
  
 

 

Sous Vide cooking changes Lipid Bioaccessibility of Egg Yolks 

by 

April X. Xu 

A Thesis 

presented to 

The University of Guelph 

In partial fulfilment of requirements 

for the degree of 

Master of Science 

in 

Food Science 

Guelph, Ontario, Canada 

© April X. Xu, December 2020 

  



   
 

  
 
 

ABSTRACT 
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Significant correlations exist between structure and lipid bioaccessibility in egg yolks. 

Structural changes of raw (20°C) and cooked egg yolks (65 – 85°C) were determined 

using rheology, thermal analysis, Fourier-transform infrared spectroscopy. A multi-

compartmental in vitro gastrointestinal digestion system, TIM-1, was used to elucidate the 

effects of cooking temperature on three bioaccessibility parameters – total 

bioaccessibility, induction time, and rate of lipolysis. Results showed significant 

differences in bioaccessibility parameters between treatments in cumulative 

bioaccessibility, such that it decreased from 25.1 – 29.4% in raw yolks to 19.8 –24.1% in 

85°C yolks. Induction time also increased from 138 – 156 min in raw yolks to 158 – 184 

min in 85°C yolks. Visualization and image analysis of raw and cooked yolk during 

digestion showed obvious differences in particle size. Lipid bioaccessibility had a negative 

relationship between storage modulus (G′) and intermolecular β-sheets content, whereas 

increases in peak enthalpy were positively related to increases in lipid bioaccessibility.    
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1 Introduction 

Lipids, such as fats and oils, are one major component of the human diet and vital to 

human health. They provide essential nutrients and are a dense energy source. With fat-

rich, ultra-processed foods becoming more predominant in society, overconsumption of 

calories and lipids, above optimal energy requirements, has become a public health 

concern. Well-documented links exist between overconsumption of some lipids and non-

communicable, preventable conditions/diseases such as obesity, cardiovascular disease, 

diabetes, and hypertension (Lawrence 2010; Lambert and Parks 2012). These diseases 

come with large economic and social tolls. Cardiovascular disease alone has an 

economic burden of over $550 billion/year. With increased consumer awareness of these 

links, individualized, palatable foods with added health benefits have become a significant 

focus of innovation (Sanguansri and Augustin 2006; Parada and Aguilera 2007; American 

Heart Association 2017).  

Foods with the same composition and nutritional content have different lipid 

release kinetics depending on their food matrix and processing history (Ellis et al. 2004; 

Grassby et al. 2017). Both bioaccessibility and bioavailability need consideration when 

discussing dietary needs. Bioavailability is defined as the rate and extent to which lipids 

are absorbed, transported to the site of action, and are available to perform their 

physiological function. Lipid bioaccessibility, on the other hand, is the fraction of lipids 

released from foods that is available to be transported across the epithelial layer. Lipid 

bioaccessibility can be modulated by parameters such as droplet size, interfacial 

composition, physical state, interactions with other food or digestion components, and 
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food matrix. Altering these parameters may combat lipid overconsumption (obesity) or 

lipid metabolic disorders such as cholestasis, liver disease, or Zollinger-Ellison syndrome 

(Priyadarshani 2017; Zuvarox and Belletieri 2020). An improved understanding of the 

relationship between physical properties of food, digestion, and absorption kinetics will 

help develop tailored foods with specific nutrient-release mechanics for applications in 

personalized nutrition (Sanguansri and Augustin 2006).  

Thermal processing is regarded as the most common unit operation that significantly 

alters the whole food structure. Thermal processing considerably improves the dietary 

quality of foods in many cases; these benefits include increasing the digestibility, energy 

gain through structural disruption, broadening the variety of consumed foods, increasing 

the flexibility of the human diet, and improving flavor profiles (Wrangham and Conklin-

Brittain 2003; Carmody and Wrangham 2009). This research builds a biophysical 

relationship between food structure, digestion, and in this case, lipid bioaccessibility. 

Moreover, this research will help further fundamental knowledge essential to design the 

next generation of ultra-processed foods to be healthier food products.  

Sous vide cooking technique was employed as the thermal process for this 

research. Sous vide is French for “under vacuum”; typically, sous vide requires the use 

of vacuum packaging to minimize food contact with the environment. Here, sous vide 

refers to cooking of the egg in a temperature-controlled environment. As the eggshell acts 

as the barrier between the sous vide environment and the egg, the use of vacuum 

packaging is negated.  
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1.1 Objectives 

The objective of this study is to investigate the properties of sous vide thermal 

processing (20°C/ ‘raw’, 65°C, 70°C, 75°C, and 85°C) of egg yolks on its structure and its 

combined effects on lipid bioaccessibility. 

 

1.2 Hypothesis 

An increase in cooking temperature will increase the viscosity and protein 

intermolecular interactions in the yolk, changing the structure from a sol into a gel. The 

gelled network is hypothesized to be less permeable to lipases by providing more 

structural integrity, and thus, will yield lower lipid bioaccessibility compared to eggs 

cooked at lower temperatures.    
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2 Literature Review 

2.1 Lipid Chemistry and Health 

Fats, which are solid at room temperature (including milk fat, lard, and cocoa butter) 

and oils, which are liquid at room temperature (such as canola oil, olive oil, marine oils) 

are common in the human diet. Lipids are comprised of a heterogeneous mixture of 

organic compounds that vary in structure and function and are essential to life (Gunstone 

2012). Lipids are non-polar molecules and generally insoluble in polar solvents 

(Borgström 1986). This definition, however, includes many non-lipid substances. A new 

definition emerged from Fahy and coworkers, which described lipids as small hydrophobic 

or amphipathic molecules that are formed by condensation of carbanion-based thioesters 

and isoprene units (Fahy et al. 2005). The International Lipid Classification and 

Nomenclature Committee subdivided lipids into eight classes in the Comprehensive 

Classification System for Lipids: fatty acyls, glycerolipids, glycerophospholipids, 

sphingolipids, sterol lipids, prenol lipids, saccharolipids, and polyketides as illustrated in 

Figure 2.1 (Fahy et al. 2005; Ratnayake and Galli 2009).  
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Figure 2.1. Lipid classes under the Comprehensive Classification System for Lipids. This 
figure is published in the Journal of Lipid Research. Fahy et al. A comprehensive 
classification system for lipids. J Lipid Res. 2005.  
 

2.1.1 Lipid Structure and Classification 

Fatty acids (FAs) are hydrocarbon chains with a methyl group and a carboxylic 

acid end. Naturally-occurring FAs have non-branched, even-numbered hydrocarbon 

chains, as biological elongation adds two carbons each time (McClements and Decker 

2017). FAs have several naming conventions; the arbitrary common names of lipids do 

not reference their structure; but rather the source from which they are derived (e.g., 

linoleic acid, from Greek “linon” meaning flax). The International Union of Pure and 
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Applied Chemistry (IUPAC) naming convention positions the carboxyl carbon as position 

one, and the double bond positions are numbered from the carboxyl carbon (9, 12-

octadecenoic acid). Abbreviations for FAs have two naming conventions, either in the 

delta/carboxyl-reference system, which indicates the number of carbons, double bonds, 

and its positions starting from the carboxyl end (18:2Δ9,12), or the omega-reference 

system, which also denotes the number of carbons but the presence and position of 

double bonds are referenced from the methyl end (18:2ω-6). The latter nomenclature is 

more relevant in physiological work as omega 3s, and 6s have distinct functional 

differences in the human body.  

Broadly, FAs are further sub-classified by their degree of saturation into: 1) 

saturated fatty acids (SFA) that contain no double bonds; 2) monounsaturated fatty acids 

(MUFA), containing a single double bond; and 3) polyunsaturated fatty acids (PUFA) that 

contain more than one double bond in their hydrocarbon chain. Within each degree of 

saturation, FAs are further differentiated by chain length. The Food and Agriculture 

Organization (FAO) and the World Health Organization (WHO) Expert Consultation 

classify saturated fatty acids (SFA) as short-chain [3 – 7 carbons; examples including 

butyric (4:0) and caproic (6:0) acids found in milk fats)], medium-chain [8 – 13; caprylic 

(8:0), capric (10:0) from milk fats, and lauric (12:0) from coconut and palm kernel], long-

chain [14 – 20; palmitic (16:0) acid from marine oils, vegetable fats, and the most common 

SFA, stearic (18:0) acid is found in most vegetable fats], and very-long-chain [21+; such 

as lignoceric (24:0), present in many dietary fats but in minuscule amounts] (Ratnayake 

and Galli 2009).  
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Unsaturated FAs are sub-classified into short (19 or fewer), medium (20 – 24), and 

long (25+) (Ratnayake and Galli 2009). Generally, MUFAs have 14 – 24 carbons, and the 

π-π bond is at the ω-9 position, with oleic acid (18:1ω-9) being the most common MUFA. 

PUFAs may have methylene interrupted or conjugated double bonds anywhere from the 

ω-1 to the ω-12 position. The essential PUFAs, such as linoleic acid (18:2) and α-linolenic 

acid (18:3), have their terminal double bond at the ω-6 and ω-3 position, respectively. 

Unsaturated FAs exist in two conformations; almost all biological FAs are in the cis 

conformation, but natural trans FAs (trans vaccenic acid) can be found in small amounts 

in ruminant animals and milk from biohydrogenation of cis FAs into trans FAs by rumen 

bacteria (Precht and Molkentin 1999). Advances in technology such as partial 

hydrogenation are responsible for generating a vast majority of human dietary trans FAs 

(Alonso et al. 1999). Trans elaidic acid is present in minuscule concentrations (less than 

0.1% of FAs) in caprine milk, but it is the major trans FA in hydrogenated vegetable oils 

(Alonso et al. 1999).  

FAs found in nature are primarily esterified onto glycerol to form glycerolipids 

(mono-, di-, and triglycerides, depending on the number of esterified FAs); glycerolipids 

are chiral as the sn-2 position on glycerol introduces stereospecificity. Glycerolipids have 

many functions in food processing and nutrition. Mono- and diglycerides are used as 

emulsifiers in food formulations due to their amphipathic nature. Triglycerides (TAGs) are 

the primary dietary lipid and obtained from oily fruits such as palm and olive, seeds such 

as corn and rapeseed, and adipose fat from livestock and marine animals. FAs in dietary 

TAGs usually have carbon chain lengths between 4 – 24 and can be saturated or 

unsaturated (Mu and Høy 2004). The stereochemical designations of esterified FAs 
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include sn-1, sn-2, and sn-3, depending on the FA glycerol attachment site. Most TAG 

molecules have different FAs on the sn-1 and sn-3, and thus TAGs exist as enantiomers 

giving rise to varied  physicochemical properties (Mu and Høy 2004).  

 Glycerophospholipids are modifications of glycerolipids that contain a phosphate 

group attached to the glycerol backbone in place of a FA. The phosphate group can be 

further esterified with various headgroups such as inositol, ethanolamine, serine, and 

choline. The presence of the highly polar phosphate group, commonly attached at the 

sn-3 position, makes the glycerophospholipid amphiphilic and surface-active, 

self-assembling into bilayers and micelles in aqueous media (McClements and Decker 

2017). Phospholipids are found ubiquitously in all living cells, as they are the foundation 

of membranes in biological systems (Vance and Tasseva 2013).  

 The physical and chemical properties of FAs depend on the degree of saturation, 

isomeric conformation, and chain length. The presence of cis double bonds within FAs 

reduces its melting point due to their decreased ability to pack into crystalline domains, 

which arises from the bent hydrocarbon chain (McClements and Decker 2017). Additional 

double bonds further decrease the melting point. Trans FAs adopt a relatively straight 

hydrocarbon chain packing and the melting point is more similar to SFAs (compared to 

cis FAs); for example, the unsaturated oleic acid (18:1cis9) has a melting point of 5°C, 

whereas unsaturated trans elaidic acid (18:1trans9) has a higher melting point of 44°C, 

while saturated stearic acid (18:0) has a melting point of 72°C (O’Neil 2001). Both 

saturated and unsaturated FA melting points increase with hydrocarbon chain length due 

to increased Van der Waals interactions, such that the melting point of lauric acid (C12:0; 



 
 

9 
 

43°C) and palmitic acid (C16:0; 63°C) is 26°C and 6°C lower than that of stearic acid 

(C18:0; 69°C), respectively (Berg et al. 2002).  

2.1.2 Biological Functions of Lipids 

Lipids play significant roles in energy storage, cellular signaling as eicosanoid 

precursors, and membrane structure formation and support (Dowhan et al. 2008; Calder 

and Burdge 2012). Lipids are energy-dense, providing 9 kcal/g compared to 4 kcal/g in 

proteins and carbohydrates. The primary storage of energy in the body are FAs stored as 

TAGs in adipose tissue. When the body requires energy, FAs are cleaved from the 

storage TAGs by hormone-sensitive lipases (HSL) (Calder and Burdge 2012).  Lipids are 

directly involved in cellular signaling, including the hydrolysis of phospholipids in 

membranes, generating secondary messengers (Verhoven et al. 1995; Calder and 

Burdge 2012).  

 Lipids are essential for membrane formation and responsible for the 

compartmentalization of cellular components, providing a fluid and continuous barrier, 

modulating entry and exit of molecules through transmembrane transport systems, while 

also providing attachment sites for cytoskeletal elements (Kinsella 1990; Dowhan et al. 

2008). Phospholipids make up the dynamic, responsive eukaryotic cellular membranes 

that can actively re-tailor in response to their environment due to their high turnover rate, 

especially at the sn-2 position (Spector and Yorek 1985; Kinsella 1990; Calder and 

Burdge 2012). Membrane fluidity regulates by adjusting its acyl composition, presence of 

cholesterol, and polarity of phospholipids (Kinsella 1990). Eukaryotic cells contain up to 

1000 different phospholipid species, and many structurally diverse lipids embed in their 

membranes, which regulate, for example, glucose transport. Researchers found a 75% 
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decrease in glucose transport when the FA in the sn-2 position of phospholipids was 

cleaved by phospholipase A2 in human erythrocyte membranes, suggesting that some 

lipids influence membrane-bound protein function (Kahlenberg and Banjo 1972; Spector 

and Yorek 1985).  

2.1.3 Lipids and Chronic Diet-Related Diseases, Overall health 

Lipids are essential to life; however, their chronic overconsumption has increased 

the average energy contribution from fats in the Western diet.  In the 1960s, ~ 20% of 

calories are from lipids; at present, consumption has increased to ~ 35%, and 65% of 

adults in the United States are consuming more than the recommended 30% total calories 

from fats and 10% from specifically saturated fats (Food and Agriculture Organization 

1994; Mozaffarian et al. 2015). The overconsumption of certain fats has been cited as the 

leading cause of obesity and is associated with increased risks of diabetes, coronary 

heart diseases, and hypertension, leading to new dietary diseases unseen before, such 

as metabolic syndrome (Lawrence 2010; Golding and Wooster 2010). Weight gain 

positively correlates to dietary factors, so much so that a high-fat diet is considered an 

independent risk factor for being overweight or obese (Astrup 2001; Riccardi et al. 2004). 

Obesity is best measured using the body mass index (BMI, kg/m2); a BMI of 25 – 29.9 is 

considered overweight, and over 30 is considered obese by the National Institutes of 

Health and the WHO (NHLBI Obesity Education Initiative Expert Panel on the 

Identification, Evaluation, and Treatment of Overweight and Obesity in Adults 1998; WHO 

Consultation on Obesity 1998). Obesity has become an epidemic and a leading cause of 

preventable death in the United States, and its prevalence has increased 30 – 40% within 

the last 20 years (Hales et al. 2020). Obesity introduces a variety of other non-
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communicable diseases such as hypertension, chronic inflammation, type II diabetes, and 

cardiovascular diseases.  

 Several studies show strong positive correlations between hypertension (defined 

as having systolic and diastolic blood pressure over 140 and 90 mmHg, respectively) and 

weight gain (Wang and Wang 2004; Lawrence 2010; Seravalle and Grassi 2017). Obese 

individuals are 3.5 times more likely to have hypertension. There is a 43% prevalence of 

hypertension in populations with a BMI ≥ 30 kg/m2 compared to 15% in populations with 

a BMI under 25 kg/m2 (Wang and Wang 2004). The increase in hypertension prevalence 

in overweight and obese individuals is associated with increased adipose tissue and 

upregulation of cytokines (Seravalle and Grassi 2017). Moreover, insulin resistance lead 

to the development of type II diabetes, an essential factor in the onset of obesity-

implicated hypertension (Haffner et al. 1998; Riccardi et al. 2004; Juutilainen et al. 2005; 

Landsberg et al. 2013).  

 Macrophages accumulate in adipose tissue, causing inflammation and insulin 

resistance (Chait and Kim 2010). Studies show expanding fat masses release more free 

fatty acids (FFAs) and pro-inflammatory cytokines such as Tumor necrosis factor (TNF-α) 

and interleukin 6 (IL-6), leading to chronic inflammation and increasing insulin resistance 

(Xu et al. 2003; Boden 2008). Chronic inflammation may be associated with the release 

of specific proinflammatory cytokines and chemokines (adipokines) from the growing 

adipocytes caused by obesity; moreover, acutely elevated levels of FFAs in plasma can 

activate proinflammatory cytokine releasing pathways (Xu et al. 2003; Boden et al. 2005; 

Boden 2008).  
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 Dietary fats affect glucose metabolism, obesity risk, and thereby are attributed to 

the development of type II diabetes (Penn et al. 2013; Ericson et al. 2015). Specifically, 

replacing saturated and trans fats with unsaturated fats in the diet may improve insulin 

sensitivity and prevent the development of type II diabetes (Risérus et al. 2009). Diets 

high in total fat (≥ 40% total caloric energy) and saturated fat (≥ 15% total caloric energy) 

have been correlated to type II diabetes (van der Laar et al. 2004). A study conducted on 

200 patients recently diagnosed with diabetes found that they consumed a significantly 

(p < 0.001) higher portion of total fat in their diet (30.2% vs 27.8%) compared to a non-

diabetic control group (Thanopoulou et al. 2003). BMI and weight gain were reported as 

independent risk factors for the development of insulin resistance with a correlation 

coefficient of -0.67 (n = 770, p < 0.0001) (Risérus et al. 2007). Overconsumption of certain 

dietary lipids, as well as increases in BMI due to overconsumption, both increase the risk 

of diabetes.  

 Type II diabetes, obesity, chronic inflammation, and hypertension were associated 

with an increase in cardiovascular disease (CVD) risk (Manson et al. 1990; Haffner et al. 

1998; Rapsomaniki et al. 2014). The relationship between dietary fats and CVD is 

complicated. Not only is the consumption of specific lipids a risk factor for CVD, but these 

lipids also increase risk of obesity and other health complications associated with CVD 

development (Thijssen and Mensink 2005; Willett 2012). Hyperlipidemia is a well-

recognized risk factor for cardiovascular disease, with the diet being the main 

environmental factor affecting serum low-density lipoprotein (LDL) cholesterol levels. 

Researchers have determined a link between lipid composition, profile, and consumption 

with coronary diseases (Grundy and Denke 1990; Mata et al. 1996; Willett 2012). 
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Consumption of saturated fats, for example, increased serum LDL levels (4.6 mmol/L) 

compared to unsaturated FAs (3.4 mmol/L) (Mata et al. 1996). An increase of 0.1 mmol/L 

in TAG and LDL cholesterol levels increases the relative risk of cardiovascular disease 

by 1.4% and 3.5 – 4.0%, respectively (Gordon and Rifkind 1989; Hokanson and Austin 

1996). Elevated saturated fat consumption significantly correlates to increased incidents 

of death caused by coronary heart disease with a correlation coefficient of 0.84 (Willett 

2012; Nelson 2013). A large 14-year longitudinal study conducted on 80,000 women over 

concluded that a 5% increase in saturated fat intake resulted in a 17% increase in the risk 

of coronary heart disease (Hu et al. 1997).  

 More evidence supports the notion that being overweight or obese, especially 

abdominal obesity, increases the risk of coronary heart disease and stroke (Manson et 

al. 1990; Willett et al. 1995; Rimm et al. 1995; Willett 2012). An eight-year prospective 

study followed 115,000 middle-aged women and found that increasing BMI significantly 

(p < 0.00001) increased the relative risk of nonfatal myocardial infarction and fatal 

coronary heart disease combined (Manson et al. 1990). Relative risk increased to 3.3 

when patients’ BMI was > 29 kg/m2 compared to those with BMI < 21 kg/m2, after 

adjusting for age and smoking (Manson et al. 1990). A three-year study observed similar 

trends in middle-aged men; when compared with men with BMI < 23 kg/m2, those with 

BMI ≥ 33 kg/m2 had a relative risk of CVD of 3.44 (Rimm et al. 1995). A population-based 

incident case-controlled study on men and women under 65 of various races (n = 1000) 

found that an increase in waist-hip ratio increased risks for stroke, such that those in the 

third and fourth gender-specific quartiles, when compared with the first quartile, had a 

relative risk of 2.4 – 3.0 after adjusting for other factors (Suk et al. 2003).  
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 Atherosclerosis is a severe vascular disease exacerbated through obesity, causing 

deaths from heart attacks or stroke (National Institute of Health 1998; Thijssen and 

Mensink 2005; Lawrence 2010). High blood cholesterol increases risk for atherosclerosis, 

and although genetics also play a determining role in cholesterol levels, the importance 

of a healthy diet low in cholesterol cannot be ignored (Lawrence 2010). The cholesterol 

deposition in artery linings has been attributed to oxidation of PUFAs in LDLs. Previous 

work showed changing dietary lipid content could modulate PUFA oxidation in LDLs 

(Bonanome et al. 1992). Various studies showed that diets rich in linoleic acid (the primary 

PUFA substrate for oxidation) increase the content of PUFAs in LDLs by 20%, thereby 

also increasing LDL oxidation susceptibility in vitro, compared to those consuming diets 

high in MUFAs (Reaven et al. 1991, 1994; Bonanome et al. 1992). Even though SFA was 

thought to decrease LDL oxidation as they contain no double bonds, when replacing 

MUFAs with SFAs in oxidation experiments, unfavorable outcomes were still observed, 

such as decreases in LDL resistance to copper-induced oxidation (lag time) in human 

cells (Mata et al. 1996; Thijssen and Mensink 2005).  

2.1.4 Lipid Digestion in the Human Gastrointestinal Tract 

Lipid digestion is a complex process occurring throughout the gastrointestinal tract. 

Most dietary lipids ingested are TAGs, and to be absorbed, they must undergo three 

sequential steps: dispersion of the TAGs into droplets or dispersed particles, enzymatic 

hydrolysis of TAG at the lipid-water interface into FFAs and monoacylglycerides (MAGs), 

followed by desorption and dispersion of insoluble FAs into an absorbable form (Carey et 

al. 1983; Bauer et al. 2005). Figure 2.2 summarizes the different luminal conditions that 

break food down during digestion. Lipid digestion of solid and semi-solid foods begins in 
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the mouth with mastication during which saliva, containing lingual lipases, secrete from 

von Ebner’s glands on the tongue (Mu and Høy 2004).  With an optimal activity at pH 4.5 

– 5.4, lingual lipases are acid lipases which do not require bile salts nor coenzymes, and 

cannot cleave cholesteryl esters or phospholipids, only acting on TAGs (Tso and 

Crissinger 2000). Although this process typically lasts 5 – 60 s, mastication allows the 

breakdown of food and increases the surface area of lipid droplets for subsequent 

hydrolysis (Sanz and Luyten 2006; McClements et al. 2008b).  

 Upon swallowing the bolus, residual lingual lipase resides in the stomach for 

minutes to hours depending on composition, physical state, and quantity (Tso and 

Crissinger 2000; Johnson 2007).  Due to lingual lipases’ ability to function at low pH and 

without bile salts or colipases, they continue catalysis of TAGs in the stomach (Liao et al. 

1984). The bolus encounters acidic (pH 1.0 – 3.0) digestive secretions from the gastric 

mucosa, which contains hydrochloric acid, gastric enzymes, zymogens, minerals, and 

surfactants, resulting in the conversion of the bolus to chyme as peristaltic movements 

homogenizes it (Johnson 2007; McClements et al. 2008b). The stomach, acting as an 

emulsifying organ, undergoes strong peristaltic contractions forcing the chyme against a 

contracted pylorus, reducing the particle size of the food and thus, the size of fat droplets 

as well. The dynamic nature of digestion causes adsorption and displacement of surface-

active agents, causing coalescence and disruption of lipid droplets (Carey et al. 1983; Mu 

and Høy 2004). Similar to lingual lipase, human gastric lipase (HGL) is also an acid lipase 

(optimal pH of 4.0) that is secreted by mucosal cells in the stomach lining. HGL produces 

mainly DAGs and FFAs by cleaving short and medium-chain TAGs in the sn-3 position. 

HGL is responsible for 10-30% of total TAG hydrolysis, but the production of DAGs and 
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FFAs may promote the emulsification and subsequent lipolysis of remaining TAGs in the 

small intestine. The lipolytic enzymes and peristalsis in the stomach convert the chyme 

to a coarse oil-in-water emulsion with lipid droplets no larger than 0.5 mm. Both neural 

and hormonal feedback mechanisms control gastric emptying through the secretion of 

gastrin (promoting gastric motility) and stimulation of the vagus nerve (promoting gastric 

motility and secretion of gastric juices). In contrast, the hormone cholecystokinin (CCK) 

and gastric inhibitory peptides from the small intestine inhibit gastric motility, emptying, 

and secretion (Tso and Crissinger 2000).  

 Following the stomach, the chyme enters the small intestine, the segment of the 

gastrointestinal (GI) tract responsible for the majority of absorption. The multi-layered 

intestinal wall of the small intestine has a surface area of ~200 m2 (Tso and Crissinger 

2000). The undulating mucosa layer and the presence of villi and microvilli on the mucosa 

layer maximizes the surface area for absorption (Tso and Crissinger 2000). The small 

intestine is divided into three sections: duodenum, jejunum, and ileum. The duodenum 

mixes the chyme with bile and pancreatic secretions. When the chyme enters the 

duodenum through the pylorus, the subsequent secretion of CCK initiates the release of 

potent surface-acting biliary lipids from the gallbladder, including pancreatic triglyceride 

lipase (PTL), pro-colipase, cholesterol esterase, and pro-phospholipase A2, along with 

sodium bicarbonate and phospholipids from pancreatic tissue (Mukherjee 2003; 

McClements et al. 2008a). As sodium bicarbonate excretes, the chyme encounters a 

significant increase in pH (from ~ 2 to 5 – 7.5). The increased pH improves the efficiency 

of pancreatic lipases and partially ionizes the coarse oil-in-water emulsion in the chyme, 
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allowing lipids to migrate readily to the lipid-water interface, initiating spontaneous 

emulsification (Carey et al. 1983). 

 Meanwhile, the release of amphipathic biliary lipids (e.g. cholesterol, bile salts, 

phospholipids) from the gallbladder at a level exceeding their critical micelle concentration 

forms mixed micelles which interact with the coarse fat emulsion and are responsible for 

transporting lipolysis products from the luminal fluid into the intestinal mucosa for 

absorption (Carey et al. 1983; Bauer et al. 2005). In the duodenum, spontaneous 

emulsification combined with the release of biliary lipids create a finer emulsion with 

smaller oil droplet sizes and increased surface area (Dasher 1952; Carey et al. 1983). 

The increased surface area in the fine emulsion promotes pancreatic lipase activity by 

increasing surface area access to TAGs for lipolysis. The duodenojejunal flexure 

segregates the duodenum from the jejunum, and while amino acids, small peptides, and 

mono-, disaccharides are absorbed both in the duodenum and jejunum, the latter is the 

site of significant lipid absorption. The PTLs are responsible for the majority of glycerolipid 

hydrolysis. Colipase, a small non-enzymatic protein cleaved from pro-colipase secreted 

from the pancreas, is required for optimal PTL activity (Bauer et al. 2005). Colipase 

adsorbs non-specifically to the bile salt covered lipid-water interfaces of the fine emulsion, 

providing a high-affinity anchor for PTL, allowing PTL to begin digesting lipids at the 

surface (Carey et al. 1983). PTL acts on sn-1 and sn-3 positions of the TAG, hydrolyzing 

each TAG into one sn-2 MAG and two FFAs (Mu and Høy 2004; McClements et al. 2008b; 

Iqbal and Hussain 2009; Ratnayake and Galli 2009). PTL hydrolyzes the FFAs at the oil-

water interface, then the cleaved FFAs are transported in vesicles and mixed micelles to 

the intestinal mucosa, the main site of absorption (McClements et al. 2008a).  
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 Although the jejunum and ileum are physiologically different, no clear external 

demarcation exists (Collins et al. 2020). As the terminal segment of the small intestine, 

the ileum serves to absorb vitamin B12, bile salts, and other digestion metabolites not 

absorbed from the duodenum and jejunum. In small meals, almost all lipids undergo 

digestion before reaching the ileum, but up to 30% can remain undigested in larger meals 

(Lin et al. 1996; Meyer et al. 1998). In the event lipids reach the terminal ileum undigested, 

the ileal brake hormonal feedback phenomenon activates the regulation of gastric and 

small intestine motility, resulting in decreased movement of food (Pironi et al. 1993; 

Maljaars et al. 2008; Golding and Wooster 2010).  

  

Figure 2.2. Schematic of lipid digestion in the human GI tract (McClements et al. 2008a). 
Reprinted from McClements et al. (2008a) with permission from Taylor & Francis Group. 
http://www.tandfonline.com. 
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2.2 Factors That Alter the Kinetics of Lipid Digestion 

Nutrients are studied using bioavailability and bioaccessibility concepts, where 

bioavailability refers to the amount of a nutrient available for physiological functions, while 

bioaccessibility simply refers to the amount that has been released from its matrix and is 

available for absorption through the intestinal epithelium (Shi and Le Maguer 2000; 

Hedrén et al. 2002; Fernández-García et al. 2009). Foods are complex in form and 

function, with processing technologies furthering structural differences, influencing the 

rate and total bioaccessibility (Lamothe et al. 2012). The examination of terminal ileal 

effluent in ileostomates reveals that digestion of certain foods can be incomplete, and the 

ingested foods (e.g. raw plant foods) remain identifiable in the effluent (Wickham et al. 

2009). Studies have focused on controlling FA hydrolysis as it could be beneficial to slow 

lipid absorption and the lipemic response resulting in improved nutrition for related-

diseases such as cystic fibrosis, pancreatitis, cardiovascular disease and obesity (Lowe 

1994; Armand et al. 1999; Maggi et al. 2004; Armand 2007; McClements et al. 2008a; 

Chapman et al. 2011). Several physical parameters modulate digestion and include the 

lipids’ molecular structure, particle size, interfacial composition, physical state, and the 

food’s matrix.  

2.2.1 Molecular Structure 

The molecular structure and composition of triglyceride molecules influence both 

its bioaccessibility and bioavailability (Favé et al. 2004; Bauer et al. 2005; McClements et 

al. 2008a). Lipid composition influences bioaccessibility indirectly by affecting droplet size 

for lipase access through coalescence or disruption (McClements et al. 2008a). The 

composition of lipids can also directly influence lipolysis as TAG breakdown occurs faster 



 
 

20 
 

for short-chain or medium-chain FAs (McClements et al. 2008a; Benito-Gallo et al. 2015). 

This phenomenon may be explained through binding site affinity; three residues comprise 

the pancreatic lipase active site, including Ser153, which was thought to initiate a 

nucleophilic attack on the sn-1 or sn-3 glyceryl carbon (Lüthi-Peng et al. 1992; Embleton 

and Pouton 1997). The shorter carbon chains are more electrophilic and thus, have 

increased binding site affinity, increasing the lipolytic activity (Benito-Gallo et al. 2015). 

FAs on the sn-1 and sn-3 position on the glycerol backbone also experience faster 

lipolysis due to higher specificity such that almost all FAs hydrolyze in sn-1 and sn-3 

positions, whereas only 22% of sn-2 FAs are hydrolyzed (Mattson and Volpenhein 1964; 

Karupaiah and Sundram 2007; McClements et al. 2008a). The degree of saturation also 

influences lipid digestion; long-chain SFAs have high melting points, form insoluble soaps 

with calcium and magnesium ions in the small intestine, both of which lower bioavailability 

(Karupaiah and Sundram 2007). Interesterification also modulates digestion, such that  

lipids with specific FA compositions have been used in designer oils to achieve target lipid 

absorption needs for products such as infant formula (Betapol™) and weight control foods 

(Salatrim™) (Finley et al. 1994; Lien et al. 1997).  

2.2.2 Particle/Droplet Size 

Physical properties, such as lipid droplet size, influence the rate and extent of lipid 

digestion, and a wide range of lipid droplet sizes are present within the human digestive 

tract (Favé et al. 2004). Smaller droplets signify a greater interfacial surface area; the 

larger surface area increases digestion efficiency by impeding the inhibition phenomenon 

of HGL caused by the presence of excess FFAs on the interface (Armand et al. 1999, 

2004; Pafumi et al. 2002). Increasing surface area also increases the available interface 



 
 

21 
 

required for lipid digestion (Armand et al. 1992; Borel et al. 1994). In vitro studies show 

an increased rate of lipid hydrolysis with decreasing emulsion droplet size (Armand et al. 

1992; Borel et al. 1994). Small droplets with a diameter of 0.7 mm saw a lipolysis extent 

of 37% by HGLs in the stomach, and 73% in the duodenum by PTLs compared to larger 

droplets (10 mm) which were only lipolyzed to 16% in the stomach, and 46% in the 

duodenum in vivo (Armand et al. 1999). Furthermore, in a study regarding carotenoids, 

rate of lipolysis, micelle formation, and bioaccessibility increased with decreases in 

droplet size; large droplet emulsions (d4,3 = 15.1 μm) contained undigested oil at the end 

of digestion (Salvia-Trujillo et al. 2017). In contrast, the finer, smaller droplet (d4,3 = 0.72 

μm) emulsions were hydrolyzed faster and to completion (Salvia-Trujillo et al. 2017). 

2.2.3 Interfacial Composition 

In order for lipid digestion to occur, bile must displace the surfactant monolayer so 

necessary lipases and coenzymes can adsorb onto the droplet interface to access TAG 

molecules; therefore the composition of this interface is of utmost importance (Schmid 

and Verger 1998; Favé et al. 2004; Sonesson et al. 2006; Vinarov et al. 2012). The 

interfacial composition may promote coalescence, deformation, or disruption of lipid 

droplets, influencing particle size and surface area, and thus bioaccessibility (Favé et al. 

2004; Bauer et al. 2005; Michalski et al. 2005; McClements et al. 2008a). The interfacial 

composition can also inhibit the activity of enzymes required for lipolysis through steric 

hindrance, interfacial complex formation, and direct and indirect interactions with lipases 

and other digestive compounds (Mun et al. 2006; Sonesson et al. 2006; Golding and 

Wooster 2010; Speranza et al. 2013; Ng et al. 2019). An animal study found that 

phospholipid-stabilized emulsion droplets had a higher rate of lipolysis than emulsion 
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droplets stabilized with casein, such that the half time for phospholipid droplets’ lipolysis 

occurred at ~140 min, compared to ~220 min half time of the casein-stabilized droplets 

(Michalski et al. 2005). Various surfactants including sn-2 monopalmitin (sn-2 MC16) had 

lipolysis modulating effects (Reis et al. 2008). sn-2 MC16 was able to displace both 

lipases and triglycerides (tricaprylin) from the water-oil interface. sn-2 MC16 was also 

capable of displacing pancreatic lipase-colipase complexes. The concentration of FFAs 

(caprylic acid) in in vitro jejunum and ileum absorbed fractions was significantly reduced 

to 0 M at all measured timepoints during the 7 h digestion (Reis et al. 2008).  

2.2.4 Physical State 

At physiological temperature (37°C), dietary lipids are typically liquid but can exist 

as crystalline or partially crystalline structures, depending on the source material and 

processing (interesterification, hydrogenation). The difference in lipid physical state 

impacts lipid digestion, such as the rate and extent of enzymatic lipolysis, solubilization, 

and transportation (Bergstedt et al. 1990; Sanders et al. 2003; Asselin et al. 2004; 

McClements et al. 2008a; Ayala-Bribiesca et al. 2016; Guo et al. 2017; Jiao et al. 2019). 

Previous research found that the rate and extent of lipid digestion differed when compared 

between solid crystalline lipid particles and supercooled liquid lipid particles (Bonnaire et 

al. 2008; Guo et al. 2017). The physical state of the lipid droplets may alter adherence of 

lipases and coenzymes to the surface of the lipid interface, and the spatial organization 

(crystalline vs. fluid) of the different states may restrict enzyme access and slow TAG 

hydrolysis within the droplets (Bonnaire et al. 2008). Emulsions made with varying ratios 

of solid hydrogenated fat and liquid oil at 37°C showed significantly different rates of 

lipolysis in an in vitro digestion experiment (Guo et al. 2017). As the solid fat content 
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increased, the total released FFAs as well as the rate of release decreased, such that 

pure liquid oil, and 25:75 solid:liquid fat mixtures released 90% of FAs (70% within 10 

min), while 50:50, 75:25 solid:liquid fat mixtures as well as full hydrogenated fat samples 

did not release more than 70% of FFAs during digestion (Guo et al. 2017). Other studies 

showed relationships between the rate of lipid hydrolysis and lipid physical state. When 

studying a tripalmitin oil-in-water emulsions digested using PTL and bile extract at 37°C, 

researchers found that the emulsion was ~55% digested compared to a solid particle 

emulsion at only ~30% (Bonnaire et al. 2008). In lipid nanoparticles, matrix degradation 

occurred faster in less crystalline particles, and slowed with increasing crystallinity 

(Olbrich et al. 2002). Thus, the rate of lipolysis may be modulated by the presence of solid 

fat, such that liquid oils entrapped in a solid fat network may have delayed digestion.  

2.2.5 Food Matrix 

Most studies examine lipid bioaccessibility and bioavailability within simplified food 

models, however, whole foods and meals are significantly more complicated. The food 

matrix can be considered as a nutrient-release regulator and therefore is an essential 

consideration in digestion studies (Turgeon and Rioux 2011; Lamothe et al. 2012; Ayala-

Bribiesca et al. 2016). Figure 2.3 summarizes how food matrices can alter 

bioaccessibility. Natural food structures can be subdivided into four categories: fibrous 

structures assembled and held together via specific interfacial and non-covalent 

interactions (e.g., muscles), fleshy material from plants hierarchically assembled and 

bound together at cell wall interfaces (e.g., tubers, fruits, vegetables), encapsulated plant 

embryos assembled into discrete packets (e.g., grains, pulses), and milk, a unique and 

complex dispersion of nutrients (Parada and Aguilera 2007). Asensio-Grau and 
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colleagues found natural and processed food matrices interact differently during in vitro 

digestion (2019). Results showed that unprocessed meats with natural fibrous protein 

structures such as beef steak, chicken drumstick, and pork loin released approximately 

300 mg FFA/g fat at 3000 LU/g fat while more processed meats such as pate and sausage 

released 300 – 700 mg FFA/g fat at the same concentration of enzymes (Asensio-Grau 

et al. 2019). Unstructured, processed foods allowed up to 30% more matrix degradation 

compared to whole foods, and every 1% increase in MDI saw a significant increase of 

approximately 6 – 7 mg FFA release (Asensio-Grau et al. 2019).  

 
Figure 2.3. Possible food matrix mechanisms that may influence bioaccessibility of 
nutrients during digestion. Copyright 2007 Wiley. Used with permission from Parada and 
Aguilera, Food Microstructure Affects the Bioavailability of Several Nutrients, Journal of 
Food Science, John Wiley and Sons.  
  

Studies on cell wall structures found matrix degradation to be essential for nutrient 

access. For example, carotenoids release from plant foods increased when the food 

matrix was destroyed via mastication, cooking, or other processing methods (van het Hof 

et al. 1999, 2000; Parada and Aguilera 2007). Matrix disruption of carrots by mechanical 

homogenization increased β-carotene bioavailability by six-fold compared to whole 

carrots (Van Zeben and Hendriks 1947; van het Hof et al. 2000). Additional work found 
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similar results, such that consuming pureed and thermally processed carrots increased 

total β-carotene plasma concentration significantly (95% increase from ~0.4 μmol/L to 

~0.8 μmol/L), while raw carrots increased total plasma 𝛽-carotene by only 30% (~0.5 

μmol/L to ~0.6 μmol/L) (Rock et al. 1998).  

 For starches, three main parameters modulate digestion – the extracellular matrix 

of the plant, the nature of the granules, and the molecular packing of amylopectin and 

amylose (Mishra et al. 2012). The highly organized structure of the starch granule is 

challenging to digest due to the presence of a protein and lipid layer that encapsulates 

the granule, forming an enzyme and water-resistant coating (Debet and Gidley 2006; 

Singh and Gallier 2014). In their native, ungelatinized state, starches have amorphous 

and crystalline regions. The amorphous region is rich in α(1-6) glycosidic branches of 

amylopectin and amylose, whereas the crystalline region consists of highly organized and 

closely packed short branches (α(1-4) bonds) of amylopectin molecules (Ratnayake and 

Jackson 2007; Mishra et al. 2012). Raw starches digest exceptionally slowly or not at all 

(in the case of potato) due to its semi-crystalline character that resists hydrolysis by α-

amylases. When starches are cooked in excess water, they gelatinize and lose their 

highly organized structure, dramatically raising the starch digestion rate (Marze 2013).  

 The rate of the food matrix degradation and composition of the matrix play a 

considerable role in bioaccessibility and bioavailability studies. Several studies showed 

that cell structure disruption through processing increases bioaccessibility and 

bioavailability of lipids and other nutrients (van het Hof et al. 2000; Gibson et al. 2006; 

Hotz and Gibson 2007; Bengtsson et al. 2010). Embedded lipids in food require matrix 

degradation in order for digestive enzymes to initiate lipolysis (Ellis et al. 2004; Chen et 
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al. 2006; Mandalari et al. 2008, 2014). Lipid digestion was different between flax oil, milled 

flaxseeds, and whole flaxseeds, such that no increase in plasma lipids was observed 

when the oil was preserved in the seed (0.012 ± 0.003 to 0.024 ± 0.004 mg/mL), while 

extracted flaxseed oil had the most substantial increase (0.010 ± 0.004 to 

0.055 ± 0.007 mg/mL) in plasma α-linolenic acid followed by milled seeds 

(0.012 ± 0.003 to 0.031 ± 0.004 mg/mL) (Austria et al. 2008). Almonds, like other oilseeds 

store TAGs in oil bodies encased by cell walls with a thickness of 0.1 – 0.3 μm (Grundy 

et al. 2016). The cell wall consisting of various complex polysaccharide networks which 

provide structural integrity for the almond cell and is resistant to digestion by the upper 

digestive tract (Carpita and Gibeaut 1993). The cell wall matrix is important in regulating 

lipid bioaccessibility and digestion of almonds; free almond oil bodies released 

approximately 60 – 70% total FFAs while almond cells released only approximately 20% 

total FFAs after digestion (Grundy et al. 2016). Studies in almonds also revealed the 

importance of cell wall structure integrity on lipid digestibility (Ellis et al. 2004; Mandalari 

et al. 2008, 2014; Grassby et al. 2014, 2017). Small (< 450 mm) and large (1700 – 2000 

mm) almond particles were used in muffins and digested in vitro for 9 h. The researchers 

found that 97.1 ± 1.7% of the lipids were digested in the small almond particle muffins, 

whereas 57.6 ± 1.1% of lipids were digested in the larger almond particle muffins 

(Grassby et al. 2017). 

 The modulation of lipid digestibility by food matrices was also evaluated in various 

cheeses (Lamothe et al. 2012). An increase in cheese hardness with higher calcium 

concentration due to the increased loss of moisture during pressing, resulted in a drier 

matrix and thus a higher resistance to compression (Creamer and Olson 1982; Ayala-
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Bribiesca et al. 2016). The addition of calcium during the cheesemaking process 

produced structurally different matrices, which influenced in vitro digestion and the 

release rate of lipids; fat was uniformly dispersed within the matrix in the control cheese 

but became larger and less organized in the high calcium and very high calcium cheeses 

(Ayala-Bribiesca et al. 2016). Cheese matrices with different textures have different 

extents of lipid digestibility. Softer cheeses such as mozzarella showed a higher FA 

release after 180 min of digestion (~500 mg/g fat) compared to light cheddar (~350 mg/g 

fat) due to its weaker, less dense and compact structure (Lamothe et al. 2012). Aged 

cheddar had the lowest FA release after 180 min of digestion (~250 mg/g fat); the higher 

moisture content in the mozzarella and light cheddar allowed easier diffusion of enzymes 

within the cheese matrix for lipolysis, achieving 100% free oil release, whereas only 80% 

of free oil was released from aged cheddar at the end of the simulated digestion period 

(Lamothe et al. 2012).  

2.3  Methods to Measure Digestion and Absorption 

 The importance of understanding food, nutraceutical, and pharmaceutical 

digestion and absorption cannot be understated as demands for personalized nutrition 

and tailored release of nutrient/pharmaceutical continues to increase. Many methods are 

available to determine the bioaccessibility and bioavailability of the compound of interest. 

Digestion can be studied by in vivo human or animal trials, and static or dynamic in vitro 

experiments (Bohn et al. 2018). Each method has its own merits and drawbacks. 

2.3.1 In vivo Methods  

In vivo methods using human or animal subjects may provide accurate results 

directly applicable to humans, and thus are regarded as the gold standard in digestion 
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studies (Minekus et al. 2014). Other methods may fall short due to the difficulty of 

replicating complex phenomena during digestion, such as the hydrodynamic movement 

of the gastric and intestinal fluids, as well as dynamic physicochemical and physiological 

changes throughout the process (Hur et al. 2011). Common in vivo methods include 

animal models, balance studies, intubation, and ileostomy studies.  

Animal models, commonly including pigs, dogs, chickens, and rats, can be used 

when human subjects are unavailable or unnecessary, or the experimental design limits 

inclusion of humans. Digesta can be removed through cannulation in the gastrointestinal 

tract, allowing prolonged and repeated sampling of the same animal for control and 

experimental treatments; however, this method requires surgery on the animals, which 

may affect the natural state of the gastrointestinal tract (Bornhorst and Singh 2014). 

Animals are slaughtered to allow the sampling of digesta from any segment of the GI tract 

to measure ‘true’ digestion. Due to the nature of this method, only one time point can be 

collected per animal; thus, requiring more animals for statistical significance (Bornhorst 

and Singh 2014).  

 Balance studies involve the standardization of a diet, and the collection and 

analysis of fecal matter post-feed, enabling the comparison of the initial dose of the 

substance of interest against the amount excreted (Raicht et al. 1975; Yang et al. 2017). 

Caloric intake, exercise amount, and environmental conditions such as temperature can 

all be controlled (Kopple 1987). Radiolabeled compounds can be used for the total 

quantification of the parent compound along with any metabolites without requiring 

reference compounds for each metabolite (Yang et al. 2017). Balance studies are robust, 

sensitive, and accurate at determining nutritional sufficiency and measuring metabolic 
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responses to diet change, especially in short term studies (Kopple 1987). The balance 

study has the advantage of reducing interpersonal variation as the control and 

experimental conditions can be subjected to the same individual and can be performed 

in humans, negating the need for mimicking human conditions (Kopple 1987). However, 

balance studies are commonly referred to as 'black box' experiments, prohibiting the 

inference of any information regarding the digestion process. These studies are 

expensive due to the enrollment of participants and the need to provide a tightly controlled 

environment. Balance studies are also time-consuming due to meal preparation, 

collection, and providing constant supervision to the subjects (Kopple 1987). Losses can 

ensue from food adhering to cookware and from feces on toilet paper, which results in 

unmeasured losses (Kopple 1987). The resultant balance is the difference between larger 

input and output numbers, such that tiny errors in measurement will lead to inaccuracies 

in the balance (Kopple 1987).  

 Intubation in vivo studies require the intubation of human or animal subjects by 

passing a luminal tube through the GI tract where one end collects ileal effluent, while the 

other end is used for perfusion. The subjects are first given the experimental sample as 

a meal, and then their intestinal content is aspirated for many hours (Borgström et al. 

1957; Lin et al. 1996; Armand et al. 1999). This method allows an accurate representation 

of the general population, and ileal effluent can be collected directly; however, this method 

is very invasive, the normal physiology of digestion may be disturbed by the insertion of 

the tube, the tube may be selective in heterogeneous samples, and the experiments are 

costly and protracted (Champ et al. 2003).  
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Ileostomy refers to the bypass or removal of the colon, rectum, and anus, with the 

ileum diverting to an artificial opening made in the abdominal wall for the collection of ileal 

effluent in an ileostomy bag. Ileostomy studies are widely used in nutritional research and 

are accurate methods to study in vivo digestion (Robertson and Mathers 2000). As the 

majority of human digestion occurs in the upper gastrointestinal tract, it is possible to 

determine the true digestibility of a compound without being invasive; moreover, 

ileostomy studies are easier to perform compared to other in vivo methods (Champ et al. 

2003; Grassby et al. 2017). The ileostomy patient consumes and digests a control and a 

test diet, and the effluent collected can be removed and analyzed for the compound of 

interest, and any sample found in the effluent is considered undigested and unabsorbed 

(Englyst and Cummings 1986). Ileostomy studies can be combined with other tests to 

determine glycemic and lipemic responses to the test compound (Grassby et al. 2017). 

However, ileostomy studies are expensive, time-intensive, and the participants are not 

considered healthy nor representative of the general population. Ileostomy patients often 

have reduced gastric emptying of solid foods due to a lack of feedback inhibition from the 

colon, and terminal ileum bacteria counts are higher in these patients (Robertson and 

Mathers 2000; Booijink et al. 2010).  

2.3.2 In vitro Studies 

Often, conducting in vivo studies can be unrealistic due to the scope of the project, 

labour intensiveness, time, cost, and ethical approval requirements. Many in vitro models 

of digestion were developed in order to overcome shortcomings of in vivo work, as 

biological differences do not limit these models. In vitro experiments also permits the 

examination of toxic compounds and dosage limits, and experimental conditions can be 
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manipulated and precisely controlled (Minekus et al. 1995, 2014). In vitro studies can be 

generally divided into static and dynamic models. Static models do not mimic the 

hydrodynamic or physical forces that are present in the digestive tract. Static digestion 

models are the simplest of in vitro digestion studies and the most commonly found method 

in nutrition and food science literature (Hur et al. 2011). This model uses batch processing 

and sequential exposure to digestive juices to mimic each compartment of the 

gastrointestinal tract (Dupont and Mackie 2015). These models often use a single static 

bioreactor vessel, and the metabolic products remain in the same vessel (Alegría et al. 

2015). Recently, the network of scientists through COST INFOGEST has established a 

consensus of parameters for static models that correlate closely to in vivo environments 

(Minekus et al. 2014). The sequential digestion process of static digestion begins by first 

mincing the meal, followed by adding a simulated salivary fluid 1:1 to the meal, then the 

addition of amylase and calcium chloride (CaCl2). All reagents are prewarmed to 37°C to 

mimic human body temperature. During the gastric phase, the oral bolus is added 1:1 to 

simulated gastric fluids, followed by the addition of pepsin, CaCl2, and hydrochloric acid 

(HCl), reducing the pH to 3 to mimic the in vivo gastric environment. The mixture is 

agitated and allowed to digest for 2 h. Intestinal digestion follows the 2 h gastric digestion 

by mixing the gastric chyme 1:1 with simulated intestinal fluids and sodium hydroxide 

(NaOH), neutralizing the pH to 7 to mimic the in vivo intestinal environment, followed by 

the addition of pancreatin, bile, and calcium chloride. The meal digests for 3 h while 

agitated before analysis (Minekus et al. 2014).  

Static models are simple to construct and maintain, and are inexpensive and 

efficient to operate since many samples can be run simultaneously (Bornhorst and Singh 
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2014). Moreover, these models provide insights into how food structure, composition, 

their interactions, and food processing alter digestibility (Wickham et al. 2009; Minekus et 

al. 2014; Alegría et al. 2015; Bohn et al. 2018). Static models are not as effective when 

studying complex food structures or total digestion. These models are crude and 

oversimplify the digestion process as the enzyme-substrate ratio is often not at 

physiological levels, they do not consider the impact of gastric mixing or peristaltic and 

hydrodynamic forces, nor do they take into account pH profiles and the duration of digesta 

exposure to the digestive fluids. The major drawback of static models is their inability to 

remove digestive products during the digestion process (no absorption), thus resulting in 

a limited in vitro – in vivo correlation (IVIVC) (Wickham et al. 2009; Minekus et al. 2014; 

Bohn et al. 2018).  

 Dynamic models such as the TNO Gastrointestinal Model (TIM-1), the Dynamic 

Gastrointestinal Digester (DIDGI), and the Engineered Stomach and Small Intestine 

(ESIN) model addresses many drawbacks in static models. Dynamic models produces 

physical forces that mimic the peristaltic movements in vivo, and more accurately 

reproduce the transit time as the meal travels through their multi-compartmental 

chambers (Dupont and Mackie 2015; Minekus 2015; Ménard et al. 2015; Guerra et al. 

2016; Lee et al. 2018). Dynamic models are more similar to in vivo digestive tracts with 

the arrangement of its compartments. The stomach can be vertically arranged in some 

models to mimic the human gastric compartment; however, sedimentation may occur, 

whereas horizontal arrangement bypasses that problem but does not mimic the lower 

mixing action of the fundus in the in vivo stomach (Thuenemann 2015). Regardless of the 

orientation, the gastric compartment in dynamic models can more accurately represent 
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the stomach than the static model’s stirring or agitation (Thuenemann 2015). The exact 

conditions and digesta compositions within each compartment in a dynamic model 

change over time, simulating the in vivo digestion process, compared to the unrealistic 

batch processing of static models. Their biochemistry (secretion parameters, pH, and 

temperature profiles) is pre-programmable and computer-controlled; enzymes secrete at 

a biological level, and digestion products can be easily removed (Minekus et al. 1995; 

Thuenemann 2015; Lee et al. 2018). Dynamic models provide higher physiological 

relevance compared to static models, have better reliability and reproducibility, and a 

stronger IVIVC (Thuenemann 2015; Lee et al. 2018). Lee and colleagues found significant 

differences between static and dynamic models and their resultant bioavailability (2018). 

When comparing the bioavailability of lutein released from high-fat samples, the dynamic 

model released 67.9% of lutein compared to 12.3% in the static model (Lee et al. 2018). 

These differences were attributed to the drawbacks of batch processing in the static 

model, whereas there is a continuous secretion of fresh digestive enzymes in dynamic 

models (Lee et al. 2018). With growing interest in understanding the digestion of more 

complex and structured food and their physiochemical changes during GI transit, dynamic 

digestion models should be considered in bioaccessibility and bioavailability studies 

(Wickham et al. 2009).  

 The TNO Gastrointestinal Model (TIM-1) (Figure 2.4), is an advanced, dynamic 

digestion model consisting of four serial compartments: the stomach, duodenum, 

jejunum, and ileum, connected via peristaltic valve pumps (PVPs), ending with a terminal 

ileocecal valve for ileal effluent (Minekus et al. 1995; Verwei et al. 2016). This model 

simulates the dynamic conditions of the GI tract, including peristaltic movements in all 
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compartments, controlled digesta transit, automated secretions, preprogrammed pH 

curves, and the ability to remove digested fractions (Minekus et al. 1995; Minekus 2015). 

The contraction of temperature-controlled water jackets surrounding the stomach and 

intestinal segments mixes the digesta. The opening and closing of the PVPs permit the 

regulation of digesta transit. pH probes are inserted into each compartment, and the 

secreted acid and base allows pH changes to follow a preprogrammed curve; gastric 

secretions consisting of gastric electrolytes, α-amylase, pepsin, lipase, HCl, and intestinal 

secretions including sodium bicarbonate (NaHCO3), electrolytes, pancreatic juices, and 

bile are also programmed to follow predetermined intervals (Verwei et al. 2016). The 

available fractions of digested products are removed via filtration and collected along with 

the undigested fractions present in ileal effluent. 

 TIM-1 has a high IVIVC in human and animal models for active pharmaceutical 

ingredients and food, as it can accurately replicate the physiological and hydrodynamical 

nature of the digestive tract (Barker et al. 2014). TIM-1 is successful in predicting the 

release and bioaccessibility of both food and pharmaceuticals in various formulations and 

conditions (fed and fasted) (David et al. 2010; Barker et al. 2014; Verwei et al. 2016). In 

food research, TIM-1 was used to study the bioaccessibility of glucose in oats, 

anthocyanins and carotenoids in high-fat meals, lipids in infant formula, the effect of 

surfactants on lipid digestion, and many others (Minekus et al. 1995; Dickinson et al. 

2012; Ribnicky et al. 2014; Fondaco et al. 2014; Nimalaratne et al. 2015; AlHasawi et al. 

2017; Ng et al. 2019). Dynamic in vitro models, such as the TIM-1, is advanced and well 

correlated. Nonetheless, hormonal feedback mechanisms are missing, and the model 

does not account for the absorption step in terms of active transport and gut wall 
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metabolism, and thus has limited functions in bioavailability studies without being coupled 

to an intestinal absorption model (Berthelsen et al. 2019).  

 

Figure 2.4. Schematic diagram of TNO TIM-1 in vitro digestion model. Reprinted by 
permission from Springer Nature: Springer Nature, The AAPS Journal, An Investigation 
into the Utility of a Multi-compartmental, Dynamic, System of the Upper Gastrointestinal 
Tract to Support Formulation Development and Establish Bioequivalence of Poorly 
Soluble Drugs, Dickinson et al. Copyright (2012). 
 

2.4 Hen Eggs 

When elucidating the link between food structure and bioaccessibility of nutrients, 

a food matrix that is easily manipulated and has a clear relationship between structure 

and processing should be selected. Hen eggs are an ideal food matrix that changes 

significantly during processing. The bioaccessibility of lipids in yolk cooked at different 

temperatures, is relevant to consumers as yolks are consumed from raw to hard boiled. 

Hen eggs are inexpensive, and one of the most consumed foods worldwide regardless of 

religion or ethnic group (Stadelman et al. 1995; Telis-Romero et al. 2006; Li et al. 2013). 
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One reason for eggs’ popularity is their vast versatility of uses due to their functional 

physical properties in cooking and food manufacturing, which include emulsification, 

coagulation, and gelation of popular foods (Anton 2013). 

2.4.1 Eggs and Human Health 

Developed countries have previously made recommendations to limit egg 

consumption due to high levels of saturated fat (3 g/100 g) and cholesterol (200 – 300 

mg/100 g), which  alter serum cholesterol and increase the incidence of cardiovascular 

diseases (Kritchevsky and Kritchevsky 2000; Herron and Fernandez 2004; Li et al. 2013; 

Abeyrathne et al. 2013). However, many metanalyses and cohort studies have continued 

to find limited adverse effects associated with regular egg consumption (up to one egg 

per day) in healthy populations (Hu et al. 1999; McNamara 2000; Herron and Fernandez 

2004; Nakamura et al. 2006; Qureshi et al. 2007; Djoussé and Gaziano 2008; Rong et al. 

2013; Shin et al. 2013; Eilat-Adar et al. 2013).  Eggs, however, are a great source of 

nutrients as they provide high-quality protein with all essential amino acids, as well as 

lipids, vitamins A, B, E, K, iron, phosphorus, and other minerals (Mine 1995; Hu et al. 

1999; Song and Kerver 2000; Applegate 2000; Herron and Fernandez 2004; Miranda et 

al. 2015). Eggs also contain lecithin – a main structural and functional component in 

biological membranes, and a source of choline (251 mg/100 g) (Zeisel et al. 2003). 

Choline is an essential nutrient for healthy brain development and the synthesis of 

phospholipids for cellular membranes (Zeisel et al. 2003). Eggs are also a source of 

phosvitin and carotenoids; phosvitins are potent metal chelators capable of inhibiting 

melanogenesis, and carotenoids are essential for macular health and provide 
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antioxidant/anti-inflammatory effects (Herron and Fernandez 2004; Jung et al. 2012; Kelly 

et al. 2014). 

2.4.2 Hen Egg Structure 

Hen eggs consist of three main components – the shell, albumen (egg white), and 

yolk (Hincke 2012; Okubo et al. 2018). The weight and composition of the egg depend on 

the species and age. For eggs of the white leghorn hen (Gallus gallus), the eggs weigh 

between 50 – 63 g, comprising of 9 – 11% shell, 60 – 63% albumen, and 28 – 29% yolk 

(Okubo et al. 2018).  Figure 2.5 shows a longitudinal cross-section of the hen egg.  The 

two edible components of hens eggs are the albumen and yolk, which have different 

structures and nutrient compositions (Okubo et al. 2018).  

The egg albumen is a protein-rich, viscous layer surrounding the yolk. Egg whites 

contain over 40 different types of proteins including ovalbumin (54% of egg white), 

ovotransferrin (12%), ovomucoid (11%), ovoglobulin G2 and G3 (both 4%), ovomucin 

(3.5%), lysozyme (3.4%), and trace bioactive compounds (Majumder and Mine 2017). 

The egg albumen consists of approximately 88% water and 11% protein (Abeyrathne et 

al. 2013). There are four distinct regions for egg albumen: the thin, thick, and 

chalaziferous layers, and the chalazae cords (Brake et al. 1997). The thin layer makes up 

approximately 20% of the egg albumen and is divided into two fractions: the outer and 

inner thin layers (Majumder and Mine 2017). The thin outer layer is connected to the inner 

membrane of the eggshell, whereas the thin inner layer is attached to the chalaziferous 

layer (Conrad and Phillips 1938). Between two thin layers is the thick layer, which has a 

higher viscosity due to high ovomucin content (~60% of the egg albumen) (Majumder and 

Mine 2017). The chalaziferous layer (3% of albumen) is a fibrous, protective layer 
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spanning the entire yolk, and is twisted on the long end of the axis to create the chalazae 

cords to limit egg yolk rotation (Mine 1995; Stadelman et al. 1995). 

 

Figure 2.5. Longitudinal cross-section of a whole hen egg. Reproduced from Hincke 
2012. 
 

Under the chalaziferous layer is the yolk, which is encased by the vitelline 

membrane (which further divides into an inner layer, a continuous membrane, and an 

outer layer), consists of mostly of lipids (30%) and proteins (16%) (Mine 2002; Okubo et 

al. 2018). The yolk itself is a complex, natural oil-in-water emulsion organized into 

supramolecular structures with different assemblies. The yolk can further fractionate into 

plasma and granules, each with differing compositions, structures, and sensibilities to 

environmental changes (McCully et al. 1962; Anton 2013; Strixner et al. 2014). The non-

soluble proteinaceous granules are suspended in a continuous phase of clear, yellow 

fluid referred to as the plasma (Anton and Gandemer 1997). With the yolk containing 



 
 

39 
 

virtually all of the lipids present in eggs, the major components of yolk lipids are TAGs 

and phospholipids, which make up 67% of the yolk’s dry weight (Juneja 2018). Yolk lipids 

contain 65% TAGs, 31% phospholipids, and 4% cholesterol (Juneja 2018). Yolk TAGs 

have mostly palmitic acid in the sn-1 position, linoleic and oleic acids in sn-2 positions, 

and oleic, palmitic, and stearic acids in sn-3 positions (Christie and Moore 1970). The 

major phospholipids in the yolk are phosphatidylcholine (80%), 

phosphatidylethanolamine (12%), and lysophosphatidylcholine (1.9%) (Juneja 2018). 

2.4.3 Yolk Fractions: Plasma and Granules 

The plasma and granules are two fractions that constitute the whole yolk. Figure 

2.6 shows a schematic diagram of egg yolk composition. Plasma makes up 78% of dry 

yolk matter and contains 90% of total lipids and 52% of proteins (Anton et al. 2003). The 

plasma is made up of 15% livetins and 85% LDLs or lipovitellenins. Plasma livetins are 

globular, water-soluble, non-lipid glycoproteins, that further separate into three fractions: 

α-, β-, and γ-livetins. α-livetin is a 70 kDa protein identical to chicken serum albumin that 

is sensitive to high salt concentrations and organic solvents (Chalamaiah et al. 2017; Li-

Chan et al. 2017). A 45 kDa protein – α-2-glycoprotein, makes up most of β-livetin. γ-

globulin, a 167 kDa antibody is γ-livetin’s main constituent; this livetin is extremely labile 

to increases in temperature (Williams 1962; Mine 2002; Kovacs-Nolan et al. 2005; 

Schade and Chacana 2007; Chalamaiah et al. 2017; Li-Chan et al. 2017).  

Plasma LDLs are further classified into 70% TAG, 4% cholesterol, and 26% 

phospholipids (Anton and Gandemer 1997; Juneja 2018). Plasma LDLs (Figure 2.7) are 

spherical nanoparticles with a hydrophobic core containing mostly TAGs, that range 

between 17 – 60 nm in size. Their stability is dependent on their surface phospholipid 
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monolayer with apoproteins and cholesterol inclusions (Martin et al. 1964; Chang et al. 

1977; Tsutsui 1988; Hevonoja et al. 2000; Nakamura et al. 2006; Anton 2007).  

 
Figure 2.6. Composition of egg yolk. © 2017 From The Chemistry of Eggs and Egg 

Products by Li-Chan et al. Reproduced with permission of Taylor and Francis Group, LLC,  

a division of Informa plc. 
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Figure 2.7. Schematic diagram of low-density lipoprotein (LDL) in plasma. Reprinted by 
permission from Springer Nature: Springer Nature, Springer eBook, Low-density 
Lipoproteins (LDL), or Lipovitellenin Fraction, Anton. Copyright, (2007). 
 

Granules make up the other 22% of dry yolk matter and contain 48% of the yolk's 

proteins and 7% of the yolk's lipids (Anton and Gandemer 1997; Strixner et al. 2014). The 

granules comprise approximately 12% LDL, 70% high-density lipoprotein (HDL) or 

lipovitellin, and 16% phosvitins (Anton 2007). The HDL molecule is organized into multi-

level assemblies with a pseudo-globular structure through phosphocalcic bridging 

between HDL and phosvitin, as illustrated in Figure 2.8. HDL fractionates into α-lipovitellin 

and β-lipovitellin with similar amino acid compositions but differs in phosphorus-

containing protein content (Juneja and Kim 2018). Phosvitins, along with HDL, are 

cleavage products of vitellogenin, a precursor egg yolk protein found in serum (Juneja 

and Kim 2018). Phosvitins are non-lipid phosphoglycoproteins with a high (31%) content 

of phosphoserine; up to eight residues can be found linearly in the protein, uninterrupted 

by other amino acids – contributing to its resistance to environmental changes (Albright 

et al. 1984). Phosvitins can also fractionate into α-phosvitin and β-phosvitin, but both 
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fractions readily aggregate in aqueous solution, are relatively resistant to digestive 

enzymes such as pepsin and trypsin, and do not readily denature during cooking 

(Williams 1962; Prescott et al. 1986). The supramolecular structure of yolk micro- and 

macrostructure can be found in Figure 2.9.  

 
Figure 2.8. Schematic diagram of a granule from egg yolk. Reprinted by permission from 
Springer Nature: Springer Nature, Food Biophysics, Structural Study on Hen-egg Yolk 
High Density Lipoprotein (HDL) Granules, Strixner et al. Copyright (2014). 
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Figure 2.9. Illustration of different macromolecular structures in hen egg yolk. Copyright 

2013 Wiley. Used with permission from Anton, Egg yolk: structures, functionalities, and 

processes. Journal of The Science of Food and Agriculture, John Wiley and Sons. 

 

2.4.4 Gelling Properties of Yolk 

Egg yolk gelation is one of its most important functional properties, which regulates 

the textural and rheological characteristics of many foods, including cakes, egg-based 

sauces, and confectionery (Kiosseoglou and Paraskevopoulou 2005). Previously, 

researchers believed that complete denaturation of globular proteins caused gelation; 

however, recent studies confirmed that heat was only able to modify approximately 20% 

of the structure (Tobitani and Ross-Murphy 1997; Cordobes et al. 2004). Recent works 

attributed the gelation behaviour of proteins to the heat-induced partial modification of 

protein secondary structure rather than complete unfolding (Ferry 1948; Clark et al. 1981; 

Tobitani and Ross-Murphy 1997; Cordobes et al. 2004). It is well-established that protein 

gelation occurs in two primary steps: partially denatured proteins interact to form well-

defined primary aggregates, followed by the random association of primary aggregates 
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to form larger clusters with a self-similar structure (Cordobes et al. 2004). The exposure 

of the previously hidden hydrophobic groups of partially denatured proteins is the driving 

force for the establishment of an interparticle network, forming a protein-stabilized 

emulsion (Nakamura et al. 1982; Kiosseoglou and Paraskevopoulou 2005; Yang and 

Baldwin 2017).  

 When exposed to heat, yolks begin to thicken at approximately 65°C, develops 

resistance to flow at 70°C, and coagulates at 85°C (Woodward and Cotterill 1987). All 

egg yolk proteins are quite heat-labile, except for phosvitins, which are stable up to 110°C 

(Juneja and Kim 2018). After heating deshelled yolks for 3.5 min, polyacrylamide gel 

electrophoresis (PAGE) experiments determined that γ-livetins began to denature at 

60°C, but its band did not disappear until 75°C, while α- and β-livetins were stable at 69°C 

until 72°C and 81°C, respectively (Dixon and Cotterill 1981). The more heat-labile LDL 

apoproteins, which denature at 70°C and form hydrophobic interactions are the primary 

cause of egg yolk viscosity increases (Guilmineau et al. 2005). A ten-minute heat 

treatment at 75°C disrupted the LDL molecules and caused a rearrangement into larger 

clusters (300 nm) – forming gels at the same temperature (le Denmat et al. 1999; Anton 

et al. 2001, 2003). 

 Meanwhile, yolk granules are more resistant to heat due to their globular structure 

and the presence of phosphocalcic bridges between the seryl residues of HDL and 

phosvitin, causing the formation of insoluble complexes (Causeret et al. 1991; le Denmat 

et al. 1999; Anton 2013). This tightly compacted, complex structure effectively protects 

granules from thermal denaturation and heat gelation by restricting aggregation (Anton 

2013). In PAGE experiments, α-lipovitellin HDL fraction decreased after cooking at 72°C 
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and disappeared after 76°C, whereas 𝛽-lipovitellins and both fractions of phosvitins were 

not affected by heat up to 76°C (le Denmat et al. 1999). With the thermal stability of 

granules, the disruption of LDLs in plasma has been proven to be responsible for gelation, 

while other constituents are indirectly involved.  

2.4.5 Measuring Yolk Protein Denaturation 

Egg yolk proteins form heat-induced gels which are a primary application of yolks in 

the food industry and is a decisive factor in determining the desired textural and other 

physical properties in various food applications (Blume et al. 2015). The disruption of 

LDLs and detection of denatured proteins as a function of processing has been well 

studied using various biophysical techniques such as Fourier-transform infrared 

spectroscopy (FTIR), differential scanning calorimetry (DSC), and rheology. Along with 

imaging techniques, the use of FTIR, DSC, and rheology techniques together contributes 

to a greater understanding of protein behaviour and thermal denaturation.  

 FTIR is used to study the changes in native protein secondary structures during 

processes such as heating, lyophilization, pickling, and spray drying (Surewicz et al. 

1993; Dong et al. 1995; Maury et al. 2005; Matheus et al. 2006a; Carbonaro et al. 2012; 

Xu et al. 2018). This technique is favoured as Fourier-transform self-deconvolution and 

second derivative analysis allows peak differentiation and identification, as well as FTIR’s 

ability to noninvasively study small samples under various physical conditions (Dong et 

al. 1995). Protein secondary structures are measured by their vibrational force fields to 

quantify inter- and intramolecular interactions (Dong et al. 1995). Nine distinct regions, 

amide A, B, and I – VII, have been well characterized (Kong and Yu 2007).  
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Out of these regions, amide I (1700 − 1600 cm−1) and II (1480 − 1575 cm-1) are the most 

prominent vibrational bands of the amide backbone, with the amide I region being the 

most sensitive to protein secondary structure due to the abundant amounts of C=O stretch 

vibrations of the peptide linkages, along with small contributions from out of phase C–N 

stretching and C–C–N bending vibrations (Krimm and Bandekar 1986). The following 

regions in yolks were previously identified: α-helices/random coils (~1650 cm-1), 

intermolecular β-sheets (~1620 cm-1), intramolecular β-sheets (~1630 cm-1), and β-turns 

(~1685 cm-1) (Lilienthal et al. 2015; Blume et al. 2015; Ulrichs et al. 2015). FTIR has been 

successfully applied to the analysis of protein secondary structure changes of hen yolk 

LDLs and livetins — the predominant proteins involved in yolk thermal gel formation 

(Blume et al. 2015; Ulrichs et al. 2015). The intensities of LDL intermolecular (denatured) 

β-sheets increased slightly between 25°C and 75°C, followed by rapid increases in 

intensity from 75°C to 95°C (Blume et al. 2015). This increase in intermolecular structures 

was explained by thermally induced transition from native to denatured proteins in yolk 

secondary structure (Blume et al. 2015). Thermal processing also altered the secondary 

protein structures in yolk livetins. As the temperature increased from 25°C to 95°C, the 

percentage of intramolecular (native) β-sheets in the amide I region decreased (4 – 8%), 

concomitantly with increasing intermolecular β-sheets with the same amount (4 – 8%) 

(Ulrichs et al. 2015). Moreover, with an increase in temperature, the peak shifted from 

1630 cm-1 to 1620 cm-1. The conversion of native intramolecular β-sheets into 

intermolecular β-sheets through hydrophobic interactions causes protein aggregation, 

and thus the FTIR can elucidate gelation behaviour through analysis on inter- and 
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intramolecular β-sheet content within the amide I region (Matheus et al. 2006a; Blume et 

al. 2015).  

 Another method to measure protein stability and thermal denaturation is using 

differential scanning calorimetry (DSC) (Sánchez and Burgos 1997; Fernández-Martín et 

al. 1997; Puppo and Añón 1999). DSC was successfully employed in investigating the 

thermodynamics of protein unfolding by measuring the difference in heat required to 

denature the target protein compared to a reference as a function of temperature 

(Matheus et al. 2006a). The DSC determines the sample’s denaturation temperature (Td), 

also known as peak temperature (Tp), as well as peak enthalpies of samples (∆H) 

(Cordobes et al. 2004; Matheus et al. 2006a). The DSC was previously used to examine 

the thermal behaviours of egg white proteins, whole yolk, as well as yolk components 

such as LDLs, livetins, and phosvitins (Rossi and Schiraldi 1992; Chung and Ferrier 1995; 

Cordobes et al. 2004; Guerrero et al. 2004; Speroni et al. 2005; Matheus et al. 2006a; 

Van der Plancken et al. 2006; Aguilar et al. 2007; Singh and Ramaswamy 2015; 

Chalamaiah et al. 2017; Xu et al. 2018; Wang et al. 2018). The transition from native to 

denatured protein structure occurs through a significant uptake of heat, which provides 

the endothermic peak visualized in the DSC thermogram (Cordobes et al. 2004). DSC 

studies on whole egg yolk show a definitive endothermic peak at Td  = 80 – 85°C 

(Cordobes et al. 2004). Work on egg yolk livetins found a single endothermic peak at 

Td = 83°C, with ∆H = 1.29 J g-1 which upon deconvolution, contained three livetin fractions 

(α, β, γ) (Chalamaiah et al. 2017). In a high pressure processed LDL experiment, the 

enthalpy (∆H) decreased by 30% and 50% when the pressure increased to 400 and 600 

MPa, suggesting that LDLs begin to partially denature at increased pressures (Speroni et 
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al. 2005). Aguilar and coworkers observed a similar trend on whole egg yolk structural 

change as a function of pressure (2007). At atmospheric pressure (0.1 MPa), the Td was 

~ 82°C, and its endothermic peak enthalpy slowly decreased as the pressure increased 

to 420 MPa, with a complete disappearance of the peak at 440 MPa (Aguilar et al. 2007). 

The examination of phovitin (Td = 80°C) showed decreasing ∆H with an increase in ionic 

concentration, suggesting that the change in environmental conditions also affected the 

denaturation of phosvitin (Chung and Ferrier 1995). Another study found that decreasing 

pH (from 6 to 2) also decreased ∆H of egg yolk, with the peak (Td = 83°C) disappearing 

at pH 4 (Guerrero et al. 2004).  

 Another complementary method to characterize protein structure as a function of 

denaturation is to look at their rheological properties. Small deformation rheology can be 

used to determine the sol-gel transition point as well as characterize viscoelastic changes 

during gel formation (Cordobes et al. 2004; Tabilo-Munizaga and Barbosa-Cánovas 2005; 

Jaekel and Ternes 2009). As the yolk heats and gels, it exhibits viscoelastic properties; 

dynamic small-strain oscillatory tests can be used to characterize the yolk’s viscoelastic 

behaviour (Tabilo-Munizaga and Barbosa-Cánovas 2005). Within the linear viscoelastic 

region (LVER), the storage (G′) and loss (G″) moduli, and the loss factor (tan δ) can be 

determined. In small strain oscillatory experiments, G′ represents the elastic behaviour, 

or the deformation energy stored in the sample during shearing, and G″ represents the 

viscous portion of the material, or the dissipated energy during shearing (Mezger 2014). 

When G′ is larger than G″, the material behaves more solid-like, and the deformations are 

recoverable, whereas the opposite is true in more liquid materials and the deformation 

energy dissipates (Tabilo-Munizaga and Barbosa-Cánovas 2005). tan δ is the ratio of G″ 
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to G′, such that a tan δ value approaching 0 represents a more elastic material, whereas 

a tan δ value approaching infinity signifies a predominantly viscous response (Tabilo-

Munizaga and Barbosa-Cánovas 2005). Frequency sweeps are useful dynamic tests 

which determines the values of G′ and G″ as a function of frequency (Lopes da Silva and 

Rao 2007). Heating whole eggs (adjusted to pH 5) caused a rheological response of 

log(G′) increasing from -1 at 65°C to approximately 1.5 at 75°C, then plateauing at 3 from 

80 – 90°C, suggesting that the egg is becoming more elastic or solid as the temperature 

increased (Raikos et al. 2007). Yolk (adjusted to pH 2) alone displayed similar behaviour, 

with log(G′) = -1 from 40 – 50°C, increasing to approximately 1 at 60°C, then plateauing 

at 2 at 70°C (Raikos et al. 2007). A study examining the rheological behaviour of heated 

whole yolk and yolk fractions (plasma and granule) found a large increase in apparent 

viscosity at 70°C, such that from 50 – 69°C, the apparent viscosity was approximately 

0.005 Pa∙s, which drastically increased to 1 Pa∙s (increase of 2.0 log cycles) at 72°C, 

followed by a slower increase between 72 – 75°C (increase of 0.3 log cycles) for whole 

yolk and plasma (le Denmat et al. 1999). Gelation was visually observed by the authors 

after heating whole yolk and plasma at 72°C and 76°C (le Denmat et al. 1999). Granules 

were less influenced by temperature than whole yolk and plasma due to their structure, 

such that heating only increased their apparent viscosity by 0.7 log units, and no gelling 

was observed (le Denmat et al. 1999). Similar behaviours were observed by Cordobes et 

al. (2004), Guerrero et al. (2004), and Jaekel and Ternes (2009).  

2.5 Conclusion 

Lipids are essential to optimal biological function; however, a link exists between the 

overconsumption of lipids and obesity, as well as other preventable, non-communicable 



 
 

50 
 

diseases such as heart disease, hypertension, and type II diabetes. Interest in developing 

“designer foods” that modulate nutrient release is growing. Previous research determined 

that physical parameters of food such as particle size, physical state, interfacial 

composition, and food matrix can influence nutrient release. Various methods, such as in 

vivo (intubation, balance studies) and in vitro experiments (static, dynamic models) are 

available for the investigation of bioaccessibility and bioavailability of nutrients as a 

function of food structure. Further research on whole foods or meals is required to build 

the foundational knowledge required to understand the relationship between food 

structure and digestibility.  
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3 Methods and Materials 

3.1 Materials 

Large, white Canada A grade hen eggs were purchased from the local 

supermarket (No Frills, Loblaw Companies Limited, Guelph, ON, Canada) and stored at 

4°C prior to use. All eggs were used within one week of purchase and well before the 

expiry date. OptimaTM grade petroleum ether and ethylenediaminetetraacetic acid (EDTA) 

were obtained from Fisher Scientific (Hampton, NH, USA). Anhydrous ethanol, 

hydrochloric acid (37%), anhydrous sodium hydroxide, hydroxypropyl methylcellulose 

(HPMC), sodium bicarbonate (>99%), sodium chloride (>99%), potassium chloride 

(>99%), hexane (>97%), and calcium chloride (>96%) were obtained from Sigma Aldrich 

(St. Louis, MO, USA). Non-esterified fatty acid (NEFA) test kits, including NEFA-HR 

Colour Reagents A and B, and NEFA-HR Solvents A and B, as well as NEFA Standard 

Solution, were obtained from Fujifilm Wako Diagnostics (Mountain View, CA, USA).  

Pancreatin from porcine pancreas (1.3X USP amylase, 4.9 USP/mg lipase, 1.2X 

USP) was obtained from Alfa Aesar (Ward Hill, MA, USA). Lipase (type II, 100 – 500 

USP/mg protein) from porcine pancreas, bovine pancreas trypsin powder (>7500 N-80 α-

benzoyl-L-arginine ethyl ester (BAEE) USP/mg), pepsin from porcine gastric mucosa 

(>2500 USP/mg protein), and α-amylase from Bacillus sp. (type II-A, >1500 USP/mg 

protein) were obtained from Sigma Aldrich (St. Louis, MO, USA). Porcine bile salt powder 

(45% glycocholic acid sodium salt, 55% taurocholic sodium salt) was obtained from 

Ward’s Science (Rochester, NY, USA).  Fresh porcine bile was collected at a local 

slaughterhouse (Conestoga Meat Packers, Breslau, ON, Canada), filtered and frozen at 

-30 °C until use.  
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3.2 Sous vide Cooking Procedure 

Nine eggs were randomly selected from three cartons (three per carton) with the 

same lot number and equilibrated to room temperature prior to being placed in a 

temperature-controlled water bath set at predetermined temperatures (65, 70, 75, and 

85°C) (Fisher Scientific, Hampton, NH, USA). A small hole was punctuated in the top of 

the egg, and a type K penetration thermocouple probe (SPER Scientific, Scottsdale, AZ, 

USA) was inserted until the tip of the thermocouple was in middle of the egg yolk. The 

egg with the thermocouple is placed in the preheated water bath, and both the egg yolk 

and water bath temperature were monitored and recorded with a multi-channel data 

logging thermometer (SPER Scientific, Scottsdale, AZ, USA). Once the yolk reached the 

temperature of the water bath (or the sous vide cook temperature), the egg was removed 

and immediately placed in an ice-water bath at 0 ± 0.5°C until the egg reached 20°C. 

Then the yolk was hand separated from the white using Whatman No. 4 filter paper (GE 

Healthcare, Chicago, IL, USA) to remove the chalazae and trace albumen still adhering 

to the vitelline membrane using the method described by Harrison and Cunningham 

method (1986). Then the vitelline membrane was disrupted for raw yolks or carefully 

removed from the cooked yolks and stored at 4°C prior to use. 

3.3 Proximate Analysis 

Nine eggs were selected in the same manner as described in section 3.2. The eggs 

were weighed using an analytical scale (Denver Instruments, Bohemia, NY, USA), and 

the weight of the whole egg, eggshell, and egg yolk was recorded. Whatman No. 4 filter 

paper was used to remove any remaining egg albumen and membranes from the yolk. 

Three yolks from the same carton were pooled together, and 15 g of the pooled yolk was 
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subsampled to be used as a single replicate for proximate analysis. Three replicates were 

done per carton to determine carton variance. Moisture was gravimetrically determined 

by weighing 15 g of yolk into each aluminum pan on an analytical scale. The pans were 

dried (Drying Oven, Fisher Scientific, Hampton, NH, USA) at 105°C for 6 h then 

reweighed after cooling in a desiccator for 15 min (Jaekel and Ternes 2009).  

Crude fat was determined using Soxhlet on the dried egg yolk from moisture 

analysis with the petroleum ether method modified from Wu et al. (2016) and 

Paraskevopoulou and Kiosseoglou (1994). Dry yolk samples were pulverized using a 

mortar and pestle then transferred into cellulose extraction thimbles (GE Healthcare, 

Chicago, IL, USA), weighed, and plugged with glass wool to prevent any spillage (Acos 

Organics, Geel, Belgium). Round bottom flasks (Pyrex, Greencastle, PA, USA) with three 

boiling chips were weighed and placed into the Soxhlet apparatus. Approximately 200 mL 

of petroleum ether was added into each round bottom flask. The samples were extracted 

for 5 h at approximately 60°C. The round bottom flasks containing the extracted crude fat 

and petroleum ether was then placed into the drying oven (Fisher Scientific, Hampton, 

NH, USA) at 60°C overnight to evaporate the ether. The round bottom flasks were then 

desiccated after drying and weighed to determine the crude fat content.  

The mineral content of the yolks was determined using dry ashing (Marshall 2010). 

The dried, defatted yolk solids were removed from the thimble and weighed into porcelain 

crucibles. The crucibles were then placed in a muffle furnace at 500°C (Fisher Scientific, 

Hampton, NH, USA) overnight. The crucibles were allowed to cool in a desiccator before 

weighing the dry ash content.  
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Protein was approximated by determining the crude nitrogen content using Dumas 

(FP-528, Leco, St. Joseph, Michigan, USA). The instrument was calibrated prior to each 

test by running a triplicate of blanks then a triplicate of 0.2 g of EDTA. 0.2 g of the 

subsampled fresh yolk was weighed into sample holders, sealed, and analyzed in 

duplicate. The nitrogen content was determined using a conversion factor of 6.25 for egg 

yolk (Merrill and Watt 1973).  

3.4 Structural Analysis 

A Fourier-transform infrared spectrometer (Vertex 70, Bruker, Massachusetts, USA) 

equipped with a mid-infrared attenuated total reflectance (MIR-ATR) sensor was used to 

study the amide I spectral region of the egg yolk at various sous vide cooking 

temperatures.  A background scan of the cell (air) was taken prior to measuring the 

sample. After the background scans, the yolk was placed onto and fully covered the zinc 

selenide crystal. 128 scans were completed at room temperature (~23°C) with a 

resolution of 4 cm-1 and a zero-filling factor of 2 from 4000 cm-1 to 600 cm-1. The scans 

were averaged, and the process was triplicated (Blume et al. 2015). Atmospheric vapor 

compensation and vector normalization of the resultant sample spectra were done. The 

spectra were fitted and deconvoluted using OriginPro (OriginLab, Northampton, MA, 

USA), and the peaks in the amide I region were assigned to secondary structures based 

on literature (Lilienthal et al. 2015; Blume et al. 2015; Ulrichs et al. 2015).   

Thermal analysis of yolks following different sous vide cooking temperatures was 

conducted in triplicate on a Mettler Toledo differential scanning calorimeter (DSC1 Star 

System). 6 ± 1 mg of egg yolk was equilibrated to room temperature and placed in a 40 μL 

aluminum pan (Mettler Toledo, Switzerland), completely covering the pan base and 
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hermetically sealed. A sealed, empty pan was used as a reference. After loading, samples 

were equilibrated for 1 min before heating at 5°C/min from 20°C to 140°C (Cordobes et 

al. 2004; Guerrero et al. 2004). Enthalpies and denaturation temperatures were obtained 

through the integration of the peaks using the STARe Thermal Analysis Evaluation 

software (Mettler Toledo, Columbus, OH, USA).  

 The viscoelastic properties (G′, G″, and tan δ) of sous vide cooked yolk were 

assessed as a function of strain and frequency using an M540 rheometer (Anton Paar, 

Graz, Austria) equipped with a temperature controlling Peltier (F-25, Julabo, Allentown, 

PA, USA). All samples were equilibrated to 20°C before initiating the experiments. The 

rheological properties were measured with a 15 mm diameter parallel plate geometry 

(Anton Paar, Graz, Austria) (Cordobes et al. 2004). The gap was maintained at 1 mm 

during small oscillatory amplitude shear sweeps from 0.01 – 100% strain at 20°C to 

determine the LVER of the samples prior to conducting frequency sweeps (Cordobes et 

al. 2004; Aguilar et al. 2007). The frequency sweeps were conducted on the egg yolk 

samples within the LVER from 0.1 to 100 Hz under the same conditions. All samples for 

amplitude and frequency sweeps were replicated three times.  

3.5 Simulated Digestion of Sous vide Cooked Eggs 

Simulated gastric and intestinal fluids were prepared fresh daily according to the fed 

high-fat meal protocol, including HCl (1.00 M), NaHCO3 (1.00 M), gastric enzyme solution 

(GES: NaCl 4.80 g/L, KCl 2.20 g/L, CaCl2 0.22 g/L, sodium acetate 0.82 g/L, lipase 20 

USP/mL, pepsin 4800 USP/mL, α-amylase 47 USP/mL), gastric water solution (0.40% 

HPMC, 0.04% bile salts), small intestinal electrolyte solutions (SIES: NaCl 5.00 g/L, 
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KCl 0.60 g/L, CaCl2 0.25 g/L), 14% (w/v) pancreatin solution and fresh porcine bile. GES 

and pancreatin were maintained at 4°C throughout the 6 h simulated digestion. 

 The TIM-1 compartments were pre-warmed to 37 ± 1°C and maintained throughout 

the experiments. Prior to digestion, the TIM-1 was primed with starting residues: duodenal 

starting residue (15 g SIES, 15 g 14% (w/v) pancreatin solution, 30 g fresh porcine bile, 

2 mg trypsin); jejunal starting residue (35 g SIES, 35 g 14% (w/v) pancreatin solution, 70 

g fresh porcine bile); and ileal starting residue (140 g SIES). The meal consisted of 37 ± 

0.5 g egg yolk containing 10 g of fat, 123 g GES, 130 g H2O, 11 mg α-amylase, and was 

added to the stomach along with 10 g of gastric starting residue (5.0 g GES, 5.0 g gastric 

water solution). The automated digestion controlled gastric emptying (half time = 80 min) 

(Figure 3.1). Peristaltic pumps control the passage of the meal through the system. 

Gastric secretions were released at 1 mL/min, while HCl secretions followed a 

preprogrammed pH curve that decreased from an initial pH of 6.5 to 1.7 (Table 3.1). 

Sodium bicarbonate solution was secreted into the duodenum, jejunum, and ileum to 

maintain pH (6.5 – 5.9, 6.8, and 7.2, respectively). Bile and pancreatin were secreted into 

the duodenal compartment at 0.50 mL/min and 0.25 mL/min, respectively. A SIES and 

10% bile solution was secreted into the jejunal compartment at 3.20 mL/min. SIES was 

also secreted into the ileal compartment at 3.00 mL/min.  
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Figure 3.1. Gastric (●) and ileal (∎) emptying curve to control the transit of a solid meal 
in TIM-1. Reproduced from The TNO Gastro-Intestinal Model (TIM) by Minekus (2015), 
Springer. 
 
Table 3.1. Acidification of the gastric compartment throughout 6 h of simulated digestion 
of the high-fat meal. 

Digestion time (min) pH value 

0 6.5 
30 4.2 

60 2.9 

120 2.0 
210 1.7 

360 1.7 

  
 Bioaccessible micellar fractions and the ileal effluent were analyzed at 30, 60, 120, 

180, 240, 300, 360 min. The bioaccessible fractions were removed by filtration using a 

semi-permeable, 0.05 μm pore size capillary membrane (PlasmaFlux P2 Dry, Fresenius, 

Bad Homburg, Germany). The jejunal and ileum fractions filtered at 4.5 mL/min (Minekus 

2015). The filtrates were collected and immediately frozen at -30°C until analysis. All 

samples were replicated with three independent runs. The maximum amount of FFA was 

calculated by determining the weighted average of egg yolk TAG using values listed in 

Table 3.2 (Grobas et al. 2001; Attia et al. 2015; Khan et al. 2017). Maximum 

bioaccessibility was calculated by taking into consideration that pancreatic lipase and 

colipase are able to cleave each TAG into only two FFAs (and one sn-2 MAG) (Equation 
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1) (Wilde and Chu 2011). With a weighted average FFA weight of 273.3 g/mol, the 

maximum bioaccessibility from the fed meal was 6.37 g FFA.  

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑏𝑖𝑜𝑎𝑐𝑐𝑒𝑠𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦 =
𝑓𝑒𝑒𝑑 𝑓𝑎𝑡

𝑀𝑊𝑇𝐴𝐺
 ×  2 𝑀𝑊𝐹𝐴  Eq. 1 

Where the ‘feed fat’ is the amount of fat fed to the TIM-1, MWTAG is the molecular weight 

of the triglyceride, and MWFA is the molecular weight of one FA. This calculation assumes 

that all of the fat extracted from Soxhlet are TAGs and not phospholipids or other lipid 

species.  

Table 3.2. Major fatty acid composition of egg yolk.  

Fatty acid Composition (%)* 

Palmitic acid (C16:0) 25 – 32 
Stearic acid (C18:0) 6 – 13 
Oleic acid (C18:1) 37 – 49 
Linoleic acid (C18:2) 10 – 15 
Arachidonic acid (C20:4) 1 – 2 
Palmitoleic acid (C16:1) 3 – 5 
Myristic acid (C14:0) 0.4 – 1 

*Data obtained from the literature (Christie and Moore 1970; Gornall and Kuksis 1973; 
Grobas et al. 2001; Attia et al. 2015; Khan et al. 2017). 

 

3.6 Post-Digestion Analysis – Microscopy 

Digesta from the stomach, jejunum, and ileum of the TIM-1 were collected at t = 0, 

30, 60, 90, 120, 180, 240, 300, and 360 min for image analysis. The samples were 

examined at 10x magnification using brightfield microscopy (Nikon Eclipse Ti, Nikon 

Instruments, Tokyo, Japan). Micrographs and particle size area (particle selection 

parameters: 10 μm – infinity, 0 circularity) were analyzed using FIJI (https://imagej.net/Fiji) 

by colour thresholding (Schindelin et al. 2012). 

3.7 Extraction and Analysis of FFA 

500 μL of jejunal and ileal filtrates were acidified with 100 μL of 1M HCl then added 

to 750 μL of hexane in microcentrifuge tubes (VWR, Radnor, PA, USA). The samples 
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were vortexed for 10 s before centrifugation at 16,873 g for 30 min at 4°C (5418 

Laboratory Centrifuge, Eppendorf Hamburg, Germany). The supernatants were decanted 

and diluted in an additional 250 μL of hexane for a 2x dilution. NEFA reagents were 

prepared according to package instructions (Nik et al. 2011). Standard solutions were 

prepared by diluting the NEFA stock standard of oleic acid into 0.1 mM, 0.25 mM, 0.50 

mM, 0.80 mM, and 1.00 mM solutions. A standard curve was generated by mixing 225 

μL of NEFA reagent A with 5 μL of prepared standard solutions to each of the 96 wells, 

along with blanks (0 mM) in triplicates. In order to obtain higher concentrations for the 

standard curve, 10 and 20 μL of stock NEFA standard was added to the wells to extend 

the standard curve to 1.97 mM and 4.00 mM respectively. 5 μL of extracted sample was 

added to the remaining wells in triplicates and placed into a 37°C incubator for 10 min. 

NEFA reagent B was added to all wells and incubated again for 15 min. Absorbance was 

measured on a spectrophotometer (Spectramax Plus, Molecular Devices Corporation, 

San Jose, CA, USA) at λmax = 550 nm (Nik et al. 2011).  

3.8 Data Analysis and Mathematical Modelling 

Data analyses were conducted on Prism 8 (GraphPad Software, San Diego, CA, 

USA). Significant differences were determined at α-value of 0.05 using one-way ANOVAs 

(with Tukey’s post hoc testing), and Spearman’s rank correlation. Bioaccessibility data of 

FFA lipolysis as a function of time (t) was fitted to a three-parameter shifted logistic model 

using a non-linear regression routine in Prism; root mean squared error values were used 

to determine the goodness of fit. This model arose from the observation that lipid digestion 

followed a sigmoidal pattern with three distinct periods: a lag period where no or very little 

FFAs were released, a digestion period where most of the digestion occurred in a rapid 
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rate, and a plateau period where the release rate of FAs remained relatively constant 

(Mun et al. 2006; Li and McClements 2011; Troncoso et al. 2012; Speranza et al. 2013). 

The concentration of bioaccessible FFA at any given time C(t) is expressed using 

Equation 2 (Speranza et al. 2013; Fondaco et al. 2014; Ng et al. 2019).  

𝐶(𝑡) =  
𝐶𝑎𝑠𝑦𝑚𝑝

1+ 𝑒[𝑘(𝑡𝑐−𝑡)] − 
𝐶𝑎𝑠𝑦𝑚𝑝

1+𝑒𝑘𝑡𝑐
  Eq. 2 

Where Casymp is the asymptotic value of total bioaccessibility of FFAs, k is the rate 

constant for FFAs hydrolysis, and tc is the induction time when half of total FFAs were 

released. A second term was added to force the curve through the origin (t = 0) as no 

FAs were released at t = 0 min. Initial values were provided for iterations needed to 

converge and fit the data (i.e. Casymp = 50, k = 0.02, tc = 200). Bioaccessibility parameters 

were compared using their 95% confidence interval overlaps to determine significant 

differences.  
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4 Results and Discussion 

Proximate analysis on three cartons (different lot numbers) of eggs resulted in no 

significant differences in the yolk’s moisture, protein, and fat content (~ 50%, 15%, and 

30%, respectively). These values were also consistent between eggs from different lots 

and aligned with previously reported literature (Anton and Gandemer 1997; Sugino et al. 

1997; Mine 2002; Li-Chan et al. 2017). The lack of significant differences between fat and 

protein content between egg yolk samples allows for sample consistency across 

simulated digestion runs (Table 4.1).  

 The heating rate (kh) for eggs during cooking was not significantly different (p = 

0.23), at ~0.14oC/min (data not shown) irrespective of the sous vide temperature (65, 70, 

75, 85°C) (Table 4.2). Since the heating rate is the same, the controlled variable is the 

sous vide cooking protocol (time-temperature combination) allowing the study of changes 

in the protein denaturation as a function of cooking temperature. 

 

Table 4.1. Proximate analysis results on three cartons of large, Canada Grade A white 
hen eggs from three cartons (different lots) using gravimetric, Soxhlet, Dumas, and dry 
ashing analysis. 

Parameters  Carton 1 Carton 2 Carton 3 

Egg wt. (g) 59.5 ± 2.40 58.5 ± 1.62 57.9 ± 1.63 

Yolk wt. (g) 28.7 ± 2.25 29.2 ± 1.89 29.6 ± 2.41 

Yolk moisture (%) 50.0 ± 0.52 47.7 ± 1.06* 49.3 ± 0.74 

Yolk fat (%) 27.1 ± 0.96 28.3 ± 2.05 27.8 ± 3.21 

Yolk protein (%) 16.8 ± 0.18 16.8 ± 0.04 16.6 ± 0.20 

Yolk ash (%) 1.16 ± 0.08* 1.63 ± 0.03 1.61 ± 0.26 

Values are reported as mean ± SD. 
Values denoted with an asterisk (*) are significantly different within their row.  
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Changes in protein secondary structure were evaluated using FTIR by monitoring 

changes in the amide I region (1600 cm-1 – 1700 cm-1). C=O stretching vibrations 

dominate the amide I region, providing valuable information regarding protein 

conformation changes (Pelton and McLean 2000; Blume et al. 2015; Xu et al. 2020). Each 

of the following regions of spectra associate with a distinct secondary structure of the egg 

yolk proteins: 1610 – 1622 cm-1 intermolecular β-sheets, 1631 – 1640 cm-1 intramolecular 

β-sheets, 1648 – 1657 cm-1 α-helices and random coil, and 1660 – 1685 cm-1  β-turns 

(Matheus et al. 2006a; Lilienthal et al. 2015; Blume et al. 2015; Ulrichs et al. 2015). Fourier 

self-deconvolution of the FTIR peaks resolved any overlapping structural elements (Xu et 

al. 2020). The second derivative of the amide I region showed a spectral shift from 1630 

cm-1 to 1620 cm-1 as the cooking temperature increased (Figure 4.1). Concurrently, the 

spectral intensity of the intramolecular β-sheets decreased at higher sous vide cooking 

temperatures. Intramolecular β-sheets of raw yolks constituted 32% of the amide I region, 

which decreased to 4% when the yolk reached 85°C while intermolecular β-sheets at 

85°C exhibited the opposite trend (13 –  20% of the amide I region at 20 – 75°C, 38% at 

85°C), aligning with previous studies (Matheus et al. 2006a; Blume et al. 2015). Heating 

alters most non-covalent interactions causing the native proteins to unfold. Specifically 

for egg yolks, applying heat denatures the surface-stabilizing LDL apoproteins, forming a 

gel network (le Denmat et al. 1999; Cordobes et al. 2004; Kiosseoglou and 

Paraskevopoulou 2005; Matheus et al. 2006a; Blume et al. 2015). Yolk protein 

denaturation resulted in an increase of intermolecular β-sheets and a decrease in 

intramolecular β-sheets, indicating protein-protein interactions that result in the formation 

of a three-dimensional protein network (Clark et al. 2001; Cordobes et al. 2004; Matheus 
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et al. 2006a). These findings aligns with the strong negative correlations (r = -0.980) found 

between protein digestibility and spectral intensity of the band at 1620 cm-1 corresponding 

to intermolecular β-sheets in various food products, including legumes/pulses (common 

bean, chickpea, soybeans), cereals (barley, emmer wheat), and animal products (milk, 

cheese, chicken meat) (Carbonaro et al. 2012). An increase in spectral intensity is also 

observed in the α-helices and random coils region at 85°C, suggesting an increase in 

these structures (20% at all other temperatures, 36% at 85°C). In general, native 

structures such as α-helices should decrease during thermal treatment, however, the 

increase in these structures can  potentially be attributed to the increased denaturation of 

other proteins, forming random coils (Matheus et al. 2006b; Blume et al. 2015). However, 

α-helices and random coils cannot be differentiated within this region in non-deuterated 

samples (Pelton and McLean 2000; Matheus et al. 2006a).  
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Figure 4.1. A) FTIR spectra of the amide I region (1600 – 1700 cm-1) of yolks cooked at 
different temperatures. B) Distribution (%) of protein secondary structures in yolks cooked 
at different temperatures. All values plotted as mean ± SD, different asterisks denote 
significant difference (p < 0.05).  
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Small deformation rheology can assess elastic and viscous components of the 

yolk’s heat set gel network in order to further quantify the thermally-induced structural 

changes. While FTIR provides information on yolk protein secondary structure, the small 

deformation rheological measurement provide insights into network structure and are 

sensitive to changes in both secondary and tertiary structures (Lopes da Silva and Rao 

2007; Blume et al. 2015).  

The amplitude sweeps performed on the cooled, raw and sous vide cooked egg 

yolks (65, 70, 75, 85°C) determined the limits of the LVER at 0.01 – 1% strain; frequency 

sweep experiments used the midpoint of 0.1% strain.  As the severity of the thermal 

treatment increased, both the storage and loss moduli of the egg yolk increased (Figure 

4.2A, B). At temperatures below 70°C, no significant differences were observed in G′ or 

G′′, due to the less developed protein network at low cooking temperatures. le Denmat et 

al. (1999) also found that the apparent yolk viscosity increased when heated to 65°C; at 

temperatures above 70°C, coagulation occurred. In these experiments, when the cooking 

temperature reached 70°C, there was a significant increase in the storage and loss 

moduli. The storage and loss moduli progressively increased with cooking temperature 

above 70°C. G′ increased from 1.72×104 Pa for 70°C yolks to 5.42×104 Pa for 85°C yolks, 

and G′′ increased from 2.31×102 Pa for 70°C yolks to 7.43×103 Pa for 85°C yolks. The 

rheological data observed supports the theory of the formation of a three-dimensional 

protein network via hydrophobic interactions of denatured proteins. When heated to 75°C 

and 85°C, tan δ approaches 0, indicating the presence of a gel, while at 20°C and 65°C, 

tan δ is ~0.50, and there was a lack of gel formation visually (Figure 4.2C). The sous vide 
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cooking temperature provides differentiated materials that make them ideal to be digested 

in the TIM-1 (le Denmat et al. 1999).  
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Figure 4.2. A) G′ (black points) and G″ (white points) of cooked egg yolks as a function 

of frequency (strain = 0.1%). B) G′ and G″ values of different egg yolk treatments. C) tan 

δ of different egg yolk treatments. All values plotted as mean ± SD, different asterisks 

represent significant differences (p < 0.05). 
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DSC provides a method to quantify the energy associated with the transition of 

proteins from their native to thermally denatured states (Sánchez and Burgos 1997; 

Fernández-Martín et al. 1997; Puppo and Añón 1999; Cordobes et al. 2004). Thermal 

analysis of the uncooked yolk showed a single endothermic peak at 83.4 ± 1.70°C, similar 

to reported values in the literature (Chung and Ferrier 1995; Guerrero et al. 2004; 

Chalamaiah et al. 2017).  The single endothermic peak is a series of partially overlapping 

peaks corresponding to the denaturation temperature of individual classes of egg yolk 

proteins such as livetins, phosvitins, and lipoproteins (Rossi and Schiraldi 1992; Chung 

and Ferrier 1995; Speroni et al. 2005; Chalamaiah et al. 2017). The denaturation enthalpy 

is the net value of exothermic (break up of protein aggregates or hydrophobic interactions) 

and endothermic (disruption of hydrogen bonds) reactions (Chalamaiah et al. 2017). The 

thermogram peak correlate to endothermic changes of yolk proteins. Therefore, the 

reduction of enthalpy at higher temperatures suggest a loss of native protein structure 

during cooking (Van der Plancken et al. 2006; Chalamaiah et al. 2017). The magnitude 

of the peak and its corresponding enthalpy change (ΔH) decreased as sous vide 

temperature increased (Figure 4.3). Thermal analysis of the 85°C egg yolk had no 

detectable transition (producing a flat line across testing temperatures), while 20°C yolk 

produced a peak enthalpy (ΔH) of 1.13 ± 0.33 J g-1. The lower temperature yolks [20°C 

and 65°C (ΔH = 1.02 ± 0.15 J g-1)] did not statistically differ due to the low cooking 

temperature and lack of denaturation as observed in other structural experiments. Yolks 

cooked at 70°C (ΔH = 0.72 ± 0.17 J g-1) and 75°C (ΔH = 0.31 ± 0.10 J g-1) overlap in 

significance as the transition from native to denatured proteins increased as a function of 

temperature.  
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Figure 4.3. A) Normalized denaturation enthalpy of sous vide egg yolks plotted as mean 
± SD, different asterisks represent significant differences (p < 0.05). B) DSC thermogram 
of the singular peak at ~85°C of sous vide egg yolks.  

 

Changes in physical structure alter lipid bioaccessibility in food matrices (e.g., 

almonds and cheese) (Ellis et al. 2004; Cassady et al. 2009; Ayala-Bribiesca et al. 2016). 
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The TIM-1 in vitro gastrointestinal model assessed the bioaccessibility of egg yolk lipids, 

reported as the fraction of cleaved FAs from TAGs by pancreatic lipases collected in the 

jejunal and ileal fractions. Non-cumulative total bioaccessibility (Figure 4.4 left) illustrates 

a ~90 min lag in lipolysis. The lag period has been attributed to the time needed for the 

surface-active components in bile to reach the water-oil interface and displace the 

stabilizing monolayer interface surrounding the TAG core to allow lipase interfacial 

access, which may hinder lipolytic activity and result in the observed lag phase at the 

onset of digestion (Reis et al. 2009; Li and McClements 2011; Gallier and Singh 2012; 

Troncoso et al. 2012; Meynier and Genot 2017).  At ~180 min, the absolute bioaccessible 

fraction exhibited a maximum. The increased FFA release during this time may be caused 

by an increase in interfacial surface area between the aqueous digestive environment 

and the lipid droplets. This is followed by a decline until the end of digestion at 360 min. 

The depletion of lipids and/or the saturation of the interface by lipolytic enzymes may have 

caused the declining rate of lipid hydrolysis. 

 The cumulative bioaccessibility curves closely fitted to the previously described 

three-parameter shifted logistic model, with root mean squared error values ranging 

between 0.72 – 1.31. (Eq. 2) (Figure 4.4 right). Figure 4.5 A – C clearly shows the 

significant differences (denoted by different letters) in the cumulative bioaccessibility after 

6 h in vitro digestion. In the jejunum, yolks at 20°C and 65°C have higher bioaccessible 

fractions (18 – 25% lipid bioaccessibility) than 85°C yolks (14% lipid bioaccessibility). 

Yolks cooked at 70°C and 75°C exhibit intermediate values regarding protein 

denaturation and not significantly different from 20°C, 65°C yolks, nor 85°C yolks. In the 

ileum, the cumulative bioaccessibility, significant differences were only 65°C and 75°C. 
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Ileum bioaccessibility only contributes a smaller portion of total cumulative 

bioaccessibility, which is expected as lipid hydrolysis initiates early in the jejunum. The 

asymptotic total bioaccessibility of FFAs value (Casymp) of both jejunal and ileal fractions 

showed similar results as the jejunal fraction, with 20°C treatment showing significantly 

higher total bioaccessibility after 6 h (95% CI: 25 – 29%) than 85°C (95% CI: 19 – 24%). 

 The rate of lipid hydrolysis k obtained from the cumulative bioaccessibility data 

was not significantly different in the jejunum (k ~ 0.15) nor ileum (k ~ 0.02) (Figure 4.5 D 

– F). The time taken to reach ½ of total lipolysis, also referred to as induction time, showed 

significant differences in pooled data only (Figure 4.5 G – I). The induction time in the 

pooled data at 20°C was significantly faster (95% CI: 138 – 157 min) than at 75°C and 

85°C (160 – 190 min). This suggests that the raw, liquid egg yolk was absorbed faster 

than the yolks with intermolecular protein networks formed through denaturation during 

the cooking process, as the raw yolk lipids would have less aggregates and thus, smaller 

particle sizes and a greater water-lipid surface area for the lipases to act upon (Troncoso 

et al. 2012). During the digestion of 85°C cooked egg yolks, large particles of yolk 

remained in the effluent, whereas no particles were observed in the effluent at lower 

cooking temperatures. Lipid release from egg yolks may be considered an erosion-

controlled process, such that the breakdown of the matrix is essential for bioaccessibility 

as the lipid droplets are embedded within their matrices and must be exposed to the lipid-

water interface before lipases can access the surface (McClements et al. 2008b; Chen et 

al. 2008). This research shows that the thermal processing of egg yolks alters structure 

and lipid bioaccessibility. The increase in cooking temperature decreased in vitro yolk 

lipid bioaccessibility above 75°C.  
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Figure 4.4. Non-cumulative (left) and cumulative (right) bioaccessibility of yolks cooked 
at various temperatures in the jejunal, ileal, and combined jejunal and ileal compartments 
as a function of digestion time. Non-overlapping error bars suggest significant differences 
(p < 0.05).  
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Figure 4.5. Total bioaccessibility, Casymp (A, B, C), rate of lipid hydrolysis, k (D, E, F), 
induction time, (G, H, I) at different temperatures in the jejunum (first row), ileum (second 
row), and combined jejunum + ileum (third row) fractions. Different letters denote 
significant difference; reported best fit values ± 95% confidence interval fitted to the 
shifted logistic model (Eq. 2). 

 

Matrix degradation impacts the rate and extent of digestion for both macro- and 

micronutrients embedded in food (McClements et al. 2008a). Particle size 

characterization allows an aspect of matrix degradation to be monitored during in vitro 

digestion (Figure 4.6, 4.7). The images of raw and 85°C yolks collected in the stomach, 

jejunal, and ileal compartments show different particle sizes over the 6 h digestion. Before 
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thermal processing (at t = 0 min), 75% of particles were smaller than 10 μm in the raw 

yolk (Figure 4.8) in agreement with previous reports (Xu et al. 2020). During simulated 

digestion in the gastric compartment, particles > 10 μm begin to decrease in size (Figure 

4.8). In TIM-1 studies, the stomach is regarded as emptied after 180 min, reducing the 

number of particles from >1000 to < 30 in individual micrographs; and with so few particles 

the size distribution following t = 180 min will potentially be more prone to inhomogeneous 

sampling (Minekus 2015).  

Egg yolks sous vide cooked at 85°C had a larger initial size (i.e. t = 0 min) whereby 

only ~15% are > 10 μm (Figure 4.6).  Initially, most of the particles were between 10 to 

30 μm, while > 50% of all particles were > 30 μm. The number of these small particles 

(e.g., > 30 μm) increased in the overall proportion of the particles compared to raw yolk, 

increasing from 50% at 0 min to 90% of the distribution at 30 min. Additionally, cooking 

to 85°C generated large particles (> 100 μm), which decreased in size during digestion, 

from ~30% distribution to less than 10% at 120 min. At 0 min in the stomach, 85°C yolk 

contained dense, distinct, polyhedral structures between 100 – 200 μm assumed to be 

induced by cooking, as they are unseen in raw yolk micrographs. These structures are 

similar to previous reports (Woodward and Cotterill 1987). Lipid/protein aggregation 

during cooking led to the appearance of larger (> 1000 μm) lipoproteins in the cooked 

yolk (Xu et al. 2020). The disintegration of the polyhedral structures caused by enzymatic 

degradation and hydrodynamic peristalsis is observed in the stomach and the intestinal 

compartments over time. The erosion around the edges of the particles begun at 30 min 

and became more pronounced at 60 min and onwards. At 90 min, the structures were 

granular and became perfused with holes, suggesting that the structures were being 
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eroded and begun to break down both outside and inside. This may be the cause of the 

rapid lipid bioaccessibility increase as enzymes begin to access the core of lipid 

aggregates. The loss of intact aggregate structure removes physical barriers and 

accelerates lipolysis. At 60 – 120 min, the particles appeared lighter, suggesting flatness 

due to matrix degradation. At 90 min particles larger than 1000 μm completely 

disappeared.  

The particle size of the raw yolk in the jejunum increased during the first 90 min in 

the raw yolk, then decreased (Figure 4.8). This trend was hard to visualize using a 

brightfield microscope at 10x magnification due to the smaller particle sizes compared to 

the 85°C yolk. Micrographs of the 85°C yolk obtained from jejunal luminal fluids in the 

85°C yolk showed less-dense, large, and irregular structures between 30 – 90 min 

compared to the stomach (Figure 4.6). The density and curvature of the edges suggest 

extensive breakdown has occurred to the intact particles observed earlier in the stomach. 

The particle size of the egg yolk particles in the jejunum increased during the first 180 

min; after which the larger aggregates disintegrated into smaller particles. Longer matrix 

degradation time was required to break down the large, random aggregates formed 

through heating. The rate of lipid hydrolysis in the jejunum was the highest between 180 

– 300 min, potentially due to the channelling and perforation of the particles which 

increases surface area and thus, enzymatic activity. The need for additional break down 

time may contribute to the significant differences in induction time between raw and 85°C 

yolks in bioaccessibility experiments. The samples from the ileal compartment had similar 

particle size distribution for both the raw and 85°C yolk trials. The lack of discrepancies 
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agrees with bioaccessibility data, such that no significant difference in lipid bioaccessibility 

was observed between raw and 85°C yolks in the ileum compartment.   
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Figure 4.6. Brightfield microscope (10x magnification) images of particle disintegration 
during a 6 h digestion of 85°C yolks in the three compartments of the TIM-1 (scale bar = 
200 μm). Right column = stomach, middle = jejunum, left = ileum compartment.  
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Figure 4.7. Brightfield microscope (10x magnification) images of particle disintegration 
during a 6 h digestion of raw yolks in three compartments of the TIM-1 (scale bar = 200 
μm). Right column = stomach, middle = jejunum, left = ileum compartment.  
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Figure 4.8. Particle size distribution at all digestion times sampled in different 
compartments of two egg yolk treatments during 6 h digestion in the TIM-1. A) Stomach 
raw B) Jejunum raw C) Ileum raw D) Stomach 85°C E) Jejunum 85°C F) Ileum 85°C. 
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Sous vide egg yolk lipid bioaccessibility’s relationship with structure change was 

determined using regression and correlation analysis (Figure 4.9). No significant 

correlation was observed between intermolecular β-sheet content and lipid 

bioaccessibility using Spearman rank (one-tailed, p > 0.05), suggesting the lack of a 

relationship between the two variables. Intermolecular β-sheets did not show correlation 

to lipid bioaccessibility with a lack of a significantly non-zero slope (m = -0.088, p = 0.12). 

The linear regression could not accurately describe the data set [R2 = 0.177 at α = 0.05 

(Figure 4.9A)] due to bioaccessibility data having large variability. The low number of data 

points between 20 – 40% intermolecular β-sheets could also contribute to the lack of fit. 

Nonetheless, the general trend of the linear regression is still negative. Future works 

could expand the treatments by adding in 80°C and above 85°C experiments. Conducting 

more replicates of the treatments better define the trend and find an appropriate model 

for this relationship.  

Intramolecular β-sheets and lipid bioaccessibility have a strong significant positive 

correlation (one-tailed, p < 0.05) with a correlation coefficient of 0.90. The positive 

correlation suggests that when intramolecular β-sheet content was highly ranked, the 

corresponding lipid bioaccessibility value was also highly ranked; thus, as one variable 

increases the other is likely to increase. Intramolecular β-sheets have the inverse trend 

of intermolecular structures, with a significantly non-zero, positive slope (m = 0.100, p < 

0.05) (Figure 4.9B). The differences in slope suggests that higher native structure 

(intramolecular β-sheets) related to higher bioaccessibility. Although the raw treatment 

had significantly lower intramolecular β-sheets (4%), the regression fit was still lacking 

due to considerable variability in bioaccessibility data (R2 = 0.268). Similar to 
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intermolecular trends, the linear regression does not describe the data well due to the 

larger variability in TIM-1 studies.  

The log G′ – bioaccessibility relationship has a significant (p < 0.05, one-tailed) 

negative Spearman rank correlation coefficient (r = -0.90). The negative correlation 

indicates that the lower ranked the log G′ value was, the higher the corresponding 

bioaccessibility value was ranked. The linear regression of log G′ and lipid bioaccessibility 

relationship (Figure 4.9C) describes this dataset adequately (R2 = 0.392) with a 

significantly non-zero, negative slope (m = -1.358, p < 0.05). This regression suggests 

that bioaccessibility significantly decreases with increasing G′ values. A probable 

explanation is that the higher G′ values represent the material becoming more elastic due 

to the gel network formation. The network may reduce the total lipolysis of TAGs during 

digestion due to increased matrix integrity, delayed release of lipids, and lowered motility 

of lipase.  

A significant (p < 0.05, one-tailed) Spearman rank correlation coefficient of 0.77 

between peak enthalpy and lipid bioaccessibility suggests a strong positive relationship. 

Peak enthalpy plotted against lipid bioaccessibility (Figure 4.9D) was found to have a 

significantly non-zero, positive slope with an adequate R2 (m = 2.703, p < 0.05; R2 = 

0.354). The disappearance of the peak signifies the denaturation of native proteins and, 

subsequently, intermolecular gel network formation. Finding significance within physical 

parameters and bioaccessibility relationships suggests that structure (and thus food 

processing methods that change structure) affects lipid bioaccessibility, which has been 

previously demonstrated in other food matrices (Ellis et al. 2004; Parada and Aguilera 

2007; McClements et al. 2008b; Ayala-Bribiesca et al. 2016). Further understanding of 
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food structure and bioaccessibility could allow bioaccessibility to be estimated and 

predicted indirectly through structure analysis.  

 
Figure 4.9. Relationships between physical parameters: A, B) protein secondary 
structure, C) rheology, D) enthalpy, and lipid bioaccessibility. All values reported as best 
fit value ± 95% confidence interval. 
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5 Conclusions and Future Work 

The increased awareness of diet and its effects on health has propelled interest in 

nutrient release modulation research. Regulation of specific nutrient release can be used 

to combat dietary diseases and potentially improve quality of life, whether it is by 

increasing or mitigating their bioavailability. Recent research elucidated that changing 

physical parameters, such as particle size, physical state, interfacial composition, and 

food matrix composition and structure can affect nutrient release (Gibson et al. 2006; 

Parada and Aguilera 2007; Bonnaire et al. 2008; McClements et al. 2008b, a; Groopman 

et al. 2015; Guo et al. 2017). 

The research herein is aimed to elucidate structural parameters that change as a 

function of thermal processing of egg yolks, to examine the effects of thermal processing 

on yolk lipid bioaccessibility, and to examine if any relationships exist between structure 

and bioaccessibility. As the severity of the thermal treatment increased (higher 

temperature), the yolk structure became more gel-like due to protein denaturation, which 

led to higher intermolecular bond content, and protein network formation (Kiosseoglou 

and Paraskevopoulou 2005; Blume et al. 2015). Protein structure changed from native to 

denatured upon cooking, leading to an increased elastic response. These results 

confirmed the primary hypothesis; an increase in cooking temperature significantly altered 

yolk matrix structure causing a decrease in lipid bioaccessibility in egg yolks. Although 

the rate of lipolysis shows no significant differences in any TIM-1 compartment as a 

function of cooking temperature, the changes in induction time significantly differed 

between raw yolk (20°C) and 75°C, 85°C yolks for total cumulative bioaccessibility. These 



 
 

84 
 

results confirm that the extent of lipid bioaccessibility can be modulated through food 

processing by modifying structural parameters.  

This research does not suggest that those concerned with the consumption of lipids 

in their diet should eat only hardboiled eggs, but rather that cooking egg yolks changes 

their structure and lipid bioaccessibility. These findings may be applicable to chicken egg 

yolks or perhaps yolks of other species, but more importantly, this research furthered the 

understanding of how food structure affects nutrient release. Future research is required 

to build foundational knowledge on how different food structures modulate lipid 

bioaccessibility. Determining bioaccessibility changes in more complex food systems or 

induced by different processing methods will extend the knowledge landscape of nutrient 

release. Alternative imaging techniques can validate the microstructural changes; for 

example, confocal microscopy may be used to study the distribution of protein networks 

and lipids. Other advanced imaging techniques, such as electron microscopy, may further 

advance the correlations between structure and bioaccessibility. Other protein 

denaturation characterization methods can be considered, such as polyacrylamide gel 

electrophoresis. Lastly, due to the use of an in vitro system, hormonal feedback and other 

biologically relevant parameters are missing; conducting in vivo trials, whether in animals 

or humans, would further the understanding of structure and bioaccessibility. In vivo 

studies can also elucidate whether bioaccessibility changes correlate to bioavailability to 

validate its importance to human health. In conclusion, this research contributed to the 

limited understanding of how changing structure through thermal processing impacts lipid 

digestion. As humans do not react the same to the same dietary interventions, formulating 
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designer foods for personalized diets could propel work on diet optimization to enhance 

health.    
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