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Abstract 

Cow milk is the most abundant type of mammalian milk produced in the world. It has been 

widely explored industrially as well as academically. However, non-cow milk (e.g. water 

buffalo, goat, and sheep milk) consumption is significant and forms an important nutritional 

source for people in many countries. The interest in non-cow milks has increased because of 

several anecdotal experiences reported about the nutritional and digestive benefits of these 

milks. However, there is very little scientifically validated information available.  

 

The overall objective of this PhD study was to investigate how some of the non-cow milks 

(such as goat and sheep milk) are structurally different (or similar) to cow milk, especially in 

their coagulation behaviour under the gastric environment. The potential implications of 

structural changes on the delivery of nutrients under dynamic gastric digestion conditions 

were also explored. Dynamic in vitro and in vivo gastric digestion models were employed for 

this study.  

 

It was found that milk from different species vary in their natural macronutrient composition, 

structure, and acid-gelation behaviour. The fundamental mechanism of coagulation of 

proteins under the dynamic in vitro gastric digestion conditions was found to be similar for 

different species milk. The in vivo gastric digestion studies revealed comparable results, 

although goat and sheep milk curds had relatively lower rates of strengthening and relatively 

more open microstructure. Both the dynamic in vitro and in vivo studies revealed that the 

release of fat globules from the coagulated curd was directly proportional to the breakdown 
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(or hydrolysis) of the protein in the curd during gastric digestion. The studies clearly showed 

that the curd formation and its disintegration in the stomach is a key factor influencing the 

rate of delivery of macronutrients to the small intestine. 

 

The results from this thesis contribute to the knowledge of how composition along with 

structure impact the release of nutrients at various stages of gastric digestion of different 

mammalian milks. The information gained from this study might have important 

consequences for developing dairy products with improved structures for controlled delivery 

or release of nutrients to meet the special dietary needs of consumers. 
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Objective 2: To investigate the structural changes in skim milk from different species (cow, 

goat and sheep) using an in vitro dynamic gastric digestion model. 

2. Do the milk from various species vary in coagulation behaviour during gastric 

digestion? What are the factors influencing the gastric digestion behaviour of milk? 

 

Objective 3: To determine the impact of restructuring and destructuring of whole milk from 

different species (cow, goat and sheep) on the state and release of milk fat globules during 

gastric digestion. 

3. How do milk fat globules behave during coagulation of milk during gastric digestion? 

What is the impact of milk coagulation on fat digestion? Are there any differences in 

the digestion of milk fat globules from different species? 

 

Objective 4: To explore the gastric digestion behaviour of whole milk from different species 

(cow, goat and sheep) and its impact on overall digestion using a physiologically relevant 

animal model (piglet).    

4. Are the changes observed during in vitro gastric digestion of milk from different 

species are valid under in vivo conditions? What happens to the milk proteins and fat 

during in vivo gastric digestion? 
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limits may not be applicable to non-cow milk and milk products. Thus, the emphasis on 

species-specific regulatory standards to guarantee the safety and quality of different milks 

for human consumption is needed (Alichanidis et al., 2016; Bencini et al., 2010; Burgess, 

2010; Park & Guo, 2006). Also, understanding the significance of compliance to religious 

dietary laws (such as Kosher or Halal) will be of importance to the non-cow milk-based dairy 

companies for gaining acceptance of their products from various consumer groups 

(Regenstein et al., 2003).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Proportion of dairy cow and non-cow milks produced globally in the 
year (A) 1961 and (B) 2018 (Source: FAOstat, March 2020). 
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milking interval, type of feed, and climate (Claeys et al., 2014; Haenlein, 2004). For example, 

Li  et al. (2019) reported recently that the stage of lactation is a key factor responsible for 

differences in the compositional and physicochemical properties of dairy cow milk in a 

seasonal calving system in New Zealand.  

 

Nonruminant milks (such as those from horse and donkey) are somewhat similar to human 

milk (in terms of protein, lactose, and ash contents), compared with dairy cow milk and other 

ruminant milks (Table 2.1). The compositional comparisons made in this chapter are only 

between the species mentioned in Table 2.1. Ruminant milks have higher protein and fat 

contents, compared with human milk and other nonruminant milks (Table 2.1). Human milk 

contains much higher amounts of total lactose-derived oligosaccharides than milk from other 

species (Table 2.1). Goat milk is also known to have a relatively higher oligosaccharide 

content, the composition of which is considered to be similar to that of human milk (Oliveira 

et al., 2012; Oliveira et al., 2015). 
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considered to play a key role. Most of the long chain palmitic acid (C16:0) present in human 

milk (>70%) is located in the sn-2 position of the TAG structure; this position is considered 

to be suitable for the digestion and absorption of this fatty acid as well as other nutrients 

(Gantner et al., 2015; Innis, 2011; Park, 2006). German and Dillard (2006) stated that the 

location of saturated fatty acids, such as long chain palmitic acid on the sn-2 position of 

TAGs, makes both the sn-1 and the sn-3 position fatty acids easily hydrolysable by pancreatic 

lipases into free fatty acids, and produces sn-2 monoacylglycerols, which are easily absorbed 

in the small intestine; this also makes the milk calcium completely available and absorbable. 

Donkey milk has the closest proportion of palmitic acid located at the sn-2 position (i.e., 

54%) to that of human milk (74%) (Table 2.4). Thus, the modification of the TAG structure 

in milk from other species may help to deliver better milk fat digestion profiles; this could 

be an area of future interest. 

























  Chapter 2: Literature review  

29 

 

proteins. The authors stated that the higher degree of hydrolysis of goat milk proteins 

observed in all studies was probably due to the higher susceptibility of goat milk proteins to 

pepsin.  

 

Maathuis et al. (2017) investigated the comparative protein digestibilities and qualities 

(based on bioaccessible nitrogen and amino acids) of human milk, cow-milk-based infant 

formula, and goat-milk-based infant formula using the tiny-TIM model (a dynamic in vitro 

infant gastrointestinal model). They found that the protein digestibilities and qualities of all 

diets were similar; however, the rates of protein digestion were slower during the first 60 min 

of digestion for the cow-milk-based formula than for the human milk and the goat-milk-based 

formula. They hypothesized that the differences in the clotting characteristics of different 

milks would have led to differences in their gastric emptying, as they found that the curds 

formed from the cow-milk-based formula were retained for a longer duration in the gastric 

compartment of tiny-TIM compared with those from the human milk and the goat-milk-based 

infant formula. Similarly, Ye et al. (2019a) investigated the in vitro dynamic gastric digestion 

of goat- and cow-milk-based formulas in a mini version of the human gastric simulator 

(HGS), simulating infant gastric digestion. The authors found that the goat-milk-based infant 

formula formed smaller protein aggregates in the mini-HGS, leading to faster hydrolysis of 

its proteins compared with those from the cow milk formula. Based on the above-mentioned 

studies it appears that the differences in the structures of the curds formed from milk of 

different species during gastric digestion may be a key factor that is responsible for their 

different digestion behaviours.  
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compared with heated milk. This was because, in raw milk, only the caseins were involved 

in clot formation, whereas, in heated milk, both the caseins and denatured whey proteins were 

involved in clot formation (Ye et al., 2019b). Heating at 90°C for 20 min would have led to 

complex formation between fully denatured whey proteins and caseins via sulfhydryl groups 

and disulphide linkages (Figure 2.3), hindering the formation of a firm clot (Dannenberg & 

Kessler, 1988; Schorsch et al., 2001).  

 

Kaufmann (1984) reported that ultrahigh-temperature-treated (UHT) milk led to the 

formation of soft coagulates in the mini-pigs stomach, leading to higher levels of amino acids 

and urea in their blood serum compared to that of pasteurized and raw milk, which formed 

stronger coagulum. Thus, these differences in gastric restructuring induced by heating are 

expected to be a key possible reason for higher postprandial utilization of dietary nitrogen 

from defatted UHT milk (140°C for 5 s) compared to defatted pasteurized milk (72°C for 20 

s) as well as defatted microfiltered milk in humans (Lacroix et al., 2008). 

 

 

 

 

 

 

 

Figure 2.2 Images of clots formed during the gastric digestion of 200 g of unheated (top 
row) and heated (bottom row) cow skim milk at different digestion times. Source: Adapted 
from Ye et al. (2016b). 
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Doan (1938) published a comprehensive review based on studies on the gastric digestion of 

processed (boiled, evaporated, or acidified) and raw cow milk in the early 1900s, and reported 

that boiled, evaporated, or acidified milks were emptied rapidly from the human stomach 

because of the finer or softer curd that formed. It was suggested that the modification of raw 

cow milk using different processing conditions may be a potential option in the development 

of dairy-based baby foods or beverages with properties similar to those of human milk.  

 

Figure 2.3 Schematic diagram of the possible mechanism of events during the 
formation of protein curds from (A) raw milk (unheated) and (B) heated milk during 
gastric digestion. Source: Adapted from Ye et al. (2019b). 

Slow hydrolysis Fast hydrolysis 
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To date, no studies on the impact of different heating or processing conditions on the 

digestion behaviours of non-cow milks have been reported in the literature. It should be noted 

that the commercial processing or technological conditions needed for non-cow milks may 

be different from those needed for cow milk. In addition, the impact of different processing 

conditions on the digestion behaviours of non-cow milks may be different from that on cow 

milk because of the differences in their composition and structures. 

 

2.4.4.2 The influence of the protein network on fat digestion �± the whole milk matrix  

During the gastric digestion of whole milk, the fat globules are known to be physically 

entrapped within the protein clot that is formed. Thus, the nature or structure of the protein 

network formed will influence the rate of release and the digestion of fat by gastrointestinal 

lipases (Mulet-Cabero et al., 2019; Ye et al., 2016a, 2017; Ye et al., 2019b). Previous studies 

have shown that the nature or structure of the protein network formed is, in turn, dependent 

on the protein composition (casein-to-whey-protein ratio), the protein-to-fat ratio, and the 

impact of different processing conditions (Mulet-Cabero et al., 2020c). For instance, Mulet-

Cabero et al. (2020c) studied the in vitro gastrointestinal digestion of model systems based 

on different casein-to-whey-protein ratios using a semi-dynamic gastric model, and reported 

that the viscosity or firmness of the coagulum formed increased as the casein-to-whey-protein 

ratio increased in the model protein systems, leading to slower gastric emptying, and slower 

digestion and absorption of nutrients. They also found that the addition of increasing amounts 

of fat to the casein-rich protein models produced more fragmented clots with a significant 

decrease in their firmness. This indicates that the presence of fat hindered the aggregation of 

proteins, which may, in turn, influence the digestion rates of nutrients.     
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Ye et al. (2016a) studied the gastric digestion of raw (unheated) and heated (90°C for 20 

min) cow whole milks and reported that the release of fat globules was dependent on the 

disintegration characteristics of the protein clot and that the release of fat globules was higher 

from the finer aggregates of protein clots formed from the heated whole milk than from the 

firm clots formed from the raw whole milk (Figure 2.4).  

 

Similarly, Ye et al. (2019b) studied the comparative in vitro and in vivo (in rats) gastric 

digestions of raw (non-homogenized), pasteurized (homogenized), and UHT (homogenized) 

cow whole milks, and reported that the UHT milk had faster rates of protein hydrolysis as 

well as release of fat globules during gastric digestion, compared with the raw and 

pasteurized milks; the differences were attributed to the smaller or fragmented protein 

aggregates formed from the UHT milk proteins in comparison with the aggregates from the 

other milks. 
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In another gastric digestion study, Ye et al. (2017) reported that the release of fat globules 

was relatively higher in homogenized milk (20/5 MPa (primary/secondary pressure), 20°C) 

as well as heated, homogenized milk (20/5 MPa, 20°C + 90°C for 20 min) because of the 

fine and crumbled structure of the coagulum formed in these milks compared with the firm 

coagulum formed from raw cow whole milk (Figure 2.5). Similar results have been reported 

by Mulet-Cabero et al. (2019) for processed cow whole milks.   

 

The coalescence of fat globules entrapped within the protein network as well as those present 

in the liquid phase of the gastric chyme has also been reported (Mulet-Cabero et al., 2019; 

Ye et al., 2017; Ye et al., 2019b), which is expected to be due to the hydrolysis of the proteins 

present at the surface of the milk fat globule (present naturally in the MFGM or adsorbed 

proteins because of processing treatments).  

Figure 2.4 �&�K�D�Q�J�H�V���L�Q���W�K�H���I�D�W���F�R�Q�W�H�Q�W�����J�����������J���P�L�O�N�����L�Q���F�O�R�W�V���R�E�W�D�L�Q�H�G���I�U�R�P�����”�����X�Q�K�H�D�W�H�G��
���U�D�Z�����D�Q�G�����|�����K�H�D�W�H�G���F�R�Z���Z�K�R�O�H���P�L�O�N���G�X�U�L�Q�J���J�D�V�W�U�L�F���G�L�J�H�V�W�L�R�Q�����6�R�X�U�F�H�����$�G�D�S�W�H�G���I�U�R�P��Ye 
et al. (2016a). 
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containing lyophilized goat and cow whole milks. They found that, compared with the rats 

on the cow-milk-based diet, the digestive utilization of fat was higher, and the levels of 

cholesterol were lower, in the rats on the goat-milk-based diet. The authors believed that the 

differences may have been due to the greater amounts of medium chain TAGs and the smaller 

fat globule sizes of the goat milk fat compared with the cow milk fat used in their study. 

Similarly, Teng et al. (2020) studied the in vitro gastric digestion of raw (non-homogenized) 

and homogenized cow and sheep milk, and reported that the TAGs from both raw and 

homogenized sheep milk were digested by rabbit gastric lipases more rapidly than those from 

cow milk; this was due to the presence of higher levels of medium chain fatty acids at the sn-

1 or sn-3 position of the TAG structure in sheep milk compared with cow milk, emphasizing 

that the structural characteristics of TAGs have an important role to play in their gastric 

digestion. 

 

Overall, the digestibilities of the protein and fat in milk are likely to be functions of the unique 

compositions, protein profiles, fat compositions, casein micelle and fat globule structures, 

interfacial properties, mineral distributions, and physicochemical properties, all of which are 

likely to be affected to different degrees by the processing conditions, depending on the 

animal species. Although there are very few studies on the impact of the processing 

conditions and the milk composition of non-cow milks in the literature, the principles of cow 

milk protein coagulation and its impact on fat digestion are expected to also be applicable to 

non-cow milks. However, as cow and non-cow milks vary in protein composition (proportion 

of different proteins) as well as protein-to-fat ratio, it is likely that there will be differences 

in the structure and consistency of the protein curd (or clot) formed from different milks, 
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which may lead to further differences in the release of fat globules from the clot matrix of 

different milks. It should also be noted that the gastric and intestinal digestion conditions of 

infants (as well as the elderly) are different from those of adults in terms of acid secretions 

and enzyme (proteases and lipases) activities (Ménard et al., 2018; Mulet-Cabero et al., 

2020a; Shani-Levi et al., 2017). Thus, relevant dynamic in vitro models need to be used to 

study the digestion of milks in different age groups, and in vitro results need to be ultimately 

corroborated based on in vivo observations.  

 

2.5 Concluding remarks 
As non-cow milk and milk products are highly regarded as a potential source of human 

nutrition, they can be utilized to develop specialized dairy products for people in all age 

groups. Non-cow milks are of great interest to people as well as industries, because of their 

perceived better nutritional properties compared with cow milk. However, most of these 

presumptions are based on anecdotal reports and only little scientific research has been 

conducted to understand the nutritional and physicochemical properties of non-cow milks. 

One widely perceived notion is the formation of soft curds in the human stomach for some 

non-cow milks (such as goat, camel, horse, and donkey milk). Because of this, these milks 

are considered to be better digested and tolerated by people of different age groups. However, 

to date, no direct scientific studies have been reported and there is a knowledge gap. As cow 

and non-cow milks vary in composition and structure of the casein micelles and fat globules, 

they are likely to behave differently in the gastrointestinal tract, possibly affecting the 

kinetics of digestion and the bioavailability of nutrients. Because of differences in milk 

composition and the structure of the casein micelles (or fat globules), there may be 
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differences in the curds formed by the milk of each species in the stomach, which may further 

affect the delivery rates of macronutrients further down the gastrointestinal tract. 

Furthermore, different commercial processing conditions such as pasteurization or UHT (or 

other heat treatments) may influence the digestion behaviours of non-cow milks differently. 

Thus, in-depth scientific studies need to be conducted to understand the impact of 

compositional as well as structural differences in milk from different species (in their natural 

form as well as processed forms) on their dynamic digestion behaviours, especially focusing 

on their differences in curd formation as well as their disintegration properties in the stomach. 

Such studies will often involve in vitro digestion models, which where possible should be 

dynamic and sophisticated enough to at least include the effects of key variables known to 

influence food digestion. Further, the physiological relevance of such phenomena needs to 

be investigated in animal and human studies focusing on different age groups or people in 

need of targeted personalized nutrition (such as infants, the elderly, athletes or malnourished 

people). 
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Chapter 3: Common materials and methods 

The common materials, methods and analytical techniques used in the experiments are 

summarized in this chapter. For ease of clarity, any modifications to these protocols or other 

protocols used specifically for any particular study have been described in specific chapters. 

 

3.1 Common materials 

3.1.1 Milk samples from different mammalian species 

Pooled raw whole milk samples from different mammalian species (Figure 3.1) were 

obtained under chilled conditions from different farms/suppliers within New Zealand. The 

milking breeds for cow (Bos taurus), water buffalo (Bubalus bubalis), goat (Capra aegagrus 

hircus), sheep (Ovis aries), and deer (Cervus elaphus scoticus) were predominantly Friesian 

× Jersey, Swamp × Riverine (Riverine backcrossed), Saanen, East Friesian, and Red deer, 

respectively. 

 

 

 

 

 

3.1.2 Pepsin for in vitro studies 

Pepsin from porcine gastric mucosa-powder (EC 3.4.23.1; product number-P7000, batch 

number - SLBR2349V) was purchased from Sigma Aldrich Co. LLC., Saint Louis, MO, 

Figure 3.1 Different kinds of mammalian milk samples used in the thesis.  
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agitated with a spoon to ensure uniform temperature of all the milk in the pan. The milk was 

then rapidly cooled using an ice batch in Massey FoodPilot. The rate of increase and decrease 

in temperature for heating and cooling during pasteurisation was ~20°C/min and ~12°C/min, 

respectively. To avoid microbial growth, 0.02% (wt/wt) sodium azide (Merck KGaA, 

Darmstadt, Germany) was added to all samples. For all the analyses, the skim milk samples 

were stored in a cold room at 4°C until further use. 

 

 

 

 

 

 

 

 

 

 

3.2.2 Milk characterization techniques 

The analytical techniques used to characterize the physicochemical and microstructural 

properties of milks are discussed in this section. 

 

3.2.2.1 Milk composition 

The chemical composition of the samples was analysed by Nutrition Laboratory (Massey 

University, Palmerston North, New Zealand) as per the AOAC procedures. Total solids, fat, 

Figure 3.2 ThermoFisher Scientific Multifuge Heraeus 3SR+ centrifuge. 
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3.2.2.5 Sodium-Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

Frozen skim milk samples (-25°C) were thawed overnight at 4°C and were used next day for 

SDS-PAGE analysis (Laemmli, 1970). The SDS-PAGE gels were prepared using a resolving 

gel and a stacking gel mounted on a vertical Mini-Protean II dual cell unit (Bio-Rad 

Laboratories, Richmond, CA, USA). The recipe for the preparation of resolving and stacking 

gel is shown in Table 3.1. Sample buffer and electrode buffer were prepared as per the recipes 

in Table 3.2. 

 

3.2.2.5.1 Sample preparation for SDS-PAGE 

Different volumes (or weights) of sample were diluted with SDS reducing buffer (sample 

buffer) to result into a final equal protein concentration in each lane of the gels. The mixture 

was heated in a boiling water bath for 5 min and the samples were cooled to room 

temperature.  

 

3.2.2.5.2 Running of gels 

The electrode buffer was added to the chamber containing the gel system. The samples were 

then loaded onto SDS-PAGE gels previously prepared on the dual cell unit. Molecular weight 

markers of range (2-250 kD) were also loaded on the SDS-PAGE gels. The electrophoresis 

was then carried out at a constant voltage of 200 mV for a period of approximately 1 h on 

the power unit (Bio-Rad power supply Unit, model no- PowerPac Basic, Bio-Rad, Kaki Bukit 

View, Techview, Singapore). After the bromophenol blue dye had reached the bottom of the 

gel, the power was turned off; gels were carefully removed and transferred into transparent 

plastic containers and were sequentially stained and destained. 
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Table 3.3 Recipe for preparing staining and destaining solutions for SDS-PAGE. 

 
Constituents Constituents % (wt/vol) 

Coomassie Brilliant Blue �± Staining Solution 
Coomassie brilliant blue R (250)  0.3 
Isoproponol 20 
Glacial acetic acid 10 
Mill -Q water 70 
Filter the solution through Whatman filter paper grade 4 and store in a dark bottle. 

      Destaining Solution 
Isoproponol 10 
Glacial acetic acid 10 
Mill -Q water 80 

 

 

3.2.2.5.4 Scanning and quantification of the protein bands 

The gels were scanned (and the intensities of the protein bands were quantified where 

needed) using a Bio-Rad Molecular Imager Gel Doc XR+ imaging system (Bio-Rad 

Laboratories, Universal Hood II, Hercules, CA, USA) attached to a computer with Bio-Rad 

Image Lab software (Version 5.2.1) linked to it. The protein bands of non-cow milks were 

identified by comparing with cow milk counterparts. 

 

3.2.2.6 Confocal scanning laser microscopy (CSLM) 

A Leica SP5 upright confocal microscope (Leica Lasertechnik GmbH, Heidelberg, Germany) 

at the Manawatu Microscopy & Imaging Centre (Massey University, Palmerston North) was 

used for high-resolution imaging of microstructure of the samples (Figure 3.5). 1.0% (wt/vol) 

solution of Fast Green (dye content 90%) in water was used to stain protein and 0.1% (wt/vol) 

solution of Nile Red dye in acetone was used to stain fat (He-Neon laser with an excitation 
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line at 633 nm). A procedure similar to reported by Ye et al. (2016a) was followed. For 

examining liquid samples, a drop of sample was placed on a microscopic slide (plain, 90° 

corners, ground edges, 25 mm x 75 mm, 1.0-1.2 mm thick, Citotest Labware Manufacturing 

Co. Ltd, Haimen, China), 10 uL of the needed staining dye solution was gently mixed using 

a pipette tip with the sample on the slide, then covered with a cover slip (22 mm x 22 mm, 

0.13-0.16 mm thick, Biolab Scientific, Melbourne, Victoria, Australia) and examined under 

a 63x-oil immersion objective (numerical aperture=1.4). Care was taken to avoid areas near 

the sides or close to the top of the microscope slide while imaging. Multiple fields were 

viewed, and typical micrographs are presented. 

 

 

 

 

 

 

 

 

 

 

 

3.2.2.7 Transmission electron microscopy 

The structure of the casein micelles and (or) fat globules in the samples was investigated 

using a Tecnai G2 Spirit BioTWIN transmission electron microscope (FEI Company, Czech 

Figure 3.5 Leica SP5 upright confocal microscope. 
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The stained specimens were then examined under a Tecnai G2 Spirit BioTWIN transmission 

electron microscope (FEI Company, Czech Republic) equipped with an Olympus SIS 

VELETA camera (Germany). Multiple fields were viewed, and typical micrographs are 

saved as TIFF image and presented.  

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

Figure 3.6 Tecnai G2 Spirit BioTWIN transmission electron microscope.  
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4.3 Material and methods 

4.3.1 Materials 

The dairy cow, water buffalo, goat, sheep, and red deer milk were supplied by Massey 

University No.4 dairy farm (Palmerston North, New Zealand), Whangaripo Buffalo Cheese 

Co. (Auckland, New Zealand), Dairy Goat Co-operative (Hamilton, New Zealand), Spring 

Sheep Milk Co. (Hamilton, New Zealand), and Landcorp Farming Limited (Wellington, New 

Zealand), respectively. Bulk raw whole milk samples from different species were obtained 

under chilled conditions between January and May 2017 as described in Section 3.1.1 

(Chapter 3). Other experimental materials needed were as per the protocol described in 

Section 3.1 (Chapter 3). 

 

4.3.2 Methods 

4.3.2.1 Milk processing and storage 

Milk processing and storage was performed as per the method described in Section 3.2.1 

(Chapter 3). 

 

4.3.2.2 Skim milk composition 

The chemical composition of skim milk was analysed as per the protocol described in Section 

3.2.2.1 (Chapter 3). 

 

4.3.2.3 Casein micelle diameter 

The casein micelle size of the skim milks was determined as per the protocol described in 

Section 3.2.2.4 (Chapter 3). 
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was used to determine the significant differences between samples at P < 0.05, using the 

procedure of the general linear model of SAS/STAT. 

 

4.4 Results and discussion 

4.4.1 Chemical compositions of different milks 

The chemical compositions of the cow, buffalo, goat, sheep, and deer skim milks are shown 

in Table 4.2. The dry matter (total solid) and protein contents of the non-cow milks were 

significantly different (P < 0.05) from those of cow milk, with red deer milk having the 

highest total solids and protein content. Sheep milk and buffalo milk had the next highest 

total solids contents after deer milk, followed by cow milk and goat milk. Similarly, sheep 

milk had the next highest protein content followed by buffalo, cow, and goat milk. Among 

all the milks, goat milk had the lowest total solids and protein contents.   

 

Deer milk had considerably higher ash content (P < 0.05) than the cow, goat, and buffalo 

milk, all of which had similar ash contents.  The ash content of sheep milk was comparable 

with that of both deer milk and the other milks. The total calcium and inorganic phosphorus 

contents of the deer, sheep, and buffalo milk were significantly higher than those of cow 

milk, with deer milk having the highest concentrations. Goat milk had a slightly lower (P < 

0.05) amount of calcium and a similar inorganic phosphorus content compared with cow 

milk.  

 

These results are consistent with those reported by Barlowska et al. (2011) and Claeys et al. 

(2014). Overall, all the non-cow milks, except goat milk, were higher in total solids, protein, 
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calcium, and inorganic phosphorus than cow milk. In contrast, Park (2006) and Ceballos et 

al. (2009) reported that goat milk had higher protein and mineral contents than cow milk. 

Such differences in the composition of goat milk or other non-cow milk and cow milk can 

be explained by differences in breed, diet, lactation stage, health of the animal, and region 

(Claeys et al., 2014; Haenlein, 1996). Higher protein and mineral contents in milk are 

important factors that affect the firmness of acid gels (Anema, 2008a; Gastaldi et al., 1997; 

Kamal et al., 2017).   
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4.4.2 Casein micelles in different milks 

The Z-average diameters (nm) of the casein micelles varied significantly among the milk 

from the various species (Table 4.2). Those of cow milk were the smallest (~165 nm) whereas 

sheep milk (~188 nm) and deer milk (~190 nm) which were similar had the largest casein 

micelle diameters among the milks, followed by goat milk (~182 nm) and buffalo milk (~176 

nm).  It has been reported by others that goat, sheep (Park et al., 2007), and buffalo (Abd El-

Salam & El-Shibiny, 2011) milks have larger average casein micelle diameters than cow 

milk. There are no available reports on the casein micelle size of deer milk. It is evident that 

all the non-cow milks had significantly (P < 0.05) larger average casein micelle diameters 

than cow milk. Nguyen et al. (2018) also used dynamic light scattering and found that the 

average casein micelle sizes for cow, goat, and sheep milk were 171, 180, and 182 nm, 

respectively, similar to the results obtained in this study.  

 

The primary results obtained for the casein micelle size distribution using dynamic light 

scattering are typically reported as an intensity distribution (Figure 4.3). As reported in Table 

4.2, the Z-average diameter (nm) of casein micelles of cow, sheep, deer, goat, and buffalo 

milk was ~165 nm, 188 nm, 190 nm, 182 nm, and 176 nm, respectively. However, the casein 

micelle size distribution in cow, sheep, deer, goat, and buffalo milk was wide and ranged 

from approximately 91-396 nm, 91-459 nm, 91-531 nm, 68-615 nm, and 91-459 nm, 

respectively (Figure 4.3). The results indicated that milk from all the species contained 

different sizes of casein micelles. Relatively larger % of bigger casein micelle sizes were 

found to be present in sheep, deer, and goat milk.   
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non-cow milks than in cow milk. The dark and light electron-dense areas in the micrographs 

correspond to micelles with high density and low density, respectively (Pierre et al., 1995).   

In the milk from all species, both larger and smaller casein micelles were present, with some 

having smooth outlines and some having rough (fibrous) outlines. These different aspects of 

the micelles may correspond to different native micelle structures in the milk or may have 

been induced during the sample preparation for transmission electron microscopy (Pierre et 

al., 1995).  

 

In cow milk, the casein micelles were relatively small, were not perfectly spherical, and had 

a rough periphery (Figure 4.4A). Liu et al. (2017) have reported similar results for cow skim 

milk at its natural pH. The casein micelles of the buffalo milk (Figure 4.4B) were relatively 

smaller than those of the deer, sheep, and goat milk (Figures 4.4E, 4.4D, and 4.4C, 

respectively), but appeared to be larger with sharper external outlines than the cow milk 

casein micelles. A greater proportion of large casein micelles were observed in the deer, 

sheep, and goat milk than in the cow milk; in addition, they were more spherical and had a 

comparatively smoother outer surface.  

 

Data relating to the whole milk from the different species such as fat content, fat globule size 

distribution, and their microstructures were also investigated and are provided in the 

Annexure 1 as the main focus of this chapter was on skim milk. 
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Figure 4.4 Transmission electron micrographs showing casein micelles from skim milk 
of different species at 43,000x magnification: A, cow; B, water buffalo; C, goat; D, 
sheep; E, red deer. Scale bar represents 500 nm.  
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Figure 4.6 Gelation properties of acid skim milks as a function of time at 37°C: 
�$�����F�K�D�Q�J�H�V���L�Q���P�L�O�N���S�+���R�I���G�L�I�I�H�U�H�Q�W���P�L�O�N�V�����%�����F�K�D�Q�J�H�V���L�Q���*�¶���Y�D�O�X�H�V���R�I���F�R�Z�����J�R�D�W����
�V�K�H�H�S�����D�Q�G���U�H�G���G�H�H�U���P�L�O�N�V�����&�����F�K�D�Q�J�H�V���L�Q���*�¶���Y�D�O�X�H�V���R�I���G�L�I�I�H�U�H�Q�W���P�L�O�N�V�����L�Q�F�O�X�G�L�Q�J��
water buffalo milk; D, c�K�D�Q�J�H�V���L�Q���W�D�Q���/���Y�D�O�X�H�V���R�I���G�L�I�I�H�U�H�Q�W���P�L�O�N�V�����9�D�O�X�H�V���G�H�S�L�F�W�H�G��
are mean ± SD. 
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Figure 4.7 Confocal microscopy images of acid gels made from different 
skim milks using glucono-�/-lactone: A, cow milk; B, water buffalo milk; 
C, goat milk; D, sheep milk; E, red deer milk. Scale bar represents 25 
���P�� 
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Figure 4.8 Changes in pH during gelation with glucono-�/-lactone (GDL) and 
various levels of pepsin added at 37°C: A, cow milk; B, goat milk; C, sheep milk; D, 
red deer milk; E, water buffalo milk. Mean values are depicted. 
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Figure 4.9 Effect of glucono-�/-�O�D�F�W�R�Q�H���D�Q�G���S�H�S�V�L�Q���R�Q���*�¶���R�I���U�D�Z���V�N�L�P���P�L�O�N�V�����$�����F�R�Z��
milk; B, goat milk; C, sheep milk; D, red deer milk; E, water buffalo milk. Values 
depicted are mean ± SD. 
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Figure 4.11 Confocal microscopy images of acid and combination gels made from 
different skim milk using glucono-�/-lactone (GDL) alone and along with pepsin 
���V�F�D�O�H�� �E�D�U�� � �� �������P������ �$���� �%���� �&�� �D�Q�G�� �'�� �U�H�S�U�H�V�H�Q�W�V��cow milk gels. E, F, G and H 
represents buffalo milk gels. I, J, K and L represents goat milk gels. M, N, O and 
P represents sheep milk gels. Q, R, S and T represents deer milk gels. 
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Para-

Figure 4.12 Protein compositions of skim milk and gels from various species analysed 
using SDS-PAGE, A- cow, B- goat, C- sheep, D- water buffalo, E- red deer. M represents 
raw skim milk before gelation; 0, 0.01, 0.02, 0.03, 0.04, and 0.05 represents amount of 
pepsin (mg/100 mL of skim milk) added along with GDL for gel formation. 
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4.5 Conclusions 
Milk from different species vary in their physicochemical and rheological properties. Sheep, 

deer, and buffalo milk have higher total solids and protein contents, which result in stronger 

gel formation on acidification compared with cow milk. In contrast, goat milk contains less 

protein and forms less firm gels on acidification compared with cow milk. Buffalo milk is an 

exception as, despite having lower protein and total solids contents than deer milk and sheep 

milk, it forms stronger gels than deer and sheep milk. Milk from different species also 

responds differently to the action of pepsin. Goat milk showed a decrease in gel firmness 

with the addition of the smallest concentration of pepsin; in contrast, deer milk and buffalo 

milk show increases in gel strength with increasing pepsin concentration. Such differences 

can be attributed to the differences in the relative proportions of the different caseins in the 

milks. However, the rheological properties of the milk from different species cannot be 

determined by a single universal factor, such as protein content or casein composition; it is a 

complex association among various parameters such as casein micelle size, CCP content, 

proportions of different caseins and whey proteins, mineral content, genetic variants, and 

other factors. It is possible that different milks may respond differently to the enzymes and 

the acid concentration in the human stomach, which may lead to the formation of curds with 

different structures. Thus, in the next chapters the curd formation and gastric digestion 

behaviour of milk from different species have been investigated. 
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Hodgkinson et al. (2018) reported that lower proportions of caseins remained undigested in 

goat whole milk than in cow whole milk during the first 60 min of static in vitro gastric 

digestion at pH 3.0 (based on SDS-PAGE analysis); they speculated that this could be due to 

the fragile nature of the coagulum formed by goat milk in comparison with cow milk. 

 

All of the previous studies on the milk of different species were carried out using static in 

vitro digestion models. It is now well accepted that, to understand the physicochemical 

modification as well as digestive dynamics of a complex structured fluid such as milk, the 

use of dynamic gastric digestion models is essential (Mulet-Cabero et al., 2019; Ye et al., 

2019b). A few recent studies have focused on understanding the structural changes that occur 

in the milk matrix during dynamic gastric digestion (Ye et al., 2016a, 2016b, 2017; Ye et al., 

2019b). All the previous dynamic in vitro gastric digestion studies were based on cow milk. 

To date, no dynamic gastric digestion studies have been reported for goat milk and sheep 

milk.  

 

It was hypothesized that, as the milk from cow, goat, and sheep vary in composition and 

physicochemical properties, there may be differences in the curd (or clot) formation and 

disintegration in the stomach. Therefore, in this study, the dynamic comparative coagulation 

as well as nutrient release behaviours of cow, goat, and sheep skim milk using the Human 

Gastric Simulator (HGS) was investigated for the first time. The HGS is widely recognized 

as a dynamic stomach model that efficiently simulates the physiologically relevant 

mechanical forces that develop in vivo (Ferrua & Singh, 2015; Mulet-Cabero et al., 2020b). 
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5.3.2.4 In vitro  gastric digestion 

A HGS (Ferrua & Singh, 2015; Kong & Singh, 2010) was used for running simulated gastric 

digestion experiments with some modifications for a liquid food such as milk (Figures 5.1, 

5.2, and 5.3). The oral digestion fluid phase, normally containing amylase, was not included 

as milk contains no starch (Minekus et al., 2014). Simulated gastric fluid (SGF, pH 7) was 

prepared according to the salt composition suggested in Minekus et al. (2014), but the pH 

was different.  The ratio of total milk to total SGF was considered to be 1:1 for a liquid food 

diet, meaning that, in total, 200 mL of SGF was gradually added during the simulated gastric 

digestion of 200 g of milk (Minekus et al., 2014; Wisén & Johansson, 1992). The 200 mL of 

SGF was divided into 2 solutions: Solution A, i.e., 176 mL of SGF (inclusive of the amount 

of 6 M HCl needed to drop the pH of the different skim milk to pH 2 in 4 h); Solution B, i.e., 

24 mL of SGF (pH 7), which was used to make the pepsin solution. Thus, the combined pH 

of Solution A + Solution B was 1.40 ± 0.10, to achieve a gradual decrease in pH of the 

different milks to 2 over a period of 240 min of digestion, i.e., 4 h. A separate batch of 25 

mL of SGF at pH 2 was prepared; this was added to the HGS at the beginning of the gastric 

digestion of all milk samples to simulate the fasting residual volume of the stomach (Grimm 

et al., 2018; Kong & Singh, 2008; Maltby et al., 1986). The amount of pepsin used for the 

raw cow skim milk was based on 2000 U/mL of the final digestion mixture (Minekus et al., 

2014). The first batch of cow skim milk sample had a protein concentration of 4.48% (g/100 

g milk), which meant that the overall pepsin-to-protein ratio was 94.25 U/mg cow skim milk 

protein. On this basis, the amount of pepsin used for all batches of cow, goat and sheep skim 

milk was 94.25 U/mg milk protein to achieve an overall equal pepsin-to-protein ratio 
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(theoretical) for obtaining comparative protein digestion profiles. The total pepsin to protein 

(caseins + whey protein) ratio was approximately 1:3.45 (wt/wt) in this study (theoretical). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 Simplified representation of the in vitro gastric digestion method (not to 
scale). 

Figure 5.1 Setting up of the HGS (Human 
Gastric Simulator). 

Figure 5.2 Picture of the internal 
compartment of the HGS. 
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5.3.2.11 Statistical analysis 

Experimental data were analysed by running analysis of variance (ANOVA) tests using 

Minitab statistical software (version 18.1, Minitab Inc., State College, PA). The changes in 

pH, wet weight, dry weight, moisture content, and protein were analysed using 2-way 

ANOVA with milk, digestion time, and their interaction (milk x time) as fixed effects. 

Another 2-way ANOVA was used to analyse the force required to penetrate the milk clots 

with milk, clot section (outside and core), and their interaction (milk x section) as fixed 

effects. If significant interaction effects were found, then further analysis was conducted with 

Tukey pairwise comparison test. Chemical composition and casein micelle size of milk were 

analysed by using 1-way ANOVA with Tukey test. The minimum level of statistical 

significance was P < 0.05. Statistical analysis was carried out on results from at least 2 

Figure 5.4 TA-XTplus texture analyzer (penetration test). 
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The dissolution of colloidal calcium phosphate with decreasing pH would release both 

calcium ions and phosphate ions from the curd which may also have a crucial role in buffering 

capacity. The phosphate ions are relatively unstable and may have a tendency to exist as 

hydrogen phosphate ions and thus sequester hydrogen ions and cause an increase in pH. In 

addition, higher pH of the curd could be due to the hindered diffusion of gastric acid into the 

curd and as well as a relatively high concentration of phosphate or hydrogen phosphate ions.  
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Figure 5.5 Changes in pH of skim milk during gastric digestion in the HGS (RCSM, raw cow skim milk; RGSM, raw goat skim milk; RSSM, 
raw sheep skim milk; PCSM, pasteurized cow skim milk; PGSM, pasteurized goat skim milk; PSSM, pasteurized sheep skim milk). Different 
letters (a-d) above bars represent significant differences among milk samples at a given digestion time point (P < 0.05); differences within a 
particular milk sample across different digestion times are not represented. Each data point represents mean ± SD. 
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chyme in the gastric phase was expected to consist mainly of water-soluble components of 

the milk such as whey proteins, lactose, and minerals. The separated liquid phase at <60 min 

of digestion was opaque and contained some fine aggregated particulate matter. This was due 

to the loose structure of the clot at the beginning of digestion leading to the loss of particulate 

matter from the clot. As the digestion progressed and the pH reached near the isoelectric 

point of casein i.e. pH 4.6 (approximately about 90 min onwards), the clot became stronger 

and denser, leading to less transfer of aggregated casein particles to the liquid phase. During 

the later stages of digestion, caseins would have mainly transferred as very fine dissolved 

particles (as well as peptides) from the outer surface of the clot to the liquid chyme. 
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Figure 5.9 Photographs of the clots and liquid chyme obtained during the gastric 
digestion of 200 g of raw milk at different times in the HGS (RCSM, raw cow skim 
milk; RGSM, raw goat skim milk; RSSM, raw sheep skim milk). 
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Figure 5.10 Photographs of the clots and liquid chyme obtained during the gastric 
digestion of 200 g of pasteurized milk at different times in the HGS (PCSM, 
pasteurized cow skim milk; PGSM, pasteurized goat skim milk; PSSM, pasteurized 
sheep skim milk). 
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5.4.5 Wet and dry weights of the clots 

The wet weights of the clots obtained during the gastric digestion of 200 g of raw and 

pasteurized skim milk from different species as a function of time are shown in Figure 5.11. 

The wet weight of the clots obtained from both raw and pasteurized milks followed the order: 

goat < cow < sheep (Figure 5.11). In general, the wet weights of the clots from all species 

decreased with digestion time.  

 

The dry weights of the clots obtained during the gastric digestion of 200 g of different raw 

and pasteurized milk as a function of time are shown in Figure 5.12. In general, the dry 

weights of the raw and pasteurized milk clots from the different species progressively 

decreased with the digestion time. The dry matter of the clots obtained from both raw and 

pasteurized milk during gastric digestion followed the order: goat < cow < sheep (P < 0.05), 

and there was no significant difference (P > 0.05) in the dry weights of the clots formed from 

the raw and pasteurized milk within a species towards the end of digestion. The clots formed 

from goat milk had the lowest dry weights, and those formed from sheep milk had the highest 

dry weights, compared with those formed from cow milk. This was mainly dependent on the 

total protein (casein) as well as total solids contents of the milk.  

 

The changes in the dried weight of the clot reflected the loss of matter, which was because 

of the removal (or squeezing out) of the entrapped liquid and loose curd particles from the 

clot (mainly during the early stages of digestion by the continuous mechanical contraction of 

the stomach) as well as hydrolysis of the coagulated proteins by pepsin (especially during the 

later stages of digestion). A similar phenomenon was reported by Ye et al. (2016b) while 
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studying the dynamic gastric digestion of raw cow skim milk using HGS; they also reported 

that both the stomach mechanical contraction and the pepsin activity plays a key role in the 

gradual decrease of the dried matter content of the milk during gastric digestion. 
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Figure 5.11 Changes in the wet weights of the clots during the gastric digestion of 200 g of skim milk in the HGS (RCSM, raw cow 
skim milk; RGSM, raw goat skim milk; RSSM, raw sheep skim milk; PCSM, pasteurized cow skim milk; PGSM, pasteurized goat 
skim milk; PSSM, pasteurized sheep skim milk). Different letters (a-d) above bars represent significant differences among milk 
samples at a given digestion time point (P < 0.05); differences within a particular milk sample across different digestion times are 
not represented. Each data point represents mean ± SD of results from at least 2 different batches of milk. 



 

125 

 

 

 

 

Figure 5.12 Changes in the dry weights of the clots during the gastric digestion of 200 g of skim milk in the HGS (RCSM, raw cow 
skim milk; RGSM, raw goat skim milk; RSSM, raw sheep skim milk; PCSM, pasteurized cow skim milk; PGSM, pasteurized goat 
skim milk; PSSM, pasteurized sheep skim milk). Different letters (a-d) above bars represent significant differences among milk 
samples at a given digestion time point (P < 0.05); differences within a particular milk sample across different digestion times are not 
represented. Each data point represents mean ± SD. 
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5.4.6 Moisture content of the clots 

Figure 5.13 shows the calculated overall moisture content (grams of water retained per gram 

of dry matter) of the clots obtained at different digestion times (calculated based on the wet 

and dry weight of the clots obtained). It should be noted that the moisture content of the clots 

could be different between the outer layer and the inner core of the clot, as the outer layer of 

the clot was in direct contact with the surrounding liquid phase. Given the dynamic nature of 

the clot throughout the digestion, it was difficult to segregate the moisture content of the 

outer and inner layers; therefore, the moisture content referred to here was based on the total 

dry matter of the clot.  

 

The moisture contents of both the raw and the pasteurized skim milk clots from all 3 species 

decreased considerably with time after they had initially formed within 15 min. The moisture 

content of the raw cow skim milk clots decreased gradually until 120 min of digestion, after 

which it remained fairly constant. Similarly, the moisture contents of the raw goat and sheep 

skim milk clots decreased rapidly until 90 and 60 min of digestion, respectively, after which 

the decrease was very slow (Figure 5.13). There were no significant differences between the 

moisture content of the raw goat and cow skim milk clots at almost all digestion time points 

(P > 0.05). The raw sheep milk clots had considerably lower moisture content than the raw 

cow milk clots (P < 0.05); this was more evident during the initial stages of digestion i.e. till 

90 min of digestion. This lower initial moisture content of the raw sheep milk clots may be 

related to their lower initial wet weights (Figure 5.11), despite the higher total solids contents 

of sheep milk compared with cow milk (Table 5.1 and Figure 5.12). The pasteurized skim 
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hydration level of the casein micelles is negatively correlated with mineralization of micelles 

(Remeuf & Lenoir, 1986) i.e. when the mineralization of the casein micelle increases, the 

degree of hydration of casein micelle decreases; this is expected to be due to the decrease in 

the void spaces within the casein micelles that can be filled up with water along with an 

increase in the extent of binding of the proteins in the casein micelle. Goat and sheep milk 

casein micelles are more mineralized (amount of colloidal calcium per g of casein) than cow 

milk casein micelles (Park, 2007; Park et al., 2007). Thus, the lower moisture content 

observed for sheep milk clots in this study could be due to the higher mineralization of its 

casein micelles. The sheep milk used in this study had higher total calcium and inorganic 

phosphorus than cow and goat milk.  
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Figure 5.13 Changes in the moisture content of the raw and pasteurized skim milk clots collected during gastric digestion in HGS 
(RCSM, raw cow skim milk; RGSM, raw goat skim milk; RSSM, raw sheep skim milk; PCSM, pasteurized cow skim milk; PGSM, 
pasteurized goat skim milk; PSSM, pasteurized sheep skim milk). Different letters (a-c) above bars represent significant differences 
among milk samples at a given digestion time point (P < 0.05); differences within a particular milk sample across different digestion 
times are not represented. Each data point represents mean ± SD. 
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5.4.7 Protein content of the clots 

The quantities of protein retained (g/200 g milk) in the dried clots from the different milks 

during digestion are shown in Figure 5.14. Skim milk clots were composed mainly of caseins 

with some minor amounts of entrapped water-soluble components such as lactose, whey 

proteins, and minerals. Thus, in general, the higher was the protein (casein) content of the 

milk, the higher was the amount of protein retained in the clot; the protein contents of the 

clots formed from the raw and pasteurized milk from the different species during digestion 

were in the following order: goat < cow < sheep (P < 0.05) (Figure 5.14). The total protein 

content of the dried clots decreased gradually during digestion, with most of the decrease 

occurring during the initial stages of digestion for all the milk, i.e., up to 90 min (when the 

pH was ~4.2-4.8). The decrease in protein content during this initial period was due mainly 

to the loss of fine casein particles and entrapped liquid (dissolved) whey proteins from the 

clots due to the less firm nature of the clot. After 90 min (as the pH dropped below the 

isoelectric point of casein i.e. pH 4.6), the clot became stronger and more cohesive. Thus, the 

decrease in the protein content of the clot after 90 min was slow and mainly due to the 

hydrolysis of caseins by pepsin.   

 

As expected, the trend of the decrease in protein content of the clots (Figure 5.14) with the 

digestion time was similar to that of the dry matter content of the clots (Figure 5.12), although 

the protein content generally remained lower than the dry matter content during gastric 

digestion. This difference may reflect the loss of entrapped lactose, whey proteins and soluble 

salts from the clot as well as dissolution and removal of micellar calcium phosphate from the 

casein clots because of a decrease in pH to below 4.6 (Dalgleish & Law, 1989).  
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The comparative percentage protein retained (g/100 g milk protein) in the dried clots from 

the different milks during digestion is shown in Figure 5.15. At the end of 240 min of 

digestion, approximately 59%, 58%, and 64% of the milk protein remained in the raw cow, 

goat, and sheep skim milk clots, respectively. However, there were no significant differences 

(P > 0.05) between the percentage protein retained by the raw cow, goat, and sheep milk 

clots at 240 min (Figure 5.15). The percentage protein retained in the pasteurized milk clots 

was slightly lower than that in their respective raw milk clots, but the differences were not 

significant (P > 0.05). For instance, approximately 53%, 55%, and 59% of the protein 

remained in the pasteurized cow, goat, and sheep skim milk clots at 240 min, respectively. 

 

As the raw sheep skim milk had higher pH (P < 0.05) towards the later stages of gastric 

digestion than the raw goat and cow skim milk (150 min onwards, Figure 5.5), another 

experiment was conducted (results not shown) to adjust the pH profile for sheep milk to 

achieve a pH of 2 with SGF (pH ~1.3, added extra HCl). This was to explore whether sheep 

milk with the adjusted pH profile had a greater disintegration or hydrolysis of the clots. 

However, there was no significant difference in the dry matter and protein contents retained 

in the raw sheep milk clots with adjusted and unadjusted pH profiles. This indicated that the 

lower moisture content and the more tightly knitted clots formed by sheep skim milk, in 

comparison with the skim milk from the other species, might have been a factor in its lower 

disintegration rate. 
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Figure 5.14 Changes in the protein content of the clots during the gastric digestion of 200 g of skim milk in the HGS (RCSM, raw 
cow skim milk; RGSM, raw goat skim milk; RSSM, raw sheep skim milk; PCSM, pasteurized cow skim milk; PGSM, pasteurized 
goat skim milk; PSSM, pasteurized sheep skim milk). Different letters (a-d) above bars represent significant differences among milk 
samples at a given digestion time point (P < 0.05); differences within a particular milk sample across different digestion times are 
not represented. Each data point represents mean ± SD of results from at least 2 different batches of milk. 
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Figure 5.15 Changes in the percentage protein retained in the clots (expressed as g/100 g milk protein) during the gastric digestion of 
skim milk in the HGS (RCSM, raw cow skim milk; RGSM, raw goat skim milk; RSSM, raw sheep skim milk; PCSM, pasteurized cow 
skim milk; PGSM, pasteurized goat skim milk; PSSM, pasteurized sheep skim milk). Different letters (a-c) above bars represent 
significant differences among milk samples at a given digestion time point (P < 0.05); differences within a particular milk sample across 
different digestion times are not represented. Each data point represents mean ± SD. 
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Figure 5.16 SDS-PAGE patterns of the freeze-dried clots (~36 mg of protein in 
each lane) collected during the gastric digestion of raw and pasteurized skim milk 
in the HGS at different times (30, 90, 120, 180, 210, and 240 min) (RCSM, raw cow 
skim milk; RGSM, raw goat skim milk; RSSM, raw sheep skim milk; PCSM, 
pasteurized cow skim milk; PGSM, pasteurized goat skim milk; PSSM, pasteurized 
sheep skim milk; CM, cow skim milk; GM, goat skim milk; SM, sheep skim milk; 
Lf, lactoferrin; SA, serum albumin; Ig, immunoglobulin������-�/�J������-�O�D�F�W�R�J�O�R�E�X�O�L�Q�����.-
�/�D�����.-lactalbumin). 
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towards the end of digestion than at the beginning, i.e., at 15 min, of digestion. The 

decrease in the wet weight of the clots observed during the early stages of gastric digestion 

(Figure 5.11) could be attributed to these changes in the cohesiveness and denseness of 

the microstructure of the clots (Figure 5.18). The microstructural observations further 

support the results reported for the change in the moisture content of the clots during 

digestion, i.e., greater moisture content of the clots at 15 min than at 90 and 240 min 

(irrespective of the milk species). Although there were slight apparent differences in the 

microstructures of the clots formed from raw cow, goat, and sheep milk, it was not 

possible to draw any definite conclusions. Ye et al. (2016b) also observed in that the clot 

from raw cow skim milk had a closely knitted protein network with numerous aqueous 

pore spaces (at 20 min), which as the digestion progressed became denser and fused into 

a smooth block with little porosity at a long digestion times (220 min).  

 

The microstructures of the pasteurized milk clots from all species at 15, 90, and 240 min 

of digestion followed a similar pattern to those of the raw milk clots (Figure 5.19). 

However, the clots formed by the pasteurized milk at 90 and 240 min of digestion (Figure 

5.19) appeared to have slightly more open protein networks with a large number of pores 

compared with those of raw milk clots (90 and 240 min, Figure 5.18), especially for goat 

milk and sheep milk. 
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Figure 5.18 Confocal micrographs of the clots obtained during the gastric 
digestion of different raw skim milk in the HGS at different times (RCSM, raw 
cow skim milk; RGSM, raw goat skim milk; RSSM, raw sheep skim milk). Scale 
bars represent 25 µm. 
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Figure 5.19 Confocal micrographs of the clots obtained during the gastric 
digestion of different pasteurized skim milk in the HGS at different times 
(PCSM, pasteurized cow skim milk; PGSM, pasteurized goat skim milk; PSSM, 
pasteurized sheep skim milk). Scale bars represent 25 µm. 
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inner core due to its firm texture. This supports the previous findings of Ye et al. (2016b) 

and Mulet Cabero (2018), who reported that the proteins in the outer layer were 

hydrolysed faster than the proteins in the inner core of the cow milk clots because of the 

lower pepsin diffusion to the core (inside) due to the compact and dense nature of the clot. 

 

 

 

5.5 Conclusions 
The study provided newer insights and an improved understanding about the coagulation 

behaviour of non-cow milks. Raw skim milk from cow, goat, and sheep separated into a 

clot and a liquid phase in the HGS. The amount of the clot formed at the beginning of the 

gastric digestion was directly proportional to the protein and total solids contents of the 

different skim milk. The macro- and microstructures of the clots formed from all skim 

milk underwent similar dynamic changes throughout digestion. Compared with the raw 

Figure 5.20 Force (N) required to penetrate the skim milk clots remaining in the HGS 
at 240 min (OUTSIDE represents the measurements taken on complete clot when 
penetrated from outside; CORE represents the measurements taken on half cut clot 
when penetrated from inside i.e., at the core). Different letters (a-g) above bars 
indicate significant differences (P < 0.05). Each data point represents mean ± SD. 
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Chapter 6: Impact of gastric coagulation on the kinetics 

of release of fat globules from milk of different species4 

 

6.1 Abstract 
The behaviour of fat globules during the gastric digestion of raw and pasteurized (non-

homogenized) cow, goat, and sheep whole milks was studied using a human gastric 

simulator. Microstructural and physicochemical analysis revealed that, initially, the 

coagulation of the milks in the human gastric simulator resulted in the majority of the 

milk fat globules being entrapped within the curd. As the digestion progressed, the 

proportion of fat globules entrapped within the aggregated protein matrix (curd) 

decreased; there was also some flocculation as well as coalescence of the fat globules 

within the curd. The liberation of the entrapped fat globules from the curd to the liquid 

phase of the chyme was strongly dependent on the disintegration and hydrolysis of the 

structured casein network. Surprisingly, the fat globules released (or already present) into 

the liquid phase of the chyme were not as extensively coalesced as those remaining within 

the curd. These phenomena were observed to be similar for the raw and pasteurized whole 

milk of all species. The pasteurized whole milk from all species formed relatively less 

structured coagula compared with their raw milk counterparts, leading to a greater extent 

of protein breakdown and, thus, higher proportions of fat release from the pasteurized 

milk curds.  

 

4 Part of the contents presented in this chapter has been submitted to be published as a peer-reviewed paper: 
Roy, D., Ye, A., Moughan, P. J., and Singh, H. (under review). Impact of gastric coagulation on the kinetics 
of release of fat globules from milk of different species. Targeted Journal - Food and Function. 
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than from the firm clots formed from raw whole milk. Similar observations have been 

reported using in vitro digestion assays for differently processed whole milks (Ye et al., 

2017; Ye et al., 2019b). Therefore, it appears that the bioaccessibility of the fat globules 

from milk is influenced by the coagulum structure in which the fat globules are entrapped 

in the stomach. 

 

The milk of different species are known to vary in fat globule size and composition, which 

have been reported to be responsible for their different digestion behaviours (Alférez et 

al., 2001; Claeys et al., 2014; Gantner et al., 2015; Meena et al., 2014; Teng et al., 2020). 

However, little attention has been given to the structural changes that occur in the whole 

milk matrix during gastric digestion, and how they influence the digestion and delivery 

of fat globules in the gastrointestinal tract.  

 

It was hypothesized that the coagulation of the proteins from the milk of different species 

plays a crucial role in influencing the state and liberation of the fat globules during gastric 

digestion. Therefore, the comparative structural changes in raw and pasteurized (non-

homogenized) whole milk of different species using an in vitro dynamic gastric digestion 

model, i.e., the HGS was investigated. This study was built on the previous chapter 

(Chapter 5). Moreover, this is the first study to report on the dynamic in vitro gastric 

digestion behaviours of goat and sheep milk fat globules.  
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Multiple fields were viewed, and typical micrographs are presented. The imaging was 

completed within 40 min of stopping the digestion at the respective times.  

 

6.3.2.10 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) 

Reducing SDS-PAGE was performed on the milk curds (freeze dried and ground powder) 

as well as on the liquid chyme samples to visualize the time-dependent hydrolysis of the 

proteins in the gastric chyme samples, as described by Ye et al. (2016a). The detailed 

method is described in the Section 3.2.2.5 (Chapter 3).  

 

6.3.2.11 Statistical analysis 

The experimental data were subjected to analysis of variance (ANOVA) tests using 

Minitab statistical software (version 18.1, Minitab Inc., State College, PA, USA). The 

changes in pH, wet weight, dry weight, protein, fat, and fat globule sizes during gastric 

digestion were analysed using three-way ANOVA with species (cow, goat, and sheep), 

processing (raw and pasteurised), and digestion time (30 to 240 min), and their interaction 

as fixed effects. The changes in texture of the curds obtained after 240 min of gastric 

digestion were analysed using three-way ANOVA with species (cow, goat, and sheep), 

processing (raw and pasteurised), and section (CORE and OUTSIDE), and their 

interaction as fixed effects. If statistically significant interaction effects were found, then 

further analysis was conducted using the Tukey pairwise comparison test. The 

correlations between protein and fat lost from the curds were also determined. Differences 

in physicochemical composition were analysed using one-way ANOVA and the Tukey 

test. The probability level for statistical significance was P < 0.05. Statistical analysis 

was carried out on the results from at least two different batches of milk and values (or 

data points) are expressed as mean ± SD (standard deviation). 
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6.4. Results and discussion 

6.4.1 Chemical and physicochemical properties of different whole milks 

The chemical composition, fat globule size, and casein micelle size of the cow, goat, and 

sheep whole milks are reported in Table 6.1. Compared with cow milk, sheep milk was 

significantly (P < 0.05) higher in dry matter, protein content, and calcium content, 

whereas goat milk had significantly (P < 0.05) lower proportions of these components. 

Sheep milk also had the highest content of total inorganic phosphorus, whereas the 

inorganic phosphorus levels were similar for cow milk and goat milk. Goat milk had the 

lowest fat content, and sheep milk and cow milk had similar fat contents. The interspecies 

differences in the nutrient compositions observed are consistent with those reported in 

previous chapters (Chapters 4 and 5). However, the milk composition within and between 

species may vary considerably because of different regions, feeds, breeds, stages of 

lactation, milking intervals, and time of the year (Barlowska et al., 2011; Claeys et al., 

2014). 

 

Cow milk had the highest volume weighted (D43) fat globule mean diameter (~4.3 µm) 

(P < 0.05) followed by sheep milk (~4.1 µm) and goat milk (~3.9 µm) (Table 6.1). 

Similarly, the surface weighted (D32) fat globule mean diameter of cow milk (~3.6 µm) 

was higher (P < 0.05) than that of sheep milk (~3.5 µm) and goat milk (~3.0 µm). These 

results are in line with previous studies, which have reported that goat and sheep milk 

have smaller fat globule sizes than cow milk (El-Zeini, 2006; Gantner et al., 2015; Park 

et al., 2007). The Z-average diameters (nm) of the casein micelles (Table 6.1) of goat 

milk (~196 nm) and sheep milk (~197 nm) were significantly (P < 0.05) larger than those 

of cow milk (~157 nm), which is in agreement with results reported previously (Nguyen 

et al., 2018; Park et al., 2007). 
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The pasteurized whole milk of all species had a slightly slower drop (P < 0.05) in pH 

(especially from 60 min onward) compared with their raw milk counterparts (Figure 6.1), 

which indicated that the pasteurized whole milk of the different species would have 

needed a greater amount of 6 M HCl compared with their respective raw whole milks to 

drop the pH to 2 during the 4 h of gastric digestion. The relatively slower drop in pH of 

the pasteurized milks was probably due to their more disintegrated curd structure 

compared with their raw milk counterparts (as visually observed, Figures. 6.2 and 6.3), 

which would have led to more dissolved proteins in the liquid chyme and, thus, a slower 

decrease in pH. It has to be noted that the open curd structure of pasteurised milks may 

allow easier diffusion of gastric acid into the curds and subsequently faster release and 

mixing of phosphate ions which may have then sequestered hydrogen ions to form 

hydrogen phosphate and resulted in an increase in pH. In contrast to the pH of the liquid 

chyme, the core pH of the curds (aggregated proteins) formed from all the whole milks at 

the end of 240 min of gastric digestion remained higher i.e. ~pH 3.0-5.0.  
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Figure 6.1 Changes in pH of the liquid chymes from the whole milks during gastric digestion in the HGS (RCWM, raw cow whole milk; RGWM, raw 
goat whole milk; RSWM, raw sheep whole milk; PCWM, pasteurized cow whole milk; PGWM, pasteurized goat whole milk; PSWM, pasteurized sheep 
whole milk). �'�L�I�I�H�U�H�Q�W���O�H�W�W�H�U�V�����D�Ó�F�����D�E�R�Y�H���W�K�H���E�D�U�V���U�H�S�U�H�V�H�Q�W���V�L�J�Q�L�I�L�F�D�Q�W���G�L�I�I�H�U�H�Q�F�H�V���D�P�R�Q�J���W�K�H���P�L�O�N���V�D�P�S�O�H�V���D�W���D���J�L�Y�H�Q���G�L�J�H�V�W�L�R�Q���W�L�P�H�S�R�L�Qt (P < 0.05); 
differences within a particular milk sample across different digestion times are not represented. Each data point represents mean ± SD. 
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Figure 6.2 Photographs of the curds and liquid chymes during the gastric 
digestion of 200 g of raw whole milk at different digestion times in the HGS. 
RCWM, raw cow whole milk; RGWM, raw goat whole milk; RSWM, raw sheep 
whole milk. 
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Figure 6.3 Photographs of the curds and liquid chymes during the gastric 
digestion of 200 g of pasteurized whole milk at different digestion times in the 
HGS. PCWM, pasteurized cow whole milk ; PGWM, pasteurized goat whole 
milk ; PSWM, pasteurized sheep whole milk. 
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Figure 6.4 Changes in the weight of the curds produced during the gastric digestion of 
200 g of different milks in the HGS: (A) wet weights of the curds; (B) dry weights of 
the curds. RCWM, raw cow whole milk; RGWM, raw goat whole milk; RSWM, raw 
sheep whole milk; PCWM, pasteurized cow whole milk; PGWM, pasteurized goat 
whole milk; PSWM, pasteurized sheep whole milk. �'�L�I�I�H�U�H�Q�W���O�H�W�W�H�U�V�����D�Ó�I�����D�E�R�Y�H���W�K�H���E�D�U�V��
represent significant differences among the milk samples at a given digestion timepoint 
(P < 0.05); differences within a particular milk sample across different digestion times 
are not represented. Each data point represents mean ± SD. 
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Figure 6.5 Changes in the percentage fat retained (g/100 g milk fat) in the curds during gastric digestion in the HGS (RCWM, raw cow 
whole milk ; RGWM, raw goat whole milk ; RSWM, raw sheep whole milk ; PCWM, pasteurized cow whole milk ; PGWM, pasteurized goat 
whole milk ; PSWM, pasteurized sheep whole milk). Different letters (a�Ód) above the bars represent significant differences among the milk 
samples at a given digestion time point (P < 0.05); differences within a particular milk sample across different digestion times are not 
represented. Each data point represents mean ± SD. 
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The CLSM analysis of the curds from the different whole milks at 15, 90, and 240 min of 

gastric digestion provided further insights into the retention and the state of the fat 

globules within the coagulated network (Figures 6.6 and 6.7). The fat globules were 

uniformly distributed in the raw and pasteurized milk of all species before digestion. As 

the casein micelles coagulated during the initial stages of digestion (i.e., 15 min), a 

proportion of the fat globules appeared to be physically entrapped (or embedded) in the 

casein network or the spaces (or pores) of the surrounding casein network; some of these 

fat globules were much larger in size than those present in the undigested milk, indicating 

the occurrence of fat globule coalescence. As the digestion progressed, the size of the 

entrapped fat globules appeared to increase, and many lost their globular (or spherical) 

structure. At 240 min of digestion, much bigger fat globules with distorted (or irregular) 

shapes were observed (non-globular fat) (Figures 6.6 and 6.7). These observations were 

similar for the raw and pasteurized milk of all species. However, the extent of coalescence 

appeared to be relatively greater (especially at 240 min) in the pasteurized whole milk 

curds from all species (Figures 6.7).  

 

The enhanced coalescence of the entrapped fat globules within the curd during gastric 

digestion possibly arises from the hydrolysis of MFGM proteins by the increased activity 

of pepsin (Le et al., 2012; Ye et al., 2011) with an increase in the digestion time (because 

of the decrease in pH). The continuous shearing action of the HGS (because of the 

simulated contraction movements) as well as the higher entrapped fat phase volume in 

the gastric curd may have enhanced the frequency of contact between the fat globule 

surfaces, leading to rupture/removal of MFGM and, hence, promoting coalescence. The 

interfacial changes occurring at the milk fat globule surface was not observed directly; 

however, the changes in fat globule size and shape are an indication that the MFGM may 
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entrapped fat globules in the curd during gastric digestion in the HGS, as observed in this 

study.  

 

The relatively higher degree of coalescence of the fat globules observed in the pasteurized 

whole milk curds (Figure 6.7) could have been due to the increased susceptibility of the 

MFGM in the pasteurized milks. In the milk of all species, temperatures as low as 60°C 

can induce changes in the MFGM structure, such as increased diffusion and coalescence 

of lipid domains present at the surface, association of whey proteins with the surface, and 

denaturation of MFGM proteins (Corredig & Dalgleish, 1997; Et-Thakafy et al., 2017; 

Jukkola & Rojas, 2017; Ye et al., 2004). Such heat-induced structural changes may alter 

the native MFGM structure and, thus, may lead to its increased susceptibility to 

destabilization and coalescence within the curd matrix under gastric digestion conditions. 

In addition, the more fragmented curds observed in the pasteurized whole milks compared 

with the raw whole milks (Figures 6.2 and 6.3) would have led to relatively easier 

diffusion of pepsin and gastric juices into the curds of the pasteurized whole milks, 

leading to enhanced hydrolysis of the MFGM proteins. In turn, this enhanced coalescence 

of the entrapped fat globules within the protein network may have hindered the strong 

association between the aggregated protein strands (Luo et al., 2017).  
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Figure 6.6 Confocal micrographs of the curds obtained during the gastric 
digestion of different raw whole milks in the HGS at different times (RCWM, 
raw cow whole milk ; RGWM, raw goat whole milk ; RSWM, raw sheep whole 
milk ). Scale bars represent 25 µm.  
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Figure 6.7 Confocal micrographs of the curds obtained during the gastric 
digestion of different pasteurized whole milks in the HGS at different times 
(PCWM, pasteurized cow whole milk; PGWM, pasteurized goat whole milk; 
PSWM, pasteurized sheep whole milk). Scale bars represent 25 µm. 
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only the smaller fat globules were able to move out of the curd structure (Figures 6.8 and 

6.9). 
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Figure 6.8 Confocal micrographs of the liquid chymes during the gastric digestion 
of different raw whole milks in the HGS at different times (RCWM, raw cow whole 
milk ; RGWM, raw goat whole milk ; RSWM, raw sheep whole milk ). Scale bars 
represent 25 µm.   
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Figure 6.9 Confocal micrographs of the liquid chymes during the gastric digestion of 
different pasteurized whole milks in the HGS at different times (PCWM, pasteurized 
cow whole milk ; PGWM, pasteurized goat whole milk ; PSWM, pasteurized sheep whole 
milk). Scale bars represent 25 µm. 
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Figure 6.10 Fat globule size (µm) distribution of the liquid chymes from different 
whole milks dissociated with EDTA-SDS buffer during gastric digestion (RCWM, raw 
cow whole milk ; RGWM, raw goat whole milk ; RSWM, raw sheep whole milk ; 
PCWM, pasteurized cow whole milk ; PGWM, pasteurized goat whole milk ; PSWM, 
pasteurized sheep whole milk). �µ���¶�� �P�L�Q�� �U�H�S�U�H�V�H�Q�W�V�� �W�K�H�� �I�D�W���J�O�R�E�X�O�H�� �V�L�]�H�� �R�I�� �W�K�H�� �Z�K�R�O�H��
milk before gastric digestion. Each data point represents mean ± SD. 
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Table 6.2 Fat globule sizes (µm) of the liquid chymes from the whole milk of different species at different digestion times (RCWM, raw cow 
whole milk; RGWM, raw goat whole milk; RSWM, raw sheep whole milk; PCWM, pasteurized cow whole milk; PGWM, pasteurized goat 
whole milk; PSWM, pasteurized sheep whole milk).  

 
 
 

*Values are reported as mean ± SD. Letters (A-D) represent significant differences (P < 0.05) across different digestion times and different milks. 
 

Fat globule size (µm) Milk  
Digestion time (min) 

0 min (before digestion) 30 min 90 min 240 min  

D43*  
(volume weighted 
mean diameter) 

RCWM 4.26 ± 0.02C 4.37 ± 0.00C 4.44 ± 0.00C 6.27 ± 1.10C 

RGWM 3.83 ± 0.07C 7.44 ± 4.21BC 8.52 ± 5.4BC 13.65 ± 10.81ABC 

RSWM 4.09 ± 0.01ABC 14.39 ± 10.72C 21.88 ± 8.74AB 12.21 ± 7.33ABC 

PCWM 4.40 ± 0.08C 4.48 ± 0.00C 4.56 ± 0.05C 6.89 ± 1.40C 

PGWM 3.85 ± 0.00C 6.81 ± 0.3.93BC 12.99 ± 0.49ABC 10.99 ± 7.85ABC 
PSWM 4.10 ± 0.01C 21.45 ± 10.08A 5.31 ± 2.73C 6.63 ± 2.32BC 

D32*  
(surface weighted 
mean diameter) 

  

RCWM 3.59 ± 0.03ABCD 3.66 ± 0.00ABCD  3.71 ± 0.00ABCD 3.78 ± 0.04ABCD 

RGWM 3.00 ± 0.05D 2.98 ± 0.15D 3.05 ± 0.22CD 4.28 ± 1.37AB 

RSWM 3.50 ± 0.00ABCD 4.05 ± 0.67ABCD 4.82 ± 0.69A 3.95 ± 0.45ABCD 

PCWM 3.65 ± 0.07ABCD 3.73 ± 0.00ABCD 3.67 ± 0.02ABCD 3.94 ± 0.04ABCD 

PGWM 2.98 ± 0.00BCD 3.20 ± 0.16BCD 3.36 ± 0.04ABCD 4.22 ± 0.61ABC 
PSWM 3.50 ± 0.00ABCD 4.48 ± 0.0.66A 3.59 ± 0.12ABCD 3.63 ± 0.20ABCD 
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curd properties of goat and sheep milk could have been due to the lower casein-to-whey 

protein ratio as well as to the lower heat stability of the whey proteins in both goat milk 

and sheep milk compared with cow milk (Claeys et al., 2014; Montilla et al., 1995; 

Raynal-Ljutovac et al., 2007). Such differences may have resulted in greater amounts of 

denatured whey proteins and in turn greater association between the caseins and the 

denatured whey proteins, leading to more disintegrated curds and, thus, greater 

proteolysis of the pasteurized goat and sheep milk curds during the gastric digestion.  

 

It was also found that the percentage protein retained in the raw cow whole milk curds 

was significantly (P < 0.05) lower than that retained in the raw goat and sheep whole 

milk curds (Figure 6.11), which could have been due to the tendency of the raw cow 

whole milk curds to break down into much smaller aggregates, as observed in Figure 6.2. 

Some previous studies have shown that a lower protein (casein)-to-fat ratio increases the 

softness of the curd (Mulet-Cabero et al., 2020c) and that larger native milk fat globules 

give rise to softer rennet gels (Luo et al., 2017; Michalski et al., 2002). However, in 

contrast, other previous studies have also reported that small casein micelles in 

combination with large native milk fat globules produce firmer rennet gels (Logan et al., 

2014; Logan et al., 2015). It was hypothesized that the lower protein-to-fat ratio in 

combination with the larger fat globule sizes of the raw cow whole milk (despite its 

smaller casein micelle size) (Table 6.1) may have been responsible for the increased 

susceptibility of its curd to a greater degree of breakdown during gastric digestion, 

compared with the raw milk of the other species in this study. However, there needs to be 

further investigation. The changes in the protein and fat contents of the curds of different 

milks in the HGS (expressed as g per 200 g of milk) is shown in Annexure 2 (Figure 

A2.1).  
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Figure 6.11 Changes in the percentage protein (g/100 g milk protein) retained in the curds during gastric digestion in the HGS (RCWM, raw cow 
whole milk ; RGWM, raw goat whole milk ; RSWM, raw sheep whole milk ; PCWM, pasteurized cow whole milk ; PGWM, pasteurized goat whole 
milk ; PSWM, pasteurized sheep whole milk). Different letters (a�Ód) above the bars represent significant differences among the milk samples at a 
given digestion time point (P < 0.05); differences within a particular milk sample across different digestion times are not represented. Each data 
point represents mean ± SD. 
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the liquid chyme may have been because of the delivery of very fine casein particles to 

the chyme when the curd lost its mass. Some smaller amounts of peptides were also 

emptied with the liquid chyme at all digestion points. Similar observations were noted for 

the protein profiles of the liquid chymes from the pasteurized whole milk of the different 

species (Figure 6.13, PCWM, PGWM, and PSWM). 

 

The SDS-PAGE results further indicated that the whey proteins, being soluble in the 

liquid phase, would have emptied rapidly and mainly in intact native form, especially 

during the early stages of digestion, i.e., up to 2 h (120 min), whereas the caseins 

coagulated in the stomach, were digested slowly, and would have emptied mainly as fine 

aggregates as well as peptides into the small intestine during gastric digestion. These 

results are in accordance with previous studies, which reported that caseins are evacuated 

from the stomach mainly as peptides, whereas whey proteins empty mainly in their intact 

forms (Mahe et al., 1996; Miranda & Pelissier, 1983). Boutrou et al. (2013) studied the 

kinetics of release of milk-derived peptides in the jejunum of humans who ingested 

reconstituted lyophilized casein or whey protein powder (prepared from 

microfiltered/ultra-filtered raw skim milk). They found that the caseins slowly delivered 

a wide range of medium-sized peptides during 6 h of digestion, whereas fewer peptides 

but of larger size were released from the whey proteins until 3 h of gastric digestion, at 

which time the whey proteins were entirely emptied from the stomach.  
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Figure 6.12 SDS-PAGE patterns of the curds (~18 mg of protein in each lane) 
remaining in the HGS at different times (30, 90, 120, 180, 210, and 240 min) during 
the gastric digestion of raw and pasteurized whole milks (RCWM, raw cow whole milk; 
RGWM, raw goat whole milk; RSWM, raw sheep whole milk; PCWM, pasteurized cow 
whole milk; PGWM, pasteurized goat whole milk; PSWM, pasteurized sheep whole 
milk; CM, cow whole milk; GM, goat whole milk; SM, sheep whole milk). 
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6.6. Relationship between fat globule release and curd 

breakdown 
The protein and fat retention data (Figures 6.5 and 6.11) also suggested that the changes 

in the protein and fat contents of the curd during gastric digestion may have been 

interrelated (irrespective of the different types of milk and the different processing 

treatments), as the changes in protein retention and fat retention in the curd followed 

similar trends (Figures 6.5 and 6.11), and that the dynamic changes occurring in the 

protein content of the curd during gastric digestion may have had an influence on the 

release of the fat globules entrapped in the protein (casein) network. Thus, the 

interrelationship between the amounts of protein and fat lost progressively from the curd 

matrix during the gastric digestion of the different milks was further analysed (Figure 

6.14). It was found that, irrespective of the species and the processing treatment, there 

was a strong positive linear correlation (Pearson correlation coefficient, r = 0.978) 

between the amounts of fat and protein lost from all curd samples throughout the gastric 

digestion. When a least squares linear regression model was fitted for the mean protein 

and fat lost from all curd samples at all digestion timepoints (irrespective of species and 

processing treatment) (Figure 6.14), an equation with a slope of 1.0653 (R2 = 0.9557) for 

the protein loss (predictor) was obtained (Figure 6.14). As the slope was nearly equal to 

1, it showed that the average fat lost from the curd samples was positively proportional 

to the loss of protein from the curd samples. This suggested that the movement of protein 

from the curd into the liquid phase, because of breakdown and hydrolysis of casein 

aggregates, allowed the release of fat globules into the liquid phase. Thus, the rate of fat 

release was dependent on the rate of breakdown of the curd structure, which, in turn, was 

dependent on the rate of protein hydrolysis. For instance, the loose curd structure of the 

pasteurized milk led to the loss of greater amounts of protein from the curd, which, in 
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Figure 6.14 Relationship between the fat and protein contents lost from the 
curds of different whole milks during gastric digestion in the HGS from 30 to 
240 min. The Pearson correlation coefficient value (r) (P < 0.05) as well as the 
regression line and the equation for the overall graph are depicted. Each data 
point represents the mean ± SD of results from at least two different batches of 
milk (RCWM, raw cow whole milk; RGWM, raw goat whole milk; RSWM, raw 
sheep whole milk; PCWM, pasteurized cow whole milk; PGWM, pasteurized 
goat whole milk; PSWM, pasteurized sheep whole milk).  
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Figure 6.15 Relationship between the fat and protein contents lost from 
the curds of different whole milks during gastric digestion in the HGS 
from 30 to 240 min: (A) raw whole milk curds; (B) pasteurized whole milk 
curds (RCWM, raw cow whole milk; RGWM, raw goat whole milk; 
RSWM, raw sheep whole milk; PCWM, pasteurized cow whole milk; 
PGWM, pasteurized goat whole milk; PSWM, pasteurized sheep whole 
milk). Each data point represents the mean ± SD of results from at least 
two different batches of milk. The Pearson correlation coefficient value 
(r) (P < 0.05) as well as the regression line and the equation for each milk 
and the overall graph are depicted. 
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6.7 Texture analysis of the residual curds 
The force required to penetrate the curds from the milk of each species remaining at the 

end of the 240 min of digestion is reported in Figure 6.16. As seen from the visual images 

(Figures 6.2 and 6.3), as the curds formed by the pasteurized whole milks were very 

fragile and fragmented, sections of the curds were taken only when there was a sufficient 

amount to conduct the penetration test. Although this might not be a very accurate 

representation, this measurement was done for comparison with the previous study on 

understanding the curd formation and disintegration characteristics of skim milk from 

different species during digestion (Chapter 5). The results from the texture analysis 

reported in this study are only indicative. 

 

The texture analysis results indicated that the curds formed from the raw and pasteurized 

cow and goat whole milks were of similar hardness and relatively softer than the curds 

formed from the raw and pasteurized sheep whole milks (Figure 6.16, OUTSIDE). The 

curd hardness of the pasteurized whole milks was similar to that of their raw milk 

counterparts except for the pasteurized goat whole milk curd, which had significantly 

lower hardness than its raw milk counterpart (Figure 6.16, OUTSIDE). The relatively 

greater hardness of the sheep whole milk curds was expected to be due to the lower 

hydration of sheep milk caseins, as observed in the previous study on the gastric digestion 

of skim milk from different species (Chapter 5).  

 

The force required to penetrate the inner core of the curds remaining from the milk of 

different species is depicted in Figure 6.16, CORE. The forces required to penetrate the 

inner core of the raw cow and goat whole milk curds were similar but lower than that of 

the raw sheep whole milk curd. However, the forces required to penetrate the core inside 
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the pasteurized whole milk curds from the milk of all species were similar and there were 

no significant differences between them (Figure 6.16, CORE). In addition, the force 

required to penetrate the core of the whole milk curds was no different from the force 

required to penetrate the outer surfaces of the whole milk curds, except for the raw sheep 

whole milk curd, for which the force required to penetrate the inner surface of the curd 

was relatively higher (Figure 6.16). 

 

Figure 6.16 Force (N) required to penetrate the whole milk curds remaining in the 
HGS at 240 min (OUTSIDE represents the measurements on the complete curd when 
penetrated from outside; CORE represents the measurements on half-cut curds when 
penetrated from inside, i.e., at the core) (RCWM, raw cow whole milk; RGWM, raw 
goat whole milk; RSWM, raw sheep whole milk; PCWM, pasteurized cow whole milk; 
PGWM, pasteurized goat whole milk; PSWM, pasteurized sheep whole milk). Different 
�O�H�W�W�H�U�V�����D�Ó�H�����D�E�R�Y�H���W�K�H���E�D�U�V���L�Q�G�L�F�D�W�H���V�L�J�Q�L�I�L�F�D�Q�W���G�L�I�I�H�U�H�Q�F�H�V����P < 0.05). Each data point 
represents mean ± SD. 

 

The penetration test results for the raw and pasteurized whole milk curds observed in this 

study indicated that the hardness of the whole milk curds was much lower than that of the 

skim milk curds in the previous study using the same method (Chapter 5), indicating that 
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milk fat had a crucial role in influencing the degree of curd softness and in turn the 

disintegration dynamics during the gastric digestion of milk. 

 

Based on the results and discussion in this chapter, a schematic illustration to summarize 

the possible changes in the casein micelles and fat globules of whole milk under dynamic 

gastric digestion conditions (in which gastric lipase has very little to no activity) is given 

in Figure 6.17.  

 

6.8. Conclusions 
This study provided a deeper understanding of how the curd-forming properties of 

different mammalian milks in the gastric environment provide controlled digestion and 

delivery of nutrients (such as proteins, fat, and micronutrients). Both the raw and the 

pasteurized (non-homogenized) whole milk of different species formed a curd in the 

HGS, which physically entrapped (or integrated) the majority of the milk fat globules 

within its aggregated casein network at the beginning of the digestion. The gradual 

breakdown and hydrolysis of the surrounding casein network by pepsin and the 

mechanical shearing of the HGS were the fundamental mechanisms behind the controlled 

liberation of fat globules from the structured curd throughout the gastric digestion. These 

mechanisms were found to be similar in the milk of all species used in this study. The 

study also emphasizes the importance of developing dynamic in vitro digestion models 

to better mimic the structural changes occurring in complex food systems (such as milk) 

in the gastrointestinal tract. Overall, the knowledge gained in this study, from 

understanding the structural changes in a natural emulsion system such as milk, may help 

in designing bioinspired macro- and microstructures for the controlled digestion and 
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delivery of macro- or micronutrients (as well as lipophilic medicinal drugs) in the 

gastrointestinal tract. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.17 Schematic diagram illustrating the possible changes in the casein 
micelles and the fat globules during the dynamic gastric digestion of whole milk in 
the stomach chamber of the HGS: A, whole milk before the beginning digestion (pH 
~6.7, proteins and fats are homogeneously dispersed in the milk matrix); B, 
intragastric coagulation of the casein micelles (at pH ~6) because of cleavage of the 
hydrophilic part of ��-casein by pepsin, with the majority of the fat globules being 
closely entrapped (or packed) in the aggregated casein network (curd); C, increase in 
denseness of the coagulated casein network (loss of colloidal calcium phosphate 
around pH <4.6 and expulsion of the entrapped liquid); some fat globules coalesce in 
the curd because of the rupture of the MFGM by the combined action of shear and 
pepsin; mostly smaller fat globules move to the liquid phase; D, at longer digestion 
times, curd proteins are hydrolysed and broken down by pepsin (and shear); they then 
move into the liquid chyme, and the loss of fat from the curd is directly proportional 
to the loss of protein; coalescence of the globules increases and non-globular fat is 
observed. SGF, simulated gastric fluid (containing pepsin, HCl, and salts); MFGM, 
milk fat globule membrane. Not to scale; the drawing is highly schematic, and sizes 
and quantities are not proportional. 
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Several studies have reported solid curd formation from cow or pig milk in piglets or 

minipigs (Braude et al., 1970; Cranwell et al., 1976; Decuypere et al., 1978; Meisel & 

Hagemeister, 1984; Washburn & Jones, 1916). Blakeborough et al. (1986) found that the 

stomach chyme and intestinal digesta of piglets fed cow milk, or cow milk based baby 

food, was semi-solid in consistency with hard casein curds, whereas stomach chyme from 

piglets fed human milk had a liquid consistency with little curd formation. Animal models 

are useful to allow in-depth investigation of the intra-gastric changes in a food matrix, 

such as phase separation, microstructural changes, textural attributes, particle sizes, etc. 

which are difficult  to accurately observe in studies involving humans. The objective here 

was to investigate the mechanisms of the gastric digestion of whole milk in three different 

species (cow, goat and sheep), under physiological conditions using the bottle-fed 

(suckled) piglet as an animal model (Moughan et al., 1992; Moughan et al., 1994; 

Moughan & Rowan, 1989). The study also investigated the impact of curd formation and 

its disintegration on the overall gastric emptying of the different mammalian milks. The 

aim was to build upon the knowledge gained in previous work which involved in vitro 

measures of the gastric digestion of different mammalian milks (Chapters 5 and 6) and to 

relate the in vitro and in vivo observations.   

 

Bottle-fed piglets which are exclusively milk-fed have been used previously to study the 

digestion of human milk and infant formulas (Moughan et al., 1991; Rutherfurd et al., 

2006a) and the model has been validated (Darragh & Moughan, 1998). The bottle-fed 

piglet was chosen here to allow a comparison of gastric digestion between cow, goat, and 

sheep whole milk.  
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7.3.2.2 Feeding frequency 

The piglets were weighed on arrival and then every two days, and their daily ration was 

adjusted to ensure an intake of 345 g reconstituted whole milk powder diet (liquid) per 

kg bodyweight per day (Darragh & Moughan, 1995; Rutherfurd et al., 2006b). For the 

first 6 days of the study (acclimatization period) the piglets were trained to drink from a 

bottle with a rubber teat and fed their daily ration across 17 meals with a 1 h interval from 

06:00 h to 22:00 h. The aim was to have the piglets consuming >80% of their daily ration 

(Darragh & Moughan, 1995) prior to the commencement of the experimental period 

which started on day 7. Any piglet that did not learn to adequately bottle feed and 

consumed <80% of their daily ration over the first 6 days was withdrawn from the study 

and replaced with a spare piglet raised on the same diet. From day 7 onwards, the amount 

of food received by the piglets at each meal was gradually increased by decreasing the 

frequency of feeding to reach the target meal intake on the last experimental day (day 15). 

Thus, from day 7-10, the daily ration was given as 7 meals at 2.5 h intervals from 06:30 

h to 21:30 h, and from day 11-14 the daily ration was fed as 5 meals with a 3.5 h interval 

from 06:30 h to 20:30 h. The total intake of each piglet was carefully observed during the 

entire period. 

 

7.3.2.3 Diet schedule 

The piglets were fed the reconstituted whole milk powder diet (including the vitamin and 

mineral supplement) from day 1 to day 12. From day 13 onwards the piglets received 

their respective fresh whole milk diet to start adapting them to any changes in taste when 

shifting from a reconstituted whole milk powder diet to a fresh whole milk diet. Fresh 

milk was not fed to the piglets from the start of the study due to the limited supply of 

fresh goat and sheep milk.  
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Table 7.1 Calculated amounts of cow, goat, and sheep raw whole milk diet ingested in 
the last meal per kg BW. 

 
Intake (g/kg BW) Cow Goat Sheep 
Fresh milk 55.3 63.1 31.9 
Protein 2.0 2.0 2.0 
Fat 2.2 2.0 2.0 
Lactose 2.5 2.5 1.3 
Dry matter 7.2 7.1 5.6 
Gross energy (kcal/kg BW) 41.9 38.6 34.3 

 

 

7.3.2.4 Euthanasia 

On the sampling day (day 15, last day), at time zero (piglets fed no milk meal) and 30, 

90, 150, and 210 min after completion of the fresh milk by the piglets (4 piglets per 

species and time, n=60), each piglet was anaesthetized with zolazepam/tiletamine, 

ketamine and xylazine by intramuscular injection. Immediately after sedation, the piglets 

were euthanized by an intracardial injection (0.3 mL/kg BW) of sodium pentobarbitone. 

The time period was calculated from the time the piglet finished suckling the milk until 

the time of death. The piglets ingested their milk quickly (2-3 min).  

 

7.3.2.5 Sample collection 

Following euthanasia, the abdomen of each animal was opened, and the digestive tract 

was immediately secured with clamps at the oesophagus, pyloric sphincter, ileo-caecal 

valve and rectum prior to dissecting out the whole gastrointestinal tract (GIT). The 

stomach was removed, the small intestine was gently uncoiled (proximal, distal and 

terminal ileum), the caecum was removed and the colon including rectum was uncoiled 

(proximal and distal). Any blood was washed off with deionized water and each GIT 
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section was dried using absorbent paper towels. The chyme and digesta samples were 

then collected from each section.  

 

The stomach was dissected laterally from the oesophageal to the duodenal end with a 

single incision through the middle of the superior face of the stomach and the chyme was 

removed and collected. The stomach was weighed full and again empty to determine the 

amount of contents at each time point (0, 30, 90, 150, and 210 min). The gastric curd (or 

curd) and the liquid chyme were collected separately, and their pH was measured. A 

weighed container was used to collect the liquid part of the gastric chyme after sieving 

through 1 mm sieve. Visual images were taken of the gastric curd. The total time between 

euthanasia and completion of sampling for each pig was ~15 min. Samples for immediate 

analysis (i.e., rheology, microscopy, and particle size) were stored on ice and analysed or 

processed as soon as possible. Remaining stomach cyme (curd and liquid samples) were 

stored on dry ice until the collection process and then at -20°C and finally freeze dried. 

The freeze-dried samples were stored at -20°C. 

 

A pictorial overview of the procedure adopted for the trial is given in Figures 7.1 and 7.2.   
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*RWMP- Reconstituted Whole Milk Powder diet (cow, goat and sheep milk-fed groups) with vitamin and mineral premix. 
**FRWM- Fresh Raw Whole Milk diet (cow, goat and sheep milk-fed groups) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Equal calorie and equal volume diet per kg body weight  

 

Equal protein and equal volume 
diet per kg body weight  Equal protein but different volume diet per kg body weight  

 

DAY 1-7  DAY 8-12  DAY 13-15  

Figure 7.1 The in vivo piglet study.  
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7.3.3 Analysis 

7.3.3.1 Chemical composition of milks 

The chemical composition (dry matter, crude fat, crude protein (total nitrogen × 6.38), 

ash, and total calcium and inorganic phosphorus) of each milk was determined as per the 

protocols described in Section 3.2.2.1 (Chapter 3). The lactose content of the milk was 

determined using a spectrophotometric enzymatic kit (Catalog no. - 10176303035) from 

R-Biopharm (R-Biopharm AG, Darmstadt, Germany). The gross energy content of the 

milk was measured using a LECO AC500 bomb calorimeter 

(LECO Corporation, St. Joseph, MI, USA).  

 

Piglet socialising. 

Training piglet to suckle using a 

bottle with rubber teat.  

Figure 7.2 Photographs from the piglet study.  
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higher the rigidity (Kulkarni & Shaw, 2016). Rheological measurements were completed 

within an hour of sampling the gastric curds. 

 

7.3.3.9 Chemical analysis of the stomach chyme (curd and liquid) 

The stomach was weighed full and empty to determine the weight of the contents at each 

sampling time point (0, 30, 90, 150, 210 min). This provided data on wet weight of the 

total stomach contents at each timepoint. The curd and the liquid were then separated. A 

weighed container was used to collect the liquid part of the stomach chyme after sieving 

through a 1 mm sieve (to mimic the gastric sieving effect) and the weight of the liquid 

part was recorded. A similar method has been used previously by Meisel and Hagemeister 

(1984) while studying the impact of different commercial processing on cow milk in 

minipigs. The weight of the wet curd was determined by deducting the weight of the 

liquid from the weight of the total stomach content. Milk samples as well as stomach 

chyme samples were freeze-dried, weighed and then finely ground (to pass through a 1 

mm sieve). These samples were analysed for dry matter content by drying overnight at 

105°C. The crude protein (total nitrogen × 6.38) and fat content of the freeze-dried chyme 

were analysed using the Dumas method 968.06 (AOAC, 2005) and Mojonnier method 

989.05 (AOAC, 2005), respectively. The protein and fat contents of the chyme were then 

expressed on a dry matter basis (oven dry).   

 

7.3.3.10 Statistical Analysis 

Statistical analyses were in general performed using the MIXED Model procedure of SAS 

(SAS/STAT version 9.4; SAS Institute Inc., Cary, NC, USA). The chemical composition 

of milk (DM, crude protein, crude fat, ash, lactose, calcium, phosphorus, protein to fat 

ratio, and gross energy) from the different species was compared using one-way ANOVA.  
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Figure 7.3 Changes in the pH of different whole milks during gastric digestion in the 
piglet. (�$�����S�+���R�I���W�K�H���V�W�U�D�L�Q�H�G���O�L�T�X�L�G���R�E�W�D�L�Q�H�G���D�W���G�L�I�I�H�U�H�Q�W���W�L�P�H�S�R�L�Q�W�V���I�U�R�P���W�K�H���S�L�J�O�H�W�¶�V��
stomach after sieving the gastric contents through a 1mm sieve; (B) pH of the curd 
�R�E�W�D�L�Q�H�G���D�W���G�L�I�I�H�U�H�Q�W���W�L�P�H�S�R�L�Q�W�V���I�U�R�P���W�K�H���S�L�J�O�H�W�¶�V���V�W�R�P�D�F�K�� Values are mean ± SEM. 
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7.4.4 Milk coagulation in the stomach 

Representative photographs of the gastric chyme collected from the stomach of piglets 

are shown in Figure 7.4. The gastric chyme consisted of coagulated curd and a liquid 

phase which are largely removed by sieving the gastric contents through a 1 mm sieve as 

shown in Figure 7.4A. The quantity of the liquid and the coagulated phases differed at 

different digestion times.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.4 Photographs of the gastric chyme �F�R�O�O�H�F�W�H�G���I�U�R�P���W�K�H���S�L�J�O�H�W�¶�V��
stomach. (A) an �H�[�D�P�S�O�H���R�I���W�K�H���V�W�R�P�D�F�K���F�R�Q�W�H�Q�W�V�������%�����S�L�J�O�H�W�¶�V���V�W�R�P�D�F�K��
(before dissection) and the curds obtained at different digestion 
timepoints. Note: only a representative photograph from one piglet at 
each timepoint is shown. 
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7.4.5 Microstructure of the gastric chyme (curd and liquid) observed 

under confocal scanning laser microscopy (CSLM) 

The microstructures of the gastric curds and the liquid chyme obtained from milk of the 

three species at 30, 90, 150 and 210 min as observed by CSLM are depicted in Figures 

7.5 and 7.6. 

 

The gastric curd microstructures of cow milk showed a compact protein matrix (in green), 

while a significant proportion of fat globules (in red) remained entrapped (or embedded) 

within the protein matrix of the curd. Spherical, coalesced or aggregated (but globular) as 

well as non-spherical forms of fat globules (larger in size than those present in fresh milk) 

were observed in the gastric curds at all digestion timepoints (Figure 7.5). Similar 

observations were noted for goat and sheep whole milk curds at different digestion times 

(Figure 7.5). These results are similar to those observed in the previous chapter (Chapter 

6) while studying the in vitro gastric digestion of raw whole milk from the different 

species. As reported in Chapter 6, pepsin can hydrolyse the MFGM proteins and increase 

the susceptibility of the fat globules to changes in structure by the shearing action of the 

stomach contraction. However, the extent of coalescence and the amount of non-spherical 

fat appeared to be much higher in the in vivo samples of the curd to that seen in vitro. 

This may potentially be due to the gastric lipase present in the piglet stomach along with 

pepsin.  

 



  Chapter 7: In vivo gastric digestion of whole milks  

217 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.5 Confocal micrographs of the cow, goat, and sheep whole milk curds 
�U�H�P�D�L�Q�L�Q�J�� �L�Q�� �W�K�H�� �S�L�J�O�H�W�¶�V�� �V�W�R�P�D�F�K��at different digestion times. Scale bars 
represent 25 µm. Note: only one representative micrograph from one piglet at 
each timepoint is shown. 
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The microstructure of the liquid chyme obtained from whole milk of the three species at 

30, 90, 150 and 210 min is depicted in Figure 7.6.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.6 Confocal micrographs of the gastric liquid from cow, goat, and sheep 
�Z�K�R�O�H���P�L�O�N���U�H�P�D�L�Q�L�Q�J���L�Q���W�K�H���S�L�J�O�H�W�¶�V���V�W�R�P�D�F�K��at different digestion times. Scale 
bars represent 25 µm. Note: only one representative micrograph from one piglet 
at each timepoint is shown. 
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Figure 7.7 Particle size distribution of the gastric liquid of whole milk from different 
species at different digestion timepoints. (A) cow whole milk, (B) goat whole milk, and 
(C) sheep whole milk. Mean values for two to four piglets are reported. Note: 
insufficient sample for 210 min digestion timepoint of sheep milk for analysis. 
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phase of the chyme, during the shearing action of the stomach contraction. Thus, it is 

expected that the MFGM fragments would rapidly transit the gastric phase into the small 

intestine; this may be an important factor in delivering some of the key bioactive nutrients 

associated with MFGM to the body. 

 

It must be pointed out that the TEM analysis was conducted on samples from 1-2 piglets 

for each timepoint only due to the limits on the number of fresh samples that can be 

processed. 
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Figure 7.8 Transmission electron micrographs of the gastric curds from cow, 
�J�R�D�W���� �D�Q�G�� �V�K�H�H�S�� �Z�K�R�O�H�� �P�L�O�N�� �U�H�P�D�L�Q�L�Q�J�� �L�Q�� �W�K�H�� �S�L�J�O�H�W�¶�V�� �V�W�R�P�D�F�K��at different 
digestion times. Scale bars represent 2 µm. C represents casein, F represents 
fat. Note: only one representative micrograph from one piglet at each timepoint 
is shown. 
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Figure 7.9 Transmission electron micrographs of the gastric liquid of different 
�P�L�O�N�V���L�Q���W�K�H���S�L�J�O�H�W�¶�V���V�W�R�P�D�F�K�����$���D�Q�G���%���U�H�S�U�H�V�H�Q�W�V�����������P�L�Q���J�D�V�W�U�L�F��liquid of cow milk; 
C and D represents 90 min and 150 min gastric liquid of goat milk, respectively; E 
and F represents 90 min and 150 min gastric liquid of sheep milk, respectively. F, 
fat; C, casein aggregates; MFGM, milk fat globule membrane. Note: only one 
representative micrograph from one piglet at each timepoint is shown. 
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Figure 7.10 SDS-PAGE pattern of the freeze-dried curds (20 µg 
protein in each lane) obtained during the gastric digestion of whole 
milk from the piglet�¶s stomach at different digestion times (30, 90, 
150, and 210 min). (A) cow whole milk; (B) goat whole milk; (C) 
sheep whole milk. SA, serum albumin; Lf, lactoferrin; Ig, 
immunoglobulin���� ��-Lg, ��-lactoglobulin; �.-La, �.-lactalbumin. Note: 
only one representative SDS-PAGE from one piglet at each timepoint 
is shown. 
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Figure 7.11 SDS-PAGE pattern of the freeze-dried liquid fraction (20 
µg protein in each lane) obtained during the gastric digestion of whole 
milk from the piglet�¶s stomach at different digestion times (30, 90, 
150, and 210 min). (A) cow whole milk; (B) goat whole milk; (C) sheep 
whole milk. SA, serum albumin; Lf, lactoferrin; Ig, immunoglobulin; 
��-Lg, ��-lactoglobulin; �.-La, �.-lactalbumin. Note: only one 
representative SDS-PAGE from one piglet at each timepoint is shown. 
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The changes in the protein composition of the curd and liquid phase observed in vivo were 

similar to those reported in previous chapters (Chapters 5 and 6) during dynamic in vitro 

gastric digestion of different milks, though there may be differences in the extent of 

protein hydrolysis, as the pH was dropped to as low as 2 during in vitro gastric digestion 

(Chapters 5 and 6).  

 

7.4.9 Rigidity (or firmness) of the gastric curds 

The complex modulus (G*) values of the gastric curds of milk from the three species 

remaining in the stomach at the different digestion times were determined using small 

deformation rheology (Figure 7.12). The G* value is a representation of firmness or 

stiffness of the gastric curds; the higher the G* value, the higher the rigidity of the curd.  

 

For G*, there was a statistically significant interaction between species and time, meaning 

that overall G* differed over time but the effect was also different between the three 

species. The G* values of the curds from different species was similar at 30 min of 

digestion, and as the digestion progressed, the G* values of the curd increased to a 

different extent for the different species as depicted in Figure 7.12. Though the average 

G* value of the milk curds from goat and sheep milk remained lower than that of cow 

milk at all digestion timepoints, there were no statistically significant differences between 

them, except at 210 min of digestion, at which time the G* value of cow milk was the 

highest followed by goat and sheep milk (Figure 7.12). It appeared that the firmness of 

the sheep milk curds reached a plateau at around 150 min of digestion, however, cow and 

goat milk curds increased further in firmness beyond 150 min of digestion (Figure 7.12).  
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(Figure 7.8). The less fused protein network of goat and sheep milk curds may be a key 

reason for the lower G* values and relatively soft curds formed from these milks at 210 

min compared to cow milk (Figures 7.8 and 7.12). 

 

It was observed in Chapters 5 and 6 (with the in vitro work) that initially the curd formed 

hold more water and had a soft texture, and as digestion progressed the curd became 

denser and stronger. Similar observations were found during this in vivo study. However, 

in the previous studies (Chapters 5 and 6), it was found, through texture analysis, that at 

the end of 240 min of in vitro gastric digestion that sheep milk curds had higher hardness 

compared to that of cow and goat whole milk, both of which had a similar degree of 

hardness. 

 

Figure 7.12 Changes in the complex modulus (G*, Pa) of the remaining gastric curd 
�L�Q���W�K�H���S�L�J�O�H�W�¶�V���V�W�R�P�D�F�K���D�W���W�K�H���G�L�I�I�H�U�H�Q�W���G�L�J�H�V�W�L�R�Q���W�L�P�H�V�����9�D�O�X�H�V���D�U�H���U�H�S�R�U�W�H�G���D�V���P�H�D�Q��
�“�� �6�(�0���� �'�L�I�I�H�U�H�Q�W�� �O�H�W�W�H�U�V�� ���D�Ó�F���� �D�E�R�Y�H�� �W�K�H�� �E�D�U�V�� �U�H�S�U�H�V�H�Q�W�� �V�L�J�Q�L�I�L�F�D�Q�W�� �G�L�I�I�H�U�H�Q�F�H�V��
among the curds at a given digestion timepoint (P < 0.05); the statistical significance 
of differences for a particular milk sample across different digestion times are not 
represented.**square root transformation of raw data was required to fulfil model 
assumptions. 
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Figure 7.13 Changes in (A) dry weight, (B) protein, and (C) fat of the total chyme 
retained in the stomach during the gastric digestion of different milks. Values are 
reported as mean ± SEM. All values are related to the ingestion of 100 g milk. 
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Figure 7.14 Relative retention of the total chyme (A) dry weight (g per 100 g dry matter), 
(B) protein (g per 100 g protein), and (C) fat (g per 100 g fat) during the gastric 
digestion of different milks in the piglet�¶s stomach. Values are reported as mean ± SEM.  
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7.4.11 Changes in the nutrient composition of the gastric chyme 

fractions (curd and liquid) 

The total stomach chyme was composed of the curd and gastric liquid phase from 30 min 

onwards. Thus, how these two fractions changed within the stomach with digestion time 

and this impacted the overall gastric emptying rates was further analysed. The wet weight, 

dry weight, protein, and fat content of the curd and the liquid fractions (g per 100 g of 

milk) of the gastric chyme from 30-210 min of gastric digestion are reported in Figures 

7.15 and 7.16.  

 

The wet weight of the liquid (Figure 7.15A) and the curd (Figure 7.16A) fractions 

decreased as digestion progressed. The changes in the wet weight of the gastric liquid and 

gastric curd fractions of the chyme indicated that the gastric liquid emptied out relatively 

faster compared to the gastric curd during digestion, irrespective of the species. Thus, the 

gastric curd constituted the major fraction of the total stomach chyme remaining 

especially from 90 min onwards (Figure 7.15A and 7.16A). As expected, the dry matter 

content of the liquid phase and the curd also decreased as the digestion progressed. The 

dry matter content of the curd remained relatively high at all digestion points compared 

to the dry matter content of the liquid phase. These results indicate that majority of the 

dry matter content was retained or trapped in the gastric curds during digestion.  

 

Similarly, the protein and fat content of the curd (Figure 7.16C and Figure 7.16D) was 

much higher than that of the liquid phase (Figure 7.15C and Figure 7.15D).  The low 

protein content of the liquid phase was expected, because of the formation of the casein 

curd (leading to higher protein content of the curd) as well as rapid gastric emptying of 

the liquid phase. The higher fat content of the curd compared to that of the liquid phase 
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Figure 7.15 �&�K�D�Q�J�H�V���L�Q���W�K�H���O�L�T�X�L�G���F�K�\�P�H���U�H�W�D�L�Q�H�G���L�Q���W�K�H���S�L�J�O�H�W�¶�V���V�W�R�P�D�F�K���G�X�U�L�Q�J���W�K�H��
gastric digestion of different milks. (A) wet weight; (B) dry weight; (C) protein; (D) fat. 
Values are reported as mean ± SEM. All values are related to the ingestion of 100 g 
milk. *square root transformation of raw data was required to fulfil model assumptions. 
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Figure 7.16 �&�K�D�Q�J�H�V�� �L�Q�� �W�K�H�� �F�X�U�G�� �U�H�W�D�L�Q�H�G�� �L�Q�� �W�K�H�� �S�L�J�O�H�W�¶�V�� �V�W�R�P�D�F�K�� �G�X�U�L�Q�J�� �W�K�H�� �J�D�V�W�U�L�F��
digestion of different milks. (A) wet weight; (B) dry weight; (C) protein; (D) fat. Values 
are reported as mean ± SEM. All values are related to the ingestion of 100 g milk. 
*square root transformation of raw data was required to fulfil model assumptions. 
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7.4.12 Relationship between protein and fat lost from the curds 

During the in vitro gastric digestion study of whole milk from the different species 

(Chapter 6), it was reported that there was a strong correlation between the amounts of 

protein and fat lost from the curds. To confirm this finding in vivo, the amounts of protein 

and fat lost from the curd in the stomach of each piglet was plotted (Figure 7.18). The 

results obtained confirmed the positive linear correlations (P < 0.001) between the protein 
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Figure 7.17 Changes in (A) % protein (g per 100 g protein) and (B) % fat (g per 100 g 
fat) retained in the curd during the gastric digestion of different milks in �W�K�H���S�L�J�O�H�W�¶�V��
stomach. Values are reported as mean ± SEM.  
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and fat lost from the curd, irrespective of species (even though the changes in pH drop, 

gastric secretions, and digestion time were somewhat different for the in vitro system). 

This further emphasizes that the changes in curd structure (i.e. compaction or 

disintegration or hydrolysis) during gastric processing was the major factor responsible 

for the release of fat globules from the curd into the liquid phase. 

 

 

Figure 7.18 Relationships between the amounts of protein and fat lost from the 
curds (given as %) during gastric digestion from 30 to 210 min. (A) all whole milk 
curds from different species; (B) cow whole milk curds; (C) goat whole milk curds; 
(D) sheep whole milk curds. The Pearson correlation coefficient value (r ), the 
regression line, and the linear regression equation are depicted. Each data point 
represents the results obtained from one piglet. 
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became more compact and dense. This was due to the loss of water from the clot protein 

network and the dynamic decrease in pH below the isoelectric pH of caseins along with 

the continuous action of the stomach contraction forces. The whey protein and other 

soluble components (minerals, lactose) of the milk remained in the liquid phase in the 

HGS and thus, were emptied much earlier and quickly during gastric digestion. A 

schematic diagram of the mechanism of milk protein coagulation is shown in Figure 8.1. 

 

No differences in the disintegration behaviour of clots formed from different species were 

observed during the gastric digestion, except that lower amounts of goat milk clots 

remained in the HGS, while higher amounts of sheep milk clots remained in the HGS, 

compared to cow milk. These differences in the amount of clot retained were attributed 

to the differences in the initial protein (casein) content of the different milks, indicating 

that higher the casein content, higher is the weight of the clot and its retention during 

gastric digestion. The hydrolysis patterns of the different proteins from all raw skim milk 

were found to be similar despite the differences in protein composition as observed by 

SDS-PAGE. Texture analysis of the residual clots at the end of gastric digestion revealed 

that goat and cow milk clots had a statistically similar level of firmness, which was lower 

than the firmness of the sheep milk clots (the higher firmness of sheep milk clots was due 

to its less hydration). The pasteurized skim milk from different species showed similar 

observations with only slight differences in protein hydrolysis. These results from 

Chapter 5 indicated that although goat milk formed weak acid and combination skim milk 

gels (Chapter 4), under the complex conditions of the dynamic in vitro gastric digestion 

process (Chapter 5), no statistically significant differences in clot texture was observed 

between the goat and cow skim milk (the average firmness of goat milk clots was lower). 
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The in vitro dynamic gastric digestion study of different skim milks (Chapter 5) 

strengthened the fact that the physicochemical and structural changes that occur in casein 

micelles during gastric digestion play a crucial role in influencing the delivery state and 

rate of proteins. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.1 Schematic diagram illustrating the mechanism of milk protein 
coagulation: A, native casein micelles and native whey protein; B, aggregation of 
�F�D�V�H�L�Q���P�L�F�H�O�O�H�V�����D�W���S�+���a�������E�H�F�D�X�V�H���R�I���W�K�H���F�O�H�D�Y�D�J�H���R�I���W�K�H���K�\�G�U�R�S�K�L�O�L�F���S�D�U�W���R�I����-casein 
by pepsin (and/or chymosin); whey proteins are not involved in the coagulation 
process of raw milk. Not to scale; highly schematic, and sizes are not proportional. 






































































































