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Abstract 

Dairy products, due to manufacturing processes, exhibit an array of 

possible structures at different length scales and are associated with beneficial 

nutritional and health effects. However, to date there is very little mechanistic 

understanding of such links. Unravelling the fate of food in the gastrointestinal 

tract is essential to better understand the health effects of food. 

The investigation of different dairy structured matrices was performed 

using a semi-dynamic model of gastric digestion, developed in this thesis, to 

simulate the main dynamics of the adult stomach, i.e. gradual gastric 

acidification, fluid secretion and emptying. It was validated with two dairy 

matrices obtaining a similar gastric behaviour compared to the corresponding 

in vivo digestion. 

The ófastô and óslowô digestion kinetics of whey proteins and caseins were 

shown to be due to their behaviour in the stomach, presenting soluble 

aggregates and solid, firm coagulation, respectively, which was linked to a 

higher ex vivo Leu absorption at early and late stages of digestion. The gastric 

restructuring of caseins was modulated by changing the whey protein to 

casein ratio, addition of lipid, and processing by heating and homogenisation. 

The most intensive processing resulted in weaker, fragmented coagulation, 

leading to quicker kinetics of nutrient emptying and rapid protein hydrolysis. 

The latter was linked to an easier access of pepsin into the weaker structure. 

The modulation of nutrient digestion kinetics was also obtained by comparing 

specific dairy macrostructures of semi-solid versus liquid through different 

gastric behaviours, which could be linked to the satiety responses observed in 

vivo. 

This thesis clearly demonstrated the key role of the gastric phase on 

nutrient bioaccessibility, which can be associated to physiological responses 

of dairy products. The modulation of gastric behaviour should be further 

studied and can be exploited to develop food structures with improved and/or 

tailored biofunctional properties addressing health/nutritional requirements.  
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1.1 Introduction  

The health properties of foods are conventionally assessed according to their 

individual nutrient composition. However, there is growing evidence showing that 

digestion of nutrients and postprandial responses are strongly affected by the 

structure (or matrix) of food, which is defined as the arrangement of food constituents 

and their interactions at multiple spatial length scales (Parada et al., 2007), see Figure 

1.1. The structure of food either occurs naturally or is created or destroyed by 

processing and preparation, which might play a critical role in bioaccessibility and 

bioavailability of nutrients. Bioaccessibility is defined as the amount of ingested 

nutrient that is available for absorption whereas bioavailability is the proportion of an 

ingested nutrient that is made available for exerting a defined physiological action in 

cells (Parada et al., 2007). 

Food structure can, then, control physiological responses, for instance, 

Gebauer et al. (2016) showed that the amount of energy absorbed from almonds was 

dependent on the form in which they were consumed (whole natural almonds; whole 

roasted almonds; chopped almonds; almond butter). The metabolisable energy measured 

in healthy volunteers indicated that the whole natural almonds presented the lowest 

value followed by the whole roasted almonds, chopped almonds and almond butter. 

Moreover, these values were significantly lower than predicted using Atwater factors, 

which estimate the energy-yielding substrates, except for the almond butter that was 

similar. This is one example illustrating that food is more than the sum of its nutrients. 

However, the rate-determining processes and the underlying mechanisms of the link 

between food properties and health outcomes remain unclear, which must be 

addressed by the understanding of how food structures interact within the 

gastrointestinal (GI) tract (Dupont et al., 2017). This knowledge will provide further 

insight for the design of future functional foods with specific behaviour of digestion 

and subsequent physiological outcomes (Norton et al., 2014). 
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Figure 1.1 Structural elements and relevant length scales of milk, as an example of the 
concept of food matrix, i.e. the arrangement and interactions of structural elements at 
multiscales. Electron micrographs of an individual casein micelle and milk fat globule are from 
Dalgleish et al. (2004) and Luo et al. (2014), respectively.  

Much attention has been paid to strategies to tackle the worldwide obesity 

problem and, in that context, appetite regulation should be investigated. The main 

processes governing appetite are satiation and satiety; satiation refers to the feeling 

of fullness within an eating occasion that leads to meal termination whereas satiety 

refers to the feeling of fullness for a period until the following eating occasion. These 

processes are controlled by a combination of neural and humoral signals in response 

to food in the GI tract. The gastric distension induces neural signalling resulting in 

short-lasting feeling of satiation and appetite reduction (Janssen et al., 2011). When 

food enters the small intestine, the nutrient composition is sensed, and hormones are 

secreted. The main appetite related gut hormones are cholecystokinin (CCK), peptide 

YY (PYY) and glucagon-like peptide-1 (GLP-1), which can modulate satiety by 

reducing appetite and altering GI processes. For instance, the presence of mainly lipid 

and protein in the duodenum is known to stimulate CCK, which in turn, slows gastric 

emptying (GE) and reduce appetite (Karhunen et al., 2008). This duodenal feedback 

is mainly controlled by the caloric density of digesta, therefore sufficient nutrients need 

to be emptied to modulate a given gastric volume. However, the persistence of this 

effect depends on the hormone, and macronutrient type and source. Therefore, the 

satiety signals need to be prolonged to induce that effect of satiety and fullness for 

longer, which could be obtained by the slow nutrient breakdown and might benefit 

obese/overweight people. Furthermore, more efficient nutrient release, in particular 

protein, would be useful for athletes; depending on sport characteristics, fast protein 

digestion and uptake are needed for strength training and fast recovery, whereas 

more constant amino acid absorption is sought for endurance exercise. In the same 

way, elderly individuals will benefit from foods with fast amino acid uptake to enhance 

muscle synthesis, counteracting sarcopenia. Hence, different strategies need to be 
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developed in order to optimise kinetics of nutrient release and uptake to tailor 

nutritional needs (Norton et al., 2014). Moreover, proteins have been recognised to 

have a higher satiating power than lipids and carbohydrates (Veldhorst et al., 2008), 

and this effect differs depending on the source of protein (Anderson et al., 2004). 

The physico-chemical characteristics of food components and the whole matrix 

impact how individual components interact and behave within the GI tract. Research 

has mainly focussed on the small intestine digestion in order to control nutrient 

digestion using different mechanisms such as the ileal break (Maljaars et al., 2008) 

by manipulating interfacial composition of fat droplets for instance, that alters the 

access to enzymes and bile and might slow the release of lipid. 

However, possibly having a more significant impact, the stomach can play a key 

role in controlling the rate of nutrient absorption and subsequent physiological 

responses. A schematic diagram illustrating this approach is displayed in Figure 1.2. 

There are several complex processes occurring in the gastric compartment: 

enzymatic (pepsin and gastric lipase), physical (e.g. muscular contractions) and 

chemical (e.g. pH decrease and ionic composition). The behaviour of food structures 

will depend on their physico-chemical properties in the gastric environment, which 

might cause changes to the initial structure altering the foodôs functional 

characteristics. Several types of colloidal behaviour might be observed depending on 

the stability of the structure. Golding et al. (2011) showed that colloidal structures can 

be tailored to exert different behaviour under the acidic conditions of the stomach. 

The properties of food structure adopted in the stomach will profoundly impact gastric 

disintegration and the rate of GE, i.e. gastric contents gradually delivered into the 

duodenum. Marciani et al. (2007) showed that gastric acid-unstable emulsions led to 

the formation of an intragastric oil layer to be formed on top of the chyme in the 

stomach. This accelerated GE of the aqueous phase followed by a slow emptying of 

the intragastric oil layer. This contrasted to the slow GE after the ingestion of gastric 

acid stable emulsions. Then, due to differences in the rate of delivery of nutrients to 

the duodenum, they might be absorbed and metabolised at different rates, altering 

hormonal secretion and physiological responses. For instance, the slower GE of the 

acid stable emulsion in the study by Marciani et al. (2007) study led to a greater 

secretion of CCK and greater satiety. A slow GE has been also shown to help 

diabetics by reducing peaks in lipemia (Rayner et al., 2001). Therefore, control of GE 

by intragastric behaviour of digesta can be essential for ensuring optimal digestion 

addressed to specific physiological responses. This approach should be further 

studied and exploited to design healthier food structures in the future.  
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Figure 1.2 Schematic representation of the approach showing the role of gastric digestion in 
controlling nutrient delivery and absorption by the restructuring of food in the gastric conditions. 
This might, subsequently, exert different physiological responses that can be helpful to specific 
population groups. Images of the stomach by magnetic resonance imaging of are from Mackie 
et al. (2013). 

To achieve this, a deep understanding of the mechanisms of food breakdown 

in the stomach is critical. This research should progress further in the light of the 

development of sophisticated in vivo techniques such as magnetic resonance 

imaging. Despite the gold standard for investigating nutrient digestion being the 

human body, there are ethical and economic reasons that constrain its use. In vitro 

models are widely used, and they are mainly classified into static and dynamic. 

Sophisticated dynamic models can simulate the dynamics of stomach physiology, but 

they are also expensive and restrictive. One example is the Human Gastric Simulator 

(HGS) developed at the Riddet Institute (Kong et al., 2010). In contrast, static models 

(Minekus et al., 2014) are cheap and simple to use but are less suitable to simulate 

complex gastric conditions, so they are mainly used to investigate the bioaccessibility 

of nutrients with less consideration of the structural changes during gastric digestion. 
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Therefore, there is a need to develop a simple, intermediate model that provides the 

advantages of both in vitro model types. The approach of a semi-dynamic gastric 

model was developed and used in this thesis. This model can achieve digestive 

properties comparable to in vivo behaviours in a more accessible way, although it 

remains impossible to perfectly simulate human physiological conditions. 

Nevertheless, these more sophisticated in vitro approaches can provide additional 

knowledge regarding the physico-chemical mechanisms underpinning the in vivo 

findings. 

Dairy products are consumed widely and constitute an important part of our diet 

due to their nutritional value. The manufacturing processes affect the macronutrient 

organisation and texture providing an array of possible structures at different length 

scales, which consequently might modulate the kinetics of product disintegration and 

nutrient release in the GI tract. There is some research on absorption and 

physiological responses in milk and dairy products. For example, Lacroix et al. (2008) 

showed that the heat treatment of ultra-high temperature (UHT) in milk led to faster 

nitrogen delivery, compared to pasteurised milk. Also, Boirie et al. (1997) showed fast 

and slow absorption rates of whey proteins and caseins, respectively, although 

caseins were reported to be more susceptible to enzymatic proteolysis than whey 

proteins at molecular level (Macierzanka et al., 2009). The gastric phase has often 

been overlooked in relation to food digestion and health implications. In some studies, 

it has been suggested that the physiological responses obtained are related to gastric 

digestion but it has hardly been investigated. Therefore, there are key gaps in the 

literature about the structural changes and nutrient emptying kinetics during gastric 

digestion of dairy matrices. Also, the study of complex foods, in which different types 

of nutrients coexist is challenging since these nutrients might play synergistic or 

competitive roles, which makes the outcomes of digestion even more difficult to 

interpret. 

This literature review therefore aims to illustrate how the physiological 

responses and patterns of digestion observed following consumption of dairy products 

with different structures might be linked to gastric digestion and the need for its further 

study. Dairy products and their impact on health, and their main constituents will be 

briefly discussed together with a general explanation of GI tract and nutrient digestion. 

This literature review chapter will focus on assessing how dairy structures at several 

length scales affect nutrient bioaccessibility and bioavailability kinetics leading to 

different metabolic effects, in light of gastric digestion. In that view, only in vivo studies 

and in vitro studies using dynamic and semi-dynamic models are considered. Static 

in vitro methods will not be included because they are not able to provide accurate 
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kinetic data of nutrient digestion. This chapter only includes dairy structures from 

bovine origin, so it does not include milk from other animal sources. 

1.2 General Implications of Dairy Consumption for 

Nutrition 

Milk and dairy products have been widely recognised as excellent nutritional sources, 

containing proteins, lipids, carbohydrates, vitamins and minerals, in particular, 

calcium. The composition of milk, on average, is 87% water, 4% to 5% carbohydrate, 

3% to 4% of protein and lipid, 0.8% minerals and 0.1% vitamins (Pereira, 2014). Dairy 

foods are the major contributors of dietary saturated fatty acids (SFA) and the 

evidence linking those fatty acids with cardiovascular diseases (CVD), through the 

increase of blood lipids in particular low-density liopoprotein (Griffin, 2017), has partly 

resulted in the reduction of dairy consumption, by 13.7% between 2003 and 2013 in 

the UK (Defra family food survey, AHDB Dairy, 2015). Nevertheles, there is a paradox 

in the fact that increasing evidence has shown the consistent neutral or even benefitial 

associations between dairy food consumption and CVD as shown in meta-analyses 

prospective cohort studies (Givens, 2017), and several other diseases (Thorning et 

al., 2016). A multinational cohort study in 21 countries from five continents was 

recently published showing that the consumption of dairy products (milk, yogurt and 

cheese) was associated with lower risk of mortality and CVD (Dehghan et al., 2018). 

This discrepancy is probably due to the generalised approach of evaluating the health 

benefits of a food according to its individual components rather than the matrix and 

then, the health benefits of dairy products are probably due to a synergistic effect 

between the various components when consumed as a whole. Therefore, when 

investigating the health effects of dairy products, the whole matrix and its specific 

structure has to be considered (Thorning et al., 2017). Indeed, Panahi et al. (2014) 

showed, using isovolumetric preloads, the effect of whole milk and its individual 

macronutrients. The response of postprandial glycemia in whole milk was 56% lower 

than the sum of the glycemic responses for each macronutrient. 

Furthermore, milk proteins are classified as high-quality proteins considering 

human amino acid (AA) requirements and digestibility. They have high true 

digestibility and postprandial protein utilization of 95-96% and 74%, respectively (Bos 

et al., 1999). In fact, milk proteins are frequently considered the best protein source 

taking into account the conventional measurement methods for protein value of 

essential amino acid score and protein-digestibility corrected amino acid score 

(Schaafsma, 2000). The AA profile is different between the two main milk proteins; 
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whey proteins are especially riched in branched chain amino acids (BCAAs), i.e., Leu, 

Ile, and Val as well as Lys, compared to caseins (Gorissen et al., 2018). Milk proteins 

can be generally considered as a better source of protein compared to plant proteins 

since the later proteins are less digestible and deficient in one or more essential amino 

acids (EAAs) and their Leu content is 6-8%, compared to 10-13% in dairy proteins 

(Gorissen et al., 2018). The EAAs, in particular BCAAs, are important since they 

excert a key role in muscle protein synthesis (Wolfe, 2002). Moreover, the high levels 

of Leu, in particular in whey proteins, induce the stimulation of glucose-dependent 

insulin-tropic polypeptide (GIP) (Nilsson et al., 2004). This hormone increases insulin 

response and lowers blood glucose, which might be beneficial for type-2 diabetics. 

Milk protein ingestion has been suggested to have benefits on cardiometabolic health 

(Fekete et al., 2016). Moreover, milk proteins have important biological functions, 

casein micelle carries calcium and phosphate for efficient absorption. Several 

peptides from milk proteins have been reported to exert certain functions such as 

antihypertensive, opoid-like activity and antithrombotic properties (Fekete et al., 2015; 

Jauhiainen et al., 2007). 

1.3 Composition and Structure of Dairy Constituents  

1.3.1 Milk Proteins 

Bovine milk usually contains about 3-4% protein, which varies depending on the 

lactation period, animal breed and seasonality among other factors. The main proteins 

in milk are caseins and whey proteins, accounting for approximately 80% and 20% of 

bovine milk protein respectively. 

1.3.1.1 Caseins 

There are four different casein proteins: Ŭs1-, Ŭs2-, ɓ- and ə-casein, in a ratio of 

4 : 1 : 4 : 1, respectively and ranging in molecular mass from about 20 to 25 kDa (Fox 

et al., 1998). Caseins are insoluble at pH 4.6 (isoelectric point of the caseins), are 

relatively hydrophobic molecules that are comparatively low in sulfur-containing AAs 

(i.e. Cys and Met) and contained high levels of phosphate group. Ŭs2- and ə-caseins 

have two Cys residues per molecule, and high levels of Pro. It is mainly due to the 

latter feature that the caseins have fairly little secondary (Ŭ-helix or ɓ-sheet) and 

tertiary structures showing a relatively open and flexible structure (Fox et al., 1998). 

Their low level of secondary structure is of high importance since it is readily 

susceptible to proteolysis but not easily denatured (Guo et al., 1995). Also, caseins 
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can exhibit good emulsifying properties because of their open, flexible structure and 

uneven distribution of polar AAs. 

Caseins are associated into supramolecular colloidal particles, called casein 

micelles, having an average diameter of 120 nm (Fox et al., 1998). The structure of 

the casein micelle is still a subject of discussion, in particular the internal part. Two of 

the most persistent models proposed for casein micellar structure are the sub-micelle 

and nanocluster models (Dalgleish et al., 2012) (see Figure 1.3) but there are some 

common characteristics. Casein micelles contain colloidal calcium phosphate and ə-

casein faces the aqueous phase. ə-casein provides the stability of casein micelles 

due to steric effects of the protruding ñhairò from the C-terminal regions of ə-casein 

sausing repulsion between micelles thus preventing aggregation. This is also helped 

by the electrostatic repulsions due to the negative surface potential of -20 mV at native 

pH of milk. The disposition of calcium phosphate in the micelle plays an important role 

in the micelle properties; without the colloidal calcium phosphate, the transport of high 

calcium concentrations in a soluble form would not be possible at pH conditions of 

milk and milk could not be coagulated by rennet. A further description of the casein 

structure is given in a review by Fox et al. (2008). 

 

Figure 1.3 Schematic representation of the structure of casein micelle based on A) sub-micelle 
model and B) nanocluster model (Adapted from De Kruif et al. (2012)). 

1.3.1.2 Whey Proteins 

Whey proteins are globular proteins comprised of ɓ-lactoglobulin (ɓ-Lg), Ŭ-

lactalbumin (Ŭ-La), bovine serum albumin, lactoferrin and immunoglobulins. ɓ-Lg is 

the major whey protein in bovine milk (about 50% of the total whey proteins) with a 

molecular mass of 18 kDa and Ŭ-La represents about 20% of the whey proteins of 

bovine milk and has a molecular mass of 14 kDa (Walstra et al., 1984). In contrast to 

caseins, whey proteins are soluble at pH 4.6 and are rich in sulphur-containing AAs. 

ɓ-Lg contains five Cys residues, four are involved in disulphide linkages (-S-S-) and 
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one is free (-SH) but buried inside the native form of the protein, which becomes 

exposed on denaturation (e.g. by heating). This can result in the formation of 

sulphydrylïdisulphide interactions with other ɓ-lg molecules or ə-casein. Denaturation 

occurs at temperatures above 70°C (de la Fuente et al., 2002). The main feature of 

whey proteins is the possession of high levels of secondary, tertiary and, in most 

cases, quaternary structures, which is pH-dependent. 

ɓ-Lg has shown binding and carrier function to fatty acids as well as 

hydrophobic compounds such as retinol, and antioxidant capacities, whereas 

lactoferrin is crutial element in iron absorption (Mills et al., 2011). 

1.3.2 Milk Lipids 

Bovine milk typically contains 3-4% lipids but levels vary widely depending on 

breed, seasonality and animal feed among many other factors (Pereira, 2014). Lipids 

in milk are in globules surrounded by a trilayer, called milk fat globule membrane 

(MFGM) that consists of phospholipids, cholesterol, glycoproteins and enzymes 

(Lopez, 2011). The presence of the MFGM helps stabilise the lipids against the 

processes of flocculation, coalescence and creaming as well as protecting the milk fat 

from lipolysis (Lopez, 2005). However, the MFGM is dynamic and fragile and can be 

damaged easily by processing operations. The lipid globules in milk range in size from 

about 0.2 to 15 µm with a mean diameter of about 4 µm. The structure of milk fat has 

been extensively reviewed by Michalski (2009). 

Triacylglycerols (TAG) represent 97-98% of the fat in milk, having a complex 

mixture of saturated, monosaturated, polysaturated and trans fatty acids which 

accounts for approximately 70%, 25%, 2.3%  and 2.7%, respectively (Månsson, 

2008). Within SFAs, the most abundant are C16:0 (30%), C14:0 (11%), and C18:0 

(12%) (Pereira, 2014). Milk contains a group of octadecadienoic isomers (cis-9, trans-

11, and the trans-10, cis-12) derived from linoleic acid that has been reported to 

provide health benefits in the cardiovascular system and immune function 

(Bhattacharya et al., 2006). 

1.3.3 Formation of Dairy Structures 

A vast range of dairy products originate from milk following processing, for instance, 

fermented products such as yogurt, sour cream and some cheeses, and butter, which 

possess different structural organisation (Figure 1.4). Farming of milk started around 

10,000 BC during the ñagricultural revolutionò when the nomadic tribes changed and 

settled in communities. Soon after, the apparition of products like cheese, yogurt and 
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butter occurred by accident due to the transport of milk in bottles made from sheep or 

goat skin and stomach. Since then, a great variety of liquid milk (usually pasteurised 

and homogenised) e.g. whole, semi-skimmed and skimmed milk, cheeses and other 

products have been developed. Likewise, various powders obtained from milk or 

whey proteins (e.g., casein, caseinates, whey protein concentrate and whey protein 

isolate) are important food ingredients and consumer products. The processing 

conditions will not only vary the physico-chemical properties such as pH and 

rheological properties but the macronutrient organisation at the different length 

scales. 

 

Figure 1.4 Schematic representation of the main dairy products produced by milk processing 
showing the changes in matrix structure (image taken from Truong et al. (2016)). 

Some of the most common processes used in the dairy industry are 

homogenisation and heat treatment. More detailed information about these processes 

can be found in other reviews (Michalski et al., 2006; Singh, 2004). 

Heat treatment is applied to food in order to ensure microbial stability. The most 

common heat treatments applied to milk are pasteurisation, that consists of heating 

at 70-90ÁC for Ó 15 s, and ultra-high temperature (UHT) sterilization involving heating 

at 135-150°C for a few seconds. Heat treatment has been reported to induce several 

changes in the protein constituents, including the denaturation and aggregation of 

whey proteins, in particular ɓ-Lg (de la Fuente et al., 2002). Heat-denatured ɓ-Lg 

interacts with ə-casein on the surface of the casein micelle via hydrophobic 

interactions and disulfide bond formation (Sharma et al., 1993). The extent of 

denaturation of whey proteins in UHT-treated milk is much higher than that in 

pasteurised milk (Douglas et al., 1981). Therefore, the level of protein aggregation is 
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higher in UHT-treated milk compared to pasteurised milk. Moreover, the pH for 

coagulation of unheated and heated milk is about 5 and 5.3 respectively (Donato et 

al., 2007). Heat also causes reorganization in the casein micelles (Dalgleish et al., 

2012) and induce an alteration of the mineral equilibrium of the milk by decreasing 

soluble calcium (Schreiber, 2001). This can impair the functionality of the casein 

micelle and subsequently alter casein coagulation (Guinee et al., 1997), which may 

affect nutrient digestion kinetics. Heated milk, in particular at UHT conditions, is 

sensitive to glycosylation, through the Maillard reaction, due to its content of lactose 

that can react with amine groups in protein, often from Lys, from caseins and, 

therefore, this might reduce the availability of Lys (Rolls et al., 1973) but it has little 

effect on the net protein utilization. The effect of Maillard reactions in milk was 

reviewed by van Boekel (1998) showing that the optimum pH for the Maillard reaction 

is between 8 and 10, which is not relevant to dairy products, and the amount of 

Maillard products measured in UHT-treated milk was 0.6-0.9 mmol/L. 

Homogenisation is used by the dairy industry to reduce the size of fat globules 

in milk and creams, in order to reduce creaming and coalescence during long shelf-

storage. In milk, this reduction is usually from an average size of 3-5 µm to below 1 

µm (Michalski et al., 2006). Homogenisation disrupts the MFGM and reduces the fat 

globule size and causes also the disruption of casein micelles (Lodaite et al., 2009). 

This, therefore leads to the formation of a new interface on the fat globules, which 

mainly consists of adsorbed milk proteins and native MFGM fragments (Lopez, 2005; 

Sharma et al., 1993). The effect of homogenization on dairy products has been 

extensively reviewed by Michalski et al. (2006). Homogenisation increases the total 

surface area of lipid droplets, which has relevance in nutrient digestion and will be 

described in this work. There are other physicochemical properties that are altered 

such as ɕ-potential, which might also influence the colloidal stability and physico-

chemical behaviour during digestion in the GI tract. 

1.4 Human Gastrointestinal Tract 

In this section an overview of the upper gastrointestinal (GI) physiology is 

presented. The gastric digestion will be explained in more detail since it constitutes 

an important part of this work. 

Human digestion is a complex multistage process during which ingested food is 

broken down into the basic nutrient constituents, which enables effective absorption 

by the small intestine enterocyte and can then be used by the body for growth, cell 

maintenance, and energy (Guerra et al., 2012). Ingested food undergoes a number 



Chapter 1: Introduction and Literature Review 

43 
 

of mechanical and biochemical processes during its passage through the different 

compartments of the GI tract, starting from the mouth, and continuing in the stomach 

and small intestine. Figure 1.5 illustrates the main processes occurring in each 

compartment. 

 

Figure 1.5 Schematic representation of the major physiological factors that take place during 
digestion in the upper GI tract. 

The digestion of food starts in the oral cavity, in which food undergoes complex 

physico-chemical processes due to mastication and salivation (Chen, 2009). Food is 

mixed with salivary secretion containing salivary Ŭ-amylase, mucin and salts, with 

moderate change in pH. The time of residence of food in the mouth depends on the 

properties of food and varies between individuals. For solid food, this process forms 

a bolus that enables the food to be swallowed and enter the stomach through the 

oesophagus. In the gastric compartment, food is mixed with the gastric secretions 

consisting of HCl, salts and enzymes (pepsin and gastric lipase), and it is subjected 

to mechanical processes due to peristaltic waves. The digesta from the stomach (i.e. 

chyme) gradually enters the small intestine in a process called gastric emptying. The 

pH of food increases to pH 6-7.5 due to the secretion of NaHCO3. Chyme is mixed 

with pancreatic enzymes (trypsin, chymotrypsin, carboxypeptidases, pancreatic 

lipase and pancreatic amylase), coenzymes and bile salts, which are secreted by the 

pancreas, gall bladder and liver. The major nutrient absorption occurs in the small 
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intestine via the mucosa, which is formed into villi and microvilli to increase the surface 

area. These are lined with enterocytes, i.e. nutrient absorbing cells. 

1.4.1 Gastric Physiology 

The description of gastric physiology has been reviewed in detail in other works 

(Kong et al., 2008; Malagelada et al., 1989), and a description of the main features is 

provided as follows. 

After oral processing, a bolus is formed and enters the stomach, which is divided 

into four sections i.e. fundus, body, antrum and pylorus (see Figure 1.6) with different 

functionality. The fundus and body act as a gastric reservoir whereas particle 

disintegration and mixing occur in the antrum. The pylorus acts like a sieve between 

the stomach and the duodenum, only particles smaller than 2-3 mm can pass through 

it during the fed state (Hellström et al., 2006; Newton, 2010). The time of residence of 

food in the stomach is also highly variable, ranged from 30 min to 4 hours (Lin et al., 

2005), which depends on the food properties such as caloric content and rheological 

properties. 

In the stomach, the ingested food is mixed with gastric secretions to produce a 

mixture called chyme. The gastric juice is secreted gradually during digestion and 

contains mainly hydrochloric acid (HCl) and the enzymes gastric lipase and 

pepsinogen (an active precursor that is converted into the proteolytic enzyme pepsin 

upon contact with acid). This secretion can be influence by the physical state of meal; 

for instance, Malagelada et al. (1979), showed that a solid-liquid meal resulted in 

greater gastric secretions compared to the same meal in homogenised form. The 

gastric pH differs from the fasted to the fed state and during gastric digestion. The pH 

value of fasted condition is below 2 and increases after the ingestion of food, which 

depends on composition, pH, quantity and consistency of meal (Calbet et al., 2004; 

Dressman et al., 1990; Malagelada et al., 1979). Then, the pH decreases gradually 

until it reaches values below 2, restoring the basal state (Malagelada et al., 1976). 

The rate of change in pH is as a consequence of the progressive secretion of HCl as 

well as the decrease of buffering capacity of the content (mainly representing food 

protein) by gastric emptying. Ionic strength and osmolality are other physicochemical 

gastric factors to consider. In general, the ionic strength and osmolality of a fasted 

stated are about 100 mmol/L and 190 mOsm/kg, respectively (Kalantzi et al., 2006) 

and the major ions present are: Na+, K+, Ca2+ and Cl-. 
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Figure 1.6 Schematic diagram of the stomach and its main parts. 

The muscular contractions of the stomach wall mix, shear and force the chyme 

towards the pylorus. These contractions are spread from the fundus to the pylorus 

being more vigorous and creating higher shear forces in the antrum, resulting in a 

homogenous chyme at the bottom part in contrast to the non-homogenous digesta 

located within the fundus (Pal et al., 2004). In the antrum, the disintegration of solids 

mainly occurs in a mechanism of propulsion-grinding-retropulsion, until the particles 

acquire the proper size to be emptied (Schulze, 2006; Schwizer et al., 2006). There 

are three main types of mechanisms for the disintegration of particles: fragmentation, 

erosion and degradation. Fragmentation involves the breakdown of larger particles 

into smaller ones, erosion is the damage of surface food and degradation is related 

to the action of enzymes and acid (Kong et al., 2008). As a result of these peristaltic 

antral contractions, chyme is released through the pyloric sphincter into the 

duodenum resulting in the last step of the food processing in the stomach, so called 

gastric emptying. 

1.4.2 Gastric Emptying and Food Properties  

Gastric emptying (GE) depends on several food properties such as consistency 

(Malagelada et al., 1979; Santangelo et al., 1998), viscosity (Marciani et al., 2001), 

nutrient composition (Goetze et al., 2007), caloric density (Calbet et al., 1997; Hunt et 

al., 1975; Kwiatek et al., 2009; Sauter et al., 2011), particle size (Holt et al., 1982) and 

volume (Hunt et al., 1985; Kwiatek et al., 2009; Moore et al., 1981). For instance, 

Malagelada et al. (1979) showed that the time of GE was shorter when a meal was 

consumed in a homogenised form instead of a solid-liquid state, however the 

emptying rate of the solid-liquid meal was faster for the first hour, probably due to an 
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initial emptying of the liquid part. The intestinal feedback mechanisms are able to 

control GE rate with respect of the duodenum, which is the major control mechanism 

for GE by stimulating a negative feedback pathway. The duodenum contains 

receptors that sense the presence of nutrients and stimulates the secretion of gut 

hormones, which slows down emptying by reducing the antral contractions (Janssen 

et al., 2011). This modulation of antral peristalsis controls the volume of chyme that 

is received from the stomach (Wren et al., 2007) and ensures that the optimal amount 

of chyme is delivered to the duodenum to allow it to be fully digested and absorbed in 

the small intestine. 

It is generally accepted that liquid meals empty from the stomach according to 

zero-order or first-order kinetics. In contrast, solid meals have shown a biphasic 

pattern consisting of a lag phase during which little emptying occurs related to the 

time solids achieve a suitable particle size, followed by a linear emptying phase 

(Schulze, 2006; Siegel et al., 1988). However, the importance of this lag-phase is still 

controversial since its identification and duration is highly variable, depending on meal 

properties, e.g. meal viscosity and particle size (Hellström et al., 2006; Urbain et al., 

1989) as well as methodology and inherent intervariability. For instance, Moore et al. 

(1981) showed, using a double-isotope technique for measuring solid and liquid 

components, that the solid phase followed a linear GE whereas the liquid phase was 

curvilinear with an initial rapid GE. Nevertheless, it seems apparent that liquid meals 

empty with a shorter half time emptying compared to solid meals, which could be 

related to the time for breaking down larger particles to obtain the particle size that 

can pass through the pylorus. This is considering that there are no changes in the 

physical state of the liquid during the gastric phase. Indeed, the intragastric behaviour 

of the ingested food might also influence the GE profile. For instance, phase 

separation in the stomach can lead to the layering of lipid on the top, which contributed 

to an initial rapid GE, shown by Marciani et al. (2008). Similarly, Steingoetter et al. 

(2015) showed that the gastric acid unstable emulsion exhibited biphasic and faster 

emptying profile than the gastric stable emulsion. The Elashoffôs power exponential 

curve modelling GE has been well described by Elashoff et al. (1982) and some 

computer programmes for dynamic models use that equation for controlling chyme 

transit. 
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1.5 Methodology for Studying Gastric Digestion  

1.5.1 In Vivo Methodology for Gastric Digestion Monitoring 

The use of some advanced techniques in combination with computational 

modelling (Ferrua et al., 2015) has helped to gain more insight into the complex study 

of gastric digestion dynamics in vivo. A more detailed description of the techniques 

used for GI motor assessment can be found in Dinning et al. (2010) and Szarka et al. 

(2009). 

The classical methods to measure gastric motility require the insertion of a 

barostat or manometer into the stomach, which may alter the normal gastric function. 

Some methods to monitor volumes in the stomach include scintigraphy, in which there 

is administration of a radionuclide isotope and has low spatial resolution and cannot 

measure the volume of the total meal including secretions (Feinle et al., 1999). 

Ultrasound has better resolution but cannot measure volumes in the body and fundus 

accurately because of air-fluid interfaces (Szarka et al., 2009). Breath test is another 

non-invasive technique that allows the determination of GE indirectly. This assesses 

the rate of transit and uptake of 13C labelled substrate by the metabolic conversion of 

13C in the liver into 13CO2 which is exhaled in the breath and detected using mass 

spectrometer (Sanaka et al., 2008). Another method is a wireless capsule (Iddan et 

al., 2000), in which the gastric behaviour of meal can be followed while the camera is 

in the stomach. The images are obtained by using a lens of short focal length and 

transmitted using ultra high frequency- band radio telemetry. Some wireless capsules 

can also track the pH and some motility factors of the GI tract (Kloetzer et al., 2010). 

Recently, some non-invasive techniques of visualisation and imaging have 

increasingly been used. One of the most effective and used systems is magnetic 

resonance imaging (MRI), which has the capability to simultaneously measure gastric 

volume, gastric motility, gastric secretions and gastric emptying (Marciani, 2011). MRI 

overcomes some of the limitations of other non-invasive techniques and allows high-

resolution imaging of the spatial distribution of the intraluminal ingested food 

(Schwizer et al., 1994). Its sensitivity to proton changes allows the discrimination 

between the water and the lipid components of a meal. For instance, MRI helped 

establish the importance of the acid stability in the stomach (Marciani et al., 2008) and 

the impact of the meal viscosity (Marciani et al., 2001). Bluemel et al. (2015) found 

low concordance between breath test and MRI when using isocaloric and 

isovolumetric meals differing in casein content. The results indicated that the 

properties and intragastric processes of the test meal led to the differences between 



Chapter 1: Introduction and Literature Review  

48 

the methods. The authors recommended validation by imagining methods prior the 

13C-acetate breath test to allow for the correct interpretation of the derived GE data. 

Regarding invasive techniques, endoscopy by nasogastric intubation offers the 

possibility to aspirate samples from the gastric digesta and analyse them. This 

technique, in contrast to the non-invasive techniques, focussed on the 

characterisation of the physico-chemical properties of the digesta in the gastric 

environment. This can be combined with imaging by using a tube with lens systems 

and fibre optic. 

Both invasive and non-invasive techniques are often applied in combination with 

clinical assessment of blood testing for hormonal responses and plasma amino acid 

and triacylglycerol uptake. 

1.5.2 In Vitro Methodology for Investigating Gastric Digestion  

The in vitro models to simulate the digestion in the GI tract are mainly classified 

into static and dynamic. The static model is the simplest but most used system and it 

is the harmonised static protocol (Minekus et al., 2014), developed by the INFOGEST 

COST Action, which offers the possibility to apply a protocol with digestion parameters 

by consensus that can be compared. The related gastric phase involves hydrolysis 

by pepsin at constant pH 3 for 2 hours while applying sufficient stirring to mix at 37°C. 

Static in vitro models can be useful in predicting the overall nutrient hydrolysis and 

end-points values of the digestion in vivo (Egger et al., 2017). A comprehensive 

review about the correlation between in vitro and in vivo data on macro- and micro-

nutrients is given by Bohn et al. (2017). However, this correlation is not feasible when 

investigating the structural changes and nutrient breakdown kinetics that occur in 

response to dynamic changes in gastric digestion conditions. 

On the other hand, dynamic models are designed to mimic the gastric dynamics 

in terms of physical and/or chemical environment, in particular the gradual secretion 

of gastric fluids and peristaltic contractions. Examples of this model are the Human 

Gastric Simulator (HGS), described in Kong et al. (2010), the Dynamic Gastric Model 

(DGM) developed at the Institute of Food Research (UK), described in Thuenemann 

et al. (2015), and the multicompartment models of TNO Gastro-Intestinal Model (TIM) 

developed in TNO Triskelion (The Netherlands) described in Minekus (2015), DIDGI-

system from INRA (France) detailed in Ménard et al. (2015) and the SIMGI model 

developed in CSIC, Spain (Barroso et al., 2015). A comprehensive review of 

developments in dynamic systems for in vitro analysis of digestion can be found in 

Dupont et al. (2018). Since the HGS will be referred to on several occasions 
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throughout the thesis, a brief description of the main features is given as follows and 

referred by Kong et al. (2010). The simulated stomach of HGS consists of a cylindrical 

latex chamber as shown in Figure 1.7. The contractions waves of the stomach are 

mimicked using Teflon rollers that squeeze the flexible wall of the simulated stomach 

periodically using an increasing amplitude which provides a vigorous mixing in the 

bottom part, which was validated by assessing the pressure exerted on a rubber bulb 

when compared to the mechanical forces observed in vivo. GE is simulated by a 

peristaltic pump connected to the bottom part typically using a rate of 3 mL/min and a 

mesh bag with pore size of 1.5 mm is used to simulate the sieving effect of the pylorus. 

The digestive secretions are delivered following a steady secretion rate that can be 

adjusted from 0.03 to 8.2 mL/min using a peristaltic pump, typically 2.5 mL/min is 

used. 

 

Figure 1.7. Human Gastric Simulator. (1) Motor (2) Gastric compartment (3) Mesh bag (4) 
Simulating secretion tubes (5) Teflon roller set (6) Conveying belt (7) Insulated chamber. From 
Kong et al. (2010). 

1.6 Digestion and Absorption of Nutrients 

1.6.1 Digestion and Absorption of Proteins 

Figure 1.8 shows a schematic diagram of the process of digestion and 

absorption of proteins. The digestion of proteins starts in the stomach by pepsin. 

Pepsinogen is secreted by chief cells in the gastric mucosa and it is autoactivated by 

gastric acid. Pepsin is an endopeptidase with a higher specificity for cleaving peptide 

bonds in which the carboxyl group is provided by Tyr, Phe, Trp, and Leu (Goodman, 

2010). Then the native (or partially degraded) proteins found in food are broken down 
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into a mixture of large polypeptides, smaller oligopeptides, and some free amino acids 

(AAs) (Erickson et al., 1990). Pepsin can partially digest 10-15% dietary protein in the 

stomach (Goodman, 2010) and it has its optimum pH at 2 (Piper et al., 1965). 

These protein products are further digested in the small intestine by other 

proteases, i.e. trypsin, chymotrypsin and elastase, which are serine proteases 

secreted in the pancreas. Trypsin predominantly cleaves the peptide bonds next to 

Lys and Arg, chymotrypsin cleaves peptide bonds adjacent to hydrophobic AAs (Tyr, 

Trp, Phe, Met and Leu) and elastase cleaves peptide bonds adjacent to Ala, Gly and 

Ser (Goodman, 2010). There are exopeptidases, called carboxypeptidases, that 

cleaves the carboxyl ends of the peptide chains to remove AAs. Therefore, the 

intestinal proteolysis is highly efficient resulting in a mixture of free AAs and 

oligopeptides (2-6 AAs) that account for approximately 40% and 60%, respectively, 

of the total Ŭ-amino nitrogen (Erickson et al., 1990). Some peptides are further 

hydrolysed by aminopeptidases located on the brush border membranes. Therefore, 

the joint action of the gastric, intestinal and brush border proteolysis provides the 

availability of free AAs, di- and tri-peptides allowing their transport across the brush 

border membrane. There are different carrier mechanisms for the intracellular 

transport of AAs, di- and tri-peptides but they are mostly Na+ dependent (Hinsberger 

et al., 2004). The AA transporters have been defined by these two main functional 

criteria: type of AA transported (acidic, neutral or zwitterionic, or basic) and transport 

mechanism used (facilitated diffusion or secondary active transport) (Goodman, 

2010). 

The rate and extent of protein digestion is strongly depended on the accessibility 

of the cleavage sites to enzymes and side-chain flexibility of the substrate, which is 

governed by the structure of protein. Macierzanka et al. (2009), showed that ɓ-Lg was 

resistant to pepsinolysis due to the compact globular structure compared to the loose 

structure of ɓ-casein. However, the degree of proteolysis in ɓ-Lg was increased when 

emulsified with oil, which was due to the partial unfolding of the ɓ-Lg secondary 

structure improving accessibility to pepsin. Other types of processing such as heat 

treatment can lead to chemical modification and aggregation, depending on the 

temperature and time of exposure, which, in turn, will affect protein digestion. For 

instance, the heating at UHT conditions increased the rate of proteolysis of whey 

proteins (Miranda et al., 1987), due to the unfolding of the structure, which exposes 

the cleavage sites and enhances then the accessibility of enzymes. Similarly, the heat 

treatments at 62.5-78°C resulted in an increase of proteolysis susceptibility of ɓ-Lg 

after 10 min of hydrolysis using trypsin and chymotrypsin (StŁnciuc et al., 2008). This 

was obtained at pH 7, however, there was a decrease in degree of hydrolysis at pH 
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7.5, due to probably the formation of covalent aggregates between the ɓ-Lg 

monomers presents at that pH that may hide the cleavage sites for the enzymes. 

Moreover, milk protein digestion was slower and lower when in gel matrices compared 

to that in liquid matrices (Barbé et al., 2013). Other factors that affect protein 

hydrolysis are the lipid interaction with the proteins and the presence of physiological 

surfactants, i.e. bile acids and phospholipids (Mackie et al., 2010). Gass et al. (2007) 

showed that bile salts displaced proteins and increase proteolysis.Therefore, the 

structure of proteins at the different length scales can impact the rate and extent of 

proteolysis. 

1.6.2 Digestion and Absorption of Lipids 

A schematic diagram of the process of digestion and absorption of lipids is 

shown in Figure 1.8. Lipids in food are mainly found as triacylglycerols (TAG) and 

their digestion starts in the stomach by gastric lipase, accounting for 10-40% overall 

lipolysis (Armand, 2007). Human gastric lipase is secreted by the chief cells located 

in the fundic mucosa of the stomach. Gastric lipase has been reported to preferentially 

cleave at sn-3 position of the ester bond of TAG resulting in sn-1,2 diacylglycerol 

(DAG) and free fatty acids (FFA) (Michalski et al., 2013). Lipids are further digested 

in the small intestine by the action of lipases and esterases, i.e. pancreatic lipase, 

cholesterol esterase and phospholipase, with the presence of colipase and bile salts. 

The intestinal lipolysis contributes to 40-70% of the overall lipid hydrolysis (Armand, 

2007). Pancreatic lipase acts at the surface of the lipid particle and hydrolyses fatty 

acids at the sn-1/ 3 positions of the glycerol backbone and produces FFAs and 2-

monoacylglycerol (MAG). Colipase absorbs to the TAG surface and interacts with 

lipase and bile salts to allow the TAG to enter the active site of the lipase enzyme, 

facilitating the digestion. Colipase also prevents the inactivation of lipase by the bile 

salts. The products of dietary lipid breakdown are solubilized by the formation of mixed 

micelles with bile salts and phospholipids, which pass through the enterocyte 

membrane (Mu et al., 2004). In the enterocyte, the FFAs and 2-MAG become 

protonated and leave the mixed micelles and they are re-synthesized into TAGs 

(Goodman, 2010). These TAGs bind with lipoproteins forming chylomicrons that allow 

the transport of lipids to the body's cells via the lymphatic system and then to the 

systemic circulation . 
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Figure 1.8 Schematic diagram for both proteins and lipids of the processes of digestion in 
mouth, stomach and intestine, and the process of absorption through the epithelium  
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1.7 Effect of Dairy Proteins on Digestion and 

Physiological Responses 

1.7.1 Dairy Proteins and Bioaccessibility 

The nature of dairy proteins in terms of their molecular structure and physico-

chemical properties, as described above, has a strong impact on gastric and intestinal 

digestion which subsequently affects the bioaccessibility of nutrients. In general, it is 

assumed that casein coagulates in the acid conditions of the stomach whereas whey 

proteins remain relatively soluble. Despite the fact that there are several indirect 

indications suggesting this behaviour occurs, no direct visual evidence of the 

restructuring of casein occurring in the human stomach has been reported so far. 

Some studies reported the markedly different GE and digestion kinetics between the 

main milk proteins (Mahé et al., 1991; Mahé et al., 1996). However, there are 

contradictory studies in which no differences in GE for the different milk proteins were 

found (Calbet et al., 2004; Lang et al., 1998). In the latter studies, sodium or calcium 

caseinate was used whereas milk or micellar casein were digested in those studies 

where the GE was different. Therefore, the state of the casein and its processing 

history seems to strongly influence its digestion behaviour in the stomach. Caseins in 

the micellar state are coagulated by pepsin (Tam et al., 1972) and low pH (Dalgleish 

et al., 2012). This contrasts to caseinate, i.e. a mixture of caseins with the calcium 

phosphate removed, which does not have the same micellar-type structure and is not 

coagulated by pepsin. In this chapter, studies using casein in micellar form will be 

mainly discussed because it is the most relevant structural form found in natural dairy 

products. 

In that context, Miranda et al. (1981) showed in rats that the rate of GE in 

skimmed milk was slower compared with that of a mixture of denatured caseins and 

the proteolysis in the stomach was much lower in the skimmed milk reporting that Ŭs1-

casein and ɓ-casein were almost undergraded and ə-casein was converted into para- 

ə-casein. 

The distinct rate and composition of the products delivered to the small intestine 

after the ingestion of different milk proteins suggest a different time of residence and 

behaviour in the stomach. Mahé et al. (1996) investigated the digestion kinetics of 

intrinsically labelled 15N ɓ-Lg and casein drinks, which were fed to healthy young 

volunteers. The effluents from the jejunum were collected by a nasal tube and their 

protein contents and flow rate were assessed. The jejunal flow rate peaked in the first 
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20 min after ɓ-Lg digestion, which was present mostly in the intact form. In contrast, 

casein was more slowly recovered in the jejunum in a more degraded form. These 

results were supported by a more recent human study (Boutrou et al., 2013) where 

the authors found that, after casein ingestion, the delivery of dietary protein in the 

jejunum was progressive for 6 hours and in the form of medium size-peptides (750-

1,050 Da). In contrast, the ingestion of whey protein induced the release of larger-

size peptides (1,050-1,800 Da) and was completed after 3 hours. The authors 

suggested that the coagulation of casein could lead to a slower rate of emptying 

compared to a more rapid emptying of the whey proteins in solution. Therefore, casein 

coagula could be more exposed to pepsin hydrolysis leading to the emptying of more 

degraded products. 

1.7.2 Dairy Proteins and, Absorption and Protein Metabolic 

Utilization 

The distinct pattern of protein digestion in the GI tract has been reflected in 

different rates of AA absorption, which might modulate the postprandial metabolism 

of whole body protein synthesis, breakdown and oxidation in the liver. Boirie et al. 

(1997) performed a study on young healthy subjects using intrinsically 13C-Leu 

labelled whey protein and micellar casein drinks, which were matched for Leu content 

but were not isonitrogenous. The postprandial whole-body Leu balance, considered 

as an index of protein deposition, was assessed by tracing samples from blood and 

breath. The plasma AA appearance, i.e. aminoacidemia, was fast, high and transitory 

after whey protein drink ingestion, which led to an increase in whole body protein 

synthesis (68%) but no support in whole body protein breakdown. In contrast, the 

ingestion of a casein drink resulted in a lower, slower and prolonged release of AAs. 

This was associated with a markedly higher inhibition of whole protein breakdown 

(34% for 7 hours), but just slight stimulation of whole protein synthesis (31%) 

compared to whey protein drink. However, the Leu balance was positive for the casein 

drink over 7 hours, promoting protein deposition whereas no effect was provided from 

whey protein drink. The authors classified, in relation to that postprandial behaviour, 

whey proteins and casein as ófastô and óslowô digested proteins respectively, which 

has been widely considered in the literature. In the same line, Lacroix et al. (2006a) 

showed in healthy volunteers that the aminoacidemia for the first hour in whey 

proteins ingestion was rapid and high followed by a decrease reaching values below 

the baseline of total plasma AAs after 3 hours, which resulted in hypoaminoacidemia. 

The dietary nitrogen was labelled using 15N labelling and the kinetics of protein 

utilization were followed during 8 hours in plasma and urinary urea. The observed 
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plasma AA rate matched with the higher rate and transfer of dietary N to urea after 

whey protein intake compared to casein ingestion. In this study, a milk protein drink 

containing 20:80 ratio of whey proteins:caseins was also studied and there was no 

significant difference in the dietary nitrogen utilization when compared to casein drink. 

This might be attributed to the profound effect of coagulation in the stomach. In this 

line, the behaviour of blends with different ratios of whey proteins and caseins could 

be interesting to investigate. 

Caseins and whey proteins have different AA composition, the main difference 

is a higher Leu content in whey proteins. One might think that the different AA 

composition of the protein sources, not the protein digestion kinetics, might induce 

different dietary nitrogen postprandial metabolism. Also, a different nitrogen content 

could affect postprandial balance. This was addressed in a study by Dangin et al. 

(2001). Casein and whey protein drinks were matched in AA composition and nitrogen 

contents but designed to have different digestion rates. The fast-digested drinks were 

whey protein and casein hydrolysate, and the slow-digested drinks were caseins and 

whey proteins consumed at repeated times during digestion. In accordance with the 

previous studies illustrated, they showed that fast-digested drinks induced rapid, 

pronounced and transient increase of aminoacidemia, which led to high and 

immediate stimulation of protein synthesis. In contrast, slow-digested drinks induced 

moderated and prolonged aminoacidemia over 4-5 hours resulting in the inhibition of 

protein breakdown and no effect in protein synthesis. Also, the possible effect of 

insulin inhibiting hydrolysis was refuted because no increase in insulin level was 

observed. Similarly, Bos et al. (2003) demonstrated that the availability of AAs by 

digestion kinetics was the main driver for protein metabolism by using milk protein 

compared to soy protein. The ingestion of the latter protein resulted in a higher and 

earlier (2.5 hours) AA peak in plasma compared with milk proteins (3.9 hours), which 

was linked to a lower postpandrial nitrogen retention of soy protein showing 

significantly higher urea production within the first 2 hours. 

The inclusion of other nutrients in the protein matrix might affect protein 

utilization. Gaudichon et al. (1999), investigated whether the addition of sucrose or 

milk fat affected the net postprandial protein utilization of milk protein. Sucrose, but 

not fat, significantly reduced the postprandial transfer of [15N]-milk nitrogen to urea, 

which could be mainly due to a delayed GE of the meal because of the higher energy 

density. Nevertheless, the total amount of dietary nitrogen recovered over an eight-

hour period after meal ingestion was not different. The absence of any effect in the 

presence of fat was unexpected because the energy density was similar to that of the 

sucrose meal and the authors suggested that lipid may have separated and formed a 
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layer on top of the meal in the stomach and emptied after the aqueous phase of the 

meal. However, having similar behaviour to the control milk protein sample, fat could 

be entrapped in the coagulum possibly formed in the stomach.  

Mariotti et al. (2015) investigated the effect of caseins and whey proteins in TAG 

response in a mixed high-fat meal using a crossover design in healthy overweight 

men. The authors showed that caseins, compared to whey proteins, markedly 

reduced postprandial TAG and formation of plasma chylomicrons, which was 

suggested to be caused by low solubility and phase separation of casein in gastric 

conditions. This contrasts with other studies showing whey proteins to be more 

efficient in lowering effects on blood lipids (Mortensen et al., 2009; Pal et al., 2010). 

Therefore, there is a gap in understanding the influence of other nutrients included in 

the food matrix on metabolic effects, which should be studied considering the 

digestive kinetics and gastric behaviour. 

1.7.3 Dairy Proteins and Skeletal Muscle Mass 

Muscle mass maintenance is regulated by the balance between muscle protein 

breakdown and synthesis rates, which has been dependent on physical activity and 

food intake. The postprandial muscle protein synthetic response to feeding is 

regulated on factors including dietary protein amount, source and digestion, AA 

absorption and uptake by muscle and intramyocellular signalling (Gorissen et al., 

2015). Muscle protein synthesis (MPS) is of particular interest to athletes, active 

people and the elderly. Ageing can result in a diminished muscle protein synthetic 

response after protein intake, which is often accompanied with the progressive 

decline of skeletal muscle mass, known as sarcopenia. Some studies have shown 

that faster digestion of whey proteins resulted in an enhancement of MPS responses 

in elderly men (Burd et al., 2012; Dangin et al., 2003; Pennings et al., 2011; West et 

al., 2011), in elderly men after resistance exercise (Burd et al., 2012) and also in 

young men at rest and after resistance exercise (Tang et al., 2009). In general, it has 

been shown that the specific pattern in plasma aminoacidemia after the consumption 

of whey proteins, i.e. rapid and pronounced AA peak, was the main driver. Moreover, 

a strong correlation was reported between plasma Leu levels and muscle protein 

accretion (Pennings et al., 2011). The stimulation of MPS is driven primarily by 

essential AAs (Volpi et al., 2003), from which Leu has been reported as the main 

signal (Drummond et al., 2008). Therefore, a direct comparison of the effects of the 

absorption rates of these two proteins related to MPS is conflicted by their differing 

AA contents. In healthy men after resistance exercise, whey proteins ingested as a 

single bolus was compared to the same amount of protein but taken in repeated small 



Chapter 1: Introduction and Literature Review 

57 
 

drinks, which aimed to simulate slower digested protein (West et al., 2011). The 

authors showed that whey proteins consumed as a bolus caused a rapid and greater 

increase in aminoacidemia, which was reflected in a greater stimulation in MPS 

response at an early stage (1-3 hours) compared to the whey protein consumed 

repeated times (3-5 hours). They concluded that the pattern of aminoacidemia, not 

the net AA exposure, was the main driver for the effect in skeletal muscle. These 

results were supported by other studies using casein and casein hydrolysate 

(Pennings et al., 2011). 

However, these findings are in contrast to other studies (Churchward-Venne et 

al., 2015; Dideriksen et al., 2011; Reitelseder et al., 2011). Reitelseder et al. (2011) 

in young men and Dideriksen et al. (2011) in older men and women demonstrating 

that ingestion of whey proteins compared with calcium caseinate resulted in similar 

rates of MPS. As mentioned previously, the selection of the casein source is critical. 

The increased solubility of casein salt might increase the rate of digestion and speed 

the resultant aminoacidemia. Moreover, the timing of the synthetic measurements (i.e. 

4 versus 6 hours of recovery) and/or the tracer infused (i.e. [13C] Leu vs [13C] Phe) 

may account for the contrasting findings. 

The ingestion of other macronutrients together with dairy proteins is another 

factor to consider in relation to MPS (Churchward-Venne et al., 2015; Gorissen et al., 

2014). Co-ingestion of carbohydrates with casein resulted in no differences in muscle 

synthetic response in both young and elderly men (Gorissen et al., 2014). However, 

this resulted in a delay of protein digestion and absorption, attributed to the decrease 

of GE rate. In contrast, other studies showed a greater AA uptake into peripheral 

tissues in resting subjects when milk proteins were combined with lipid and sucrose 

(Mariotti et al., 2000). Elliot et al. (2006) showed that milk ingested as a whole food 

stimulated net MPS following resistance exercise, suggesting that its consumption 

would be suitable during recovery. Interestingly, the uptake of AAs, based on Thr and 

Phe, was greater for whole milk compared to fat-free milk. However, the reason of 

this outcome was not clear for the authors suggesting that the extra energy could help 

the N balance process. Therefore, further work should be performed in investigating 

the role of lipid in AA uptake. 

1.7.4 Dairy Proteins, Satiety and Food Intake 

The ingestion of protein stimulates the release of gut hormones involved in 

appetite and food intake regulation, such as CCK, GLP-1, PYY and insulin (Anderson 

et al., 2004). Whey proteins might be considered to have a greater effect on satiety 
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compared to caseins since a higher content of branched chain AAs can greatly 

stimulate insulin secretion (Nilsson et al., 2004). However there is no consistent 

evidence supporting one milk protein to be more satiating than the other (Bendtsen et 

al., 2013). Hall et al. (2003) investigated in healthy lean volunteers the appetite 

responses of whey proteins and casein drinks containing both lipid and carbohydrate 

with their total energy matched. The authors found that a whey-based drink was 

satiating for 180 min after ingestion according to the appetite subjective score and 

was more efficient at decreasing energy intake in an ad libitum lunch, served 90 min 

after ingestion, than a casein drink. The secretion of the most important hormones in 

the role of satiety, i.e. CCK and GLP-1, increased by 60% and 65% respectively after 

whey proteins ingestion compared to caseins. Similarly, Veldhorst et al. (2009) 

reported a decrease in appetite after, in particular, 20 min of consumption of 15 g of 

whey proteins (as a part of a standard breakfast) compared to casein or soy protein, 

which was in accordance to the higher concentration of GLP-1 and insulin observed 

following whey protein consumption. Accordingly, Luhovyy et al. (2007) showed that 

whey proteins greatly suppressed food intake more quickly, i.e. at 90 min compared 

to the latter time of 150 min observed in casein after meal consumption. In contrast, 

casein consumption was reported to induce a greater satiety promoting effect than 

whey proteins in a study by Acheson et al. (2011), in which subjective appetite 

sensations were measured for 330 min. This was supported by Alfenas et al. (2010) 

with normal weight subjects, in which casein consumption led to a daily lower energy 

intake with 7-day supplementation compared to whey protein. Calbet et al. (2004) did 

not find significant differences in the hormonal secretion of GLP-1 and PYY when the 

casein and whey proteins were compared with their hydrolysates. The variability of 

results can be explained by the protein source, quantity and time of measurements 

used in the studies. Overall, it seems that fast digested protein could have a greater 

satiety promoting power in the short term in contrast to the long-term effect shown by 

the slow digested protein of casein. Then the different digestion and subsequent AA 

absorption rate of casein and whey proteins might affect the secretion of GI hormones 

and subsequent satiety and food intake. 

The ingestion of milk as a whole was more effective for decreasing satiety and 

reducing food intake than consuming the isocaloric drinks containing casein or whey 

proteins alone (Lorenzen et al., 2012), which could be as the result of a greater 

increase of CCK and GLP-1 (Diepvens et al., 2008). Moreover, milk consumption has 

been reported to promote satiety and decrease food intake when compared to other 

drinks such as fruit juice (Dove et al., 2009). 
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In this section, we showed evidence of how the single milk proteins affect the 

physiological functions differently after their digestion. Casein and whey proteins have 

been categorised as slow and fast protein respectively according to their plasma AA 

appearance rate. Several studies have shown that the different aminoacidemia 

patterns, rather than protein composition, have a profound effect on protein 

metabolism, in particular protein synthetic response of skeletal muscle. Despite the 

fact that it is widely suggested that gastric digestion could be the main driver for these 

outcomes, there is still no direct evidence. As far as it is known, there is no in vivo 

study showing the changes in gastric behaviour during the digestion of the main dairy 

proteins.  

1.8 Dairy Microstructure and Digestion, Absorption 

and Physiological Responses 

1.8.1 Dairy Microstructure Induced by Heat Processing 

Structural and functional modifications of milk proteins following heating have 

been extensively reported (de la Fuente et al., 2002; Singh, 2004). However, the 

impact of heat treatments on the digestion of milk proteins has been much less studied 

and it is still subject of debate. A lot of attention has been paid to the nutritional quality 

of dairy protein after heat treatments. There is a belief that heat treatment negatively 

affects protein quality and claims have been made that raw milk is more nutritious and 

more easily digested than heat treated milk. The main chemical modifications to milk 

proteins during heating are denaturation of whey proteins, in particular ɓ-Lg, casein-

whey protein interactions and glycosylation by Maillard reaction. Despite the 

significant biochemical alterations induced by heat, some studies have shown no 

impairment of digestibility (Efigênia et al., 1997; Rutherfurd et al., 2005), and nitrogen 

availability (Lacroix et al., 2006b) after pasteurisation and UHT treatment in rats. 

From our knowledge, there is only one study in humans assessing the nutritional 

impact of milk heat treatment. Lacroix et al. (2008) compared the treatments of 

pasteurisation (72°C for 20 s) and UHT (140°C for 5 s) with non-heated milk. The 

kinetics of postprandial utilization of dietary nitrogen for the transfer into serum protein 

and AA, body urea and urinary urea over 8 hours were significantly faster for UHT 

milk compared to pasteurised milk and non-heated milk, which had a similar protein 

metabolic pattern. This shows that the digestive kinetics were more rapid after UHT 

milk ingestion. There were no firm conclusions regarding the mechanisms behind this 

observation. The rapid nitrogen utilization could be induced by a rapid GE due to 
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different structural changes in the stomach but the authors also suggested that 

possible Lys damage following processing could also promote the higher deamination 

level. 

The faster nitrogen utilisation in highly heat treated milk might be due to faster 

gastric digestion. Miranda et al. (1987), using a rat model, compared skimmed milk 

samples heated using UHT and autoclaved (120°C for 20 min) conditions with non-

heated skimmed milk. The heat treatment, in particular autoclaved, accelerated the 

GE rate of total nitrogen and casein hydrolysis. This contrasts to the work by Barbé 

et al. (2013), in mini-pigs, in which a higher mean retention time in the stomach of 

heated skimmed milk (90°C, 10 min) was observed when compared to a non-heated 

system. However, in the latter study, they used chromium to measure the gastro-

duodenal transit, which does not represent the solid phase of any coagulum formed 

in the stomach. In general, there is limited research on the GE rate of heated milk 

samples to draw any firm conclusions. 

However, a faster GE induced by heating might be more in accordance with 

some evidence showing reduced milk protein coagulation in the stomach. The study 

by Kaufmann (1984), using mini-pigs, appears to be the only in vivo study reporting 

visually that heat treatment modifies the structure of the coagulum formed in the 

gastric compartment. This study also demonstrated the restructuring of milk in the 

stomach, whereby the coagulum formed with UHT sterilized milk in the stomach was 

less firm and had crumbly structure compared to pasteurised milk and more so with 

raw milk. Moreover, Meisel et al. (1984) reported a significant effect of UHT treatment 

on acidification and protein emptying during gastric digestion. The pH at 360 min of 

gastric digestion was 4.32 and 1.80 for raw and UHT+homogenised milk, respectively. 

The protein content in chyme after 360 min digestion was approximately 75% in raw 

milk compared to 25% in UHT+homogenised milk. This could potentially be related to 

the differences in pepsin activity found. The analysis of the chyme at 360 min showed 

that pepsin activity was approximately 1,000 U/g protein in raw milk in contrast to the 

approximate value of 33,000 U/g protein measured in UHT+homogenised milk.  

Similarly, using the in vitro model HGS, Ye et al. (2016a) showed the formation 

of different structures of the coagula formed in the simulated stomach between 

unheated and heated skimmed milk (90°C for 20 min). Unheated milk formed a dense, 

solid structure with small pores in contrast to the loose and particulate structure of the 

heated milk. This coagulation behaviour was not affected by the presence of milk fat 

as shown in the digestion of whole milk under the same conditions (Ye et al., 2016b). 

In unheated milk, casein hydrolysis slowed down and mainly occurred at the surface 

of the coagulum compared to the inner part, indicating slower pepsin diffusion into the 
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matrix. In contrast, the loose, particulate structure of the heated milk enhanced pepsin 

diffusion, since more breakdown products were observed. Caseins were also 

degraded with digestion time in whole milk, showing that the presence of fat did not 

significantly change the protein network structure obtained during gastric digestion for 

the same concentration and milk processing conditions. Gastric behaviour also had 

an impact on the composition of nutrient emptying, such that whey proteins were 

preferentially emptied in unheated milk since they were not involved in the formation 

of the coagulum (Ye et al., 2016a). This contrasts to the small amounts of caseins 

and almost no intact whey proteins that were firstly emptied in heated milk. The rate 

of release of fat globules from the coagulum was also influenced by the matrix 

structure. In whole milk, fat globules were entrapped in the protein matrix but fat 

globules of unheated milk were distributed more evenly within the matrix compared to 

those in heated milk (Ye et al., 2016b). This seemed to affect the release of lipid from 

the coagula, which was faster in heated milk. Therefore, this study demonstrated the 

significant influence of heat treatment on the gastric digestion behaviour and nutrient 

digestion kinetics of milk. However, the heating conditions of this study (90°C for 20 

min) were not comparable to those used conventionally in the milk industry, which 

might have different effects on changes in the protein molecular structure. 

As pointed out in the previous studies, pepsin seems to play a key role in the 

disintegration of protein matrices in the gastric digesta. Aggregation induced by heat 

treatment might limit or modify the accessibility to some cleavage sites by digestive 

enzymes, which might affect the peptides released during digestion. There is very 

little research in this aspect on in vivo systems. Barbé et al. (2014b), using mini-pigs, 

compared the release of peptides into the duodenum from raw or heated (90°C, 10 

min) skimmed milk. The number of peptides identified was slightly lower in heated 

milk compared to the non-heated sample. However, ɓ- and Ŭs1-caseins, which are 

very similar in their sequence length and abundance in milk, produced a different 

number of peptides. The number of peptides deriving from Ŭs1-casein was less 

abundant than ɓ-casein, showing more resistance to proteolysis probably due to 

differences in secondary structure and phosphorylation. This contrasts to Sánchez-

Rivera et al. (2015), using the same samples but digested in the dynamic gastric 

model available in INRA (France), that found a higher resistance of ɓ-casein regions 

to digestion compared to other caseins. The latter results were in accordance with the 

study performed by Dupont et al. (2010) using an infant in vitro static digestion. 

Moreover, Sánchez-Rivera et al. (2015) found rapid hydrolysis of caseins after just 4 

min in non-heated milk whereas intact caseins were visible for up to 50 min in heated 

milk, which was assessed by SDS-PAGE. The authors suggested that heat induced 

aggregation between caseins and whey proteins might be the cause of this behaviour. 
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However, this is opposite to the results reported above with other dynamic gastric 

models. It seems that the gastric colloidal behaviour was completely different, 

unfortunately there was no reference to that in the study by Sánchez-Rivera et al. 

(2015). This highlights the need for full characterisation of the structure and behaviour 

of the matrices and also the physical and chemical environments of the dynamic 

models that could induce differences in the coagulation and digestion behaviour. 

As illustrated, there are still conflicting results regarding casein digestion, as this 

appears to be sensitive to the matrix structure, which in turn is very sensitive to the 

environmental conditions and processing. However, the effect of heat on whey protein 

digestion is much simpler and more generally accepted. Native ɓ-Lg is resistant to 

pepsin digestion while heating ɓ-Lg promotes its hydrolysis. Temperatures above 

75°C denature whey proteins, in particular ɓ-Lg which unfolds and exposes 

hydrophobic groups. This susceptibility to proteolysis has been seen in several 

digestion systems; mini-pigs (Barbé et al., 2013), dynamic gastric model (Ye et al., 

2016a) and static digestion model (Islam et al., 2017). However, as far as it is known, 

there are no published human studies investigating this effect. 

1.8.2 Dairy Microstructure Induced by Homogenisation 

Processing 

Homogenization is another common process used in the dairy industry. 

Homogenisation induces very high shear rates to reduce the size of the lipid droplets, 

which changes the microstructure and can have an impact on nutrient digestion. 

Studies of the effect of droplet size on dairy nutrient digestion have been mainly 

performed using in vitro static models in particular with regard to lipolysis in infant 

formula and human milk (Bourlieu et al., 2015). It is generally believed that the 

reduction in droplet size following homogenisation enhances lipid digestion because 

of the overall larger interface area available for lipase action. However, other factors 

such as protein matrix and droplet interfacial composition play an important role and 

it is complex to distinguish the main driver of the digestion outcomes (Garcia et al., 

2014). 

To our knowledge, the effect of homogenisation of a milk matrix on the digestive 

kinetics has not been studied in adult humans to date. However, in vitro systems have 

been used to get some understanding of this relationship. Ye et al. (2017) using the 

HGS, reported very similar gastric behaviour in terms of pH and timing of coagulation 

when homogenised milk was compared to non-homogenised milk. The structure of 

the coagula in homogenised milk was more fragmented than raw milk but this effect 



Chapter 1: Introduction and Literature Review 

63 
 

was much less profound than observed with heat treatment, and it did not affect the 

pattern of protein digestion. 

The structure of the protein network in which lipid droplets are embedded seems 

to be a critical factor in the hydrolysis rates of lipid as previously stated. Guo et al. 

(2014) investigated the effect of the droplet size in whey protein emulsion gels in the 

oral and gastric compartments The different droplet size (1, 6 and 12 µm) induced a 

different initial gel structure; the 1 µm-droplet gel appeared to be evenly distributed 

and bound to the protein network compared to the 12 µm-droplet gel, which had a 

lower fracture force modulus. The 6 µm-droplet gel presented an intermediate 

structure. The oral breakdown of these samples in a human mouth showed significant 

coalescence and release of oil droplets for the biggest droplet size (Guo et al., 2014). 

The gel boluses were mimicked in the in vitro study followed by gastric digestion using 

the HGS (Guo et al., 2014). The initial gel structure strongly influenced its 

disintegration during the gastric phase, resulting in significant break down of particles 

and coalescence during digestion for the 6 µm- and 12 µm-droplet gels, which caused 

the creaming observed after 300 min of gastric digestion. In contrast, the oil droplets 

of the 1 µm-droplet gel bolus largely remained within the protein matrix during gastric 

digestion. Moreover, the hydrolysis rate of whey proteins was higher in 12 µm-droplet 

gel. This could be attributed to the loose protein structure induced to the higher droplet 

size, which could promote the access to pepsin to the cleavage sites. 

The effect of the droplet size in relation to colloidal stability in gastric 

environment has been less studied which can be attributed to the limitations of in vitro 

systems, in particular static models. Some clinical studies have shown a significant 

impact of emulsion droplet size and intragastric stability not only on nutrient delivery 

and absorption (Golding et al., 2011; Marciani et al., 2007) but also on satiety 

(Marciani et al., 2008), and subsequent regulation of energy intake (Hussein et al., 

2015). In general, emulsions that were stable in the gastric environment emptied more 

slowly from the stomach, which was regulated by hormonal feedback from the 

duodenum. Steingoetter et al. (2015). reported that a reduction in droplet size by two 

orders of magnitude (0.3 versus 52 ɛm diameter) delayed GE by 38 min for acid-

stable emulsions in a human trial. Moreover, smaller droplet diameter (0.7 µm) 

emulsions facilitated lipid digestion of TAG in the stomach (20-37%) and proximal 

small intestine (57-73%), compared to lipid droplet size of 10 mm (7-16% in gastric 

and 37-46% in duodenum) due to the larger surface area (Armand et al., 1999), 

suggesting an increase in fatty acid sensing. Nutrient sensing was linked to hormonal 

response feedback mediated in particular by CCK (Ledeboer et al., 1995; Seimon et 

al., 2009), which enhances the perception of satiety and reduced subsequent energy 
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intake. These human studies demonstrated that the gastric stability and particle size 

of food emulsions greatly impacts the transit of lipids throughout the GI tract and might 

further influence satiety and food intake. Unfortunately, these studies did not include 

any dairy based ingredients or it was not the focus of the study. This highlights the 

gap of knowledge in understanding the physiological response to consumption of 

dairy structures. 

Regarding dairy-based systems, Peters et al. (2014) studied the effect of droplet 

size (3 versus 0.1 µm) in a milk shake. They did not find any significant effect in CCK 

released, satiety and food intake for 180 min after drink ingestion. This is in contrast 

to the significant enhancement in satiety for the smaller size droplets observed by 

Maljaars et al. (2012). In the latter study, the same milk shake but without lipid was 

orally administrated and the lipid droplets were infused directly to the small intestine. 

In the Peters et al. (2014) study the sample including protein could potentially 

coagulate in the stomach entrapping the lipid droplets, which could delay or change 

the effect on satiety that was expected. Unfortunately, the gastric behaviour was not 

investigated in the study. Again, this illustrates the crucial importance of studying the 

gastric phase and the importance of the effect of the matrix within which the 

components of interest are arranged. 

Droplet size is also thought to influence food intake behaviour as previously 

mentioned. However, the study of satiety is quite complex because it also involves 

cognitive factors as well as physiological factors. Lett et al. (2016b) aimed to modulate 

satiation and satiety by controlling oil droplet size (d4,3 of 2 versus 50 µm) of an 

emulsion (1% wt sodium caseinate and 15% wt sunflower oil). This aimed to enhance 

satiety using small droplet size by increasing the perception of creaminess via 

enhancing hedonic appeal. They did not find significant differences in sensory 

characteristics, which contrasts with their previous study (Lett et al., 2016a). However, 

interestingly, the smaller droplet size within an emulsion preload resulted in a 

significant reduction in food intake (62.4 kcal) at a subsequent ad libitum meal. The 

authors did not find any conclusive primary mechanism responsible for this effect on 

satiety, but it is likely from earlier discussions, that this difference in droplet size would 

affect the lipid profile emptied from the stomach, and the subsequent feedback and 

control of gastric emptying could influence satiety. This highlights the complexity of 

investigating appetite behaviour because of the multiple physiological and sensory 

factors involved, referred to as the ñsatiety cascadeò. 

The literature reviewed in this section illustrated the significant effect of dairy 

processing by heating and droplet size modulation on nutrient digestion kinetics. 

However, the underlying mechanisms are not fully understood. Regarding heat 
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processing, only drastic temperatures seem to have significant effects on protein 

bioavailability as reported by the increase of N availability and utilisation in the body 

after high heat treatment in humans. There is evidence suggesting that gastric 

digestion play a critical role, however physiologically relevant gastric models and 

samples that reflect commercial conditions need to be used. The important role of 

pepsin, and the mechanisms by which it controls this process needs to be further 

investigated. The diffusion of pepsin into the structures formed in the stomach has 

rarely been studied, but this would help to further understand the precise mechanisms 

controlling protein digestion in the stomach, and how this affects the nutrient 

absorption kinetics. Also, the effect of heat on casein digestion is still controversial 

and needs further investigation taking into account the digestion model and heating 

conditions. Moreover, there are no reports about the effect of heat treatment on satiety 

in dairy products. 

Homogenisation has been observed to cause a profound effect on milk gastric 

behaviour in vitro but it needs confirmation in humans. It is generally accepted that 

lipolysis is enhanced by reduction of droplet size, however, the physical properties of 

protein networks and their interactions with lipid droplets seem to play a critical role 

and also needs to be studied in this context. This is required not only in process 

engineered structures but also those induced in the gastric environment. Therefore, 

the effect of droplet size should be investigated in a food matrix to assess the gastric 

colloidal behaviour that will impact not only on lipid absorption rate but physiological 

responses such as satiety. 

1.9 Dairy Macrostructures and Digestion, Absorption 

and Physiological Responses 

1.9.1 Liquid vs (Semi)Solid Structures and Digestion 

The processing procedures applied to milk can induce different physical 

structures of semi-solid and solid texture such as yogurt and cheese, showing 

different rheology that might influence nutrient release and absorption. Scanff et al. 

(1990) showed, using calves, that casein in milk was retained for a long time in the 

stomach after coagulation and released later in the form of small and large peptides. 

By contrast, in yogurt, caseins were emptied constantly from the stomach in both 

intact and degraded forms. In humans, Mahé et al. (1994) compared the digesta of 

proximal jejunum and terminal ileum between milk and yogurt. They found, in milk, an 

early emptying of whey proteins, which remained in solution whereas casein 
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coagulated. In contrast, the greater viscosity of yogurt provided a more delayed and 

regular release of nitrogen into the duodenum compared to milk. This was suggested 

to be due to the different gastric emptying pattern, the gastric half emptying time 

(measured using 14C-PEG-4000) was shorter in milk (35 min) than in yogurt (60 min). 

However, this did not affect the overall extensive digestion of milk proteins from both 

matrices; approximately 91% of N was absorbed between the stomach and the 

terminal ileum in 240 min. These outcomes were supported by Gaudichon et al. 

(1995) in humans and mini-pigs (Gaudichon et al., 1994), in which the dependence of 

liquid to solid ratio of the gastric digesta in GE was highlighted. The viscosity of yogurt 

also influenced the postprandial lipid profile in humans by delaying the peak in plasma 

TAG whereas milk provided a lower but more long-lasting rise of TAG in plasma 

(Sanggaard et al., 2004). Interestingly, Mahé et al. (1994) reported, in humans, that 

the absorption of calcium in the duodenum was significantly higher after ingestion of 

yogurt (67%) compared to that of milk (44%), probably due to a higher casein 

availability in yogurt. This shows that the effect of intestinal delivery rates does not 

only affect macronutrients but micronutrients as well. 

Using similar macrostructures, Barbé et al. (2013) compared the effect of 

unheated skimmed milk and its correspondent gel produced using rennet in mini-pigs. 

The gel matrix ingestion induced significantly lower and prolonged Leu levels in 

plasma throughout a 7-hour period after meal ingestion, whereas the liquid structure 

peaked after 30 min of meal ingestion. It was suggested that the gel structure could 

slow down proteolysis and AA absorption, which could be reflected physiologically. 

However, the levels of the GI hormones measured in this study, CCK and Ghrelin, did 

not present any significant difference between the matrices over a 4-hour period after 

meal ingestion. Despite the different AA uptake rate that was obtained, the authors 

found no significant differences in the mean retention time in the stomach. The 

measurement was based on chromium-EDTA, which is a non-hydrolysable and non-

absorbable marker of the liquid phase, which might not be representative of the entire 

gastric phase contents of the heterogeneous structures formed in the stomach. The 

effect of these matrices (milk liquid versus gel) was further studied in relation to the 

pattern of peptides released into the duodenum at different times using mini-pigs 

(Barbé et al., 2014b). The authors reported that the food matrix did not affect the 

accessibility of enzymes to the cleavage sites as seen, due to the identification of the 

same peptides over the digestion time but the structure had a great impact on the 

quantity of identified peptides. The gel structure presented lower amounts of free AAs 

but higher number of peptides, when compared to the matrix ingested in a liquid state, 

even though the latter was supposed to coagulate in the stomach. The mechanisms 

behind these results were not clearly identified, which illustrates the difficulty of 
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interpretation of results in a system with several contributory factors, such as matrix 

structure, gastric restructuring and emptying and enzyme accessibility. The 

mechanisms behind the results of these dairy structures were investigated by 

mathematical modelling, which accounted for the main digestive events including 

gastric behaviours of coagulation and syneresis in the stomach (Le Feunteun et al., 

2014). It was shown that the gastric retention controlled by the physico-chemical 

properties of the matrices was the limiting step explaining the differences in the mini-

pig data. Importantly, the gastric phase was determined to have the crucial, rate-

limiting effect in explaining the kinetics of AA absorption observed in vivo. 

1.9.2 Liquid vs (Semi)Solid Structures, and Appetite 

Only a few studies have investigated the impact of the physical structure of dairy 

matrices in relation to appetite. Sanggaard et al. (2004), did not find any difference in 

appetite sensation, measured by visual analogue scale, and insulin and glucose 

between yogurt and whole milk in eight healthy men, despite the significant slower 

rate of GE observed after yogurt consumption. However, the level of GIP was twice 

higher in yogurt between 30 and 120 min but the measured gut hormones remained 

elevated for longer time after milk ingestion, in agreement with the postprandial lipid 

profile. The rapid first emptying of whey proteins and the subsequent slow emptying 

of the casein coagulum might counteract the effect of viscosity in the yogurt with the 

more homogenous nutrient emptying and lead to similar appetite sensations. 

Dougkas et al. (2012) studied the effect of three isocaloric dairy products (semi-

skimmed milk, yogurt and cheese) consumed as a snack on appetite and subsequent 

ab libitum lunch energy intake in overweight men. The yogurt intake reduced the rating 

of hunger of 8 and 10% compared with cheese and milk, repectively, whereas they 

did not present any difference in the overall energy intake or the satiety hormones of 

ghrelin, PYY and insulin. Similarly, Mackie et al. (2013) compared two isocaloric 

samples (same lipid, protein and carbohydrate content) with a different physical 

structure. The liquid sample was a milk protein-stabilised emulsion and the semi-solid 

sample was a mixture of grated cheese and yogurt. The authors showed a different 

behaviour in the stomach using MRI; the semi-solid matrix presented sedimentation 

whereas liquid matrix presented creaming. The semi-solid sample promoted greater 

fullness over the three-hour study, which was linked to the volume of the gastric 

contents remaining by the slower GE rate over the first hour. However, the effective 

reduction of hunger of the semi-solid meal was not reflected in the plasma CCK level, 

which was lower over the first hour and then similar for both meals. This shows that 

the rationale of the satiety biomarkers does not always guarantee high perceived 
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satiety, since there is not a mathematical association (Veldhorst et al., 2008). As 

occurs in many clinical studies, a complete understanding of the underlying 

mechanisms of the physiological responses in combination with the fate of digestion 

is difficult. For instance, the evaluation of the nutrient delivery during gastric digestion 

could provide useful information to shed light on the in vivo observations. This could 

more conveniently be performed in suitable in vitro systems. Therefore, the approach 

of combining the strengths of in vivo and in vitro models could provide more relevant 

data in order to understand the mechanisms linking food structure and physiological 

responses. 

Currently, there are no conclusive results of the impact of dairy products on 

appetite and energy intake, and research of the satiating power of solid versus liquid 

matrix remains inconsistent (AlmironȤRoig et al., 2003). The potential for dairy 

products to help individuals control body weight needs further investigation, which 

should importantly include the study of the behaviour in the stomach. Also, the study 

of the rate of GE usually provides contradictory outcomes when compared to the rate 

of nutrient absorption; most of the labelled substrates used only reflect the behaviour 

of the liquid phase of the digesta so it is important to understand the structural 

changes of the whole food matrix within the stomach. 

1.9.3 (Semi)Solid Structures with Different Textures 

Protein gel texture induced by processing might affect disintegration kinetics 

during gastric digestion and subsequent AA bioavailability. Guo et al. (2015) used the 

HGS to study the gastric disintegration between two whey protein emulsion gels, i.e. 

hard gel (69.9 N hardness) and soft gel (19.2 N hardness). Prior to the gastric 

digestion simulation, the samples went through an oral phase simulating the bolus 

obtained in an in vivo study (Guo et al., 2013). In the gastric phase, the soft gel 

disintegrated faster than the hard gel, suggesting that the main mechanism of 

disintegration for hard gel was abrasion whereas soft gel presented both abrasion and 

fragmentation during gastric digestion. The disintegration in the stomach was 

accelerated by the action of pepsin, in particular after 180 min of digestion for the soft 

gel. This could be attributed to the weakly crosslinked protein structure observed in 

the soft gel, compared to the intimately linked protein matrix of the hard gel, which 

could hamper pepsin accessibility. However, the rate of hydrolysis measured by SDS-

PAGE did not present significant differences, but it could have an impact on the type 

of peptide released. The behaviour of the gastric disintegration had a significant 

impact on the GE, which was related to the retention of solids in the HGS as a function 

of time. The GE was faster in soft gel after 180 min of digestion whereas the gastric 
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content retention before 120 min in soft gel was higher, which was attributed to a 

larger particles size of the original bolus (Guo et al., 2013). This shows the relevant 

importance of the oral phase in the process of gastric disintegration. The rate of GE 

between the matrices was almost the same at the end of gastric digestion (300 min) 

indicating that slower emptying of the soft gel at the beginning of digestion due to 

particle size of bolus was compensated by the more rapid disintegration due to easier 

hydrolysis by pepsin. Similarly, a recent study using pigs investigated the effect of 

viscosity in yogurt on GE by gama scintigraphy and protein digestion using the 

dynamic model DIDGI® (Ménard et al., 2018). The low and high viscosity yogurt with 

the same nutrient composition but different viscosity (2.2 versus 0.3 Pa·s) were 

compared a control yogurt with lower protein and fiber content, and intermediate 

viscosity (1.3 Pa·s). The authors showed that the enrichment of protein and fibre 

slowed down GE whereas the viscosity seemed not to be a controlling parameter in 

emptying since low and high viscosity yogurts presented no significant difference. 

However, since the control yogurt differed in both nutrient composition and viscosity, 

it is not possible to draw any conclusive outcome. Moreover, the pepsin hydrolysis of 

whey proteins was higher in the high viscosity yogurt compared to the low viscosity 

sample, which was suggested by the authors to be due to the different behaviour 

observed when entering the small intestine. 

The mode of gelation applied might affect the protein network structure of the 

gel. Barbé et al. (2014a), using mini-pigs, compared the gel structure obtained from 

skimmed milk powder using rennet (cheese model) and acidification (yogurt model) 

coagulation. The rennet gel led to lower levels of milk protein, in particular casein, 

released in the duodenum. The Leu level in plasma was also significantly lower 

throughout a 7-hour period after rennet gel ingestion compared to the acid gel. The 

authors linked these results with a possible formation of a more compact chyme of 

rennet gel in the stomach. They observed, using a dynamic gastric model, that the 

acid gel formed with no apparent syneresis in contrast to the extensive syneresis 

observed in the rennet gel. The hardness of rennet gel could imply a longer gastric 

retention time. However, the measured mean residence time in the stomach based 

on chromium-EDTA did not show any difference between the two matrices. Again, 

this measurement may not be representative of the difficult analysis of heterogenous 

systems. The different bioavailability of AAs could then be attributed to the different 

starting pH of the meals; the acidity of the acid gel (pH 4.0) could favour pepsin 

hydrolysis compared to the rennet gel (pH 6.6). There was no significant difference in 

the postprandial CCK level whereas the level of ghrelin was significant lower in the 

rennet gel compared to the acid gel, which might potentially enhance satiation and be 
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linked with a higher gastric distension. This shows the complexity of linking structuring 

in the stomach, GE, nutrient absorption and physiological responses. 

When lipid is included in the food matrix, the protein matrix is not only important 

for protein digestion but might also affect lipid digestion in the intestine. Guo et al. 

(2015) studied, in whey protein emulsion gels (hard versus soft), the effect of gastric 

disintegration using HGS on lipid bioaccessibility during a simulated intestinal 

digestion. The gastric digesta at 60 and 240 min were used for in vitro intestinal 

digestion performed for 150 min. The size of the gel particles was reduced after 60 

min of gastric digestion in both samples but the initial rate of lipolysis of the soft gel 

was significantly higher than the hard gel, even though the solid content of that digesta 

was lower. At 240 min, the digesta from the soft gel consisted of individual oil droplets 

as well as smaller particles, compared to the hard gel in which most of the oil droplets 

remained within the protein network. This study indicated that protein network 

modulates the release of oil droplets and can limit the access to the dropletôs surface 

by pancreatic lipases. 

Examples of dairy products in which oil droplets are dispersed in a solid protein 

matrix are yogurt and cheese. The influence of the protein matrix on the release of 

lipids might impact absorption and lipaemia, which can have potential effects on risk 

markers of cardiovascular diseases. Drouin-Chartier et al. (2017) compared the lipid 

absorption from hard and soft cheeses and butter, matched in total calories and 

macronutrient content. There were no differences in serum TAG, FFA and apoB-48 

in the incremental area under the curve over 8 hours. However, it seemed that the 

soft cheese induced greater increase in TAG concentration at 2 hours and attenuated 

the low dense lipoprotein of apoB-48 compared to the firm cheese. These results 

showed that the physical structure may not necessarily influence the overall 

magnitude of postprandial lipemia but more importantly the timing and magnitude of 

the TAG peak value. This could be related to the protein network and lipid droplet 

arrangement within the cheese matrix. The authors suggested that the homogenised 

lipid droplets in soft cheese are enclosed in a loose protein gel, which causes easier 

access for both pepsin and gastric lipase in the stomach. Moreover, the lipid droplets 

were smaller, giving the food an overall larger surface area, which might facilitate 

lipolysis. Interestingly, they did not find any differences between hard cheese and 

butter. This could be attributed to a limited availability of the nutrients; hard cheese 

could take longer to be disintegrated in the stomach and the formation of layering 

could be possible in the case of butter delaying the delivery of lipid. Similar results 

were obtained in a study comparing milk, butter and mozzarella-cheese (Clemente et 

al., 2003). There was no significant difference in the average of postprandial plasma 
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TAG but in the peak time (315, 277 and 225 min for butter, mozzarella and milk 

respectively). This contrasts with the GE rate, using ultrasonographic measurements 

of the antrum-pylorus section, in which mozzarella cheese presented a faster 

emptying compared to milk and butter. This study showed that GE might not play a 

critical role in modulating postprandial lipids in blood, using this specific methodology. 

However, it should also be noted that the study was performed with type 2 diabetic 

patients, which could modify the outcome when compared with healthy subjects. It is 

important to note that lipemia can be affected by other factors such as fatty acid 

composition (degree of saturation and length of fatty acid chain) and the properties of 

the lipid droplet interface. 

There are some studies suggesting that the consumption of fat in cheese form has 

different effect on blood lipids by reducing low density lipoprotein cholesterol, when 

compared to the same amount of fat consumed in butter form (Hjerpsted et al., 2011; 

Tholstrup et al., 2004). Indeed, Feeney et al. (2018) showed that dairy fat in form of 

cheese lower the total cholesterol levels compared with that of equal amount of fat, 

casein and calcium content in different matrices, suggesting the synergistic effect of 

the constients in the cheese matrix. The role of calcium in the fat absorption has been 

seen one important factor controlling the metabolic responses observed (Thorning et 

al., 2016) but this has to be proven in humans and, in general, more research is 

needed to understand the role of the food matrix on gastric digestion and lipaemia, 

and metabolic effects, which should be in the context of the lipid/protein organisation 

and interaction and their behaviour in the gastric compartment. 

In conclusion, this section illustrated that dairy products with different physical 

structures can affect the rates of nutrient hydrolysis as well as absorption, which is 

mainly driven by the physico-chemical effect of the structure on gastric digestion. It 

seems that solid and semi-solid dairy structures have slower digestion than liquid 

meals. However, the restructuring of liquid meals in the stomach through, for instance 

coagulation and phase separation, should also be considered. Moreover, factors of 

the initial food matrix such as hardness, viscosity and pH are also relevant for the 

breakdown of the food, and how these properties evolve within the GI tract are crucial 

in nutrient digestion. For instance, studying the rheological properties of the chyme 

during gastric digestion could provide valuable information about the effect on gastric 

digestion time. Protein digestion is usually overlooked when assessing lipid digestion 

in complex matrices. However, research has shown that disintegration of a protein 

matrix in the stomach is crucial for lipid accessibility and subsequent digestion. This 

is important not only for the initial design of structures but also the structures that can 

be formed within the gastric compartment. It has been evident from the literature that 
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there is a complex relationship between structuring in the stomach, the content and 

rate of nutrients emptied from the stomach and the rate of nutrient absorption. This 

could be due to the methodology used for measuring GE and also the characterisation 

of the food matrix. It is difficult to assess both absorption of nutrients and 

bioaccessibility in relation to gastric behaviour. For that, using both in vivo and 

relevant in vitro gastric digestion systems could be an interesting approach to gain 

more insight into the mechanisms of nutrient digestion. There is currently no evidence 

of how the different physical dairy structures can influence nitrogen metabolism, and 

also, more research on satiety responses is needed. Moreover, some research in 

cheese (Fang et al., 2016; Lamothe et al., 2012) has shown that lipid digestion rates 

can depend on the hardness, cohesiveness and elasticity of the cheese type, which 

constitutes an important factor in gastric disintegration. However, these studies 

applied an in vitro static model for digestion and there are no clinical studies showing 

this influence. 

1.10 Research aims 

This thesis tackled the hypothesis that dairy structures exhibit different 

physiological responses through the impact of gastric behaviour resulting in different 

kinetics of nutrient digestion. The work described aimed at gaining fundamental 

insights in this new direction of understanding the behaviour of food structures in the 

stomach for controlling nutrient digestion. Milk and dairy products are widely 

consumed and are associated with several physiological effects, but the mechanistic 

understanding of this association is lacking. Dairy matrices cover a wide array of 

structural levels from macrostructures to microstructures to the molecular level of the 

milk proteins. Research literature has suggested that milk and dairy structures might 

have a profound effect on gastric digestion, but better evidence is required. The work 

described in this thesis was carried out at the Quadram Institute Bioscience (the 

former Institute of Food Research) in Norwich (UK), Teagasc Food Research Center 

in Fermoy (Ireland) and the School of Food Sciences and Nutrition at University of 

Leeds in Leeds (UK). 

The main objectives of this research were as follows. 

¶ To develop an in vitro model that could closely simulate the dynamic 

processes of the human stomach, i.e. an intermediate model between 

the static and fully dynamic models, which could apply the strengths of 

both systems. This work has been described in Chapter 3. 
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¶ To determine the gastric behaviour of whey proteins and caseins and 

different blends, and the possible impact on intestinal digestion and 

absorption of nutrients. Then, to understand the key limiting factors 

controlling the rate of absorption of milk proteins (e.g. gastric emptying, 

luminal hydrolysis, AAs mucosal absorption). Also, to investigate 

whether lipid inclusion in milk protein matrices affects gastric 

restructuring and the possible influence on intestinal digestion and 

absorption of nutrients. This work has been detailed in Chapter 4. 

¶ To evaluate the effect of processing of milk under controlled and 

commercial conditions (UHT, pasteurisation and homogenisation) on 

the gastric behaviour and nutrient digestion kinetics. This work has been 

described in Chapter 5. 

¶ To determine the mechanisms by which pepsin acts during the gastric 

digestion of commercial milk samples. This work has been shown in 

Chapter 6. 

¶ To validate the in vivo-in vitro correlation approach by identifying the 

mechanisms of physiological responses observed in dairy 

macrostructures, which could also allow investigation of the efficacy and 

usefulness of the developed semi-dynamic model. This work has been 

described in Chapter 7. 
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2.1 Materials 

The common materials used in most experiments are included in this chapter. 

The materials specific to each chapter have been included in the corresponding 

chapter. 

2.1.1 Chemicals 

Pepsin from porcine gastric mucosa (lyophilized powder), pancreatin from 

porcine pancreas (8x USP specifications), bovine bile (dried, unfractionated) were 

obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). The enzyme 

activities and bile salt concentration were measured according to the assays detailed 

in Minekus et al. (2014). Purified Milli-Q® water was used. The electrophoresis 

reagents were obtained from InvitrogenÊ (Life Technologies Corp., CA, USA). All 

other chemicals used in different experiments were of standard analytical grade and 

purchased from Sigma-Aldrich Chemical Co., unless otherwise specified and used 

without further purification. 

2.2 Methods 

This section presents the common methods for most of the experiments used 

in this thesis. It provides a description of the basic, general principles behind each 

method and instrument. Also, the general protocol is described when a method was 

applied in more than one chapter. Any modifications of the general protocol are 

detailed in the methods section of the corresponding experimental study chapter. 

2.2.1 Emulsion Processing 

An important part of this project was the use of emulsions as the starting 

material. Both naturally occurring such as milk or produced using milk proteins and 

lipids. For that, a brief explanation of how they are formed in relation to the instruments 

that were used is provided. 

An emulsion is defined as a colloidal dispersion of liquid droplets in a liquid 

continuous phase. In food systems, oil-in-water (O/W) and water-in-oil (W/O) 

emulsions are the two main types of emulsions. In O/W emulsions, oil is dispersed as 

finely droplets in the continuous phase of water (Dickinson, 1992) and milk is an 

example of this type of system. 
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In an emulsion, an interfacial layer between the different phases is formed in 

which surface-active compounds can be arranged in order to prevent the emulsion 

instability. An unstable emulsion can lead to changes in the structure or size 

distribution of droplets. Common processes of instability in emulsions are: creaming, 

sedimentation, flocculation, coalescence and phase separation (see Figure 2.1). 

Biochemical factors such as pH, salt concentration and enzyme hydrolysis can induce 

those changes. Therefore, the instability processes might occur in the gastrointestinal 

tract (McClements et al., 2010). 

 

Figure 2.1 Schematic representation of the main mechanisms of instability of an oil-in-water 
(O/W) emulsion, i.e. creaming sedimentation, flocculation, coalescence and phase separation. 
(Yellow and blue represent lipid and water phases, respectively). 

The most commonly used emulsifiers in food systems are proteins, 

polysaccharides and small molecule surfactants (Dickinson, 2013). An emulsifier is 

an amphiphilic molecule and is effective firstly when it adsorbs to the surface of the 

droplet and reduces the interfacial tension of the emulsion droplet interface. Secondly, 

it forms a protective layer surrounding the droplets providing stability against 

coalescence and flocculation via electrostatic and steric stabilization mechanisms 

(Dickinson, 1992). 

An emulsion cannot be formed spontaneously (except for microemulsions which 

are a special case) therefore mechanical energy approaches are normally needed in 

order to break up the lipid phase obtaining a homogenous dispersion of oil droplets 

with diameters usually ranging between 0.1 and 100 µm. The three main approaches 

to create emulsions are: pressure (e.g. high-pressure valve homogeniser), 

mechanical (e.g. high-shear mixer) and ultrasonic homogenisation. Food emulsions 

are usually prepared using a range of methods (Walstra et al., 1997), which depends 
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mainly on the nature of starting material, size and properties of emulsion droplets. 

The most commonly used device in the food industry is a high-pressure valve 

homogeniser because it can offer effective control of size distribution of the resultant 

emulsion. The homogenisers used in the project were high-pressure valve type with 

both one or two stages. A premix step is necessary previous to the homogenisation 

step, but it was not required when milk was used since it is already an emulsion. In 

Chapter 4, a one-stage homogeniser, APV 1000 (SPX Flow Technology North 

Carolina, USA) (see Figure 2.2) was used for processing the dispersions of milk 

protein solution and some lipid. In the case of Chapter 5, a two-stage homogeniser 

was used in milk processing, which is generally used to manufacture dairy products 

because of its ability to effectively minimize droplet size. When homogenisation was 

applied in combination with heat treatment, a tubular heat exchanger MicroThermics® 

(MicroThermics®, NC, USA) with in-line homogeniser was used, Model NS 2006H 

(Niro Soavi, Parma, Italy) (see Figure 2.3). An independent 2-stage homogeniser, 

Gaulin Labor, Lab 60 type (APV Gaulin GmbH, Lubeck, Germany) (see Figure 2.4) 

was used when homogenisation was applied separately. This was just due to practical 

convenience and their basic operating conditions are the same. In general, in a two-

stage homogeniser, the first stage is used to force the system through a small orifice, 

between a valve and seat, at a high pressure (See Figure 2.5). During this stage, 

there is dramatic reduction in lipid droplet size due to shear stress, inertial forces and 

cavitation (Michalski et al., 2006). In the second stage, the homogenization pressure 

is lowered to disperse the possible lipid droplet aggregates that could be formed at 

the first stage and it helps to maintain backpressure. The specific settings used are 

described in the corresponding chapters. 
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Figure 2.2 Lab scale one-stage valve homogeniser, APV 1000 (SPX Flow Technology, North 
Carolina, USA). 

 

Figure 2.3 MicroThermics® tubular heat exchanger (MicroThermics®, NC, U.S.A). using an in-
line two-stage valve homogeniser, Model NS 2006H (Niro Soavi, Parma, Italy). 
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Figure 2.4 Two-stage homogeniser, Gaulin Labor, Lab 60 type (APV Gaulin GmbH, Lubeck, 
Germany). 

 

Figure 2.5 Schematic representation of the homogenisation mechanism by high-pressure 
valve approach. 

2.2.2 In Vitro Digestion and ex Vivo Nutrient Transport 

In vitro digestion experiments are very useful to investigate the effect of food 

structure and composition on digestion. The following methods describe the different 

in vitro systems used for the simulation of gastrointestinal (GI) digestion. 
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2.2.2.1 In Vitro Gastric Digestion 

The gastric phase was simulated using a semi-dynamic gastric model, which 

was developed during this project. Details about the model are described in a 

separate chapter (Chapter 3). The general protocol was as follows. 

The oral phase was simulated before the gastric digestion. 20 g of sample was 

mixed with a volume of the oral mixture containing 79.9% SSF (1.25x) prepared 

according to Minekus et al. (2014),19.6% MilliQ® water and 0.5% CaCl2(H2O)2 (0.3 

mol/L). The volume of this oral mixture corresponded to the total solids content of the 

sample (previously measured using CEM Smart Trac System-5 (CEM Corp., 

Matthews, N.C., U.S.A.). The mixing was performed using a rotator (SB3 Model, 

Stuart, Bibby Scientific, UK) at 30 rpm for 2 min. The temperature was kept at 37°C 

using an incubator (BF56, Binder GmbH, Germany). 

The resulting mixture was then put through the gastric digestion using a reaction 

vessel for the simulation of the stomach, which was a v-form glass vessel (5-70 mL 

titration vessel, Metrohm, Switzerland) with thermostat jacket (37°C). The sample 

from the oral phase was placed in the reaction vessel after the addition of the basal 

volume, which consisted of the 10% of the constituents of SGF (1.25x), MilliQ® water, 

HCl (1.5 mol/L) and CaCl2(H2O)2 (0.3 mol/L) from the total volume of the gastric 

mixture. The total gastric mixture contained 80% SGF (1.25x), 7.78% MilliQ® water, 

8.7% HCl (1.5 mol/L) and 3.48% pepsin and 0.04% CaCl2(H2O)2 (0.3 mol/L). Two 

solutions were added at a constant rate, which depended on the corresponding gastric 

time: (1) the simulated gastric electrolyte mixture containing the 90% of the 

constituents of SGF (1.25x), MilliQ® water, HCl (1.5 mol/L) and CaCl2(H2O)2 (0.3 

mol/L) from the total volume of the gastric mixture and (2) 0.8 mL pepsin solution 

(made with MilliQ® water). The simulated gastric electrolyte mixture of SGF (1.25x), 

HCl, water and CaCl2(H2O)2 was delivered by a dosing device of an automatic titrator 

(brand specified in each chapter) and the enzyme solution was delivered by a syringe 

pump (brand specified in each chapter). A 3D action shaker (Mini-gyro rocker, SSM3 

Model, Stuart, Barloworld Scientific limited, UK) set at 35 rpm was used for agitating 

the vessel. 

Gastric emptying (GE) was simulated by taking five aliquots, as the general 

protocol, referred to as GE1-5 in the text. Aliquots were taken from the bottom of the 

vessel using a laboratory tool (specified in each chapter) that had an inner diameter 

of approximately 2 mm. The pH was measured and a sufficient volume of NaOH (2 

mol/L) was added to the samples to increase the pH above 7, inhibiting pepsin activity. 
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Finally, samples were snap-frozen in liquid nitrogen and stored at -20°C for further 

analyses. 

The simulation of the emptying was based on caloric density, as the general 

protocol. A linear GE rate of 2 kcal/min, which is considered the average caloric 

content that is emptied in vivo in a regulated manner by the antrum for an average 

food volume of 500 mL (Hunt et al., 1985) was used and scaled down for this reduced-

volume system (20 mL of sample). 

2.2.2.2 In Vitro Small Intestinal Digestion 

Small intestinal digestion was performed following the standardised static 

INFOGEST protocol (Minekus et al., 2014), including the preparation of simulated 

intestinal fluid (SIF) and proportions added of the rest of the intestinal phase 

components. However, the current procedure was performed individually in each GE 

aliquot from the gastric digestion in order to assess the kinetics of nutrient digestion 

in the small intestine. This methodology will be illustrated and explained further in 

Chapter 3 and the corresponding experimental chapters. The general protocol was 

as follows. 

The simulation of the intestinal phase was performed using the individual GE 

aliquots. The protocol was performed according to the standardised procedure of 

Minekus et al. (2014). The amounts of pancreatin solution, bile salt and CaCl2 (H2O)2 

were adjusted in each case depending on the gastric aliquot volume in order to get a 

final activity/concentration of 100 U/mL (based on trypsin), 10 mmol/L and 0.6 mmol/L, 

respectively. Samples were placed in a rotator (SB3 Model, Stuart, Bibby Scientific, 

UK) at 40 rpm within an incubator (BF56, Binder GmbH, Germany) to keep the 

temperature at 37°C. Aliquots (volume and time specified in each chapter) were taken, 

mixed with inhibitor (0.1 mol/L phenylmethylsulfonyl fluoride), snap-frozen using liquid 

nitrogen and stored at -20°C for further analyses. 

2.2.2.3 Ex Vivo Absorption  

The Ussing chamber methodology was applied to study absorption of amino 

acids by ex vivo murine small intestinal tissue. The principles of the technique have 

been described in this section since it is not widely used. The detailed protocol has 

been described in Chapter 4. 

The Ussing chamber was developed by Hans Ussing in 1951 to investigate the 

ion transport across frog skin. Its application has increased to include measuring the 

transport of electrolytes for instance. However, it has not often been used to study a 
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food-related system on health. In Chapter 4, the Ussing chamber methodology was 

used to assess the absorption of amino acids across murine small intestinal tissue 

after gastric digestion and in situ intestinal digestion (See Figure 2.6). However, this 

technique could be also used to study the transport of other nutrients such as glucose, 

fatty acids and vitamins across a range of animal species intestinal tissues, including 

rat, pig and human (Geraedts et al., 2012; Neirinckx et al., 2010). It can be also used 

to study other functionalities of epithelia tissue, e.g. protective and secretory. 

 

Figure 2.6 Schematic representation of the use of Ussing Chamber technique to study protein 
absorption after gastric and intestinal digestion. A tissue section of intestinal epithelium 
containing epithelium cells separates the apical and basolateral sides of the Ussing chamber. 
(Ussing chamber diagram from Verhoeckx et al. (2015)). 

 The ex vivo methodology of the Ussing chamber provides a better 

representation of the in vivo situation, when compared to the most used epithelial 

Caco-2-cells, since the use of intestinal tissue segments offers the morphological and 

physiological features of the intestinal wall, including the multicellular conglomeration 

and presence of the mucus layer. This allows the direct measurement of nutrient 

uptake. Moreover, it is a simpler and, less expensive and restrictive than the in vivo 

approach. However, some of the weaknesses are, the relatively low throughput to get 

an interpretation of the complex physiological system and dependence on the optimal 

function of the intestine section preparation. Also, the viability and integrity of the 

tissue is limited, and it is more difficult than other in vitro systems to compare results 

due to inter-individual variability among animals (Neirinckx et al., 2010). Tissue from 

animals is usually used since the availability of healthy human tissue is very limited, 

so data is extrapolated. 

The basic design of an Ussing chamber (Figure 2.7) consists mainly of a U-

shaped chamber, perfusion system and electrical circuitry. The chamber consists of 

two halves, between which the tissue is placed in a removable slider with pins. This 

separates the two halves of the chambers; the mucosal membrane, also named apical 

side, is orientated to one chamber half, whereas the serosal membrane, also named 

basolateral side, is facing the other half-chamber. The size of the chamber/slider 



Chapter 2: General Materials and Methods 

83 
 

depends on the origin of the tissue being used. The electrical circuitry consists of four 

electrodes (two Ag-AgCl electrodes for voltage and two Ag electrodes for current) in 

each chamber connected by means of an agar-bridge. There is a continuous flow of 

gas (95% O2/ 5% CO2 mixture) that causes bubbles. This allows the circulation and 

oxygenation of buffer/sample throughout the system. The system is held at 37°C by 

means of water jacket heating. Further description of the methodology can be found 

in Hug (2001). 

 

Figure 2.7 (A) The setup of the Ussing chamber and (B) the electrical system. (C) A slider 
used for mounting a section of murine intestine and (D) an example of the murine digestive 
tract used for dissecting a section. 

The principle underlying the use of Ussing chamber stems from the polarity and 

tightness of epithelia allowing the active transport of the nutrients. The asymmetric 

distribution of proteins across both apical and basolateral membranes generates this 

polarity. The disposition and permeability of tight junctions, which hold the cells 

together, determine the resistance known as transepithelial resistance and integrity 

of the tissue. The transepithelial resistance is monitored during the experiment, which 

can be calculated by knowing the voltage and the transepithelial current from the 

voltage clamp. The resistance is normalised per unit area.  

2.2.3 Physical Properties Analysis 

The analysis of some physical properties of the dairy systems were determined 

to provide better understanding of the digestion behaviour. Particle size analysis, 
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rheology and microscopy imaging were applied, and their general principles and 

methodologies have been described in this section.  

2.2.3.1 Particle Size Analysis 

Emulsion droplet diameter was determined by laser light diffraction (or static 

light scattering) using a Mastersizer instrument (Malvern Instruments Ltd., 

Worcestershire, UK), see Figure 2.8. It reports size as equivalent spheres, which is a 

universal concept across laser diffraction instruments. Laser diffraction measures 

particle size distribution by measuring the angular variation in the intensity of light 

scattered as a laser beam passes through a dispersed particulate sample. Smaller 

particles scatter light at wider angles and the intensity of the light is lower, compared 

to larger particles. Then, the angular scattering pattern is dependent on the particle 

size distribution of the sample. Laser diffraction requires a model that accurately 

defines the light scattering pattern of all particles. Mie theory has been found to be 

more accurate over a wider range of sizes, this theory calculates the particle size 

distribution, assuming a volume-equivalent sphere model. It is valid for all 

wavelengths and size of particles. The application of Mieôs theory requires the 

knowledge of three optical properties, i.e. the refractive index of both dispersant and 

the sample material and the absorption of the sample material. These properties were 

found in the database of the instrument. As part of the size distribution data, there are 

size distribution statistics that can be automatically obtained through the instrument 

software, i.e. mean, median and mode. The mean is an average particle diameter and 

depends on the parameter that is weighted. The two most important weighed mean 

values are d3,2 and d4,3 mean diameter. d3,2 is the surface area weighted mean, 

referred to the diameter of a sphere having the same surface area as the particle. d4,3 

is the volume weighted mean referred to the average diameter of spheres with 

equivalent volume. Therefore the latter is sensitive to the presence of large particles 

and d3,2 is sensitive to the presence of small particles. 
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Figure 2.8 Mastersizer 3000 equipped with a 300 RF lens with a wet dispersion unit (Hydro 
MV), supplied by Malvern Instruments Ltd, Worcestershire, UK. 

The general protocol used was as follows. 

The particle size distribution and average lipid droplet diameter of initial and 

digested samples were determined using a laser-light diffraction unit (Mastersizer 

3000, Malvern Instruments Ltd, Worcestershire, UK) equipped with a 300 RF lens and 

a wet dispersion unit (Hydro MV). A volume of initial and digested samples was added 

in the instrument to reach ~10% laser obscuration. The size distribution was obtained 

using polydisperse analysis, while droplet size measurements were recorded as 

surface area weighted (d3,2) and volume weighted (d4,3) means, where d3,2 is defined 

as ×nidi
3/ nidi

2 and d4,3 is defined as ×nidi
4/ nidi

3, where ni is the number of particles 

with diameter di. Each measurement was carried out in triplicate. 

2.2.3.2 Rheological Properties Analysis 

Rheology is the study of flow and deformation (viscosity) of materials. Viscosity 

refers to the resistance of a fluid to flow and is the force per unit area applied to the 

material, directly proportional to stress. When a force is applied to a material, it will 

react and undergo either deformation (strain) or flow (strain rate). Properties of a 

material such as particle size and interaction between the different constituents in the 

matrix will influence the flow/deformation behaviour. A rheometer is a precision 

instrument that contains the material of interest in a geometric configuration, controls 

the environment around it, and applies and measures wide ranges of stress and 

measures the resultant strain and strain rate. 
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In this thesis, rheology was used with the aim to quantify the viscoelastic 

properties of the coagulum formed during the gastric phase. This coagulum was 

considered to have gel-like behaviour, which has the ability to behave as a solid while 

retaining many of the characteristics of the liquid components. Strain tests have been 

used for studying the behaviour of food gels (Tabilo-Munizaga et al., 2005), which are 

generally categorised by small- and large- deformation strain testing. 

In small-deformation strain testing, a minimal amount of strain or stress is 

applied to measure the rheological behaviour, preventing or minimising damage to 

the sample. Gels have viscoelastic properties therefore a dynamic oscillatory shear 

test can be applied. This test has been reported to be useful for studying the nature 

of the protein matrix (Tunick, 2011). The main dynamic tests are frequency sweep, 

amplitude sweep, temperature sweep and time sweep. In these tests, different moduli 

can be determined. Gô value is a measure of the energy stored in the sample during 

the deformation process, representing the elastic behaviour of a sample. To the 

contrary, Gôô value is a measure of the deformation energy that is dissipated or lost 

through flow of the sample representing the viscous behaviour of a sample. Also, the 

complex modulus, G*, can be calculated combining Gô and Gôô and is a measure of 

the deformation of the sample. Oscillatory tests were performed in the study referred 

to in Chapter 5 using the rheometer AR 2000 (TA Instruments, Crawley, UK) 

illustrated in the Figure 2.9. 

 

Figure 2.9 AR 2000 EX Rheometer supplied by TA Instruments, Crawley, UK. 
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The measurement of these fundamental rheological properties in the coagulum 

was not an easy task since the sample was highly structured and some sort of manual 

deformation was needed to adapt its size to the gap of the geometry. Therefore, large-

deformation test was also used in an attempt to improve the analysis (Chapter 4). 

Large-deformation approach refers to deforming a sample to an extent at which 

the food matrix is damaged or fractured. This is usually correlated with sensory 

evaluation in the food industry. Tests of compression, tension and torsion can be 

performed to determine different values and patterns of gel fracture properties and 

are widely used in both solids and semi-solids by the food industry. One type of large-

deformation methodology, penetration test, was used in the study related to Chapter 

4. Figure 2.10 A shows the texture analyser TA.XT Plus (Stable Micro Systems, 

Surrey, UK) that was used for the test. In this test, a cylindrical probe penetrates the 

sample up to a required depth and data in terms of gel strength can be obtained from 

the force applied and the distance of penetration. Figure 2.10 B shows a typical curve 

obtained in this test. The gel strength is provided by the maximum value of the force 

obtained. 

 

Figure 2.10 (A)Texture analyser TA.XT Plus supplied by Stable Micro Systems, Surrey, UK. 
(B) Typical curve obtained in the penetration test that was performed. 

2.2.3.3 Confocal Laser Scanning Microscopy  

The microstructure of the samples studied in this thesis was visualised by 

confocal laser scanning microscopy (CLSM). This technique is based on wide-field 

fluorescence microscopy, which uses the fluorescence of the samples both naturally 

occurring or by the additions of dyes that can bind with the compounds of interest. 

The instrument is typically composed of a laser light source, dichroic mirror, filters and 

detection system. The first filter selects the light which will excite the fluorophores 
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contained in the sample and emitted fluorescent light passed through a second filter. 

Much of the light collected by the objective to form an image comes from the regions 

above and below the selected focal plane, reducing the contrast and sharpness of the 

final image. A confocal microscope is a high-resolution fluorescence microscope that 

eliminates the out-of-focus light by the inclusion of two pinhole apertures positioned 

at the focal planes of the objective. It not only removes out-of-focus-light from the 

image but also the light scattered from within the optical instrument itself. 

Consequently, it offers an increase of contrast and signal-to-noise in the final image. 

Therefore, confocal microscopy offers two main advantages, elimination or reduction 

of the background and ability to provide time-series of 3D images with high resolution. 

Confocal microscopy was used in this project in order to assess the structure 

and interaction between protein and lipid in both initial sample and during gastric 

digestion. The general protocol is described as follows. 

The microstructure of the initial and digested samples was observed using a 

confocal microscope (brand specified in each chapter). Figure 2.11 shows two of the 

confocal microscopes used in the thesis. The images were taken using both 20 x and 

63 x oil-immersion objectives and simultaneous dual-channel imaging, HeïNe laser 

(excitation wavelength at 633 nm) and an Argon laser (excitation wavelength at 488 

nm). A mixture of two dyes was used, which consisted of 0.1% Fast green FCF 

solution (in water) to detect protein and 0.1% Nile red solution (in propanediol) to 

detect the lipid phase (proportions are described in each chapter). 

 

Figure 2.11 Confocal scanning laser microscopes, (A) Model Leica TCS SP5, supplied by 
Leica Microsystems, Baden-Württemberg, Germany and (B) Zeiss LSM 780 confocal (Carl 
Zeiss, Inc.) 

2.2.4 Protein Analysis 

Protein analysis constitutes an important part of this project. The aim was to 

assess the kinetics of protein emptying and breakdown, in particular, during gastric 



Chapter 2: General Materials and Methods 

89 
 

digestion. The following methods describe the techniques used in this project to 

assess the composition and concentration of proteins. 

2.2.4.1 Total Nitrogen Analyser  

A total nitrogen analyser, LECO FP628 (LECO Corp., St. Joseph, MI, USA), see 

Figure 2.12, was used to determine the total protein content in initial and digested 

samples. This is based on the combustion Dumas method, an international 

standardised method for the determination of the total nitrogen content. The sample 

is combusted at high temperature (950-1,050°C) in a pure oxygen atmosphere and 

the combustion products (including N2 and NOx) are then collected in a vessel 

(ballast) for equilibration. The homogenised gases are swept by a helium carrier gas 

and, CO2 and H2O are removed by sorbents (Lecosorb / Anhydrone). The NOx gases 

are passed through a copper tube that reduces the NOx to N2 and removes excess 

oxygen. Then, N2 is measured with a thermal conductivity detector and its content is 

calculated by taking into account the mass of the sample injected. The total nitrogen 

value is converted into total protein by using a nitrogen conversion factor suitable for 

the protein nature, which is determined according to the amount of nitrogen in the 

protein amino acid sequence. The nitrogen conversion factor established for milk 

proteins is 6.38 (FAO, 2003). 

 

Figure 2.12 LECO FP628 Nitrogen analyser supplied by LECO Corp., St. Joseph, MI, USA. 

The Dumas method offers several advantages over the other international 

standard method for total nitrogen analysis, Kjeldahl method, since it provides shorter 

analysis times, easier operation and improved safety. Both methods have similar 

precision and no differences were found when they were applied in dairy products 

(Wiles et al., 1998). 
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The general procedure followed for the analysis of total protein content is 

described as follows.  

The protein content of the initial sample and emptied digesta was determined 

using a LECO FP628 Protein analyser (LECO Corp., St. Joseph, MI, USA). Prior to 

the analysis, blank and drift corrections were performed. At least five blanks were 

analysed, until three consecutive blanks had a stable value with a standard deviation 

of less than 0.002% and the last three consecutive values were used for the blank 

correction. EDTA is typically used as a reference standard to interpret the detector 

response as % nitrogen (the theoretical N concentration for EDTA is 9.586%). At least 

four EDTA standards were run until three consecutive values have a relative standard 

deviation of 0.2% or less and the last three consecutive values were used to calculate 

the drift factor correction. For the test samples, about 0.2 g of sample was weighed in 

tin foil cups (LECO Corp.), sealed and placed in the instrument's loader. A conversion 

factor of 6.38 was used to obtain the protein content from the nitrogen content.  

2.2.4.2 Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis 

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was 

performed to determine the intact and hydrolysed protein and the nature of the protein, 

in this case caseins and whey proteins. 

SDS-PAGE is a widely used method for separating proteins according to their 

molecular weight. Figure 2.13 illustrates the principles of this technique. A reducing 

agent such as dithiothreitol or mercaptoethanol is added to break the protein 

disulphide bonds. SDS is an anionic detergent that unfolds and charges proteins 

negatively by binding to the protein molecules proportionally to the length of the 

protein, achieving the same charge to mass ratio. Then, the mobility of the protein 

through the polycrylamide gel, which differs in pore size according to the state of 

crosslinking, depends on the molecular weight of the protein. An electric field is 

applied to move the charged molecules, the ones with small molecular weight migrate 

more rapidly through the gel than larger molecules. This methodology is helpful for 

relatively large peptides, but the resolution of SDS gel is usually low for small peptides 
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Figure 2.13 Schematic representation of SDS-PAGE procedure for protein separation. 

The general protocol used in the project is described as follows. 

SDS-PAGE was performed on the initial and digested samples during gastric 

phase. The electrophoresis was performed using the XCell SureLockÊ Mini-Cell. 4-

12% polyacrylamide NuPAGE Novex Bis-Tris 12-well precast gels (Invitrogen, Life 

Technologies Corp., CA, USA) were used according to the manufacturerôs 

instructions. This type of gel is capable of resolving proteins in the range of 200-2.5 

kDa. Running buffer consisted of 50 mL NuPAGE MES buffer (2-(N-morpholino) 

ethanesulfonic acid) and 950 mL water. A volume of 65 µL sample was mixed with 10 

µL 10x NuPAGE reducing agent and 25 µL NuPAGE LDS sample buffer. The mixture 

was heated at 70°C for 10 min. 10 µL of the mixture was loaded onto the gel. The 

electrophoresis settings were 200 V (350 mA) for 35 min. After the run, gel was 

removed from the cassette, a fixing solution (50% methanol and 10% acetic acid in 

v/v) was applied to the gels for at least 2 hours before staining with Coomassie Blue. 

Mark 12Ê Unstained Standard (Invitrogen, Life Technologies Corp., CA, USA) was 

used as a molecular weight marker.  

2.2.4.3 o-Phthalaldehyde Spectrophotometric Assay  

Protein hydrolysis occurs during the gastrointestinal digestion by proteases, 

releasing peptide fragments with amino group ends. It is important to measure the 

extent of hydrolysis, which relates to the number of peptide bonds cleaved during a 

hydrolytic process. The production of protein hydrolysates is limited by enzyme 

activity but also protein attributes and, structural and physico-chemical changes in the 

course of digestion.  
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There is no absolute protein assay for assessing protein hydrolysis, each 

method has different advantages and limitations. The most well-known methods for 

the determination of degree of hydrolysis in food proteins are pH-stat technique, the 

trinitro-benzene-sulfonic acid (TNBS) method and o-phthalaldehyde (OPA) method. 

OPA method was selected on the basis of its sensitivity, convenience and 

environmental safety, compared to other spectrophotometry assays (Nielsen et al., 

2001). The OPA assay has been reported to be useful for the evaluation of the 

progress of hydrolysis during digestion of milk proteins (Church et al., 1983). 

The OPA assay is based on the reaction between primary amino groups and 

OPA chemical in presence of SH-compound such as dithiothreitol or ɓ-

mercaptoethanol. This forms a compound that absorbs at 340 nm (Figure 2.14), which 

is evaluated by spectrophotometry and the absorbance is proportional to the 

concentration of free amino groups. This assay is based on the assumption that a free 

amino group and a free carboxyl group are released every time a peptide bond is 

hydrolysed. 

 

Figure 2.14 Representation of OPA reaction in a molecular level. 

Standard solutions were used for quantitation. A calibration curve was created 

by plotting the absorbance at 340 nm of each standard concentration versus the 

known concentration of the standards. Leu was selected as the standard since the 

absorption of OPA after reacting with Leu was found very close to the average 

response of other amino acids (Nielsen et al., 2001). 

The application of this assay requires a clear sample without interference from 

insoluble material or particles causing light scattering. The samples analysed by OPA 

assay were therefore pre-treated as follows. 

Addition of trichloroacetic acid (TCA) at 3.12% final concentration to sample, 

causes the precipitation of insoluble protein that could interfere in the further analysis. 

Then, the samples were centrifuge at 10,000 g for 30 min at room temperature and 

the supernatant was filtered using a syringe filter of PVDF 0.45 µm membrane (Millex-

GV, Millipore). The use of TCA in protein hydrolysed samples prior to quantitative 
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analysis has been widely used (Flanagan et al., 2003). Therefore, the extent of 

proteolysis was determined from the TCA-soluble protein fraction, which consists of 

small peptides and amino acid residues (Rowland, 1938). 

The levels of free R-NH2 groups were determined using the OPA 

spectrophotometric assay in micro-titre plates based on the protocol described in 

Nielsen et al. (2001) with some modifications. OPA reagent consisted of 3.81 g 

sodium tetraborate decahydrate dissolved in approximately 80 mL water. Once 

dissolved, 0.088 g dithiothreitol and 0.1 g SDS were added. Then, 0.080 g OPA 

dissolved in 2-4 mL ethanol was placed in the solution that was finally made up to 100 

mL with Milli-Q® water. 

Different concentrations of standard Leu solution (made with phosphate buffer 

solution) ranged from 0 to 10 mmol/L were used to obtain a calibration curve. 10 µL 

of standard/sample was placed into each well and mixed with 200 µL of OPA reagent. 

The reaction was allowed to proceed for 15 min, then the absorbance was measured 

at 340 nm using a microplate reader (brand specified in each chapter). 

2.2.4.4 Amino Acid Analysis 

Amino acids (AAs) are the basic monomeric units of the protein molecule, which 

are readily available to diffuse across the intestinal wall. Once absorbed, they are 

involved in a range of physiological functions. Therefore, AAs analysis is important to 

understand the implications of the food matrix on protein disintegration and the 

potential effects on health. The analysis of AAs was performed using ion-exchange 

chromatography and reversed phase chromatography coupled to tandem mass 

spectrometry, independently. These techniques were applied in the study related to 

Chapter 4. In this section the fundamentals of these techniques are explained, and 

the details of the protocols have been described in the corresponding chapter. 

There is no official standardised method for analysis of AAs in foods. However, 

the most commonly used methods for separating and quantifying free AAs include the 

liquid chromatography technique of ion exchange chromatography (EC), reversed 

phase liquid chromatography (RPLC), gas chromatography (GC) and capillary 

electrophoresis, coupled to UV absorbance or fluorescence. These techniques are 

included in the group of column chromatography. In this, analytes in a mobile phase 

are separated because their different affinities for the stationary phase of the column. 

The interactions of the analytes with the stationary phase determine the migration 

time, which are based on properties such as charge and size. After being separated 
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by the column, the concentration of each of the analytes is determined by a suitable 

detector. 

AAs are highly polar compounds and, therefore, their chemical derivatization 

may be required for chromatographic separation to improve separation and detection, 

which can be applied by a pre- or post-column step. In the derivatization process, a 

reagent is used to react with the amino group. The most common derivatization 

reagents are ninhydrin, o-phthalaldehyde, 6-aminoquinoyl-N-hydroxysuccinimidyl 

carbamate, 2,5-dioxopyrrolidin-1-yl-2(4-methylpiperazin-1-yl) acetate and N-metyl-N-

trimethylsilyltrifluoroacetamide (Gilani et al., 2008). Derivation of AAs in GC is also 

required, improving the volatility and thermal stability of analytes. The most employed 

procedure is silylation. GC analysis provides good resolving power, the limit of 

detection reported was 0.03-12 µmol/L (Kaspar et al., 2008). However, this 

derivatization is sensitive to moisture and not all the AAs derivatives are stable. 

The technique of cation EC has been widely used followed by post-column 

derivatization with ninhydrin and ultraviolet detection. The analyser Jeol JLC-500/V 

AminoTacÊ (see Figure 2.15), based on the cation EC technique, was used in this 

thesis for the analysis of AAs in samples after in vitro gastric and intestinal digestion. 

The stationary phase consisted of highly polymerised resin that separates compounds 

by differences in their overall charge, charge density, and surface charge distribution, 

at particular pH and temperature. The analyte molecules are retained on the column 

based on ionic interactions. The stationary phase surface contains ionic functional 

groups of opposite charge that interact with analyte ions. For proteins, their surface 

charge on the molecules, which binds to cation exchanger should be net positive. 

Thus, to get binding of a specific protein, the pH should be below the isoelectric point 

of that protein. This method also incorporates a post-column reaction of ninhydrin with 

free AAs, so the results can be detected in the visible range. The reaction of ninhydrin 

with AAs containing a primary amine generates a derivative that can be absorbed at 

570 nm and secondary amines forms a product absorbing at 440 nm. The linearity 

ranges, typically, from 5-2,500 ɛmol/L. The disadvantages of the method are the long 

runtime and the instability of ninhydrin. An example of the chromatogram obtained for 

a standard solution is illustrated in Figure 2.16. 
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Figure 2.15 Jeol JLC-500/V AminoTacÊ amino acid analyser supplied by Joel Ltd., Herts, 
UK. 

 

Figure 2.16 Chromatogram of the separation of each amino acid in a standard solution using 
cation EC. 

RPLC has been increasingly used, compared to ion EC. This technique 

separates molecules based on their hydrophobicity. RPLC uses a hydrophobic 

stationary phase and a hydrophilic mobile phase. The stationary phase is commonly 

composed of porous silica particles linked to alkyl chains (typically C8 and C18). C18 

packed columns are typically used for the separation of small or low hydrophobic 

proteins (Ò10 kDa). 

https://www.medwrench.com/equipment/1779/jeol-aminotac-jlc-500-v
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Liquid chromatography techniques that are coupled to an optical detector have 

low limit of quantification, 5 µmol/L (Kaspar et al., 2008). However, they still offer low 

specificity, when compared to mass spectrophotometry (MS). (Kaspar et al., 2008). 

MS is a technique that ionizes analytes, separating the ions based on their mass-to-

charge (m/z) ratio and detects them. The selectivity of the quantification is increased 

by the use of tandem MS (MS/MS). The principle of MS/MS is that a sample is ionized 

by an ion source and separated by m/z ratio in the first mass analyser. The ions of 

m/z value of interest are selected and fragmented generating fragment ions, which 

are separated and recorded by the second mass analyser. MS/MS offers high 

accuracy and sensitivity. Another advantage is that derivatization is not needed. 

However, it can be subject to matrix effects, which could be addressed by the use of 

stable-isotope-labelled internal standards. In this project, the use of a technique for 

AA analysis with high sensitivity was needed in the samples obtained from Ussing 

chamber (Chapter 4). For that, LC and electrospray ionization MS/MS, Agilent 6490 

triple quadrupole MS equipped with an Agilent 1290 HPLC system (Agilent 

Technologies, Santa Clara, CA, USA) (see Figure 2.17) was used using labelled 

standards. 

 

Figure 2.17 Agilent 6490 triple quadrupole MS equipped with an Agilent 1290 HPLC system 
supplied by Agilent Technologies, Santa Clara, CA, USA. 

2.2.5 Lipid Analysis 

The following methods describe the techniques used in this project to assess 

the composition and concentration of lipids. 
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2.2.5.1 Total Lipid Analyser 

The lipid content of the initial sample and emptied digesta was measured using 

a CEM Smart Trac 5 System® (CEM Corp., Matthews, N.C., U.S.A.), see Figure 2.18. 

The method consists of a microwave-drying step followed by nuclear magnetic 

resonance (NMR) analysis. Moisture is evaporated from the sample using microwave 

energy and weight loss is determined by electronic balance readings before and after 

drying. Microwave drying is an AOAC-approved reference method (Method 985.14). 

Then, lipids are determined on the basis of NMR analysis. 

 

Figure 2.18 CEM Smart Trac System-5 supplied by CEM Corp., Matthews, N.C., USA. 

The NMR technique incorporated into the CEM Smart Trac System® is based 

on low-resolution time domain NMR, which is commonly used for lipid analysis. It uses 

a low field strength that is not designed to correct the inhomogenity of the magnetic 

field. This implies that the differences in the electronic structure of molecules obtained 

using high-resolution NMR cannot be detected. Figure 2.19 illustrates the basic 

principles of low-resolution NMR. This technology aligns the hydrogen protons of the 

sample to the magnetic field. Then it sends pulses of radiofrequency energy for very 

short periods through the sample, which causes a stronger field in which the hydrogen 

atoms are aligned. Following the pulse, the atoms return to equilibrium orientation 

emitting a signal known as a free induction decay or transverse relaxation time, which 

is measured. The induction decay relates to realignment of the protons in response 

to the pulsing. Therefore, differences in the signal of rate of decay are used to 

differentiate constituents in the analysed matrix. Removal of water in the sample is 
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needed since the protons of water cannot be distinguished from those of lipid. After 

drying, the main constituents of food that contain significant amounts of protons are 

lipid, protein, and carbohydrate, which present differences in the induction decay 

times and the instrument is able to differentiate. Both protein and carbohydrate in 

dried foods exhibit transverse relaxation times that are very short and the signal from 

these substances decays very rapidly. However, for lipid the transverse relaxation 

times are considerably longer and thus the signal decays relatively slowly. Therefore, 

the signal obtained using this technique will be directly proportional to the number of 

protons associated to lipid, which will be proportional to the lipid content of the sample. 

This method is recognized as an AOAC peer verified method. 

 

Figure 2.19 Schematic representation of the principle of NMR for the determination of lipid 
content (adapted from the web site cem.com).  

This methodology has been used for the analysis of lipid in dairy products 

(Cartwright et al., 2005). The advantages to use this methodology are the speed of 

the analysis and elimination of the problems associated to the solvent extraction 

methods.  
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The general protocol is described as follows and it is illustrated in Figure 2.20. 

 

Figure 2.20 Schematic representation of the protocol for the determination of lipid content 
(taken from the web site cem.com)  

Initial and digested aliquots from gastric phase were used. A homogenised 

sample was obtained by warming to 40°C to disperse the lipid and using an 

ultraTurrax® homogeniser at 7,500 rpm for ~ 30 s. Approximately 2 g of sample was 

placed on a glass fibre pad (CEM Corp.) and dried in the CEM Smart Trac 5 System® 

by microwave drying. After drying, the sample (including the glass fiber pad) was 

placed on a sheet of Teflon film (CEM Corp.), rolled into a cylindrical shape and placed 

into a special Teflon tube (CEM Corp.) fitted for the instrument (Figure 2.20). The tube 

containing the sample was placed into the NMR chamber of the CEM Smart Trac 5 

System®. The settings of the NMR pulse generator were as follows: Pulse power 250 

W nominal; pulse times variable in 100 ns increments; transmit and receive phases 

selectable 0, 90, 180, and 270°; nominal 90° pulse times 4 ms (18 mm probe). 

Magnet: permanent, thermally stabilized, 0.47 T (20 MHz), homogeneity >10 ppm. 

Signal detection: dual channel (quadrature) detection with programmable low-pass 

filtering, programmable data acquisition rate up to 4 MHz per pair of points. Moisture 

and fat results are displayed by the instrument as a percentage (g/100 g). 

2.2.5.2 Gas Chromatography-Mass Spectrophotometry 

The use of gas chromatography (GC) coupled to MS was used in order to 

quantify the lipid hydrolysis by analysing each lipid compound in both initial and 

digested samples. 

The matrix of these samples consisted of a mixture of lipid, protein and 

carbohydrates. In order to avoid any interference, isolation of the lipid prior to analysis 

was required. Solvent extraction techniques are one of the most commonly used 

methods for lipid extraction. Lipids are soluble in organic solvents, i.e. chloroform, and 

insoluble in water. Therefore, lipid components can be separated in foods from water 

soluble components, such as proteins and carbohydrates. The lipid part of samples 

consisted of a mixture of mainly triacylglycercols, diacylglycercols, 
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monoacylglycercols and free fatty acids. The separation among the lipid compounds 

will depend on the polarity of the solvent compared to that of the lipid species. 

Hydrophobic lipids such as triacyglycerols are more soluble in non-polar solvents 

whereas diglycerides and monoglycerides have both hydrophobic and hydrophilic 

moieties and short chain fatty acids (C1-C4) are very hydrophilic compounds. 

The extracted samples can then be analysed. Chromatography techniques, e.g. 

thin layer chromatography and GC are usually applied to determine the lipid profile of 

food samples. GC coupled to a mass spectrophotometer was used in the study 

referred in Chapter 7, using 7890B GC System equipped with 5977A mass 

spectrometry detector (Agilent Technologies, USA) (Figure 2.21). In GC, the sample 

is volatilized and injected into a column. The sample is transported by a mobile phase 

of inert gas and the different elution occurs due to the different interaction with the 

stationary phase of the column. However, some lipid compounds are not very volatile, 

such as triacylglycerols. For this reason, lipid samples were treated to obtained fatty 

acid methyl esters (FAMEs), increasing their volatility. Fatty acids in foods vary in 

chain length, degree of unsaturation and position on the glycerol molecule and the 

lipid fraction then consists of a complex mixture of different molecules. The 

compounds elute at different times depending on their polarity (chain length and 

degree of saturation) and boiling point, the fatty acids with the lowest boiling point 

and/or the most polar had the shortest retention time. After the separation of the 

molecules in the column, they are broken down into ionized fragments using electron 

or chemical ionization sources. The compounds can be then identified by comparing 

their retention times with those obtained from standards. MS is a powerful technique 

that provides the identification and quantification of the chemical structure of these 

molecules that it would be more difficult with the use of GC only. The most standard 

procedure for ionization is electron ionization, the molecules are bombarded with free 

electrons emitted from a filament. These fragmented ions are then separated based 

on their different mass-to-charge ratio by a mass analyser. Finally, the signal of the 

separated ions is amplified and transmitted by a detector, obtaining mass spectra 

data. An example of the chromatogram obtained using the standards is shown in 

Figure 2.22. 
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Figure 2.21 7890B Gas Chromatography System equipped with a model 7694 autosampler 
and 5977A mass spectrometry detector (Agilent Technologies, USA). 

In this system of analysis, an internal standard should be used to normalise or 

correct for sample-to-sample preparation variance and standard to sample matrix 

differences. The internal standard chosen should not be naturally present in the 

sample matrix. 

 

Figure 2.22 Example of chromatogram obtained in a lipid standard mix by GC-MS  



 

102 
 

  

Development of a Semi-Dynamic in 

Vitro Digestion Model  
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3.1 Introduction 

There is growing interest in investigating the fate of food in the gastrointestinal 

(GI) tract in light of understanding the impact of food on human health. The gastric 

phase is central to understand the connection between food structure and rates of 

nutrient release and, in turn, digestion and absorption in the small intestine. There are 

several types of dynamic process occurring in the stomach, e.g. enzymatic, chemical 

and physical, described in Chapter 1, which are relevant to understand the behaviour 

of food structure. 

The study of food digestion in vivo, in particular in humans, is the reference 

methodology. However there can be issues regarding time, cost, ethics, invasive 

sampling and high inter-individual variability. For this reason, in vitro models are 

widely used since they can overcome those issues as well as allowing more detailed 

information to be obtained and improving reproducibility having greater control of the 

experimental conditions. These models allow the determination of nutrient 

bioaccessibility and they are usually performed as preliminary tests to produce 

evidence for future health claims to be further investigated in human studies. The 

most used type of in vitro model in the literature is the static method, often consisting 

of a series of stages simulating the different digestive compartments in which 

conditions remain constant. An internationally harmonised protocol for static 

simulation of digestion in the upper GI tract of adults has been developed by the 

COST Action INFOGEST (Minekus et al., 2014). In this, the pH is set constant at pH 

3 for the gastric digestion time of 2 hours, under these conditions pepsin activity is 

optimum resulting in overestimation of protein hydrolysis. Moreover, the structural 

changes and different colloidal behaviours that might occur in the stomach affecting 

nutrient breakdown and delivery cannot be simulated. For instance, several studies 

using a static digestion reported fast hydrolysis of caseins (Egger et al., 2016; Islam 

et al., 2017; Tunick et al., 2016) whereas caseins have shown slow protein absorption 

in vivo (Boirie et al., 1997; Dangin et al., 2001; Mahé et al., 1996). This is suggested 

to be due to the formation of coagula in the gastric compartment, which is not 

observed in static studies. 

The static in vitro model has been seen as a useful tool for assessing end-point 

values, however it cannot provide kinetic data about nutrient digestion and structural 

changes because the complexity of the gastric dynamics is not simulated (Bohn et al., 

2017). Another in vitro model, the dynamic model, is able to mimic the biochemical 

and mechanical aspects of the human stomach however they are complex, time-

consuming and expensive to use since their use involves large amounts of enzymes. 
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In addition, dynamic models are often commercially run and are often not available to 

food researchers. Therefore, there was the need of an intermediate model that could 

provide the advantages of the two models, a system that could provide more realistic 

trends about nutrient digestion while taking into account the relevant in vivo gastric 

secretion and emptying, and yet could easily be used in laboratories without specialist 

facilities. 

A semi-dynamic gastric model was developed in this thesis to obtain better 

physiological relevance in the kinetics of gastric digestion compared to the static 

model but without the constrictions of cost and access, and the use of large samples 

needed in fully dynamic models. The features are the simulation of the main gastric 

dynamics of gradual acidification, fluid and enzyme secretion and emptying. Using in 

vivo data on gastric volume changes during digestion (Mackie et al., 2013), this model 

has been reported to closely simulate the behaviour observed in the human stomach 

by magnetic resonance imaging (Chapter 7), allowing the determination of the 

underlying mechanisms leading to the physiological responses observed in humans. 

In this chapter the main steps in the development of the model are described, 

with particular consideration of the dynamic pH profile and gastric emptying (GE). This 

chapter presents the final outcomes and design of the model based on the aims of 

developing a simpler, cheaper, more accessible model that had a higher throughput 

than fully dynamic models yet gives a more accurate insight into gastric processing 

than current static models. It builds upon the standardised outcomes of the static 

INFOGEST protocol (Minekus et al., 2014). The results of this thesis will be the basis 

for an international consensus method published in 2019, with a detailed description 

of the experimental parameters and commercially available equipment so that the 

method can be easily reproduced in any laboratory worldwide. 

3.2 Materials and Methods 

3.2.1 Materials 

Skimmed milk power (SMP), from Fonterra, New Zealand, was used in most of 

the trial experiments performed. The enzymes were provided by Sigma Aldrich (St 

Louis, Mo, USA). Enzyme activities were determined based on the assays detailed in 

Minekus et al. (2014). The Ŭ-amylase of oral phase was not included in any 

experiment because starch was not present in the matrix, however it should be 

included when starch is present. Porcine pepsin activity was based on bovine blood 

haemoglobin as a substrate (one unit will produce a ȹA280 of 0.001 per minute at pH 
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2.0 and 37°C) measured as TCA-soluble products. Porcine pancreatin was used and 

the trypsin activity was considered, which was based on p-toluene-sulfonyl-L-arginine 

methyl ester, TAME, (one unit hydrolyses 1 µmol of TAME per minute at 25°C, pH 

8.1). The concentration of bile salts (bovine origin) was measure using a commercial 

kit (DiaSys Diagnostic System GmbH, Germany). The reagents and protocol for the 

digestive fluids i.e. salivary, gastric and intestinal simulated fluids were according to 

Minekus et al. (2014), and detailed below. 

3.2.2 Preparation of Simulated Digestion Fluids 

The preparation of the stock solutions for the simulated salivary fluid (SSF) is 

detailed in Table 3.1. The stock solution was made up with water to 400 mL, obtaining 

1.25x concentrated solution. The addition of enzymes, Ca2+ solution and water will 

result in the correct electrolyte concentration (1x) in the final digestion mixture. This 

aims to reach the concentration of 0.75 mmol/L of Ca2+ (using CaCl2(H2O)2) in the 

final digestion mixture. 

Table 3.1 Preparation of the simulated salivary fluid (SSF), 1.25x concentrated, for the 
simulation of the oral phase. 

 

The solution was adjusted to pH 7 using 1 mol/L HCl and made up with distilled 

water to 400 mL. The solution was stored at 4°C up to one week. 

The preparation of the stock solutions for the simulated gastric fluid (SGF) is 

detailed in Table 3.2. The stock solution was made up with water to 400 mL, obtaining 

1.25x concentrated solution. The addition of enzymes, Ca2+ solution, HCl and water 

will result in the correct electrolyte concentration (1x) in the final digestion mixture. 

This aims to reach the concentration of 0.075 mmol/L of Ca2+ (using CaCl2(H2O)2) and 

pepsin activity of 2,000 U/mL in the final digestion mixture. 

Constituent 
Stock concentration 

(mol·L-1) 
Volume of 
stock (mL) 

Concentration in 
SSF (mmol·L-1) 

KCl 0.5 15.1 15.1 
KH2PO4 0.5 3.7 3.7 
NaHCO3 1 6.8 13.6 
NaCl 2 - - 
MgCl2(H2O)6 0.15 0.5 0.15 
(NH4)2CO3 0.5 0.06 0.06 
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Table 3.2 Preparation of simulated gastric fluid (SGF), 1.25x concentrated, for the simulation 
of the gastric phase. 

 

The solution was adjusted to pH 7 using 2 mol/L HCl and made up with distilled 

water to 400 mL. The solution was stored at 4°C up to one week. 

The preparation of the stock solutions for the simulated intestinal fluid (SIF) is 

detailed in Table 3.3. The stock solution was made up with water to 400 mL, obtaining 

1.25x concentrated solution. The addition of enzymes, Ca2+ solution, bile and water 

will result in the correct electrolyte concentration (1x) in the final digestion mixture. 

This aims to reach the concentration of 0.3 mmol/L of Ca2+ (using CaCl2(H2O)2) and 

pancreatin activity of 100 U/mL (based on trypsin activity) and bile concentration of 

10 mmol/L in the final digestion mixture. 

Table 3.3 Preparation of simulated intestinal fluid (SIF), 1.25x concentrated, for the simulation 
of the intestinal phase. 

 

The solution was adjusted to pH 7 using 2 mol/L HCl and made up with distilled 

water to 400 mL. The solution was stored at 4°C up to one week. 

A solution of 0.3 mol/L CaCl2(H2O)2 was also prepared but added separately. 

3.2.3 Semi-Dynamic Gastric Model Equipment 

Figure 3.1 shows the typical set up for the semi-dynamic gastric model and the 

functional parts are individually illustrated in Table 3.4. The auto-titrator (including pH 

probe and dosing device), vessel with thermostat water jacket and vessel lid with 

openings were purchased from Metrohm Ltd (Switzerland), circulating water bath was 

from VWR, twin syringe infusion pump was from Harvard Apparatus PHD Ultra 

Syringe Pump, orbital shaker (Stuart mini gyro-rocker, SSM3) was provided by Stuart, 

Barloworld Scientific limited, UK. Plastic tubing to connect end of syringe with vessel 

Constituent 
Stock concentration 

(mol·L-1) 
Volume of 
stock (mL) 

Concentration in 
SGF (mmol·L-1) 

KCl 0.5 6.9 6.9 
KH2PO4 0.5 0.9 0.9 
NaHCO3 1 12.5 25 
NaCl 2 11.8 47.2 
MgCl2(H2O)6 0.15 0.4 0.1 
(NH4)2CO3 0.5 0.5 0.5 

 

Constituent 
Stock concentration 

(mol·L-1) 
Volume of 
stock (mL) 

Concentration in 
SIF (mmol·L-1) 

KCl 0.5 6.8 6.8 
KH2PO4 0.5 0.8 0.8 
NaHCO3 1 42.5 85 
NaCl 2 9.6 38.4 
MgCl2(H2O)6 0.15 1.1 0.33 
(NH4)2CO3 0.5 - - 
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lid was made in-house and the tubing from the dosing device to the vessel was from 

Metrohm Ltd. 

 

Figure 3.1. Set up of the semi-dynamic gastric model. 

Table 3.4. Description of the parts of the semi-dynamic gastric model. 

Image of Model Part Generic Name Functions 

 

pH electrode Records pH within the 
simulated stomach 
(reaction vessel). 
Since a pH curve is 
previously determined 
its use is not required 
in every digestion 

 

Pump (Dosing 
device) 

Delivers the simulated 
electrolyte gastric 
mixture containing the 
electrolytes and acid 
at a defined rate. The 
delivery rate is 
programmed using 
the software TiamoÊ 
(Metrohm) 
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Image of Model Part Generic Name Functions 

 

Syringe pump Delivers the enzyme 
solution. The delivery 
rate is programmed 
manually in the pump 

 

Reaction 
vessel 

Holds the food to be 
digested simulating 
the stomach. It is 
made of glass and 
water jacketed to 
keep the temperature 
at 37°C. The vessel 
that was used in the 
studies of this thesis 
had an outer diameter 
of 78 mm, height of 82 
mm and volume of 5-
70 mL 

 

Vessel Lid Holds the tubing and 
pH probe. Allows the 
sealing of the vessel 
and the emptying 

 

Shaker Moves gently the 
vessel resulting in 
gentle mixing of the 
gastric contents. It is 
usually set at 35 rpm  
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Image of Model Part Generic Name Functions 

 

Water bath Heats water at 37°C, 
which is circulated 
through the vessel 

 

Tubing I Connects the syringe 
containing the 
enzyme solution with 
the vessel, allowing 
accurate delivery of 
small volumes. It is 
held by the lid of the 
reaction vessel 

 

Tubing II Connects the pump 
(dosing device from 
Metrohm) containing 
the simulated 
electrolyte gastric 
mixture with the 
vessel, allowing 
accurate delivery. It is 
held by the lid of the 
reaction vessel 

3.3 Results 

3.3.1 Oral Phase 

The oral phase remains essentially the same as the INFOGEST static protocol 

(Minekus et al., 2014) but the 1:1 ratio of salivary fluids to food was calculated based 

on the dry weight of food proportion instead of the volume of food. This is mainly 

designed for solid/semi-solid foods in order to obtain paste-like consistency simulating 

the formation of a bolus. The amount of saliva secreted in relation to the amount and 

type of food ingested is highly variable, the values typically can range from 0.05 to 0.5 

g saliva/g food (Watanabe et al., 1988). Therefore, the proportion of saliva added with 

the dry matter content can provide more relevant relation. 
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3.3.2 Development of a Dynamic Gastric pH Profile 

The dynamic pH curve observed in the human stomach was the principal 

parameter to be simulated. For that, SMP was used in first trials as a food model. This 

dynamic profile is one of the main changes from the static model. The latter provides 

the constant pH profile during gastric digestion as illustrated in Figure 3.2. The initial 

pH of the sample was 6.5, after the addition of HCl the pH dropped drastically to pH 

3 and was constant during the gastric digestion time. 

 

Figure 3.2 Example of a pH curve of gastric digestion under static model conditions and a 
zoom of the curve during the first 100 seconds of digestion. 

The first approach to obtain a dynamic pH profile was to create a curve with set 

pH endpoints using a method in the pH titratorôs software (TiamoÊ). The method was 

optimised by modifying the parameters of titration in particular the minimum and 

maximum rate of addition of HCl. The best approximation is illustrated in Figure 3.3 

using 9.5% SMP dissolved in phosphate buffer without the addition of digestive fluids. 

The pH value at the end of the acidification was 2 and the average pH was 

approximately 3.5. 
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Figure 3.3 Programmed pH curve for 9.5% SMP in phosphate buffer adding 0.5 mol/L HCl. 
Note: a magnetic stirrer was used as mixing system. 

The next step was to test the previous programmed method using simulated 

digestive fluids, both salivary and gastric, including the addition of pepsin to reach a 

final activity of 2,000 U/mL by means of the dosing device following a constant rate of 

0.0083 mL/min. For this trial, 5 mL of 9.5% SMP was mixed with 5 mL SSF. Then, the 

sample was placed in the vessel and 10 mL of SGF at pH 7 was added. Gastric 

digestion was carried out for 2 hours at 37°C and using magnetic stirring at 225 rpm 

meanwhile pepsin solution was added at constant rate of 0.0083 mL/min. Samples 

(0.5 mL) were taken during the digestion at 5, 10, 15, 30, 60, 90 and 120 min and 

mixed with 50 µL NaHCO3 to raise the pH in order to stop pepsin activity. The pH 

profile together with the curve of HCl addition can be seen in Figure 3.4. In this case, 

there was slower pH decrease compared with the previous trial and the final pH value 

did not reach pH 2, which could be due to the buffering action of pepsin. 
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Figure 3.4 Programmed pH curve with different endpoints using 9.5% SMP including oral and 
gastric phases. Pepsin solution was prepared at 2,000 U/mL (in final volume) and delivered 
by means of a dosing device following a constant rate of 0.0083 mL/min. The solution 0.5 
mol/L HCl was added by another dosing device. 

Regarding gastric behaviour, some precipitation was visible at around 30 min, 

which gradually dissolved resulting in a clear solution (Figure 3.5 A). In contrast, no 

visible formation of precipitate was observed during the static digestion Figure 3.5 B. 

The SDS-PAGE of digestion using both static and dynamic pH profile can be seen in 

Figure 3.6. In the dynamic pH profile there was progressive casein hydrolysis 

compared to the static method, in which the bands of casein were not visible after 5 

min. 

 

Figure 3.5 Behaviour during gastric digestion of SMP in (A) dynamic pH and (B) static pH. 
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Figure 3.6 SDS-PAGE of the samples taken during gastric digestion in (A) dynamic pH and 
(B) static pH. 

The amount of food, mainly protein, will determine the amount of acid to add 

because it affects the buffering capacity, which can be observed in Figure 3.7 with 

different concentrations of SMP (20, 10 and 5%) using the pH programmed curve with 

fixed endpoints. This suggests that the buffer capacity of the protein is directly 

proportional to concentration, therefore, the higher buffering capacity results in less 

changes in the pH value. 

 

Figure 3.7 pH profile, in dynamic conditions, of different concentrations of SMP (20, 10 and 
5%). 

The approach of designing a pH curve with multiple endpoints is time 

consuming because it needs optimisation depending of those parameters, which is 

not convenient practically. Therefore another approach was tested, this is to measure 

the volume of acid needed in order to reach a pH value of 2 and an average pH of 

about 3, and deliver that volume at constant rate for the duration of the gastric phase. 
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This experiment can be performed prior the actual digestion without considering the 

addition of enzyme and performing gastric emptying. Therefore this excludes two 

opposing factors adding the enzymes will increase the buffering capacity of the 

system while the emptying will lower it. Then, a test digestion considering these two 

aspects can be tested to check the pH curve. This approach is illustrated in Figure 

3.8 for the sample of 20% SMP. 

 

Figure 3.8 In a sample of 20% SMP, (A) three measurements of the volume of HCl needed to 
reach pH 2, (B) pH curve using a constant delivery of the measured volume of HCl during 
gastric digestion time. 

The pH profile was further improved by the simulation of the basal state of the 

stomach, in which the gastric residue pH is below 2 and results in a rapid initial 

lowering of the food immediately after entering the stomach. This was achieved by 

adding 10% of the required acid in the gastric reaction vessel before placing the food 

to be digested. Then, the remaining 90% was gradually delivered during the total 

gastric phase time. 

3.3.3 Gastric Mixing System  

The initial experiments were performed using a magnetic stirrer inside of the 

simulated stomach, i.e. reaction vessel. However, this altered the structural changes 

and could prevent the formation of colloidal structures. Therefore, other types of 

mixing systems were tested, e.g. orbital shaker. The objective was to obtain some 

gentle mixing between the gastric secretions and the food inside of the vessel. Figure 

3.9 shows the pH curves comparing the mixing systems of magnetic stirrer and the 

orbital shaking system using a 10% SMP solution, showing that the end values of pH 

were similar. After two hours of gastric digestion, using the orbital shaker, there was 

a white clot remaining (Figure 3.10) whereas a clear solution was obtained when 

magnetic stirrer was used. The incorporation of glass balls (4 balls of 4.5 mm 

diameter) at the bottom of the vessel when using the orbital shaker aimed to provide 

a more vigorous mixing at the bottom simulating the higher shear that occurs in the 

antral part of the stomach. This approach did not work because the balls became 
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entrapped in the coagulum formed during the gastric behavior, which made their 

movement impossible. 

 

Figure 3.9 pH profile of 10% SMP using an orbital shaker and a magnetic stirrer inside of the 
vessel. 

 

Figure 3.10 Behaviour of 10% SMP after 2 hours of gastric digestion using an orbital shaker 
as mixing system. Yellow arrow pointing the clot on the bottom of the vessel. 

Another type of mixing was tried in the study relating to Chapter 5, mixing inside 

of the vessel using a 50-mL syringe with plastic tubing. This consisted of pulling in 

and then pushing out the digesta from the vessel using the syringe. This aimed to 

take an accurate volume calculated from gastric emptying at each emptied point. The 

mixing was performed initially before each gastric emptying point. However, this 

resulted in excessive mixing that disrupted the colloidal structures that developed 

during the gastric phase (see Figure 3.11), which could alter the simulated nutrient 
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content emptied from the stomach to the duodenum. However, this mixing was 

applied at early stage of digestion which seemed to provide better results without 

affecting the later intragastric behavior. 

 

Figure 3.11 Gastric behaviour of a sample (UHT+homogenisation milk) used in Chapter 5, (A) 
before mixing with syringe and (B) after mixing with syringe. 

3.3.4 Gastric Secretions and Gastric Emptying 

An example of the calculations for the volume of each gastric fluid used in the 

semi-dynamic model can be seen in Table 3.5. The oral phase is simulated before 

the gastric digestion. In this example, 20 g of sample is mixed with a volume of the 

oral mixture containing 79.9% SSF (1.25x), 19.6% MilliQ® water and 0.5% 

CaCl2(H2O)2 (0.3 mol/L), which corresponds to the total solids content of the sample 

(3 mL in this example). This mixture is placed in the reaction vessel after the addition 

of the basal volume, which consists of the 10% of the constituents of SGF (1.25x), 

MilliQ® water, HCl (1.5 mol/L) and CaCl2(H2O)2 (0.3 mol/L) from the total volume of 

the gastric mixture. The total gastric mixture contained 80% SGF (1.25x), 7.78% 

MilliQ® water, 8.7% HCl (1.5 mol/L) and 3.48% pepsin and 0.04% CaCl2(H2O)2 (0.3 

mol/L). Two solutions are added at a constant rate, which depends on the 

corresponding gastric time, in this example 200 min: (1) the simulated gastric 

electrolyte mixture containing the 90% of SGF (1.25x), MilliQ® water, HCl (1.5 mol/L) 

and CaCl2(H2O)2 (0.3 mol/L) from the total volume of the gastric mixture and (2) 0.8 

mL pepsin solution. The simulated gastric electrolyte mixture of SGF (1.25x), HCl, 

water and CaCl2(H2O)2 was delivered by a dosing device of an automatic titrator and 

the enzyme solution can be delivered by a syringe pump. 
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Table 3.5 Example of the parameters used in the semi-dynamic model. Example of 20 g food having 3 g of dry weight and nutrient composition of 5% lipid 3.8% 
protein, 5% carbohydrate. The energy content is 0.8 kcal/mL calculated using the Atwater factors of 9 kcal/g for fat and 4 kcal/g for protein and carbohydrates. The 
gastric emptying was scaled down from the considered in vivo emptying average of 2 kcal/min in a 500 mL meal (Hunt et al., 1985) . Then, the gastric half time (t1/2) 
was considered to be the same. A volume of 1.5 mL of 2 mol/L HCl is needed to reach pH 2. Five gastric emptied aliquots are taken during the gastric digestion. The 
density was set at 1 g/cm3. 

 

A. Food Sample (example)               

Food volume (g) 20        

Energy content (kcal/mL) 0.8        

Total solids (g) 3.0             

B. Gastric Emptying and Total Digestion Time             

  in Vitro in Vivo       

Food volume (mL) 20.00 500.00       

Gastric volume (Oral +basal) at t=0 (mL) 25.30 550.00       

Energy content of food (kcal)  16.00 400.00       

Energy emptying rate (kcal/min) 0.08 2.00       
Volume emptying rate (mL/min) 
(Emptied in 5 steps of 9.2 mL every 40 min) 

0.13 2.75 
      

Gastric halftime, t1/2 (min) 100.0 100.0       

Total digestion time (min) 200.0             

C. Oral and Gastric Digestion               

  Oral Phase Gastric phase 

Compound 

Total 
Oral 

Mixture 
(mL) 

Total 
Oral 

Mixture 
(%) 

Total  
Gastric 
Mixture 

(mL) 

Total  
Gastric 
Mixture 

(%) 

Basal 
(mL) 

Simulated 
Gastric 

Electrolyte 
Mixture (mL). 

Rate 0.1 
mL/min 

Pepsin 
Solution (mL). 

Rate 0.004 
mL/min 

SSF (1.25x) 2.40 79.90 - - - - - 

CaCl2(H2O)2 (0.3 mol/L) 0.01 0.50 0.01 0.04 0.001 0.01 - 

MilliQ® Water 0.59 19.6 1.79 7.78 0.18 1.61 - 

SGF (1.25x) - - 18.40 80.0 1.84 16.56 - 

HCl (1.5 mol/L) - - 2 8.7 0.20 1.80 - 

Pepsin solution (2,000 U/mL final) - - 0.8 3.48 - - 0.8 

Total 3.00 100 23 100 2.22 19.98 0.8 
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There are some in vivo studies providing data about gastric emptying (GE) 

rates, i.e. the volume and time in which chyme is delivered from the stomach to the 

small intestine. This information can be used and applied to the semi-dynamic model 

by downscaling the volume, about 25 times, since the model is design for smaller 

volumes than used in human studies. However, this information is only available for 

a very limited range of foods. Therefore, the GE was based on the caloric density of 

food, one of the main factors controlling GE (Calbet et al., 1997; Hunt et al., 1985; 

Kwiatek et al., 2009; Moran et al., 1999; Sauter et al., 2011), the constant rate of 2 

kcal/min and 500 mL of volume was used as reference of a standard meal size. The 

information about the caloric content or the nutrient composition of the sample can be 

measured or calculated theoretically by applying the standard Atwater factors (1 g of 

lipid yields 9 kcal, 1 g of protein yields 4 kcal and 1 g of carbohydrates yields 4 kcal). 

Table 3.5 shows an example of the calculations regarding GE. In this example, 

it can be assumed that a 500 g meal is digested, using only a Y g sample. In this case 

Y= 20. Assuming a scale of 20g / 500g = 0.04 for the rates calculated. Using a 

constant emptying rate of 2 kcal/min, a 20 g meal with 3 g dry weight with a calorie 

density of 0.8 kcal/mL would empty at 2 * 0.04 = 0.08 kcal/min. However, both the 

oral secretions and gastric secretions also need to be taken into account. Thus, the 

total volume entering the stomach from the oral phase is 20 g of food + 3 mL oral 

secretion. Then there will be 23 mL of gastric secretion making a total of 46 mL to be 

emptied. As already described the caloric emptying rate is 0.08 kcal/min and the total 

calories is 20 g * 0.8 kcal/g = 16 kcal leading to an emptying time of 16/0.08 = 200 

minutes. Therefore the total emptying rate will be 46/200 = 0.23 mL/min. If we decide 

to empty in 5 stages then each stage will need to remove 46/5 = 9.2 mL, which occurs 

after every 40 minutes. 

Regarding the practicalities of the gastric emptying, the aliquots are taken from 

the bottom of the vessel, simulating the portion of food that would be ready to be 

delivered into the duodenum, by using lab tools with an opening diameter of 

approximately 2 mm. Some of the lab tools that were tested and used are pipette tip, 

serological pipette and syringe with embedded plastic tubing (see Figure 3.12). This 

was different in some studies of the thesis according to the practical development and 

the handling of the complex samples. 
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Figure 3.12 Different lab tools that were used to simulate the gastric emptying, (A) pipette tip, 
(B) serological pipette and (C) plastic syringe with attached tubing (in-house made). 

3.3.5 Intestinal Phase 

The intestinal phase remains essentially the same as the INFOGEST static 

protocol (Minekus et al., 2014) but with chyme emptied from the gastric phase being 

digested separately in parallel, i.e. each emptied aliquot goes through as intestinal 

digestion, as illustrated in Figure 3.13. Therefore, regarding the volume of the 

intestinal phase, the volume of the SIF (1x), including pancreatin solution and bile 

salts, was added according to the proportions based on the INFOGEST static protocol 

(Minekus et al., 2014). 

 

Figure 3.13 Schematic diagram of gastric digestion using the semi-dynamic model having five 
gastric emptying points (GE) and the subsequent intestinal digestion of each gastric emptied 
aliquot, during which several aliquots can be taken during time (e.g. after 5, 30 and 60 min of 
intestinal digestion). 
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3.4 Discussion 

The developed method was built on the basis of the harmonised static digestion 

INFOGEST (Minekus et al., 2014) regarding digestive fluid composition and the 

consideration of the dynamic addition of enzymes and reagents, which has been 

developed further in order to better simulate the stomach dynamics to obtain more 

physiologically relevant data about nutrient digestion kinetics and structural changes 

during gastric digestion. 

3.4.1 Shape/Geometry of Simulated Stomach 

The human stomach has a J-shape however the construction or purchase of 

this kind of vessel can be difficult. Therefore the reaction vessel selected for this 

model has a vertical cylinder with V-form alignment, which has been adopted by other 

dynamic models such as Human Gastric Simulator (HGS) and Dynamic Gastric Model 

(DGM). This allows the formation of structures driven by colloidal behaviour such as 

phase separation, as might occur in vivo. However, the limitation is that with this 

arrangement gravity could influence sedimentation and then the particle sieving. The 

maximum capacity of the vessel used in the experiments presented in this thesis was 

70 mL, and typically the initial food volume of 20 mL was selected providing accurate 

results. This relatively small volume is convenient in terms of handling and also cost, 

because the use of relatively small amounts of enzymes needed. 

Furthermore, the transparent wall of the vessel allows the visual observation 

and continuous monitoring in real-time and allows photography and video recording. 

This contrasts with other dynamic models such as HGS, having an opaque gastric 

compartment. Moreover, the vessel is thermostatically controlled by a circulating 

water jacket, which allows the simulation of the normal body temperature (37°C) and 

it can be fully closed during gastric time, except when emptying is applied. 

3.4.2 Gastric Mixing 

One of the main strengths of this semi-dynamic model is the simulation of the 

gentle mixing occurring in the fundus/body part of the stomach by using an orbital 

shaker. This allowed some mixing of the fluids added with the food, in particular to 

disperse the acid solution in the vessel and, at the same time, provided a non-

homogenous chyme. Some studies have shown that the contents in the stomach are 

poorly mixed contradicting the traditional idea of a complete and rapid intragastric 

homogenisation of food (Ferrua et al., 2010; Marciani et al., 2001). Therefore, the 
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model provides much better simulation of in vivo conditions than the static model in 

which high shear is used. As suggested in Figure 3.10, the use of a magnetic stirrer 

inside of the vessel was observed to disrupt the matrix or/and any possible colloidal 

interactions occurring during digestion as a consequence of the change in pH, ionic 

strength and enzymic hydrolysis. 

However, the model does not simulate the rather complex mechanical forces of 

high shear and mixing occurring in the antrum, which is better mimicked by most fully 

dynamic models. The mixing system has been reconsidered in the harmonised semi-

dynamic model INFOGEST protocol (in preparation), in which a paddle type stirrer 

(see Figure 3.14) placed in the lowest possible part of the reaction vessel and using 

very low speed (e.g. 10 rpm) could provide a better mixing in that bottom part allowing 

easier emptying and mimicking better the homogenous chyme of that area. This might 

be more convenient for systems with complex nature and/or samples in which the 

consistency changes drastically during the gastric phase. It is clear that this mixing 

will not provide the same level of simulation than that in dynamic models. 

Nevertheless, the aim of this semi-dynamic model was not to design another complex 

dynamic model but to achieve a simpler, more accessible version whilst achieving 

similar results. 

 

Figure 3.14 Examples of the paddle stirrers that can be used in the semi-dynamic model, the 
dimensions of which will depend on the geometry of the reaction vessel and they can be 3D 
printed. 
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3.4.3 Gastric Secretions 

The extent and rate of the gastric juice secretion in vivo is subject to complex 

regulatory control mechanisms for the optimal digestion of nutrients, which will 

depend on the volume, consistency and nutrient content of ingested food (Armand et 

al., 1995; Flourie et al., 1985; Malagelada et al., 1979) as well as having a high degree 

of inter subject variability. For instance, Malagelada et al. (1979) reported that the 

addition of gastric acid and pepsin was maximum within the first 60 min and greater 

for a solid-liquid meal compared to the same meal in a homogenised form. In this 

model, the gastric secretions were intended to obtain a final ratio of oral phase content 

(containing the sample) to total gastric mixture of 1:1 (v/v), which is based on the 

INFOGEST static digestion (Minekus et al., 2014). The secretions were programmed 

to be delivered at constant rate during the total gastric time, which is the same 

approach used in the HGS. This is a simplistic approach compared to in vivo, but 

convenient to use in the laboratory. Some dynamic systems are better at mimicking 

those non-linear variations, for instance, the digestive secretions in the DGM are 

programmed to change in response to the acidification and volume of the meal. 

The initial addition of 10% simulated gastric electrolyte mixture in the vessel 

aimed to simulate the basal (fasted) content in the stomach that lowers the pH of food 

entering from the mouth. The volume of gastric secretion in the fasted state varies 

among subjects but it is typically 10-50 mL (Fidler et al., 2009; Goetze et al., 2009; 

Koziolek et al., 2013) considering a standard meal size of 500 mL, then it was 

convenient to take 50 mL as the average fasted level of secretion. Thus 10% of the 

required acid was added to the basal secretion in the gastric reaction vessel at the 

start of the gastric phase and the remaining 90% was gradually delivered with the 

electrolytes during the total gastric phase time. This may not be completely 

representative of the situation in vivo, but is a simpler methodology to implement in 

the laboratory. 

It is important to note that the secretions were delivered by plastic tubes (see 

Table 3.4) that were located on the walls of the vessel at approximately 4 mm from 

the bottom, therefore the solutions were always in contact with the digesta. This 

simulates the secretions that are produced by the stomach wall and mixed with the 

meal creating a non-homogeneous gradient. Also, the delivery of acid and enzyme 

was performed through separate pump systems to avoid the auto degradation of the 

enzyme. 
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3.4.4 Dynamic pH Profile 

The pH in the human stomach is highly variable. Changes in the pH strongly 

affect the activity of the digestive enzyme and influence the possible structural 

changes within the digested food. One of the aims in the development of this model 

was to closely simulate the dynamic pH changes occurring in the human stomach 

which depends on the properties of food, in particular the buffering capacity. Typically, 

the pH in healthy subjects is around 2 under fasted conditions due to the basal 

residue, which is homogenous within the stomach (McLauchlan et al., 1989). This 

basal acidity leads to a rapid lowering of the pH of the ingested food, which is 

simulated by the addition of the aforementioned 10% simulated gastric secretion in 

the reaction vessel before the start of the in vitro gastric digestion. This will drop the 

pH of food as soon as it is added to the simulated stomach. After meal consumption, 

the pH increases rapidly up to values of pH 7 or that of the food, after which the pH 

decreases gradually back to 2 over 2 hours as an average time (Dressman et al., 

1990; Malagelada et al., 1976). The pH values as well as the duration of these 

processes depend on the food properties, e.g. the initial pH, buffering capacity, 

composition, and quantity of the food ingested. The decrease of pH during gastric 

digestion is not only due to the secretion of HCl but also the emptying of the chyme, 

which reduced both the amount of digested food in the stomach and its buffering 

capacity. 

The determination of the volume of acid needed to reach pH 2 and the delivery 

of the acid at a constant rate was the simplest and most effective approach. Gastric 

acidification can be monitored in real-time by a pH electrode immersed in the solution. 

However, it is important to note that there could be fluctuations in the pH inside the 

vessel due to the heterogeneity of the sample, the limiting mixing and the emptying 

performed during the digestion as illustrated in Figure 3.15. Nevertheless, this 

provided close simulation of the stomach environment, in which the acid distribution 

is not homogenous, leading to pH gradients (Hila et al., 2006). In particular, 

McLauchlan et al. (1989) showed significant differences between the fundus and the 

antral regions during fed conditions when the pH values were recorded over 24 hours. 

The pH values of the emptied aliquots taken from the bottom were also measured, 

which were different from the pH values of the digesta inside the vessel (Figure 3.16). 
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Figure 3.15 Example of the fluctuations in pH recording measured in the reaction vessel. The 
pH record was performed using the pH electrode attached to the pH titrator (Titrando, 
Metrohm). This graph corresponds to a sample of raw milk used in Chapter 5. 

 

 

Figure 3.16 Example of the pH profile of some samples (used in Chapter 4), (A) values 
obtained from inside the simulated stomach by the pH probe attached to the pH titrator and 
(B) pH values from the emptied aliquots using an external pH meter after the step of mixing 
with Ultraturrax homogeniser. 

3.4.5 Gastric Emptying  

The regulation of GE is a complex process which is regulated by factors 

including gut hormones and properties of food, e.g. viscosity, consistency, volume, 
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particle size and caloric density. There is some evidence that the caloric density may 

be the main factor in regulating the rate of GE, a high caloric density inducing 

slower/longer GE (Calbet et al., 1997; Moran et al., 1999). The caloric content 

delivered to the duodenum is regulated so the nutrient delivery rate, maintained by a 

feedback through the release of hormones, in a range from 0.5 to 8 kcal/min (Calbet 

et al., 1997; Hunt et al., 1975). This depends on the time range over which this rate is 

calculated and the physical state of the gastric content, having an average rate of 2-

3 kcal/min. Brener et al. (1983) reported a constant caloric delivery rate of 2.1 

kcal/min, similar to Costill et al. (1974) and Hunt et al. (1985) who reported the mean 

rate of caloric emptying of 2.5 kcal/min and Sauter et al. (2011) reporting 1.9 kcal/min. 

Moreover, there are studies showing that the type of calories does not seem to play 

a critical role (Calbet et al., 1997; Hunt et al., 1975; McHugh et al., 1979). The increase 

in meal volume can also increase GE (Moore et al., 1981) but the semi-dynamic model 

assumes a fixed volume of 500 mL which was scaled down to be more practical. 

Furthermore, the physical state of meal (solid or liquid) has been shown to influence 

the GE behaviour (Camilleri et al., 1985; Malagelada et al., 1979). The emptying for 

liquids is more rapid following first order exponential kinetics compared to solid meals 

in which a biphasic emptying behaviour has been observed. Also, the different 

colloidal behaviour in the stomach has been shown to induce changes in emptying 

profile (Marciani et al., 2007; Steingoetter et al., 2015). 

This complex system of multiple variables cannot be simulated in a simple 

model, therefore the most convenient approach was to consider a linear rate of 

emptying of 2 kcal/min as an average, which seems a good approximation due to the 

ability of the antrum and pylorus to maintain a relatively constant emptying rate. 

Similarly, in the DGM, the duration of the gastric phase is based on the caloric content 

of the sample. Nevertheless, the semi-dynamic model can also be applied if the 

information of the GE (volume and time) from clinical studies is known. 

The semi-dynamic gastric model also provides the option of selecting the 

number of aliquots to be emptied. Since the aim of the model is to provide kinetic 

data, a minimum of 3 points should be considered. As shown in the rest of the 

chapters, an emptying protocol using five GE points was performed leading to a 

balance between the quality and quantity of data and a practical workload. 

The gastric sieving created by the pylorus (Thomas, 2006) is simulated by using 

a 2 mm diameter orifice in the selected lab tool used for sampling (e.g. tip, serological 

pipette, syringe), see Figure 3.12. It is important to note that by introducing this factor, 

the delay in the delivery of solid particles can be more closely simulated to the 

situation in vivo. There were some cases in which there was some residue remaining 
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at the end of the simulated digestion, this was usually collected together with the last 

GE point simulating the housekeeper wave that fully empties the human stomach at 

the end of the gastric phase (Meyer et al., 1988). Also, it is important to note the loss 

of sample through the emptying process, which will largely depend on the complexity 

of the studied sample, and the properties of any structures that they form, some 

examples are illustrated in Figure 3.17. This is the main reason for considering the 

weight of initial food and the collected aliquots instead of volume. 

 

Figure 3.17 Examples of the sample losses during gastric digestion experiments in (A) 
serological pipette, (B) tubing of plastic syringe and (C) reaction vessel. 

3.4.6 Gastric Lipase 

The inclusion of gastric lipase in the in vitro gastric digestion is still under debate 

although there is evidence showing its relevant contribution to not only gastric but 

intestinal digestion. Gastric lipolysis accounts for 10-40% of the overall lipid digestion 

mainly by hydrolysing triacylglycerol into diacylglycerol and contributes up to 7.5% to 

the duodenal lipolysis of triacylglycerol (Carriere et al., 1993). Most of the studies in 

this thesis have been performed without the addition of gastric lipase because the 

human gastric lipase (HGL) or suitable alternatives were not commercially available 

or expensive. This was in accordance to the recommendation of the harmonised static 

model INFOGEST (Minekus et al., 2014). However, rabbit gastric extract (RGE) was 

used in the study related to Chapter 7. The gastric lipase from RGE has been 

suggested as a potential substitute for the HGL because it has similar activities and 

specificities to those of HGL. It has specificity for the sn-3 position of triacylglycerol 

and an optimum pH range from 5 to 3.5 (Carriere et al., 1991). It is important to note 

that the RGE contains both gastric lipase and pepsin, therefore the activity of both 

enzymes should be measured. If the pepsin activity in the RGE is not enough in order 

to reach the final activity required (4,000 U/mL in total gastric mixture), this should be 
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supplemented with pepsin from porcine origin as performed in Chapter 7. The delivery 

of RGE solution can be performed in the semi-dynamic gastric model by the addition 

of another syringe pump or a dual channel syringe pump. 

3.4.7 Applicability of the Semi-Dynamic Model 

The semi-dynamic model can provide valuable data about the extent and rate 

of nutrient digestion and in particular it allows the study of the impact of the food 

matrix, through structural changes occurring in the stomach, on nutrient 

bioaccessibility. In a collaboration with the Spanish research institution, Consejo 

Superior de Investigaciones Cientificas (CSIC), in Madrid, Ferreira-Lazarte et al. 

(2017) used this model with some modifications to study the effect of prebiotic 

carbohydrates on the gastric digestion of milk proteins. Importantly, efforts by the 

INFOGEST network have been put into the development of a harmonised version of 

this protocol that will provide its use internationally. A consensus manuscript, largely 

based on the semi-dynamic model developed during this thesis and described in this 

chapter, is currently being prepared and a publication including a detailed protocol will 

be released soon. The flow diagram that will be presented in this manuscript is 

illustrated in Figure 3.18. Moreover, an inter-laboratory trial on the digestion of SMP 

using this model is planned within the INFOGEST network, in a similar way that the 

inter-laboratory trial for the static digestion model was performed (Egger et al., 2016). 

 

Figure 3.18. Overview and flow diagram of the simulated semi-dynamic in vitro digestion 
method included in the consensus manuscript within the INFOGEST network that will be 
published. 

It is important to highlight the limitations and difficulties of an in vitro model of 

digestion. Firstly, since one of the main aims was to develop a relatively simple, 



Chapter 3: Semi-Dynamic Digestion Model 

128 

accessible model that could be used in most laboratories, the mixing consists of a 

basic stirring system that is not realistically able to simulate the peristalsis occurring 

in the stomach. Nevertheless, it reflects more closely the levels of mixing in the 

stomach compared to a static model. In the same line, dynamic GE sampling is used, 

based on caloric content using the simple approach of the linear GE rate of 2 kcal/min, 

which is not altered, for instance, by the physical state of the food and the colloidal 

behaviour within the stomach. Moreover, it does not simulate the oral and intestinal 

phases as dynamic process. Furthermore, regarding analysis, it is not possible to 

know the contribution of protease in the protein content/protein hydrolysis analysis 

because the amount of enzyme that is intact or hydrolysed is uncertain. Also, it is 

more complex and subjective to handle the samples with regards to the GE and the 

data obtained can be more complex to analyse and difficult to interpret. 

3.5 Conclusion 

Gastric digestion is one of the most important steps for fully understanding the 

mechanisms of the kinetics of nutrient digestion, particularly for real food, i.e. 

heterogenous and structured foods. Therefore, it is imperative to use relevant in vitro 

models that can simulate more closely the gastric environment, particularly where the 

structure of the food influences digestion rate. The semi-dynamic model developed in 

this thesis can provide more physiologically relevant data in relation to structural 

changes of food and nutrient digestion kinetics in an accessible way in terms of cost 

and practical simplicity. Nevertheless, it is rather difficult to simulate the overall 

physiological conditions in the same precision as it occurs in the human stomach, so 

it is important to recognise and account for its limitations. The work of this chapter has 

significantly contributed to the development of the harmonised protocol and a related 

manuscript has been currently prepared by the INFOGEST network, which will be 

published in 2019 to provide laboratories across the world the opportunity to use this 

model.
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4.1 Introduction 

There is a growing demand and interest in functional food products, addressed 

to the needs of specific populations in order to optimise nutrition and provide more 

effective ways of maintaining wellbeing. For instance, the current greater longevity, 

causing the growth in population of elderly people aged 80 years and over, has 

resulted in considering the relevance of products addressed to healthy aging. This 

might help to prevent and/or attenuate sarcopenia, which is a condition of the 

progressive loss of skeletal muscle mass with aging, and it is attributed to an 

imbalance between muscle protein synthesis (MPS) and breakdown. Food intake and 

physical activity are the main stimuli for MPS. With regards to diet, consumption of 

proteins/amino acids, in particular Leu, have been seen to be the main stimuli of the 

net protein synthesis (Tipton et al., 1999). Apart from protein composition, the amino 

acid (AA) availability is significantly driven by the rate of protein digestion, a major 

factor for protein deposition (Dangin et al., 2001). Different patterns of postprandial 

aminoacidemia resulted in different body protein synthesis, breakdown and oxidation 

(Boirie et al., 1997). Therefore, this should be considered as a strategy to exploit in 

order to achieve specific uptakes and physiological responses that might benefit 

specific population groups. 

Milk proteins are considered a high quality protein source taking into account 

the essential AA score and protein-digestibility corrected amino acid score 

(Schaafsma, 2000). Moreover, they are generally considered a superior source of 

protein compared to plant proteins since the latter are less digestible and deficient in 

one or more essential AAs and their Leu content is 6-8%, compared to 10-13% in 

dairy proteins (Gorissen et al., 2018). The main milk proteins, i.e. caseins and whey 

proteins, have been reported to show different postprandial protein kinetics in 

humans, which affect the whole body protein metabolism (Boirie et al., 1997). The 

ingestion of whey proteins resulted in a high, rapid and transient increased in plasma 

AAs promoting protein synthesis without supporting protein breakdown. In contrast, 

caseins induced a low, slow and prolonged aminoacidemia profile, which inhibited 

body protein breakdown. The Leu balance was positive for the casein drink over 7 

hours, promoting protein deposition whereas no effect was provided from whey 

protein drink. From this study, whey proteins and caseins were labelled as ófastô and 

óslowô proteins, respectively, as analogy to the carbohydrate metabolism. Some 

studies have shown that faster digestion of whey proteins resulted in an enhancement 

of MPS responses in elderly men (Dangin et al., 2003; Pennings et al., 2011; West et 

al., 2011) and in elderly men after resistance exercise (Burd et al., 2012). The 

coingestion of other macronutrients with dairy proteins is another factor to consider 
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that may affect the metabolic responses. Elliot et al. (2006) showed the uptake of AAs, 

based on Thr and Phe, was greater for whole milk compared to fat-free milk. 

However, the underlying mechanisms of this link between protein structure and 

metabolic responses are not well understood. The main milk proteins have different 

physico-chemical properties, which are governed by their structure. Caseins have a 

relatively open and flexible conformation forming ordered structures known as casein 

micelles and are insoluble at pH 4.7. In contrast, whey proteins have globular, 

compact structure and are soluble under acidic conditions. Food is subjected to 

several digestive conditions within the gastrointestinal (GI) tract and the physico-

chemical properties of food will determine the changes in the different compartments. 

Therefore, it is important to understand the interactions of food structures within the 

GI tract to underpin the health effects, but this information is still scarce. 

There are some studies suggesting the gastric phase as the limiting factor of 

some of the metabolic effects observed however its study has been rarely undertaken. 

Boirie et al. (1997) suggested that the slow AA absorption behaviour of casein was 

due to the coagulation that might occur in the human stomach, which could result in 

a longer gastric emptying (GE), delaying the digesta that is delivered into the small 

intestine in contrast to the whey proteins that remain soluble and can enter the small 

intestine rapidly. Investigation of the food behaviour in the human stomach is complex 

and requires advanced techniques such as magnetic resonance imaging or invasive 

techniques, which have restrictions in terms of cost and ethics. For that, in vitro 

models are usually used to investigate the mechanisms controlling nutrient digestion 

within the GI tract. However, static models do not simulate the dynamics of digestion 

in the stomach that are of relevance, in particular in milk proteins. For example, in 

contrast to what has been suggested in vivo, caseins were reported to be digested 

rapidly using a static model (Egger et al., 2017). Therefore, a semi-dynamic model 

was developed and used in the present study to simulate the main dynamics of the 

human stomach including gradual pH decrease and progressive gastric juice 

secretion and emptying. 

In this study the hypothesis that the different rates of absorption of the main milk 

proteins were governed by the behaviour adopted within the gastric conditions was 

tested. Also, the strategy of controlling nutrient uptake by the different rates of nutrient 

bioaccessibility was studied. For that, formulations differing in the ratio of whey 

proteins and caseins were tested and the influence of the inclusion of lipid in the 

protein matrix was also studied. Therefore, the aim of this study was to investigate 
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the influence of the native protein structure on the gastric behaviour that could 

potentially result in different physiological responses. 

4.2 Materials and Methods 

4.2.1 Materials 

Whey protein isolate (WPI), BiPRO, was purchased from Davisco, Foods 

international INC, USA. The protein content was 88.48% (w/w) of dry powder 

measured by the Kjeldahl method in duplicate (in-house analytical service). Milk 

protein concentrate (MPC), Solmiko® MPC 80, was obtained from Glanbia 

Ingredients, Ireland. The protein content was 79.23% (w/w) of dry powder measured 

by the Kjeldahl method in duplicate (in-house analytical service). Rapeseed oil was 

purchased from a local supermarket (Tesco, Ireland). Deuterated Leu (5,5,5-D3, 

99%), D10 Ile (D10, 98%) and Val (D8, 98%) were purchased from from Cambridge 

Isotope Laboratories, Inc. (CK Isotopes Ltd., Leicestershire, UK). 

4.2.2 Methods 

An overview of the experimental planning for this study is illustrated in Figure 

4.1.
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Figure 4.1 Schematic representation of the experimental work for Chapter 4. 
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4.2.2.1 Preparation of Samples 

Table 4.1 shows the content of protein, lipid and total solids of the studied 

samples as protein solutions and emulsions. The protein solutions referred to 

0C:100W and 80C:20W were prepared at 8% (w/w) protein. The 0C:100W was 

prepared by dissolving WPI powder in water using a mixer (IKA Ecrostar, mix speed 

700 rpm) with a paddle stirrer for 2 hours at room temperature. The sample 80C:20W 

was prepared by dissolving MPC in water using a mixer (IKA Ecrostar, mix speed 700 

rpm) with a paddle stirrer for 2 hours at 50°C (using a water bath). Then, an amount 

of NaN3 was added (0.02% in the final solution) as anti-microbial agent and the 

solutions were stored overnight at 4°C for rehydration. The samples 20C:80W and 

50C:50W were prepared freshly by mixing different amounts of 0C:100W and 

80C:20W. The 20C:80W sample was prepared by mixing 75% (w/w) of 0C:100W and 

25% (w/w) of 80C:20W. The sample 50C:50W was prepared by mixing 37.5% (w/w) 

0C:100W and 62.5% (w/w) 80C:20W. The pH of the samples was adjusted at pH 7 

using NaOH (2 mol/L). 

Samples with lipid inclusion were prepared starting with the preparation of 

0C:100W and 80C:20W at 10% protein (w/w) following the same protocol described 

previously. Then, the samples 20C:80W and 50C:50W were prepared in the same 

manner as described before. Each stock protein solution was mixed with 2% rapeseed 

oil and water in order to achieve a final protein concentration of 8% (w/w). These 

emulsion samples were named as follows: (0C:100W)2%, (80C:20W)2%, 

(50C:50W)2% and (20C:80W)2%. The protein solution of 50C:50W was also used to 

obtained emulsions containing 4% and 8% rapeseed oil. The coarse emulsions were 

prepared using an Ultra-Turrax (T25 digital, IKA, Germany) at 10,000 rpm for 1 min. 

Then, they were processed using a homogeniser (APV 1000, SPX Flow Technology, 

Charlotte, North Carolina, USA) at 200 bar with 3 passes. The pH of the samples was 

adjusted at pH 7 using NaOH (2 mol/L). 
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Table 4.1 Compositional description of the studied samples. 

1The content of whey proteins and caseins was based on the theoretical content of 80% 
caseins and 20% whey proteins in the MPC that was used. 2The total solid content was 
measured using CEM Smart Trac System-5 (CEM Corp., Matthews, N.C., U.S.A.). Values are 
the mean ± standard deviation of two independent duplicates. 

The droplet size was measured using a laser-light diffraction unit (Mastersizer, 

Malvern Instruments Ltd, Worcestershire, UK) as described in section 2.2.3.1. The 

optical parameters chosen were a particle and dispersant (water) refractive index of 

1.47 and 1.33, respectively. The absorbance value of the lipid globules was 0.001. 

The mean values (n = 6) of d4,3 were 0.73 ± 0.08 µm, 0.53 ± 0.03 µm, 0.34 ± 0.02 µm 

and 0.29 ± 0.04 µm for the samples (0C:100W)2%, (20C:80W)2%, (50C:50W)2% and 

(80C:20W)2%, respectively. The mean values (n = 3) of d4,3 were 0.47 ± 0.06 µm and 

0.62 ± 0.04 µm for (50C:50W)4% and (50C:50W)8%, respectively. 

4.2.2.2 In Vitro Digestion Protocol 

4.2.2.2.1 In Vitro Gastric Digestion by the Semi-Dynamic Model 

The simulation of the adult GI digestion was done by the semi-dynamic model 

previously detailed in Chapter 3 and using the protocol described in section 2.2.2.1 

with some modifications. 

The oral phase was simulated before the gastric digestion. 20 g of sample was 

mixed with a volume of the oral mixture containing 79.9% SSF (1.25x),19.6% MilliQ® 

Sample 

Protein composition 

%(w/w) Theoretical1 

Added Lipid 

% (w/w) 

Total solids % 

(measured2) 
Caseins 

Whey 

proteins 

0C:100W 0% 8% 0 8.58 ± 0.08 

20C: 80W 1.8% 6.4% 0 8.96 ± 0.08 

50C:50W 4% 4% 0 9.47 ± 0.04 

80C: 20W 6.4% 1.8% 0 9.83 ± 0.06 

(0C:100W)2% 0% 8% 2 10.45 ± 0.02 

(20C: 80W)2% 1.8% 6.4% 2 10.68 ± 0.06 

(50C:50W)2% 4% 4% 2 11.19 ± 0.04 

(80C: 20W)2% 6.4% 1.8% 2 11.71 ± 0.03 

(50C:50W)4% 4% 4% 4 12.98 ± 0.01 

(50C:50W)8% 4% 4% 8 16.67 ± 0.05 
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water and 0.5% CaCl2(H2O)2 (0.3 mol/L). The volume of the oral mixture corresponded 

to the content of total solids of the sample (Table 4.1) in 20 g. The volume of the oral 

mixture varied slightly between samples, ranging from 1.72 to 3.33 mL due to the 

difference of the total solid concentration in the analysed samples. The mixing was 

performed using a rotator (SB3 Model, Stuart, Bibby Scientific, UK) at 30 rpm for 2 

min. The temperature was kept at 37°C using an incubator (BF56, Binder GmbH, 

Germany). 

The resulting mixture was then put through the gastric digestion using a reaction 

vessel, which was a v-form glass vessel (5-70 mL titration vessel, Metrohm, 

Switzerland) with thermostat jacket (37°C). The sample from the oral phase was 

placed in the reaction vessel after the addition of the basal volume, which consisted 

of the 10% of the constituents of SGF (1.25x), MilliQ® water, HCl (1.5 mol/L) and 

CaCl2(H2O)2 (0.3 mol/L) from the total volume of the gastric mixture. The total gastric 

mixture contained 80% SGF (1.25x), 7% MilliQ® water, 8.7% HCl (1.5 mol/L) and 

3.48% pepsin and 0.04% CaCl2(H2O)2 (0.3 mol/L). Two solutions were added at a 

constant rate, which depended on the corresponding gastric time: (1) the simulated 

gastric electrolyte mixture containing the 90% of the constituents of SGF (1.25x), 

MilliQ® water, HCl (1.5 mol/L) and CaCl2(H2O)2 (0.3 mol/L) from the total volume of 

the gastric mixture and (2) 0.8 mL pepsin solution (made with MilliQ® water). The 

simulated gastric electrolyte mixture of SGF (1.25x), HCl, water and CaCl2(H2O)2 was 

delivered by a dosing device (800 Dosino, Metrohm, Switzerland) of an automatic 

titrator (842 Titrando, Metrohm, Switzerland) and the enzyme solution was delivered 

by a syringe pump (Legato, Kd Scientific, USA). A 3D action shaker (Mini-gyro rocker, 

SSM3 Model, Stuart, Barloworld Scientific limited, UK) at 35 rpm was used for 

agitating the vessel. Since the amount of oral mixture was slightly different between 

the samples due to their composition, the amount of gastric mixture added was 

accordingly (see Table 4.2). 
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Table 4.2 Total volume of both oral and gastric mixture added in the simulated digestion of 
each sample. 

 

aThe total oral mixture referred to a mixture of 79.9% SSF (1.25x concentrated), 19.6% MilliQ® 
water and 0.5% CaCl2(H2O)2 (0.3 mol/L). bThe total gastric mixture contained 80% SGF (1.25x 
concentrated), 7.78% MilliQ® water and 0.04% CaCl2(H2O)2 (0.3 mol/L), 8.7% HCl (1.5 mol/L) 
and 3.48% pepsin solution. C The simulated gastric electrolyte mixture represented the 90% 
of the total gastric mixture of the constituents of SGF (1.25x), MilliQ® water, CaCl2(H2O)2 (0.3 
mol/L) and HCl (1.5 mol/L). This was delivered through a dosing device of an automatic titrator, 
which was programmed according to the total time of digestion and the remaining 10% was 
firstly added in the reaction vessel to simulate the basal state. dThe volume of 0.8 mL of pepsin 
solution was added in the gastric digestion of each sample, which was delivered during the 
corresponding total gastric digestion time. 

Gastric emptying (GE) was simulated by taking five aliquots, referred to as GE1-

5 in the text. Samples were taken from the bottom of the vessel using a 10 mL plastic 

syringe (BD Plastipak, Ireland), the aperture of which had an inner diameter of 2.5 

mm with a plastic tube attached (3.6 mm inner diameter). It is important to note that 

in some cases there was some residue left in the last GE point that could not be taken 

using that syringe; this was taken using a spatula and included in the last point. The 

pH was measured and a sufficient volume of NaOH (2 mol/L) was added to the 

samples to increase the pH above 7, inhibiting pepsin activity. Finally, samples were 

snap-frozen in liquid nitrogen and stored at -20°C until subsequent intestinal 

digestion. A separate gastric digestion was performed in order to study the gastric 

restructuring and nutrient delivery. An aliquot (250 ɛL) of these GE aliquots was used 

for microscopy. Then, the sample was mixed using a homogeniser (T10 basic Ultra-

Turrax®, IKA®, Germany) at approximately 30,000 rpm for 30 s to obtain a 

homogenous sample for the corresponding analyses. 

The simulation of the emptying was based on caloric density. A linear GE rate 

of 2 kcal/min, which is considered the average caloric content that is emptied in vivo 

Samples 

 

Total Oral 

Mixture (mL)a 

 Gastric Fluids Secretions 

  
Total Gastric 

Mixture  
(mL)b 

Delivery Rate of 
Simulated Gastric 

Electrolyte 
Mixture (mL/min)c 

Delivery Rate 
of pepsin 
solution 
(µL/min)d 

0C:100W  1.72  21.72 0.24 10.0 

20C: 80W  1.79  21.79 0.24 10.0 

50C:50W  1.89  21.89 0.24 10.0 

80C: 20W  1.97  21.97 0.24 10.0 

(0C:100W)2%  2.09  22.09 0.15 6.40 

(20C: 80W)2%  2.14  22.14 0.15 6.40 

(50C:50W)2%  2.24  22.24 0.15 6.40 

(80C: 20W)2%  2.34  22.34 0.15 6.40 

(50C:50W)4%  2.60  22.60 0.12 4.70 

(50C:50W)8%  3.33  23.33 0.08 3.08 
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in a regulated manner by the antrum for an average food volume of 500 mL (Hunt et 

al., 1985), was used and scaled down for this reduced-volume system. This implied 

that the volume and time of each emptying point differed between protein solutions 

and emulsions due variations in the caloric content (see Table 4.3). 

Table 4.3 Time (min) at which gastric emptying (GE) was applied in the samples, based on 
their caloric content. Five emptying points were used. 

 

4.2.2.2.2 Small Intestinal in Vitro Digestion 

The simulation of the intestinal phase was performed on the GE1, GE3 and GE5 

aliquots of each sample. The protocol was performed according to the standardised 

procedure Minekus et al. (2014). The amounts of pancreatin solution, bile solution 

and CaCl2(H2O)2 were adjusted in each case depending on the gastric sample volume 

in order to get a trypsin activity of 100 U/mL, and the concentrations of 10 mmol/L bile 

and 0.6 mmol/L CaCl2(H2O)2 in the final digestion mixture. Samples were placed in a 

rotator (SB3 Model, Stuart, Bibby Scientific, UK) at 40 rpm using an incubator (BF56, 

Binder GmbH, Germany) to keep the temperature at 37°C. The digestion was 

performed for 30 min, except in the case of the GE5 aliquot, in which the duration was 

120 min. One aliquot (2 mL) was taken after 30 min and 120 min (only in GE5 

samples), mixed with 20 ɛL of inhibitor (0.1 mol/L PMSF) and snap-frozen using liquid 

nitrogen for subsequent analyses. 

 Gastric emptying time (min) 

 GE1 GE2 GE3 GE4 GE5 

0C:100W 16 32 48 68 80 

20C: 80W 16 32 48 68 80 

50C:50W 16 32 48 68 80 

80C: 20W 16 32 48 68 80 

(0C:100W)2% 25 50 75 100 125 

(20C: 80W)2% 25 50 75 100 125 

(50C:50W)2% 25 50 75 100 125 

(80C: 20W)2% 25 50 75 100 125 

(50C:50W)4% 34 68 102 136 170 

(50C:50W)8% 52 104 156 208 260 
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4.2.2.2.3 Ex Vivo Absorption by Ussing Chamber Technique 

The Ussing chamber methodology was used to investigate the kinetics of AA 

absorption of different milk protein-based formulation. A further description of this 

technique can be seen in section 2.2.2.3. This technique was applied in selected 

samples previously digested using the semi-dynamic gastric model. These were the 

first and last GE points, i.e. GE1 and GE5 points of each sample, using two replicates 

from individual gastric digestions. Therefore, two independent samples of each GE 

point and sample were used. 

4.2.2.2.4 Intestinal Tissue Samples 

All animal protocols were approved by local ethical review committees and 

conformed to relevant national guidelines (University of Leeds, Leeds, UK). Intestinal 

tissue sections were obtained from 6 to 8-week-old male/female mice (strain 

C578L/6). The animals had free access to water and usual meal any time before the 

collection. Mice were euthanized by cervical dislocation. The whole length of the 

digestive tract was collected and transported in a tube containing 10 mmol/L glucose 

solution in an ice-cold bag. 

4.2.2.2.5 Ussing Chamber Set up and Sampling  

A jejunum section was taken and cut longitudinally along the mesenteric 

attachment. The section was washed with 10 mmol/L glucose solution and most of 

the muscular layer was stripped away with fine forceps. The tissue segment was 

mounted on the slider (P2404, Physiologic Instruments), which was placed in an 

Ussing chamber (EM-CSYS-4 system EasyMount with P2400 chamber). Up to three 

segments from each animal were used. The active epithelial surface area of each 

segment was 0.25 cm2. 

Both sides of the Ussing chambers were filled with Ringer solution containing 

120 mmol/L NaCl, 3 mmol/L KCl, 23 mmol/L NaHCO3, 0.5 mmol/L MgCl2, 1.25 mmol/L 

CaCl2 and 10 mmol/L mannitol, according to Brighton et al. (2015). The apical and 

basolateral sides were filled with Ringer solution with 10 mmol/L mannitol and 10 

mmol/L glucose, respectively. The system was maintained at 37°C with continuous 

bubbling using 5% CO2/95% O2 (v/v). 

The voltage and resistance were continuously monitored to evaluate the viability 

of the tissue using DVC-1000 (WPI Instruments) multichannel computer-controlled 

voltage clamp unit. This was performed with the use of Ag/AgCl electrodes and 150 
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mmol/L NaCl agarose (previously prepared). The recordings were collected using 

Spike2 8.08 software. 

After the slider with the tissue was placed in the Ussing chamber, the system 

was allowed to equilibrate for 30 min. During this period, the voltage and resistance 

values were monitored over time. After the equilibration, the solutions from both sides 

were removed. The apical side was refilled with the sample and the basolateral side 

was refilled with 1 mL of fresh Ringer solution containing 10 mmol/L glucose. 

The sample placed in the apical side of the Ussing chamber was aimed to 

simulate an in situ intestinal digestion while diffusion took place. For that, an aliquot 

from gastric digestion was quickly mixed with bile solution, water, CaCl2(H2O)2 and 

pancreatin solution. The proportions used were according to the standardised 

INFOGEST static protocol for small intestinal digestion (Minekus et al., 2014), in order 

to achieve 100 U/mL of pancreatin (based on trypsin activity), 0.6 mmol/L CaCl2(H2O)2 

and 10 mmol/L of bile, in the final digestion mixture. A volume of this mixture was 

mixed with Ringer solution (10x concentrated) and mannitol (100 mmol/L) to achieve 

a final concentration of 10 mmol/L in the sample that was finally placed in the apical 

side of the Ussing chamber. 

An aliquot of 100 µL was taken from both apical and basolateral at 5, 30 and 60 

min and the same volume was replaced with fresh Ringer solution containing 10 

mmol/L mannitol and glucose accordingly. The aliquots collected were mixed with 100 

µL of 24% TCA to stop protease activity and stored at -20°C for further analysis. 

During the experiment, both voltage and current values were monitored every 10 min 

and the resistance was calculated. At the end of the experiment, a mixture of foskolin 

and 3-isobutyl-1-methylxanthine was added (final concentration of 10 µmol/L and 100 

µmol/L, respectively) to both apical and basolateral sides, which should cause a 

substantial increase in potential difference if the integrity of the tissue is satisfactory. 

Experiments that did not show a clear increase were repeated. Two Ussing chambers 

were used simultaneously each experimental day using the tissue sections of one 

mouse. The two GE points, i.e. GE1 and GE5 of each sample were usually assessed 

each day. 

4.2.2.3 Confocal Laser Scanning Microscopy 

The microstructure of the initial and the emptied aliquots from the semi-dynamic 

gastric digestion was observed by confocal laser scanning microscopy (CLSM) using 

a Leica TCS SP5 microscope (Leica Microsystems, Baden-Württemberg, Germany), 

as described in section 2.2.3.3. A dye mixture of Fast green FCF solution (0.1% made 
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with water) and Nile red (0.1% made with propanediol) solution at 1:3 proportion was 

used. 250 µL of initial/digested sample was gently mixed with 25 µL of mixed dye. 

4.2.2.4 Texture Analysis of Gastric Digesta 

Some indication of the consistency with regards to the strength of the coagulum 

formed during semi-dynamic gastric digestion was assessed using a texture analyser 

(TA.XT Plus, Stable Micro Systems). For that, additional gastric digestions were 

performed but stopping the run at GE2 time and the vessel of reaction was 

immediately placed in the texture analyser instrument. The digesta was compressed 

by a cylindrical stainless-steel probe (6 mm diameter) until the distance of the probe 

inside the coagulum was 10 mm. The test was run at a speed of 1.0 mm/s and the 

trigger force was 1 g. Five measurements were made for the same digesta sample 

and three independent gastric digestions were performed. The value of strength, i.e. 

the maximum force, in each measurement was obtained from the force-time curve of 

the texture profile (see section 2.2.3.2). 

4.2.2.5 Total Protein and Lipid Content Analysis 

The protein and lipid content of the initial sample and the emptied aliquots was 

determined using a LECO FP628 Protein analyser and CEM Smart Trac System-5 

and a SMART Trac Rapid Fat Analyzer, respectively. Details of these techniques have 

been described in sections 2.2.4.1 and 2.2.5.1. Each sample was measured twice 

and each measurement was carried out in in three independent replicates. 

4.2.2.6 Quantification of Protein Hydrolysis 

The spectrophotometric assay o-phthalaldehyde (OPA) described in 2.2.4.3 

was used for the quantification of the free amino groups released during digestion. 

The absorbance was measured at 340 nm using a multi-mode microplate reader, 

SynergyÊ HT (BioTek® Instruments, Inc., Winooski, VT). Each sample was measured 

twice and each measurement was carried out in three independent replicates. 

4.2.2.7 Protein Identification in Emptied Digesta 

Sodium dodecyl sulphate-polyacrylamine gel electrophoresis (SDS-PAGE) 

which is described in the section 2.2.4.2 was used to determine protein composition. 

SDS-PAGE was performed on the initial and digested samples previously diluted 

(1:100) with water. 
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4.2.2.8 Cation Exchange Chromatography for Amino Acid Analysis  

The analysis was performed on samples from the semi-dynamic gastric (G1, G3 

and G5) and static intestinal digestion (G1I, G3I, G5I and G5I120). The samples were 

pretreated before AAs analysis. An aliquot of sample (750 ɛL) was mixed with 750 ɛL 

24% (w/v) TCA, which removed higher molecular weight proteins from the matrix. 

Then, the mixture was centrifuged at 14,000 rpm for 10 min. Ninhydrin derivatization 

with norvaline was used as an internal standard. The analysis was performed using a 

Jeol JLC-500/V AminoTacÊ amino acid analyser fitted with a Jeol Na+ high-

performance cation-exchange column (Joel Ltd., Garden city, Herts, UK). The 

chromatography analysis was performed by Anne Marie McAuliffe from the Technical 

Services Lab in Moorepark Teagasc Food Research Centre (Ireland). Further details 

of this method can be seen in the section 2.2.4.4. 

4.2.2.9 Liquid Chromatography coupled to Tandem Mass Spectrophotometry 

for Amino Acid Analysis 

The branch chain AAs (BCAAs), i.e. Leu, Ile and Val, were detected and 

quantified by LC-MS/MS (described in the section 2.2.4.4) on the samples from the 

Ussing chamber experiments, both apical and basolateral sides. 

A mixture of Leu, Ile and Val standard was used for the calibration ranging from 

0.31 to 10 µmol/L. Internal standard consisted of 5 µmol/L of each Leu (5,5,5-D3, 

99%), D10 Ile (D10, 98%) and Val (D8, 98%). 10 µL of this internal standard was 

added to 50 µL of each concentration standard or sample. After centrifugation (13,300 

rpm, 4°C for 10 min), sample was transfer to HPLC vials for LC-MS/MS analysis. 

Agilent 6490 Triple Quad MS mass spectrometer equipped with an Agilent 1290 

HPLC system (Agilent Technologies, Santa Clara, CA, USA) was used. The method 

for the separation of amino acids was adapted from Nemkov et al. (2015). The LC 

flow rate was 0.78 mL/min. The column used for the analysis was Phenomenex 

Kinetex XB-C18 2.6 mm (150 x 4.6 mm) column. The column temperature and auto 

sampler were maintained at 25°C and 4°C, respectively. 1 µL was used for the 

injection volume. The samples were analysed using 0.1% formic acid in water (mobile 

phase A) and 0.1% formic acid in 100% acetonitrile (mobile phase B). The isocratic 

elution was 5% mobile phase B and 95% mobile phase B. The run time was 6 min. 

The 6490 MS/MS system was equipped with an electrospray ionization (ESI) 

source operated in positive-ion detection mode. Nitrogen gas was used for nebulation, 

desolvation, and collision. The analytes were monitored in multiple-reaction 

monitoring (MRM) mode. The MRM precursor, product ions and collision energy were 
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optimized by Agilent optimizer software. The transitions of precursor ions to product 

ions (m/z) and some optimized MS operating parameters of the analyte are described 

in Appendix A. The source parameters were: gas temperature of 200°C with a gas 

flow of 16 L/min, a sheath gas temperature of 300°C with a sheath gas flow of 11 

L/min, a nebuliser pressure of 50 psi and capillary voltage of 3500 V for positive 

polarity, Nozzle Voltage 1000 V. The iFunnel parameters were: high pressure radio 

frequency of 150 V and low-pressure radio frequency of 60 V. The LC eluent flow was 

sprayed into the mass spectrometer interface without splitting. Identification was 

achieved based on retention time of authentic amino acid standards and product 

ions. 

The quantification was done by the MassHunter Quantitative B.06 Workstation 

software (Agilent Technologies, CA, US). Calibration curves were obtained by using 

authentic standards (Leu, Ile and Val) containing deuterated Leu, Ile and Val mixture 

as internal standard. The ratio of analyte and internal standard peak area was plotted 

against the corresponding concentration (0-10 µmol/L) to obtain the calibration curve. 

In the analysed samples, the peak area ratio (peak area of analyte/peak area of the 

internal standard). was calculated and applied to the calibration curve to obtain the 

concentration of each AA. 

4.2.3 Statistical Analysis 

The results were expressed as mean ± standard deviation of three independent 

replicates unless otherwise stated. To identify differences in normally distributed 

results within groups during gastric digestion, one-way ANOVA was applied. Where 

overall significant interaction was observed (p < 0.05), the means of individual 

formulations were compared using Tukeyôs post hoc test. Statistical analyses were 

performed using GraphPad Prism software (Prism 5 for Windows, Version 5.04). 

4.3 Results 

4.3.1 Gastric pH of the Emptied Digesta 

The pH of the emptied gastric aliquots during the semi-dynamic gastric digestion from 

all the samples is shown in Figure 4.2. In general, they followed a predefined curve, 

in which there was a low pH before the gastric digestion simulating the basal stage, 

then the pH increased up to values around 6 and decreased progressively during 

gastric digestion reaching values of about 2. There were significant differences, in 
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particular in the case of the sample 80C:20W, in which the pH was lower at 32 min 

compared to the other samples (Figure 4.2 A). Also, the samples containing higher 

casein content, i.e. 50C:50W and 80C:20W, had slight pH increase at the end of the 

digestion. A similar trend was observed in the samples when 2% lipid was added 

(Figure 4.2 B), although the profile of the sample (50C:50W)2% was more similar to 

the samples containing higher content in whey proteins, in particular in the end point. 

Figure 4.2 C compares the effect of lipid in samples with the same protein 

composition, i.e. C:W ratio of 1. It can be observed that the pH decrease in 

(50C:50W)8% was lower and slower during the gastric digestion time when compared 

to the other samples, in particular when lipid was not included. This could be partly 

due to the longer residence time, having lower secretion rate, in the simulated 

stomach as observed in Figure 4.2 D, giving it more chance to be mixed. 

 

Figure 4.2. Change in pH during gastric digestion using the semi-dynamic model, measured 
in the emptied aliquots, of (A) protein solution samples, (B) emulsion samples with 2% lipid, 
(C) samples with C:W ratio of 1 (i.e. formulation 50C:50W) containing 0%, 2%, 4% and 8% 
lipid in the emptied aliquots expressed as function of the GE points, and (D) same pH values 
than in graph (C) but expressed as function of the actual gastric digestion time. Gastric 
digestion time is as indicated in A, B and D graphs and the time before the start of the digestion 
(-20 min) corresponds to the basal stage. In C, the pH values are referred to the basal stage 
(before gastric digestion), initial (t=0, sample including oral phase and basal volumes) and the 
different GE samples (GE1-GE5) corresponding to each gastric emptying (GE) point. The time 
values are displayed in Table 4.3. Values are presented as means ± SD (n=6). Significance 
difference in pH between samples in each GE point was determined by one-way ANOVA, p Ò 
0.05 (*), p Ò 0.01 (**), p Ò 0.001 (***) and p Ò 0.0001 (*****). 

4.3.2 Gastric Behaviour 

Figure 4.3 shows the gastric behaviour of the protein solution samples at the 

corresponding time points of GE1, GE3 and GE5. In general, all the samples 
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presented protein aggregation within the first 10 min of gastric digestion. However, 

the aggregates in samples 0C:100W and 20C:80W that were initially dispersed within 

the vessel were progressively solubilised. During digestion time, they tended to form 

a layer in the bottom part of the vessel with a clear top part, resulting in a completely 

clear solution at the end of the gastric digestion. The extent of this aggregation was 

visually larger in the case of 20C:80W as seen in Figure 4.3 F, and the clear solution 

was obtained later on in the gastric digestion when compared to the 0C:100W sample. 

In contrast, the initial aggregates formed within the vessel in the samples 50C:50W 

and 80C:20W were insoluble, which led to the formation of firm and compact coagula 

located at the bottom of the vessel, similar to mozzarella cheese in texture, and a 

clear layer at the top part. However, according to visual observations, the formation 

of that compact coagula in the case of 50C:50W tended to be slightly later and having 

a more particulate consistency compared with the sample 80C:20W. The digesta of 

the samples obtained at the corresponding GE2 time displayed in a petri dish can be 

observed in Figure 4.3 M-P, illustrating the range of structures obtained in the gastric 

phase.
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Figure 4.3 Gastric behaviour of the protein solution samples displayed in the vessel of the gastric model at 16, 48 and 80 min, corresponding to the GE1, GE3 and 
GE5 time points, respectively. Figures from M to P correspond to the gastric behaviour displayed in a petri dish at 32 min (GE2 time point). The images correspond to 
the behaviour immediately before emptying. 
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Similar gastric behaviour was observed in the samples when 2% lipid was 

included, which is illustrated in Figure 4.4. There was visible protein aggregation 

within the first 10 min of gastric behaviour, similar to the behaviour observed in the 

protein solution samples. The aggregates in the samples (0C:100W)2% and 

(20C:80W)2% were being dissipated during the progress of gastric digestion, 

resulting in the formation of cloudy and clear layers at the bottom and top, 

respectively. However, in the emulsion (20C:80W)2%, the aggregates were more 

persistent as seen in Figure 4.4 F and the height of the cloudy layer was larger at the 

end of the digestion. This contrasted to the behaviour of the samples with higher 

casein content, i.e. (50C:50W)2% and (80C:20W)2%, which resulted in compact 

coagulation with a clear layer at the top of the vessel after the initial protein 

aggregation. However, according to visual observations, the compact coagula was 

formed earlier in the sample (50C:50W)2% and it was more particulate with a softer 

consistency, having a larger serum layer in the top of the reaction vessel, when 

compared to the sample (80C:20W)2%. The closer visualisation of the digesta 

obtained at the corresponding GE2 time (see Figure 4.4 M-P) illustrates that the 

inclusion of lipid reduced the firmness of the coagulum, in particular for (50C:50W)2%. 

Also, the aggregates formed in (20C:80W)2% were smaller compared to those 

obtained when lipid was not added.
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Figure 4.4 Gastric behaviour of  the emulsion samples displayed in the vessel of the gastric model at 25, 75 and 125 min, corresponding to the GE1, GE3 and GE5 
time points, respectively. Figures from M to P correspond to the gastric behaviour displayed in a petri dish at 50 min (GE2 time point). The images correspond to the 
behaviour immediately before emptying. 
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The increase of lipid in the formulation within the same protein C:W ratio of 1, 

i.e. formulation 50C:50W, did not visibly affect the behaviour during the gastric 

digestion (Figure 4.5) when compared with the corresponding sample without lipid. 

However, it was observed that the inclusion of lipid reduced the firmness of the 

coagulum, in particular for the sample with the highest lipid content. Indeed, more 

particulate coagula with a tendency to cream could be seen in the case of 

(50C:50W)8% (see Figure 4.5 F). The reduced firmness could be seen in the digesta 

at GE2 time displayed in Figure 4.5 H, showing the greater number of particles of 

different sizes, when compared with the same digesta without lipid (Figure 4.3 O). 

 

Figure 4.5 Gastric behaviour of emulsion samples with higher lipid content (4% and 8%) 
displayed in the vessel of the gastric model at GE1, GE3 and GE5 points. Figures G and H 
correspond to the gastric behaviour displayed in a petri dish at 68 and 104 min (GE2 time 
point). The images correspond to the behaviour immediately before emptying. 



Chapter 4: Effect of Dairy Formulation 

150 

4.3.3 Consistency of the Gastric Coagula 

The strength of the coagula was tested in the samples in which these structures 

were formed, i.e. 50C:50W, 80C:20W, (50C:50W)2%, (80C:20W)2%, (50C:50W)4% 

and (50C:50W)8% and the analysis was performed on the digesta corresponding to 

GE2 time (Figure 4.6). However, the value corresponding to the sample 

(50C:50W)8% could not be measured because the strength of the coagula was below 

the limit of the detection of the instrument. From the compression test, the sample 

80C:20W presented the highest value of force accounting for 22.8 g whereas the 

weakest coagula were obtained in the sample with the highest lipid content tested, 

i.e. (50C:50W)4%, resulted in a value of 2.25 g. The results showed that the addition 

of lipid significantly affected the strength of the milk sample (80C:20W) coagula, more 

than for the samples containing C:W ratio of 1, i.e. 50C:50W. 

Figure 4.6 B shows that there was a greater extent of decrease in coagula 

consistency in the samples with C:W ratio of 4 when lipid was added compared to the 

samples with C:W ratio of 1, in which the decline of the coagula strength was much 

less strongly affected. 
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Figure 4.6 (A) Strength, based on the force (g), of the coagula obtained at GE2 time of the 
samples in which this solid structure was formed during gastric digestion. Each data point is 
the mean and error bars represent standard deviation of five measurements in three 
independent replicates. The means of the five groups were significantly different (p < 0.0001) 
based on one-way ANOVA test. Tukeyôs multiple comparison test showed significant 
differences (p < 0.05) between each group with different superscript letters (a, b, c). (B) Impact 
of the lipid inclusion on the consistency (strength) of the coagula, based on the force (g), of 
the coagula obtained at GE2 time of the samples in which this solid structure could be formed 
during gastric digestion. The samples are based on the protein ratio (C:W) of 1 and 4. Each 
data point is the mean of five measurements in an independent replicate, having three 
replicates for each sample.  

4.3.4 Nutrient Delivery from the in Vitro Stomach 

The nutrient content, both protein and lipid, was analysed in each gastric 

emptied aliquot simulating the nutrients that were delivered from the stomach to the 

small intestine during the gastric digestion. Figure 4.7 A shows the protein content in 

each GE point in the four main formulations with and without the addition of 2% lipid. 

In general, there was a similar protein content (about 8%) in GE1 in all the samples. 

However, there were significant differences (p < 0.05) between the samples in GE2, 

GE3 and GE5. In general, the formulations with higher whey protein contents (i.e. 

0C:100W and 20C:80W) were different to the formulations with the same or higher 
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casein content (i.e. 50C:50W and 80C:20W), in particular at GE5 accounting for 14.14 

and 17.25% w/w protein respectively. In GE2 and GE3, the protein released was 

higher in formulations 0C:100W and 20C:80W than that in formulations 50C:50W and 

80C:20W whereas an opposite trend could be observed in GE5. Moreover, the pattern 

of the nutrient released of the formulations was not influenced by the inclusion of 2% 

lipid, with the exception to the formulation (50C:50W)2% at GE5 that presented 

significant differences (p < 0.05). Comparing the different inclusions of lipid in the 

same C:W ratio of 1 (Figure 4.7 B), the protein delivery was relatively constant during 

the first four GE points and then there was a slight increase. There were significant 

differences in GE1 and, in particular, GE5, in which the protein content for the non 

lipid added sample (i.e. 50C:50W) was higher than the rest, which could be related to 

the higher extent of coagulation. 

 

Figure 4.7 The protein content (w/w, %) of the gastric emptying points (GE1-GE5) of (A) 
protein solution and emulsion samples, and (B) comparison of the different lipid inclusion in 
the same protein composition matrix, C:W ratio of 1. Values are presented as means ± SD 
(n=3). The values were corrected by the different gastric dilution in each point. Mean values 
within a column with different superscript letters (a, b, c) were significantly different (p < 0.05). 
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The pattern of lipid delivery for the emulsion samples with 2% lipid (Figure 4.8 

A) showed similar delivery of lipid in GE1 but a different progression during the gastric 

digestion time, in particular at GE2 and GE5. In GE2, the lipid delivery was higher in 

the samples (0C:100W)2% and (20C:80W)2% accounting for 1.60 and 1.76% 

respectively when compared to (50C:50W)2% and (80C:20W)2% representing 0.59 

and 0.22% (w/w) lipid, respectively. In contrast, a higher lipid delivery was observed 

in GE5 for (50C:50W)2% and (80C:20W)2% accounting for 4.43 and 4.84% (w/w) 

lipid, respectively, suggesting the involvement of lipid in the protein coagulum. Figure 

4.8 B shows the comparison of the different lipid concentrations using the same 

protein formulation, C:W ratio of 1. In general, the pattern of lipid delivery was similar 

to the pattern of protein delivery in the 50C:50W sample alone (Figure 4.7), thus the 

pattern of lipid delivery was controlled by or linked to the protein composition. 

 

Figure 4.8 The lipid content (w/w, %) of the gastric emptying points (GE1-GE5) of (A) emulsion 
samples of 2% lipid, and (B) comparison of the different lipid inclusion in the same protein 
composition matrix, C:W ratio of 1. Values are presented as means ± SD (n=3). The values 
were corrected by the different gastric dilution in each point. Mean values within a column with 
different superscript letters (a, b, c) were significantly different (p < 0.05). 
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The trends of protein delivery are displayed in Figure 4.9. The formulations with 

higher whey protein contents (C:W ratio of 0 and 0.25) presented a remarkably similar 

trend, showing the highest protein delivery in GE1 and gradually decreasing during 

gastric digestion with the lowest amount of protein delivered at GE5, regardless of 

lipid addition. In contrast, the formulation with the highest casein content (C:W ratio 

of 4) showed the lowest protein delivery at the early stages of gastric digestion, in 

particular in GE2, increasing in GE4 and significantly higher in GE5. An intermediate 

pattern between these two extreme behaviours was found in the formulation with a 

C:W ratio of 1, in which there was a more constant protein delivery for a longer gastric 

digestion time, from GE1 to GE4. However, using this protein ratio, the inclusion of 

2% lipid resulted in a lower protein concentration emptied in GE5. The theoretical 

curve of protein delivery was calculated, which assumes that the protein concentration 

is purely due to the dilution from the gastric digestion and the protein distribution is 

considered homogenous in the digesta. This shows a continuous linear delivery of 

protein through gastric digestion due to the gradual dilution by the gastric secretions, 

which is similar to that observed for the samples with higher whey protein content. 

 

Figure 4.9 Trends of protein delivery during gastric digestion comparing milk protein ratios, 
and the theoretical curve of protein delivery. 

4.3.5 Microstructure of Gastric Emptied Aliquots 

Figure 4.10, Figure 4.11 and Figure 4.12 show the microstructure observed 

using CLSM in the samples before digestion, and the aliquots that were emptied at 

GE1, GE3 and GE5. With regards to the protein solution samples (Figure 4.10), there 
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were differences in the structure of the protein aggregation observed at GE1 (16 min); 

the emptied aliquot of 0C:100W (Figure 4.10 E) showed an open structure in contrast 

to the more compact protein network found in the aliquot of 80C:20W (Figure 4.10 H). 

The protein structuring of the emptied aliquots 0C:100W and 20C:80W was reduced 

with time, resulting in almost no protein particles at GE5 (80 min) (Figure 4.10 N and 

M). This contrasted with the 50C:50W and 80C:20W aliquots, which showed solid 

structured matrix, in particular in the case of the 80C:20W sample (Figure 4.10 P). 

This microstructural behaviour was similar to that observed in the emulsions in which 

2% of lipid was included and the lipid droplets seemed to be embedded into the 

protein matrix since there was not, in general, evidence of creaming. However, both 

(50C:50W)2% and (80C:20W)2% aliquots at GE5 time (Figure 4.11 O, P) seemed to 

have a more particulate structure when compared to the corresponding samples 

without lipid (Figure 4.10 O, P). The increase of lipid content in the samples of 

(50C:50W)4% and (50C:50W)8% (Figure 4.12) did not show differences in the 

structures at the first GE points when compared to the corresponding samples with 

less or no lipid added. However, at the end of gastric digestion, they developed a 

crumbly structure, having protein particles of different sizes as well as free lipid 

droplets (Figure 4.12 G and H). 



Chapter 4: Effect of Dairy Formulation 

156 

 

Figure 4.10 Examples of confocal microscopy images of the protein solution samples before 
digestion (0 min) and, at 16 min (GE1), 48 min (GE3) and 80 min (GE5) of gastric digestion in 
the gastric emptied aliquots. Green shows the protein. The scale bar corresponds to 100 µm. 
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Figure 4.11 Examples of confocal microscopy images of the emulsion samples before 
digestion (0 min) and, at 25 min (GE1), 75 min (GE3) and125 min (GE5) of gastric digestion 
in the gastric emptied aliquots. Green shows the protein and red shows the lipid. The scale 
bar corresponds to 100 µm, except N in which it corresponds to 50 µm. 
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Figure 4.12 Examples of confocal microscopy images of the 50C:50W emulsion samples 
containing higher lipid content (4% and 8%) before digestion (0 min) and, at GE1, GE3 and 
GE5 in the gastric emptied aliquots. Green shows the protein and red shows the lipid. The 
scale bar corresponds to 100 µm. 

4.3.6 Protein Composition of Gastric Emptied Aliquots 

The protein composition of the gastric emptied aliquots was also studied by 

SDS-PAGE, illustrating qualitatively the composition of the main milk proteins that 

reach the small intestine (Figure 4.13). The bands of the main milk protein, casein 

and whey proteins, in the samples before digestion (referred to I) did reflect the 

different protein formulation in relation to C:W ratio. For instance, the sample 

0C:100W showed higher band intensity in whey proteins in contrast to 80C:20W, in 
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which the whey proteins bands were weaker and the caseins bands had stronger 

intensity. The intensity of the ɓ-Lg band in the samples 0C:100W and 20C:80W 

gradually decreased during gastric digestion (Figure 4.13 A), which can be attributed 

to the continuously emptying and dilution of the digesta, whereas a higher intensity of 

ɓ-Lg was found in the sample 80C:20W at the end of the digestion with lower intensity 

in the intermediate times of digestion. Interestingly, ɓ-Lg seemed to be delivered 

continuously throughout the gastric phase in the sample with the protein C:W ratio of 

1 when compared with the sample of C:W ratio of 4. The band of Ŭ-La was present in 

the three first GE points, after which it was not detected anymore, with the exception 

of the sample 80C:20W, in which it was present in the two first GE points, with some 

evidence of its presence in GE5. The pattern for caseins differed depending on their 

concentration. The sample 20C:80W presented the caseins bands in the first three 

GE points and thereafter no bands were detectable. In contrast, in the samples 

50C:50W and 80C:20W, the caseins were detectable in the first emptying points, in 

particular GE1 and GE2 points but they were almost not observed in GE3 and GE4 

points, and they could be observed in the last emptying point (GE5), showing a higher 

intensity in the case of 80C:20W. Similar trends were observed when 2% lipid was 

added in the protein formulations (Figure 4.13 B). However, the casein bands seemed 

to be weaker, in particular in the case of (50C:50W)2% and (80C:20W)2% at GE5, 

showing a more constant and lower content of caseins during gastric digestion. The 

increase of lipid at the levels of 4% and 8% did not cause significant changes in the 

SDS-PAGE pattern observed in the emulsion using 2% in the 50C:50W sample 

(Figure 4.13 C), except that the casein bands in GE2 appeared to be weaker in 

(50C:50W)4% and (50C:50W)8%. It is important to note that pepsin band could not 

be detected, which was probably due to the dilution applied to the samples (1:100) in 

order to obtain distinct bands of the main milk proteins on the SDS PAGE gels. 
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Figure 4.13 SDS-PAGE (under reducing conditions) of (A) protein solution samples, (B) 
emulsion samples with 2% lipid and (C) samples with the C:W ratio of 1 (i.e. 50C:50W) with 
0%, 2%, 4% and 8% lipid. The emptied aliquots at the corresponding GE points (GE1-GE5) 
were analysed together with the initial sample (I), referred to before digestion and a molecular 
weight marker. The samples are labelled in the figure accordingly. Samples were diluted 
(1:100) with water. 

4.3.7 Protein Hydrolysis during GI Digestion 

The level of free amino groups (R-NH2), obtained using OPA assay, represents 

an indication of the degree of protein hydrolysis. Figure 4.14 shows the levels of free 

amino groups of all the formulations in the G1, G3 and G5 points, and in the 

corresponding intestinal digestions for 30 min and 120 min (in the case of G5 point). 

There was a substantial increase in protein hydrolysis from the gastric to the small 

intestinal phase in all the measured GE points. The major difference among the 






































































































































































































































































