

of sn- fatty acid position of monoglycerides and structure of non-ionic, synthetic surfactants on 

the rate and extent of lipid digestion using the TIM-1 advanced, robotic GI model. 

4.3 Materials & Methods 
 

Materials 

 

Lipase from porcine pancreas (type II, 100-500 U/mg protein), pancreatin from porcine 

pancreas ( >100 U/mg protein), porcine bile extract, bovine pancreas trypsin powder (≥7,500 N-
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α-benzoyl-L-arginine ethyl ester (BAEE) U/mg), pepsin from porcine gastric mucosa (≥2,500 

U/mg protein) and α-amylase from Bacillus sp. (type II-A, ≥1,500 U/mg protein) were obtained 

from Sigma Aldrich (St. Louis, MO, USA). Fresh porcine bile was collected at a local 

slaughterhouse (Conestoga Meat Packers, Breslau, ON, Canada), pooled, aliquoted for individual 

TIM-1 experiments and stored at -30°C until use. Tricaprylin (>99%), triolein (>99%), caprylic 

acid (>99%), nonanoic acid ( >97%), Span® 80 (sorbitan monooleate, ≥60% C18:1), Span® 60 

(sorbitan monostearate, ~50% C18:0), Tween® 80 (polyoxyethylene sorbitan monooleate, ≥58% 

C18:1) and Tween® 60 (polyoxyethylene sorbitan monostearate, 40-60% C18:0) were obtained 

from Sigma Aldrich (St. Louis, MO, USA). Glycerol monostearate (1-GMS, Alphadim® 90 SBK, 

>90%) was obtained from Corbion N.V. (Amsterdam, The Netherlands). Glycerol monooleate (1-

GMO, 99%) was obtained from Alfa Chemistry (Ronkonkoma, NY, USA). Anhydrous ethanol, 

HCl (37%), anhydrous NaOH, hydroxypropylmethyl cellulose (HPMC), NaHCO3 (≥99%), NaCl 

(≥99%), KCl (≥99%) and CaCl2 (≥96%) were obtained from Sigma Aldrich (St. Louis, MO, USA). 

Dichloromethane (DCM, >99%, 50 ppm amylene) was purchased from Alfa Aesar (Haverhill, 

MA, USA). Acetonitrile (Optima™, HPLC grade) and n-heptane (HPLC grade) were purchased 

from Thermo Fisher Scientific (Waltham, MA, USA).  

Synthesis of sn-2 MAGs  

 

 Sn-2 glycerol monooleate (2-GMO) was obtained via enzymatic esterification of triolein 

using 1,3-regiospecific lipase obtained from porcine pancreas as previously described by Zaks et 

al. (1992) 55. 45 mL ethanol solution (97% v/v), 4.5 g triolein and 1.0 g of lipase were combined 

in a flask and placed in a shaking water bath at 20°C and 150 rpm for 96 h and then filtered 

(Whatman Qualitative Filter Paper Grade 1, >11 m particle retention, Maidstone, UK). An oily 

residue was obtained by removing ethanol via rotary evaporation at 30°C under vacuum (~400 
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mm Hg) (Büchi, Essen, Germany) and it was then dissolved in 30 mL n-heptane at ambient 

temperature (22-25oC) and cooled to -18°C for >5 h to initiate crystallization. The crystals were 

separated via centrifugation at 10500  g for 3 min at -10°C (Sorvall LYNX 6000, Thermo Fisher 

Scientific, Waltham, MA, USA). The discarded supernatant contained ethyl oleate and diolein; the 

remaining material containing the crystallized fraction was re-dissolved in 30 mL n-heptane and 

re-cooled to -18°C for >5 h, crystals were separated again by centrifugation for 3 min at -10°C. 

DCM was added to facilitate evaporation of residual n-heptane from the crystal fraction using 

rotary evaporation at 30°C under vacuum (~400 mm Hg) and was repeated twice. The purified 2-

GMO (~97 mol % of glycerol-containing compounds by 1H NMR, Figure S1 and S2) was stored 

at -30°C until use. 

Emulsion Preparation 

 

 Test meals consisted of an oil-in-water (o/w) emulsion stabilized with either Span® 60, 

Span® 80, Tween® 60, Tween® 80, 1-GMS, 1-GMO or 2-GMO (Figure 4.1). According to Reis 

et al., a real food matrix containing additional compounds (i.e., proteins, salts) potentially leads to 

complexation and interactions that significantly complicate the results often leading to 

inconclusive data; thus, a system with a single variable was chosen to understand solely the 

influence of surfactant on lipid digestion profile 49. Tricaprylin was chosen as the oil fraction based 

on previous work by Speranza et al. (2013) because its chain length fatty acid is not present in any 

surfactant or simulated intestinal fluids (as described below); thus, following caprylic acid 

specifically allows for the measurement of FFA bioaccessibility obtained from their TAG 

counterpart 50.  

 Pre-emulsions were prepared by mixing tricaprylin (5.0 % w/w), sodium bicarbonate buffer 

(1.5 g/L) and 0.5% (w/w) surfactant (or 0.7% w/w 2-GMO) for 2 min with a high-speed immersion 
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blender (KitchenAid, Benton Harbor, MI, USA). Pre-emulsions were then cycled through a high-

pressure homogenizer (Emulsiflex C-5, Avestin, Ottawa, ON, Canada) 10 times at ~50,000 kPa. 

Immediately after emulsion preparation, the particle size distribution of the emulsion was 

measured using dynamic light scattering (Nanotrac Flex, Microtrac, Montgomeryville, PA, USA). 

An aliquot of the emulsion was diluted using distilled water (Milli-Q® Direct Water Purification 

System, Millipore, Bedford, MA, USA) into a sample vessel to a concentration between the upper 

and lower limits of the loading index (20-30%), a measure of the total alternating current (AC) 

signal obtained from the light scattered from particles moving via Brownian motion. An external 

probe was inserted and particle size distributions were computed from the measured frequency 

spectrum recovered from Doppler-shifted scattered light using a refractive index of 1.45 for the 

dispersed phase (i.e., tricaprylin) (Microtrac® FLEX Windows software, Montgomeryville, PA, 

USA). Particle size measurements were performed in triplicate over 120 s at ambient temperature 

(22-25°C). 

TIM-1 Gastrointestinal Model 

 

 Simulated digestion of emulsions was performed using a state-of-the-art in vitro 

gastrointestinal model (TIM-1) developed by TNO (Zeist, The Netherlands). The TIM-1 is an 

advanced, multi-compartmental system that has been validated with in vivo human and animal 

studies (Souliman et al. 2006; Gervais et al. 2009; Brouwers et al. 2011; Barker et al. 2014; 

Thilakarathna et al. 2016; Dupont et al. 2018). The TIM-1 models the human digestive system 

using four serial compartments to simulate dynamic luminal conditions of the stomach, duodenum, 

jejunum and ileum (Figure 4.2). The system controls numerous aspects of digestion dynamically 

(i.e., gastric acidification and emptying, peristaltic movements, nutrient and water absorption, pH 

and temperature control (37 ± 1°C) and continual secretion of digestive solutions) (Figure 4.2). As 
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the TIM-1 digestion model has no hormonal feedback mechanisms (i.e., ileal brake) to regulate 

gastric emptying, digestion follows a pre-programmed emptying curve (half-time = 80 min; TNO, 

Zeist, The Netherlands). 

 Formulated gastric and intestinal solutions were added to each compartment using the fed 

state protocol, which included: HCl (1.00 M), sodium bicarbonate (1.00 M), gastric enzyme 

solution (NaCl 4.80 g/L, KCl 2.20 g/L, CaCl2 0.22 g/L, lipase 20 U/mL, pepsin 4800 U/mL and 

amylase 47 U/mL), gastric solution (0.40% HPMC and 0.04% bile powder), small intestinal 

electrolyte solution (SIES: NaCl 5.00 g/L, KCl 0.60 g/L, and CaCl2 0.25 g/L), 7.0% (w/v) 

pancreatin solution and fresh porcine bile. Gastric enzyme solution and 7.0% (w/v) pancreatin 

solution were stored in cooling units (between 0-5°C) throughout the 5 h simulated digestion 

experiments. 

 Before ‘feeding’ emulsions to the TIM-1, the system was pre-heated and maintained at 

physiological temperature (37 ± 1°C) and compartments were conditioned with starting residues. 

Gastric starting residue consisted of 5.0 g gastric enzyme solution and 5.0 g gastric solution (0.40% 

HPMC and 0.04% bile powder). Duodenal starting residue consisted of 15 g small intestinal 

electrolyte solution (SIES), 15 g 7.0 % (w/v) pancreatin solution, 30 g fresh porcine bile and 2 mg 

trypsin solution. Jejunal starting residue contained 35 g SIES, 35 g 7.0% pancreatin solution and 

70 g fresh porcine bile. Ileal starting residue consisted of 140 g SIES. The “meal” for the TIM-1 

consisted of 100 g of 5.0% (w/w) tricaprylin oil-in-water emulsion, 90 g gastric electrolyte 

solution, 50 g water and 11 mg α-amylase (to simulate the effect of salivary amylase). The meal 

was immediately fed into the gastric compartment (containing 10 g gastric starting residue) along 

with a final 50 g water rinse for a starting volume of 300 mL  
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 Micellar fractions were obtained from the filtrates using semi-permeable, 0.05 m pore 

size capillary membrane filters (Spectrum Milikros modules M80S-300-01P, Repligen, Waltham, 

MA, USA) located in the ileal and jejunal compartments. Intestinal secretions were added into the 

intestinal compartments throughout digestion at controlled rates. Duodenal secretions consisted of 

fresh porcine bile added at 0.50 mL/min, 7.0% (w/v) pancreatin solution at 0.25 mL/min and SIES 

at 3.2 mL/min. Jejunal secretions consisted of SIES and 10% fresh porcine bile at 3.20 mL/min. 

Ileal secretions consisted of SIES at 3.00 mL/min. Secretion of HCl (1.00 M) into the gastric 

compartment followed a pre-programmed pH curve. In the fed state, the gastric compartment pH 

decreased from pH 6.5 to 1.7 as shown in Table 4.1. Secretion of sodium bicarbonate solution 

(1.00 M) was used to maintain the pH of the duodenal, jejunal, and ileal compartments at 6.5, 6.8 

and 7.2, respectively.   

 Throughout the 5 h simulated digestion, digestates were collected from the jejunal and ileal 

filtrates and at the ileal efflux at: 30, 60, 90, 120, 180, 240 and 300 min. The collected filtrates 

represented the bioaccessible fraction which represents the metabolites available to be absorbed 

and become bioavailable. Samples collected at the ileum efflux represented what would have 

transited from the small intestine into the large intestine. TIM-1 experiments were performed in 

triplicate for each surfactant-stabilized emulsion, which were freshly prepared within 1 h prior to 

use. 

Extraction of FFAs 

 

 Prior to the DCM fatty acid extraction, nonanoic acid was added as an internal standard to 

calculate extraction efficiency. 2.0 mL of digestate was adjusted to a pH between 10-12 using 

NaOH (10 M) to deprotonate the FFAs, rendering them insoluble in DCM. Samples were then 

extracted with 6.0 mL DCM for 24 h at ambient temperature (22-25 °C). The organic DCM layer 
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containing TAGs was discarded after partitioning. The aqueous layer was adjusted to pH 1-2 using 

HCl (1.00 M) to protonate the FFAs, making them soluble in DCM. FFAs were extracted from the 

sample using 4.0 mL of DCM for 24 h at ambient temperature (22-25 °C). After separation, the 

aqueous layer containing proteins and carbohydrates was discarded. 1.0 mL of the DCM layer was 

transferred into new vials and nitrogen-dried (ZipVap Evaporator, Glas-Col, Terre Haute, IN, 

USA). They were then reconstituted in 1.0 mL acetonitrile-water (60:40) for analysis using high-

performance liquid chromatography coupled with a diode-array detector (HPLC-DAD) (Agilent 

1100 HPLC G1315B DAD, Santa Clara, CA, USA). 

HPLC-DAD Analysis 

 

 The degree of lipolysis was determined by measuring the concentration of caprylic acid in 

the digestates using HPLC-DAD and a reversed-phase C18 column (Zorbax 300SB-C18, Agilent, 

Santa Clara, CA, USA) equipped with a guard column (Zorbax 300SB-C18, 4.6 x 12.5 mm, 5-

micron, Agilent, Santa Clara, CA, USA) measuring absorbance at 210 nm, the wavelength which 

is absorbed via carboxyl functional groups. The column temperature was maintained at 30 ± 5 °C 

and the injection volume was 10 uL. Peak resolution was obtained using a 1.0 mL/min isocratic 

flow rate consisting of 60/40 % (v/v) acetonitrile/water with 0.1% trifluoroacetic acid (v/v). The 

retention time of caprylic acid and nonanoic acid was ~2.7 and ~3.3 min, respectively. Calibration 

standards for caprylic acid and nonanoic acid were prepared in acetonitrile-water (60:40) at the 

following concentrations: 78, 156, 312, 625, 1250, 2500, 5000 and 10000 mg/L. Calibration curves 

were created by plotting peak area against corresponding concentrations and fitted using linear 

regression to obtain linear equations for caprylic acid (y = 0.0872x – 0.8506, R2 = 0.999) and 

nonanoic acid (y = 0.0770x – 0.9143, R2 = 0.999) (Figure S3). Peak areas were integrated based 

on cardinal points (i.e., baseline points, valley points, peak apex, points at peak half height) using 
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Agilent ChemStation for LC data-processing software (rev. C.01.07, Santa Clara, CA, USA), 

which establishes the baseline using trapezoidal area and proportional height corrections. 

Mathematical Modeling 

 

 The generation of FFAs by lipolysis followed a sigmoidal pattern under simulated GI 

conditions, which has been previously reported (Li and McClements 2011; Troncoso et al. 2012; 

Speranza et al. 2013; Fondaco et al. 2015; Yao et al. 2018; Dias et al. 2019). The cumulative 

bioaccessible fraction of FFAs throughout lipolysis is characterized by a lag period of minimal 

lipolysis, followed by a rapid increase in FFA release and finishes with a plateauing region of 

cumulative FFA concentration (Li and McClements 2011). The lag period is attributed to the time 

to displace surfactants from the oil-water interface that act as a barrier to lipase. The delay in lipase 

adsorption results in less FFA released due to the time required for bile to displace surfactants 

from the interface (Reis et al. 2009; Troncoso et al. 2012). 

 A three-parameter shifted logistic equation (eqn. 1) has been used to model lipolytic 

generation of FFAs as a function of time (t) (Speranza et al. 2013; Ye et al. 2013; Fondaco et al. 

2015; Verkempinck et al. 2018): 

𝐶(𝑡) =
𝐶𝑎𝑠𝑦𝑚𝑝

1+𝑒[𝑘(𝑡𝑐−𝑡)]
−

𝐶𝑎𝑠𝑦𝑚𝑝

1+𝑒(𝑘𝑡𝑐)
                 Eqn. 1 

 

Casymp is the asymptotic plateau and represents the total bioaccessible fraction of FFAs released, k 

is the rate constant of FFA release per unit time, and tc is the time to reach effective lipolysis at 

which half the total amount of FFAs are released, crudely defined here as induction time. To force 

the shifted logistic model to pass through the origin at t = 0 min, since no digestion has occurred 

at this point in time, the second term is incorporated (Speranza et al. 2013). The cumulative FFA 

concentration in the jejunum and ileal filtrates were fitted using non-linear regression using least-

squares method in Graphpad Prism (version 6.0, La Jolla, CA, USA). Initial values (i.e., Casymp = 



87 

 

60%; k = 0.02; tc = 100) were provided allowing the software to perform 1000 iterations to fit the 

data. The coefficients of determination (R2) were all greater than 0.97. 

Statistical Analysis 

 

 TIM-1 measurements were performed in triplicate and reported as means ± standard 

deviation. The total area under the curve (AUC) of absolute % bioaccessibility of caprylic acid 

over the 5 h digestion was calculated using the trapezoidal integration method (Graphpad Prism 

version 6.0, La Jolla, CA, USA). As AUC results were obtained from the averaged triplicates, 

statistical analysis was not able to be performed. Statistically significant differences in the three 

parameters obtained from the shifted logistic model (i.e., tc, k, and Casymp) were determined by 

comparing overlaps between their 95% confidence intervals (Graphpad Prism version 6.0, La Jolla, 

CA, USA). Sample parameters that did not have overlapping 95% confidence intervals were 

considered statistically different. 

4.4 Results & Discussion 
 

 Surfactant concentration was selected to ensure consistent particle size and stability over a 

7-day period (Figure 4.3, 4.4). The average particle sizes of o/w emulsions were measured as a 

function of surfactant concentration between 0 - 2.0% (w/w) for the synthetic surfactants, 0 - 1.5% 

(w/w) for commercial MAGs, and 0 - 1.0 % (w/w) for 2-GMO (narrower concentration range due 

to limited amount of purified material). Based on the concentration as a function of average particle 

size (Figure 4.3), 0.5% (w/w) surfactant was maintained constant across all samples, except for 2-

GMO which was at 0.7% (w/w) because emulsion stability was not achieved at 0.5% (w/w). These 

values were selected as they were the lowest concentration to achieve the desired average particle 

size (i.e., 230 ± 30 nm) with monolayer coverage based on our emulsification protocol. The 

synthetic surfactants (Spans and Tweens) and commercial monoglycerides (1-GMO and 1-GMS) 
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were expected to be more effective surfactants and better at reducing particle size compared to 2-

GMO, due to symmetry of the attached hydroxyl groups for sn-2 MAG molecules (Lauridsen 

1976; Krog 1977). To confirm the chosen concentrations were able to produce stable emulsions, 

particle size distributions were measured over 7 days (Figure 4.4). Emulsions were stable at the 

chosen concentrations for each surfactant as particle size distributions remained monomodal with 

no shift in peak position over the 7-day period. 

 Bioaccessibility is reported as the percentage of caprylic acid hydrolyzed from tricaprylin 

by porcine pancreatic lipase collected in the jejunal and ileal filtrates (Figure 4.5). Irrespective of 

the surfactant used to stabilize the o/w emulsions, the absolute bioaccessible fraction peaked at 

~180 min and then progressively declined for the remaining 120 min (Figure 4.5). The cumulative 

bioaccessible fraction as a function of time was fitted using the three-parameter shifted logistic 

model (eqn. 1) (Figure 4.6). The parameters obtained (i.e., tc, k, and Casymp) from the shifted logistic 

model were compared to study induction times, lipolysis kinetics and FFA bioaccessibility 

throughout the simulated digestion period (Table 4.3). 

 The time to reach effective lipolysis (tc) obtained from the cumulative bioaccessibility 

curves (Figure 4.6) were interpreted as an indirect measure of induction time and were not 

statistically different in the jejunum (Figure 4.7). A previous study by Speranza et al. (2013) 

observed significant differences in induction time in the jejunum; however, a considerably higher 

surfactant concentration (1.5% w/w compared to 0.5-0.7% w/w) was used (Speranza et al. 2013). 

This study used the minimal surfactant concentration (0.5-0.7% w/w) required to achieve desired 

average particle size (i.e., 230 ± 30 nm) and maintain monomodal particle size distributions over 

a 7-day period (Figure 4.3, 4.4). An initial lag period observed before effective lipolysis has been 

previously attributed to an interfacial surfactant barrier that delays lipase accessibility to lipid 
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droplet interface (Reis et al. 2009; Troncoso et al. 2012). Due to the frequency of our sampling 

interval and the pre-programmed transit time set for the TIM-1, which controls gastric emptying, 

significant changes in induction time were not observed (Figure 4.7). 

 Lipolysis rate constants (k) for the o/w emulsions stabilized with various surfactants were 

not statistically different in either the jejunal or ileal filtrates (Figure 4.8). Transit of the emulsion 

through simulated GI conditions causes physicochemical changes at the interface due to the 

generation of surface-active metabolites; by the time the emulsion reaches the ileal compartment, 

the original surfactant monolayer is displaced by bile salts and other surface-active lipolytic 

products (i.e., FFAs, MAGs) (Speranza et al. 2013). There were no significant differences in rates 

of lipolysis amongst o/w emulsions stabilized by non-ionic, synthetic surfactants (Figure 4.8). 

Studies have shown Span-stabilized emulsions are acid-unstable, while Tween-stabilized 

emulsions are acid-stable under gastric conditions (Marciani et al. 2006, 2007, 2009). A study by 

Verkempinck et al. (2018) compared in vitro lipolysis of emulsions stabilized by Tween 80 and 

sucrose esters (0.5% w/v) and demonstrated that the acid-instability of sucrose esters led to 

coalescence in the gastric conditions (Verkempinck et al. 2018). Previously, it has been shown that 

oil droplet size determines the interfacial surface area available for enzyme absorption. The 

reaction rate constant was highest for Tween 80-stabilized emulsions due to smaller oil droplet 

sizes (1.37-1.50 m) at the beginning of the intestinal phase compared to sucrose ester-stabilized 

emulsions (40.84-77.58 m) (Verkempinck et al. 2018).  

 An in vivo study by Marciani et al. (2006) reported the half-life of gastric emptying differed 

between acid-stable Tween 60 (107 ± 11 min) compared to acid-unstable Span 80 (84 ± 14 min) 

o/w emulsions (Marciani et al. 2006). In the stomach, phase separation of acid-unstable emulsions 

into aqueous and lipid layers caused the aqueous layer to empty the stomach more rapidly than the 
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acid-stable meals, resulting in slower gastric emptying for acid-stable emulsions (Marciani et al. 

2006, 2007, 2009). As acid-stable emulsions provided larger surface areas during lipolysis, greater 

concentrations of FFAs were able to reach the duodenum and trigger the duodenal brake mediated 

by release of cholecystokinin, which reduced the gastric emptying rate (Marciani et al. 2009). A 

limitation of the TIM-1 is that the instrument controls gastric emptying rates (i.e., fed state protocol 

gastric emptying half-time = 80 min) and does not vary between emulsions. This suggests that 

differences in acid stability between the non-ionic, synthetic surfactants had a limited role in 

modifying lipolysis rates due to regulated gastric emptying of the in vitro TIM-1 system and lack 

of hormonal feedback mechanisms (i.e., duodenal brake). 

 Similarly, there were no significant differences in lipolysis rates in the jejunum and ileum 

for the monoglyceride-stabilized o/w emulsions (Figure 4.8). Previous work by Reis and co-

authors (2008) used the TIM-1 to compare the influence of sn-2 monopalmitin, β-lactoglobulin 

and lysophosphatidylcholine on in vitro lipid digestion of tricaprylin o/w emulsions. They reported 

that the presence of sn-2 monopalmitin had an inhibitory effect on lipolysis based on the reduction 

in concentration of caprylic acid measured in TIM-1 intestinal compartments (i.e., duodenal, 

jejunal, ileal, and ileal efflux) throughout the simulated digestion period (Reis et al. 2008b). Rate 

constant values used here to assess lipolysis kinetics were obtained from the cumulative 

bioaccessible fractions as a function of time fitted using the shifted logistic model (eqn. 1) from 

the jejunal and ileal filtrates. Using this shifted logistic model, significant differences in rate 

constant values were previously demonstrated at higher concentrations of surfactants (1.5% w/w) 

for o/w emulsions in jejunal filtrates, while no differences were observed in ileal filtrates (Speranza 

et al. 2013). Therefore, at lower concentrations (0.5-0.7% w/w) of surfactants used, significant 
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differences in rate constant values may only be observable prior to the emulsions reaching the 

jejunal compartment. 

 AUC values obtained from the absolute bioaccessible lipid fractions over the 5 h digestion 

period (Figure 4.5) showed o/w emulsions stabilized by Span 80 and 2-GMO resulted in lower 

AUC bioaccessibility values compared to the other surfactants (Figure S4). It is important to note 

the TIM-1 digestion model does not account for first-pass metabolism in the liver; AUC 

measurements are typically proportional to the fraction of absorbed compound assuming the rate 

of elimination from the body follows linear kinetics (i.e., clearance is constant and concentration 

is uniform) (Rescigno 2000). Overall bioaccessibility (Figure 4.6) was interpreted as the plateau 

in the cumulative bioaccessible fraction of caprylic acid (i.e., Casymp) using the three-parameter 

shifted logistic model (eqn. 1). Similar to the AUC results, overall bioaccessibility was 

significantly lower in both the jejunum and ileum for Span 80- and 2-GMO-stabilized o/w 

emulsions (Figure 4.9). Trends for AUC and overall bioaccessibility, obtained from the shifted 

logistic model, were consistent: Span 80- and 2-GMO-stabilized o/w emulsions had lower overall 

bioaccessibility in both the jejunum and ileum compared to o/w emulsions stabilized by the other 

surfactants (Figure S4, 4.9). 

 Span 80-stabilized o/w emulsions resulted in significantly lower overall bioaccessibility in 

the jejunum and ileum compared to o/w emulsions stabilized by the other non-ionic, synthetic 

surfactants (Figure 4.9). According to Cornec and co-authors (1996), the small hydrophilic head 

group relative to the length of the fatty acid chain of Span 80 is much less effective at protein 

displacement compared to the larger hydrophilic head groups on water-soluble surfactants (i.e., 

Tweens) (Cornec et al. 1996). The sorbitan head group of Span 80 has high head group motility 

(measured via dielectric dispersion analysis) that allows it to impart flexibility and fluidity at 
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interfacial surfaces (Hayashi et al. 2011). A study by Peltonen et al. (2001) compared sorbitan 

monolayers using surface compressional moduli calculated from surface pressure-molecular area 

isotherms, based on known values for liquid-expanded monolayers (12.5-50 mN/m) and liquid-

condensed layers (100-250 mN/m) (Davies and Rideal 1963; Peltonen et al. 2001). Although Span 

60 consists of the same aliphatic chain length as Span 80, the double bond in the oleic acid chain 

of Span 80 imparts a dominant bent conformation. As a result, Span 60 formed the most condensed 

and stable monolayer at physiological temperature, attributed to its saturated hydrocarbon chain 

that promotes stronger chain-chain interactions; while Span 80 formed expanded monolayers 

(Peltonen et al. 2001). Therefore, the significantly lower overall bioaccessibility observed for Span 

80-stabilized compared to Span 60-stabilized emulsions may be attributed to differences in 

interfacial monolayer structure. Monolayer properties of emulsion droplets affect emulsion 

stability by altering coalescence and flocculation (Patino and Domínguez 1993). The structure and 

stability of interfacial films are influenced by packing of surfactants at the interface: molecular 

association is stronger in condensed monolayers due to closer packing, promoting greater emulsion 

stability against coalescence; in comparison, expanded monolayers that have weaker mechanical 

surface properties and less intermolecular interactions result in less stable emulsions (Dickinson 

et al. 1988; Patino and Domínguez 1993). As lipases are present in excess in the GI tract, larger 

available interfacial surface area allows for more lipase molecules to absorb to the oil-water 

interface (Armand et al. 1999). Emulsion destabilization (i.e., droplet coalescence) during 

digestion decreases available interfacial area for lipolytic activity, leading to a lower extent of 

lipolysis (Salvia-Trujillo et al. 2013, 2017; Day et al. 2014; Zhang and McClements 2016; 

Verkempinck et al. 2018). 
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 An accumulation of surface-active lipolytic products at the oil-water interface occurs when 

the rate of hydrolysis exceeds their rate of incorporation into mixed bile salt micelles (Carey et al. 

1983; Reis et al. 2010). The surface-activity of lipolytic products is greatest for 2-MAGs, followed 

by FFAs, DAGs and TAGs (Reis et al. 2008b; Golding and Wooster 2010). Pancreatic lipases 

exhibit their greatest activity on TAGs, followed by DAGs and MAGs (Senior and Isselbacher 

1963). Emulsions stabilized with 2-GMO resulted in lower AUC values and overall 

bioaccessibility compared to emulsions stabilized with 1-GMO and 1-GMS (Figure S4, 4.9). This 

agrees with the previously mentioned study by Reis et al. (2008) that reported emulsions stabilized 

with sn-2 monopalmitin largely reduced the amount of FFAs generated throughout the in vitro 

digestion period (Reis et al. 2008b). A combination of tensiometry, ellipsometry and interfacial-

rheological studies confirmed 2-MAGs (i.e., sn-2 monocaprylin and sn-2 monopalmitin) are highly 

surface-active and can displace sn-1,3 regiospecific lipases from the oil-water interface (Reis et al. 

2008a). Commercial monoglycerides typically contain 95% sn-1/3 isomers and 5% sn-2 isomers 

(Krog and Sparso 2004). As pancreatic lipases cleave sn-1/3 ester bonds, commercial-grade 1-

GMS and 1-GMO were potentially cleaved by pancreatic lipase (Reis et al. 2009). On the other 

hand, an interfacial accumulation of 2-MAGs which cannot be cleaved by pancreatic lipase would 

be expected to impact the total extent of lipolysis (Reis et al. 2008a). Overall, this suggests the 

significantly lower overall bioaccessibility observed with 2-GMO-stabilized emulsions was due to 

an accumulation of 2-GMO at the interface hindering lipase from accessing the substrate (Figure 

S4, 4.9). 
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4.5 Conclusions 
 

 The objective of this study was to investigate the effects of sn-position for monoglycerides 

and non-ionic, synthetic surfactants on lipid digestion of o/w emulsions using the TIM-1 simulated 

digestion model. Significant changes in induction time were not observed due to the frequency of 

the sampling intervals and pre-programmed transit time set for the TIM-1 system. The kinetics of 

lipid digestion were not significantly different in the jejunum and ileum due to the generation of 

surface-active metabolites in situ and surfactant concentrations used (0.5-0.7% w/w). Acid 

stability of surfactants played a minimal role in modifying lipolysis rates due to the pre-

programmed gastric emptying of the TIM-1 system and lack of hormonal feedback mechanisms. 

Both Span 80- and 2-GMO-stabilized o/w emulsions had statistically lower overall bioaccessibility 

compared to o/w emulsions stabilized by other surfactants tested. For Span 80-stabilized 

emulsions, lower bioaccessibility was attributed to the unsaturated oleic acid chain forming less 

stable expanded monolayers; thus, reducing emulsion stability during digestion thereby decreasing 

the available interfacial area for lipolytic activity (Dickinson et al. 1988; Patino and Domínguez 

1993). For 2-GMO-stabilized emulsions, the reduced bioaccessibility was attributed to an 

accumulation of 2-GMO at the interface, which hindered lipase adsorption and activity. The extent 

of lipolysis was expected to be decreased for an o/w emulsion system consisting of an interface 

covered by sn-2 monoglycerides, which are resistant to enzymatic hydrolysis by 1/3-regiospecific 

pancreatic lipase (Reis et al. 2008b, 2010). Trends for AUC and overall bioaccessibility, obtained 

from the shifted logistic model, were consistent. These results confirm that sn-position of 

monoglycerides and surfactant selection significantly influence the extent of lipid digestion in vitro 

and provides an opportunity to tailor lipemic index of processed foods. 
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4.7 Tables & Figures 
 

Table 4.1 TIM-1 gastric compartment pH values throughout the 5 h fed state digestion protocol. 

Digestion time (min) pH value 

0 6.5 

30 4.2 

60 2.9 

120 2.0 

210 1.7 

300 1.7 
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Table 4.2 Class, common names, and HLB value of surfactants (Hasenhuettl G, Hartel 2008). 

Class Surfactant HLB value  

Non-ionic sorbitans Span 80 (sorbitan monooleate) 

Span 60 (sorbitan monostearate) 

4.3 

4.7 

Oil-soluble 

Non-ionic 

polysorbates 

Tween 80 (polyoxyethylenesorbitan 

monooleate 

Tween 60 (polyoxyethylenesorbitan 

monostearate) 

15.0 

 

14.9 

 

Water-soluble 

Monoglycerides GMO (glycerol monooleate) 

GMS (glycerol monostearate) 

3.8 

3.8 

Oil-soluble 
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Table 4.3 Induction time (Tc), rate constant (K), and overall bioaccessibility (Casymp) parameters 

obtained from the shifted logistic model in the jejunum (Jej), ileum (Ile), and combined jejunum 

and ileum (Jej + Ile) 

Surfactant Compartment Tc (min) K (min-1) Casymp (%) 

0.5% 1-GMS Jej 122.1 ± 4.9 0.02728 ± 0.00394 55.05 ± 2.45 

Ile - 0.02896 ± 0.00385 21.49 ± 0.93 

Jej + Ile - - 76.58 ± 3.15 

0.5% 1-GMO Jej 127.3 ± 3.7 0.02763 ± 0.00284 57.23 ± 1.81 

Ile - 0.02908 ± 0.00476 19.81 ± 1.05 

Jej + Ile - - 76.98 ± 2.55 

0.7% 2-GMO Jej 119.4 ± 9.3 0.02398 ± 0.00642 40.78 ± 3.87 

Ile - 0.02959 ± 0.00807 16.30 ± 1.40 

Jej + Ile - - 57.03 ± 5.01 

0.5% Span 60 Jej 122.6 ± 4.2 0.02735 ± 0.00337 53.86 ± 2.04 

Ile - 0.02993 ± 0.00354 21.64 ± 0.81 

Jej + Ile - - 75.50 ± 2.54 

0.5% Span 80 Jej 119.9 ± 9.8 0.02369 ± 0.00662 41.10 ± 4.12 

Ile - 0.02856 ± 0.00912 14.03 ± 1.46 

Jej + Ile - - 55.11 ± 5.55 

0.5% Tween 60 Jej 124.6 ± 3.3 0.02573 ± 0.00234 56.32 ± 1.68 

Ile - 0.02760 ± 0.00410 21.27 ± 1.08 

Jej + Ile - - 77.65 ± 2.33 

0.5% Tween 80 Jej 118.9 ± 4.7 0.02750 ± 0.00393 52.29 ± 2.28 

Ile - 0.03061 ± 0.00669 19.05 ± 1.30 

Jej + Ile - - 71.45 ± 2.88 
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Figure 4.1 Chemical structures of surfactants employed in this study. 
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Figure 4.2 Schematic diagram of the TIM-1 system: A) gastric compartment; B) pyloric sphincter; 

C) duodenal compartment; D) jejunal compartment; E) ileal compartment; F) pressure sensor; G) 

gastric secretion; H) duodenal secretion; I) jejunal secretion; J) ileal secretion; K) pre-filter; L) 

semi-permeable membrane (hollow fibre cross-section); M) filtrate pump; N) pH electrode; O) 

level sensor; P) temperature sensor; Q) dosing port (Dickinson et al. 2012). 
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Figure 4.3 Concentration as a function of average particle size obtained for each surfactant-

stabilized emulsion measured; 0.5% (w/w) was chosen as the lowest concentration at which 

desired particle size is achieved for all surfactants, except for 2-GMO at 0.7% (w/w) concentration. 
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Figure 4.4 Particle size distributions of surfactant-stabilized o/w emulsions stored at 37°C; 

emulsions were considered stable when particle size distributions remained monomodal with no 

major shift in peak over the 7-day period. 
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Figure 4.5 Absolute caprylic acid bioaccessibility from low molecular weight surfactant stabilized 

tricaprylin oil-in-water emulsions over a 5 h simulated digestion period. 
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Figure 4.6 Cumulative percent bioaccessibility of caprylic acid cleaved from tricaprylin oil-in-

water emulsions stabilized with various low molecular weight surfactants over a 5 h simulated 

digestion period. 
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Figure 4.7 Induction time obtained from the shifted logistic model of the jejunal filtrate. No 

significant differences between samples were observed (p > 0.05).  
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Figure 4.8 Rate constant calculated from the shifted logistic model of the jejunal and ileal 

filtrate. No significant differences between samples were observed (p > 0.05).  
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Figure 4.9 Total caprylic acid bioaccessibility (i.e., Casymp) calculated from the shifted logistic 

model of the jejunal and ileal filtrate. Different letters indicate significant differences between 

samples (p < 0.05). 
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4.8 Supporting Information 
 

Proton NMR 

 

 The 1H NMR spectrum was collected on a Bruker AVANCE III 600 MHz spectrometer 

(Bruker, Milton, ON, Canada) equipped with a 5 mm TCI cryoprobe (Bruker, Milton, ON, 

Canada). A 20 uL sample of purified sn-2 glycerol monooleate (2-GMO) was dissolved in 600 

uL CDCl3 (99.9%, Cambridge Isotype Laboratories, Tewksbury, MA, USA) and temperature 

was regulated at 298 ± 1 K. The spectrum was referenced to residual internal CHCl3 (δ 7.26). 

Purified 2-GMO: 1H NMR (CDCl3, 600 MHz): δ 5.34 (m, 2H), 4.92 (quint, 1H, J = 4.7 Hz), 3.83 

(m, 4H), 2.37 (t, 2H, J = 7.6 Hz), 2.01 (m, 4H), 1.64 (quint, 2H, J = 7.4 Hz), 1.28 (m, 36.6H), 

0.88 (t, 12.6H, J = 7.0 Hz). The inflated integrations of 36.6H and 12.6H are due to residual 

heptane in the sample (Figure S1). These assignments are consistent with those reported for sn-2 

monoglycerides from soybean oil (Compton et al. 2007). 

 The region from 5.25 to 3.5 ppm of the 1H NMR spectrum (Figure S2) included intense 

peaks attributed to glycerol backbone protons of 2-GMO and low intensity peaks corresponding 

to the glycerol backbone protons of diolein and sn-1/3 glycerol monooleate. Other low intensity 

peaks in this region included a multiplet corresponding to a CH2 group from the ethyl oleate by-

product at 4.11 ppm and a peak at 4.02 ppm attributed to an unknown impurity, which was also 

present in the 1H NMR of the pure triolein starting material (data not shown). By integrating all 

the peaks in this region, the purity of 2-GMO was calculated relative to all the glycerol-

containing compounds and found to be ~97 mol%. 
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Figure S1. 1H NMR spectrum (CDCl3, 600 MHz) of 2-GMO. 
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Figure S2. 1H NMR spectrum (CDCl3, 600 MHz) of the glycerol backbone region of 2-GMO. 
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HPLC Calibration Curves 

 

 
Figure S3. Calibration curves for nonanoic acid and caprylic acid in acetonitrile-water (60:40) 

over a concentration range of 78-10000 mg/L using HPLC-DAD with absorbance set to 210nm. 
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Figure S4. Area under the curve (AUC, expressed in A.U.) calculated from the absolute 

bioaccessibility values of caprylic acid over the 5 h digestion period using the trapezoid method.  
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Conclusions & Future Works 
 

 Surfactants are amphiphilic structures widely-used in the food industry as functional 

ingredients to facilitate the formation and stabilization of emulsions, as well as, increase product 

shelf-life. Surfactants can be divided into two major categories: low molecular weight surfactants 

(i.e., monoglycerides, Spans, Tweens, lecithins) and high molecular weight surfactants (i.e., 

proteins and polysaccharides). Numerous studies have established that food emulsion properties 

such as, choice of surfactant, characteristics of the oil phase, and emulsion droplet size, all have 

the potential to modify the rate and extent of lipid digestion. This study sought to further 

investigate the effects of surfactants on lipid digestion by comparing in vitro lipid digestion 

profiles of oil-in-water (o/w) emulsions stabilized with common low molecular weight surfactants 

(monoglycerides and non-ionic, synthetic surfactants) along with evaluating the impact of sn-

position for monoglycerides. 

 Tricaprylin o/w emulsions were stabilized with one of the following surfactants: glycerol 

monostearate (1-GMS), glycerol monooleate (1-GMO), sn-2 glycerol monooleate (2-GMO), Span 

60, Span 80, Tween 60, or Tween 80. Model test meals containing the prepared emulsions were 

fed into an advanced, multi-compartmental gastrointestinal model (TIM-1) for 5 h fed state 

digestion periods. There were no significant differences in time to reach effective lipolysis (i.e., 

TC), interpreted as induction time, due to the frequency of the sampling intervals and pre-

programmed transit time set for the TIM-1 system. Acid stability of surfactants had a limited role 

in modifying lipolysis rates which was attributed to surfactant concentration levels used (0.5-0.7% 

w/w) and regulated gastric emptying time of the TIM-1 system. The impact of acid-stability is 

primarily observed in vivo by influencing gastric emptying rates; emulsion breakdown into 

aqueous and lipid layers causes the aqueous layer to empty the stomach more rapidly than the acid-
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stable meals. Both Span 80- and 2-GMO-stabilized o/w emulsions had statistically lower overall 

bioaccessibility compared to emulsions stabilized by the other surfactants. For Span 80-stabilized 

emulsions, this was attributed to the unsaturated oleic acid chain forming less stable expanded 

monolayers; thus, reducing emulsion stability (i.e., droplet coalescence) during digestion and 

decreasing available interfacial area for lipolytic activity. For 2-GMO-stabilized emulsions, this 

was attributed to an accumulation at the interface which hindered lipase adsorption and activity. 

The extent of lipolysis was expected to decrease in an o/w emulsion system consisting of an 

interface covered by sn-2 monoglycerides which are resistant to enzymatic hydrolysis by 1/3-

regiospecific pancreatic lipase. No statistically significant differences were observed for overall 

bioaccessibility between emulsions stabilized with commercial 1-GMO and 1-GMS, Span 60, 

Tween 60, and Tween 80. Overall, the results confirm that sn-position and surfactant choice have 

an evident impact on the extent lipid digestion in vitro.  

 The findings from this study provide insights into which common surfactants have the 

potential to modify lipid digestion. Further testing could involve emulsion stability tests during 

digestion by measuring particle size distributions throughout digestion. For example, sample 

measurements could be taken at intervals from the gastric compartment to evaluate the impact of 

acid stability of surfactants. Certain surfactants may be susceptible to hydrolysis by pancreatic 

lipase; thus, it may be of interest to correlate digestion of surfactants used to stabilize an o/w 

emulsion with lipid digestion kinetics of the o/w emulsion. As the TIM-1 uses semi-permeable 

capillary membranes to obtain bioaccessible fractions rather than bioavailability, testing in 

combination with intestinal cell lines or tissues (i.e., Caco-2 cells) could better model the human 

intestinal barrier. While careful inferences may be extrapolated from in vitro results, it is important 

that in vitro results are validated with in vivo studies. Clinical trials provide the opportunity to 
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measure parameters such as post-prandial serum TAG levels, evaluate satiety responses, hormonal 

feedback mechanisms, and account for variability between individuals. Lastly, surfactants have 

been reported to affect gut microbiota composition and thus TIM-1 experiments could be paired 

with dynamic in vitro colon models (i.e., TIM-2, SHIME) to gain a more holistic understanding of 

the physiological effects of surfactants used to stabilize o/w emulsions. 

 The implications of this study for the food industry are to better understand the role of 

surfactants in lipid digestion, and eventually expand upon these findings to aid in the design and 

formulation of functional foods with tailored lipemic responses. Span 80 is a commercially 

available surfactant that merits further testing to evaluate its potential to control lipolysis, which 

could also potentially increase satiety responses in vivo. Sn-2 monoglycerides are not commonly 

used in food products; however, understanding the effects of lipolytic products generated in situ 

offers insights into the regulation of fat metabolism and implications, particularly for individuals 

who suffer from absorption insufficiencies. In conclusion, controlling interfacial composition by 

choice of surfactant has the potential to significantly influence the metabolic response of foods we 

consume. Ultimately, the goal of this project and further studies is to decrease the negative impacts 

of processed foods, provide consumers with healthier food product options, and better combat the 

rise in diet-related diseases. 


