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Abstract 

Plant-based alternative milks are colloidal dispersions consisting of extracted 

plant protein, oil bodies and other biopolymers that resemble cow milk in appearance. In 

recent years, plant-based alternative milks have become increasingly popular because of 

their sustainability and perceived health benefits. However, little is known about the 

structural changes and colloidal stability of these milks during gastric digestion and how 

these changes impact the delivery and absorption of nutrients.  

The aim of this PhD project was to understand the digestion behaviour of plant-

based alternative milk in the gastric environment, with a focus on the changes in 

microstructure, colloidal stability, physiochemical properties and protein hydrolysis and 

their direct consequences on the kinetics of nutrient release and delivery. The impact of 

cow milk protein on the digestion behaviour of oat-based milk was also explored. State-

of-the-art dynamic in vitro and in vivo gastric digestion models were employed for this 

project. 

The results demonstrated that plant-based alternative milks made with different 

plant materials (almonds, soybeans and oats) behaved differently under gastric conditions, 

in particular, in terms of changes in microstructures, colloidal stability and protein 

digestibility. Almond milk oil bodies flocculated, coalesced and then quickly layered into 

an upper lipid-rich layer and a lower aqueous phase upon gastric digestion. Soymilk 

coagulated and formed small-sized particles which sedimented rapidly. In contrast, no 

significant changes in the structure and colloidal stability were observed in oat milk. 

These variations in colloidal stability resulted in different gastric release profiles of 

protein and lipid. These results highlight the role of intragastric structural properties as a 

determining factor in controlling the kinetics of delivery of macronutrients. This study 
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also clearly showed the influence of cow milk protein on the structural and colloidal 

stability of the oat milk-cow milk blend during gastric digestion.  

The findings from this thesis provide new knowledge and understanding of the 

gastric digestion of plant-based alternative milks and how their behaviours are different 

from cow milk. The knowledge gained from this PhD project may provide valuable 

information into the tailored design of novel plant-based alternative milk products or milk 

blended products for specific consumers' needs. 
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resulting curd structure have been reported to influence the rates of protein hydrolysis and 

gastric emptying of both proteins and lipids (Roy et al., 2022; Ye et al., 2016b).  

However, little is known about the gastric digestion behaviour of plant-based 

alternative milks, and how their gastric digestion compares with that of cow milk. Most 

previous studies investigated the effect of processing treatment on the sensory and 

physicochemical properties (Bernat et al., 2015; Devnani et al., 2020; Manzoor, 2017), 

while others on the digestion of plant-based alternative milks were focused on the 

bioaccessibility of their bioactive compounds (Rodríguez-Roque et al., 2013; Wu et al., 

2012). Recently, the static digestion behaviour of plant-based alternative milk was studied 

in vitro (Gallier & Singh, 2012a; Liu et al., 2019). The static digestion model has several 

advantages, such as being rapid and simple and having relatively good reproducibility. 

However, it is less representative of the real gastric environment than a dynamic gastric 

digestion model (Lucas-González et al., 2018), which provides an understanding of the 

changes in food structures and the rate of release of macronutrients into the small intestine 

for further digestion and absorption.  

For the purpose either of using plant-based milk in the diet or the design of novel 

alternative milk products, it is very important to understand their digestion behaviours, in 

particular under dynamic digestion conditions and physiological-relevant conditions. The 

current knowledge of the preparation process of plant-based alternative milks, the 

structural and physicochemical properties of the plant protein and lipid, and the 

physiological condition of the human stomach are reviewed in Chapter 2. The factors 

that potentially affect the gastric digestion of plant-based alternative milks are also 

outlined. The general methods used in this thesis are described in Chapter 3; however, 

the specific method used for the preparation of different milk samples and analyses are 

listed in Chapters 4-7 separately. The in vitro gastric digestion of three selected plant-
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Chapter 2 Literature review  

2.1 Introduction  

Over the last decade, the consumption of cow milk decreased while the 

consumption of non-dairy alternative milk increased dramatically (McCarthy et al., 2017). 

From 2010 to 2015, overall sales of plant-based beverages grew by up to 30% in the 

United States, with a 13.7% increase in 2014 alone (DMI.2014; IFT, 2015). In New 

Zealand, sales of almond milk (NZ$ 14.4 million in 2017) more than doubled from 2015 

to 2017 (CPG, FMCG, & RETAIL, 2017). Other plant-based alternative milks available 

on the New Zealand market include soy, rice, coconut and oat milks. Soymilk led sales 

in 2016, achieving a market of NZ$ 18.2 million nationally (CPG, FMCG, & RETAIL, 

2017). The increase in sales of plant-based alternative milk appears to be driven by several 

reasons, for example, lactose intolerance, allergies, animal welfare, environmental 

concerns, increased health concerns as well as veganism (Sethi et al., 2016; Valencia-

Flores et al., 2013). 

Indeed, plant-based alternative milks have become a fast-growing functional and 

speciality food segment globally (Sethi et al., 2016). This chapter aims to provide 

background information and identify the research gap. The manufacturing processes of 

plant-based alternative milks are introduced. Considering that plant-based alternative 

milks are used by many consumers to replace cow milk, the composition and structural 

properties of macronutrients in plant-based alternative milk and cow milk are summarized. 

The digestion behaviour of plant-based alternative milk and cow milk under gastric 

conditions is reviewed. However, little information about the digestive behaviour of 

plant-based alternative milks is available. In addition, there is a significant gap in 

scientific knowledge that needs to be bridged regarding the effects of the structure and 
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gastric stability of plant-based alternative milks on their digestion behaviour under gastric 

conditions. 

2.2 Plant-based alternative milks 

2.2.1 General classification, nutritional composition, and benefits of plant-based 

alternative milks  

Plant-based alternative milks are aqueous extracts of nuts, cereal, legumes, 

pseudocereals or oil seeds that resemble cow milk in appearance (Maekinen et al., 2016). 

A variety of traditional plant-based alternative milks are available around the world, for 

example, Sikhye (a traditional sweet rice drink from South Korea), Horchata (plant milk 

made from tiger nuts), and soymilk (a traditional beverage originating from China) (Chen, 

1988; Cortés et al., 2005). The most widely consumed plant-based alternative milk in the 

world is soymilk, and the first commercially successful product was launched in Hong 

Kong in 1940 (Chen, 1988). Other plant-based alternative milks that dominate the dairy 

alternative market include coconut, oat, and almond milk. 

Plant-based alternative milks can be classified into five categories according to 

different plant origins as follows (Sethi et al., 2016):  

(1) Nut sourced: almond, coconut, hazelnut, pistachio, walnut milk;  

(2) Legume sourced: soy, peanut, lupin and cowpea milk;  

(3) Cereal sourced: oat, rice, corn and spelt milk; 

(4) Seed sourced: sesame, flax, hemp and sunflower milk; 

(5) Pseudo-cereal sourced: teff, amaranth and quinoa milk. 
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The nutritional composition of plant-based alternative milk varies widely 

(McCarthy et al., 2017). The comparison of the nutritional composition of cow milk and 

plant-based alternative milk has also drawn the attention of researchers (Chalupa-

Krebzdak et al., 2018) (Table 2.1). However, beyond basic nutrition, plant-based 

alternative milks are free of cholesterol and lactose, making them a suitable alternative 

for consumers suffering from, for example, heart disease or lactose intolerance, etc. (Sethi 

et al., 2016). In addition, they contain bioactive components that are associated with many 

health benefits (Table 2.2) (Sethi et al., 2016). 
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Figure 2.1 General outline of the manufacturing process of plant-based alternative milks. 

Note. Adapted from Mäkinen et al. (2016) with permission. 
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Figure 2.2 The process used for commercial almond milk preparation. 

Note. Derived from Prosoya (http://www.prosoya.com/almond-milk-machines/). 
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Figure 2.3 The traditional process for the preparation of soymilk.  

Note. Adapted from Giri and Mangaraj (2012) with permission. 

 

2.2.2.3 Oat milk 

Oats are a natural functional food that is highly valued for their dietary fibre, 

phytochemicals, and high nutritional value (Sethi et al., 2016). Oat lipids have a 

favourable ratio of polyunsaturated to saturated fatty acids because of the high 

proportions of oleic acid and linoleic acid (Zhou et al., 1998; Zwer, 2010). Oats have been 

shown to have many health benefits beyond basic nutrition, such as reducing total 

cholesterol, lowering low-density lipoprotein blood cholesterol levels, and regulating 
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2.4.1.1 Gastric secretion 

The gastric mucosa contains many deep glands. The structure of the glands from 

the fundus and body of the stomach is shown in Figure 2.10. The cells of the gastric gland 

secrete about 2.5 litres of gastric juice per day (Barrett et al., 2010). The gastric juice in 

the fasting state mainly contains pepsins, lipase, mucus, intrinsic factor and minerals (i.e., 

cations: Na+, K+, Mg2+, H+; anions: Cl-, HPO4
2-, SO4

2-). Hydrochloric acid and intrinsic 

factors are secreted by the parietal (oxyntic) cells (Barrett et al., 2010). The digestive 

enzymes, pepsinogens (i.e., the inactive precursors of pepsins) and gastric lipase are 

produced by the chief (zymogen, peptic) cells (Figure 2.10). The glands in the cardia and 

the pyloric region secrete mucus. Gastric secretion also contains three major stimuli: 

gastrin, histamine and acetylcholine, which play important roles in regulating the rate of 

gastric acid and pepsin secretion (Barrett et al., 2010).  

 

Figure 2.10 Structure of a gastric gland from the fundus and body of the stomach  

Note. Adapted from Barrett et al. (2010) with permission. 
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DiPalma et al. (1991) determined the activity of pepsin in the biopsy specimens 

from the stomachs of 29 human subjects aged from 3 months to 26 years. They reported 

that the pepsin activity in specimens from the gastric body ranged from 180 to 780 pepsin 

units/mg protein (tyrosine unit, the unit definition is shown in Table 2.6), which was 

significantly higher than those from the antrum. They also indicated that there was no 

statistical difference in the pepsin activity of biopsy specimens among different age 

groups. Their results provide valuable evidence that the digestive enzyme pepsin has been 

fully developed shortly after birth. 

However, the pepsin activity in the fasted and fed stomach is a different matter 

from that in the biopsy specimens. Armand et al. (1995) collected the basal and stimulated 

gastric juices from 6 healthy human subjects after two-week periods of a high-fat diet or 

a low-fat diet. In the fasted state, the pepsin activity of the basal gastric secretion was 

1,333 units/ml and 942 units/ml for the subjects who had the high-fat and low-fat diet 

period, respectively (tyrosine unit, the unit definition is shown in Table 2.6). After 

pentagastrin stimulation, they found that pepsin activity was positively related to daily fat 

intake. They concluded that consumption of a high-fat diet can increase pepsin activity in 

humans. 

Ulleberg et al. (2011) investigated the characteristics of individual human gastric 

juice. They stimulated gastric acid secretion by continuous instillation of an isotonic 

solution and collection of the gastric contents through aspiration from 18 healthy human 

subjects (6 men and 12 women) aged from 20 to 42 years old. Individual pepsin activity 

of the gastric secretions was found to have substantial differences: there was no detectable 

pepsin activity from 8 subjects; among the others, the pepsin activities ranged from 7.3 

units/ml to 70.5 units/ml, with a mean value of 37.3 units/ml (the unit definition is 

different from Armand et al. (1995) and DiPalma et al. (1991) and shown in Table 2.6). 
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Lundin et al., 2008; Mazzawi et al., 2019; Zhu et al., 2013). In vivo, biological factors 

such as gastrointestinal peptide hormone regulation, the feedback effect of nutrients and 

the age, gender and gastric pH, motility and digestive enzyme concentrations of an 

individual may also play extremely important roles in gastric emptying (Gamble et al., 

2013; Hellmig et al., 2006; Karhunen et al., 2008; Tougas et al., 2000). For example, 

energy-enriched meals are delivered more slowly than non-nutrient liquid meals because 

of a negative feedback mechanism controlled by duodenal receptors. Delivery of nutrients 

to the small intestine is maintained at a constant rate through the action of the gut peptide 

hormone cholecystokinin (Brener et al., 1983; Collins et al., 1984; Hunt & Stubbs, 1975). 

 

 

Figure 2.11 Gastric emptying rates vary with the physical state of foods. 

Note. Adapted from Goyal et al., (2019) with permission. 
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2.4.2. Gastric digestion of plant-based alternative milks 

2.4.2.1 Behaviour of plant-based alternative milk under gastric conditions 

There is only limited information in the literature on the behaviour of plant-based 

alternative milk in the gastrointestinal tract, regarding structural and physiochemical 

changes in plant-based alternative milk and their consequence on nutrient delivery. Most 

studies on plant-based alternative milk focused on the bioaccessibility of bioactive 

compounds due to their proposed health benefits (Rodríguez-Roque et al., 2013; Wu et 

al., 2012), while other researchers have studied the effect of different processing 

conditions on physicochemical and sensory properties (Peng et al., 2017).  

Gallier and Singh (2012a) studied in vitro gastrointestinal digestion of almond 

milk. The almond milk was prepared by extracting almond proteins and oil bodies in 

water. In the acidic enzymatic environment of the stomach (pH 1.5), the almond proteins 

remained almost insoluble and formed large aggregates. The interfacial proteins, peptides 

and phospholipids covered the almond oil bodies throughout the entire gastric digestion 

and no coalescence of oil bodies was reported. However, during the subsequent simulated 

intestinal digestion (pH 7.5), these flocs were disrupted, and the interfacial peptides and 

phospholipids were replaced by bile salts. The authors concluded that gastric hydrolysis 

of the interfacial proteins covering the oil bodies played an important role in the 

subsequent lipid digestion in the duodenum. In a later study, Gallier et al. (2014) 

investigated the gastric digestion of almond milk in the rat stomach. Flocculation of 

almond oil bodies in the stomach was confirmed in vivo, and coalescence of some oil 

bodies in the gastric chyme has also been reported.  

Gallier et al. (2013) investigated the gastrointestinal digestion of walnut milk 

using an in vitro static model. Walnut milk was obtained after sieving a mixture of 
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structures and the rate of release of macronutrients into the small intestine for further 

digestion and absorption (Lucas-González et al., 2018). To our knowledge, no detailed 

studies on the digestion profile of plant-based alternative milk in a dynamic digestive 

environment have been reported, for example, on structural changes in proteins when 

experiencing changes in pH, or on the spatial distribution of macronutrients in the 

stomach due to physical instability (e.g., creaming or sedimentation). 

2.4.2.2 Effects of gastric processing on the stability of plant-based alternative milk  

For many plant-based alternative milks, their natural oil bodies are isolated from 

plant seeds to form an aqueous suspension with storage proteins during manufacturing 

and they behave similarly to the protein-stabilised oil-in-water emulsions, for example, 

almond milk, coconut milk, soymilk, walnut milk or cashew milk (Sethi et al., 2016). 

After ingestion, the plant-based alternative milk slips through the oesophagus into the 

stomach after a short period in the mouth. In the stomach, the plant-based alternative milk 

is exposed to a highly acidic pH and mixes with gastric juices containing hydrochloric 

acid, digestive enzymes, mucus and minerals. There is also a mechanical shear provided 

by peristalsis in the stomach to efficiently mix the ingested milk with the gastric juices 

(Ekmekcioglu, 2002; Kalantzi et al., 2006; Pal et al., 2007). Under these gastric conditions, 

some changes may occur in the structure and physicochemical stability of the plant-based 

alternative milk. The major factors that may potentially affect the stability of plant-based 

alternative milk under gastric conditions are summarised in this section. 

2.4.2.2.1 Gastric pH and ionic strength 

The initial factor that affects the dispersion status of plant-based alternative milk 

once it has been exposed to the gastric environment is the pH in the stomach. During meal 

intake, the gastric pH is not constant at the fasting level of around 1.9. It initially increases 

in response to the buffering capacity of the food consumed and then gradually decreases 
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contribute to electrostatic changes and induce flocculation of plant protein-stabilized 

emulsions (Zhu et al., 2018). 

2.4.2.2.2 Gastric enzyme 

Pepsin is the predominant endoproteinase in the human stomach. Because of the 

action of pepsin, plant proteins are usually partially hydrolysed in the stomach into 

peptides and a very limited amount of free amino acids (Santos-Hernández et al., 2020). 

With gastric emptying, the peptides are delivered into the small intestine for further 

digestion and absorption. Pepsin has a pH optimum of 1.6 to 3.2 and is inactive at pH 

above 6.5 (Barrett et al., 2010), its action is affected by the gastric pH.  

Protein digestion by gastric pepsin has two major potential effects on the structure 

of plant-based alternative milks. 1) Hydrolysis of storage proteins may lead to degradation 

of proteins to peptides and/or breakdown of aggregates formed under acidic gastric 

conditions, thereby releasing the oil bodies from the protein network (Gallier & Singh, 

2012a). 2) Hydrolysis of interfacial proteins can alter the interfacial protein composition 

and surface net charges, which has the potential to considerably alter the structure of the 

oil bodies. This may, for example, induce flocculation, coalescence of the oil bodies 

(Gallier et al., 2013). 

Protein digestion within the stomach is largely dependent on the susceptibility of 

plant proteins to pepsin, which is influenced by the tertiary conformation of the protein 

molecules (Singh & Ye, 2013). The protein digestibility of almond milk has been studied 

in vitro (Gallier & Singh, 2012a). Gallier and Singh (2012a) reported that almond storage 

proteins were readily hydrolysed by pepsin to low molecular weight peptides after 

incubation at pH 1.5 for 5 mins. However, some of the peptides generated were observed 

to be resistant to further digestion by pepsin. Beisson et al. (2001) observed an 8 kDa 

polypeptide was protected from pepsin hydrolysis in both reconstituted and native almond 
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surrounding liquid phase. A faster release of fat globules from the curd was observed in 

the heated milk sample, due to the looser and more fragmented structure of the curd. 

Interestingly, in both samples, the rate of fat globules release was linearly related to the 

breakdown of the protein network in the curds, suggesting that the bioaccessibility of milk 

fat globules may be governed by alteration of the structures of milk proteins (Ye et al., 

2016b).  

In recent studies, the digestion behaviour of pasteurized milk, UHT milk and 

homogenized milk has been investigated (Mulet-Cabero et al., 2019a; Ye et al., 2019). 

Mulet-Cabero et al. (2019a) studied the structural mechanisms and the kinetics of milk 

digestion using an INFOGEST semi-dynamic in vitro model. In their study, whole milk 

was homogenised, heat-treated with pasteurisation (72°C for 15 s) or ultra-high 

temperature treatment (140°C for 3 s). In their gastric digestion model with a transparent 

glass vessel, they observed creaming in the homogenised samples and precipitation in the 

non-homogenised samples. The heated samples formed more fragmented curds compared 

to the unheated samples. They also indicated that the higher temperature used for heat 

treatment, the softer the curds formed and the higher the rate of proteolysis observed at 

the end of digestion. The homogenised samples appeared to release more nutrients at the 

end of gastric digestion. Similarly, Ye et al. (2019) suggested that UHT homogenised 

whole milk had faster rates of protein hydrolysis and fat globules release in the stomach 

compared to the pasteurised homogenised milk, due to the former curds having more 

fragmented and crumbled structures than the latter. 

2.5 Conclusions 

Plant-based alternative milk products are a fast-growing food market category. 

Knowledge of the preparation processes of plant-based alternative milks, the 
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physicochemical properties of the plant proteins and lipids in plant-based alternative 

milks and the physiological conditions of the stomach are essential for understanding their 

behaviour of digestion under gastrointestinal conditions. Although many consumers have 

considered the use of plant-based alternative milks to replace dairy products in their daily 

diet, the nutrient density of natural plant-based alternative milk and dairy milk is different. 

Furthermore, the digestion stability and nutrient delivery of plant-based alternative milks 

remain largely unknown, particularly under dynamic in vitro gastric conditions and 

physiological conditions. To address this issue, the current project aims to investigate the 

gastric digestion behaviour of selected plant-based alternative milk under dynamic in 

vitro conditions and to compare their digestion behaviour with that of cow milk in an 

animal model. 
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Chapter 4 1Structural and physicochemical changes in almond 

milk during in vitro gastric digestion: impact on the delivery of 

protein and lipid  

4.1 Abstract 

Almond milk (about 3% protein and 7% lipids) was prepared using wet 

disintegration of raw almonds and then subjected to in vitro gastric digestion using an 

advanced dynamic digestion model (i.e., a human gastric simulator). Microstructural 

changes, physicochemical behaviour, and protein digestion were examined; the release of 

lipid and protein during digestion was quantified. Under acidic gastric conditions, almond 

oil bodies flocculated. Proteolysis by pepsin led to destabilization and coalescence of the 

oil bodies, resulting in creaming and phase separation. This phase separation significantly 

delayed the delivery of lipids to the small intestine. After 225 min of digestion, ~ 42% of 

the lipids remained in the stomach. In contrast, protein release was not significantly 

affected by the gastric behaviour of the almond oil bodies. This study provides a better 

understanding of how the digestive system transports plant lipids and may be useful in 

the microstructural design of foods to achieve a controlled physiological response during 

digestion. 
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digestion, but no coalescence was observed. They also suggested that gastric digestion of 

the interfacial proteins, which coat the surface of the oil bodies, is a prerequisite for the 

subsequent lipid digestion in the duodenum. Their static digestion model has several 

advantages, such as being rapid and simple and having relatively good reproducibility. 

However, it is less representative of the real gastric environment than a dynamic gastric 

digestion model (Lucas-González et al., 2018), which provides a understanding of the 

changes of food structures and the rate of release of macronutrients into the small intestine 

for further digestion and absorption. Our recent work on the behaviour of milk has 

revealed new insights into the coagulation of milk in a dynamic human gastric simulator 

(HGS) (Ye et al., 2016b) and its consequences on the kinetics of delivery of protein and 

lipids into the small intestine (Ye et al., 2016a).  

To date, no studies have used a dynamic in vitro model to assess the behaviour of 

the protein and lipid components of almond milk. In the present study, HGS was used to 

examine the dynamic structural changes in almond milk during gastric digestion. The 

HGS provides a more realistic environment in which to simulate the human gastric 

digestion process (Kong & Singh, 2010), including gastric peristalsis, gradual secretion 

of SGF containing pepsin, and gastric emptying. 

 4.3 Materials and methods 

4.3.1. Materials 

Raw sliced almonds were obtained from Davis Trading Company, Palmerston 

North, New Zealand. The nutritional composition as stated on the packaging was: protein 

19.5%; fat 54.7% including 3.7% saturated fat; carbohydrates 4.8%.  
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final concentration of CaCl2 and pepsin in the SGF was 0.15 mmol/L and 3.2 g/L (i.e., 

2224 units/ml) respectively. In a nonenzymatic digestion of almond milk, the SGF was 

prepared according to the same method but without the addition of pepsin, i.e., a solution 

consisting of CaCl2 (made with Milli-Q water) was added at a rate of 0.5 mL/min. The 

gastric contraction frequency was 3 times/min, to simulate the actual contraction of the 

stomach (Marciani et al., 2001). The HGS was set and maintained at 37 °C by a heater 

and a thermostat and the gastric digestion was conducted for 240 min (Gallier et al., 2014). 

For easier operation, a 50 mL digesta sample was removed from the bottom of the 

stomach chamber at 15 min intervals and was filtered using a mesh with a pore size 

diameter of 1 mm, to mimic the gastric emptying (Lobo et al., 2009; Meyer et al., 1981). 

Thus, after 240 min of digestion, all the gastric material would be emptied from the 

chamber. 

The illustration of sampling scheme during the digestion process that was used for 

analysis is shown in Figure 4.1. Gastric chyme is referred as the sample taken from inside 

of the HGS chamber at different times. The emptied digesta is referred to the sample 

removed from the bottom of the chamber at different times. Only the material less than 1 

mm passes through the gastric sieve located at the bottom of HGS.  

Due to gradual addition of SGF and gastric emptying, samples were diluted with 

the progress of the digestion process. Assuming that sample is homogeneously distributed 

in the stomach throughout the entire digestion process, the theoretical diluted 

concentration could be calculated, and the calculation process and dilution line are shown 

in the Appendix 1.  
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4.3.8. Lipid content determination 

To determine the lipid content, digesta samples were emptied from the HGS at 

selected time points during the gastric digestion. The digestion was stopped by adjusting 

the pH of the emptied digesta with 10 M and 0.1 M NaOH to pH 7.5. The total lipid 

contents of the almond milk before gastric digestion and of the emptied digesta during 

gradual gastric emptying were measured according to the Mojonnier ether extraction 

method (AACC 30-10) (AACC, 2000). In brief, 5 mL of almond milk or 10 mL of 

emptied digesta was weighed in a beaker and treated with 2 mL of ethanol and 10 mL of 

HCl to dissolve the proteins and disrupt the oil bodies. Ethanol was added and the sample 

was transferred from the beaker to a Mojonnier tube. It was extracted twice using ethanol, 

diethyl ether, and petroleum ether and was evaporated to dryness in a preweighed flask 

using a steam bath. The extracted oil was determined gravimetrically and was corrected 

by reagent blank determination. The lipid content was reported as the percentage of grams 

of lipid per gram of emptied digesta.  

4.3.9. Protein content determination  

The crude protein contents of the initial almond milk and the emptied digesta 

during in vitro gastric digestion were determined by a Kjeldahl method according to 

AOAC (991.20.II). A conversion factor of 5.18 was used to obtain the protein content 

from the nitrogen content. The protein content was reported as the percentage of grams 

of protein per gram of emptied digesta. 

4.3.10. Creaming stability  

To observe the creaming behaviour, the experiments were terminated at selected 

time points and gastric chyme samples were collected from the stomach chamber. 

Digestion was stopped by adding 10 µL of pepstatin A (0.5 mg/mL in methanol) per 
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millilitre of gastric chyme. Each gastric chyme sample was mixed for a few seconds and 

a 5 mL volume was transferred to a glass tube that was tightly sealed with a plastic cap. 

To record the instability to creaming of each sample, photographs were taken at 0, 10, 

and 30 min after mixing and storage at room temperature using a digital camera. These 

photographs gave direct information on the appearance of the gastric chyme in the 

stomach.  

4.3.11. Statistical analysis  

A repeated-measures two-factor ANOVA model with the in vitro replication as 

the experimental unit was performed for protein and lipid content using the MIXED 

model procedure of the statistical software SAS (SAS/STAT version 9.4; SAS Institute 

Inc.). The statistical linear mixed model included enzyme (with or without), time (0 to 

240 min), and their interaction as a fixed effect, whereas replication as a random effect. 

The most appropriate covariance structure for the mixed models was selected after fitting 

the models by the Restricted Maximum Likelihood method and comparing them by using 

the log-likelihood ratio test. For the other response variables (pH and particle size) a two-

factor ANOVA without repeated-measures analysis was conducted. 

4.4. Results and discussion 

4.4.1. pH change during gastric digestion  

The simulation of gastric digestion was conducted using an HGS, which provided 

progressive addition of pepsin and acid and gradual removal of the gastric contents. The 

changes in the pH of almond milk (i.e., gastric chyme) during gastric digestion are 

illustrated in Figure 4.2. The pH was significantly influenced by the digestion time and 

by the interaction of digestion time and treatment (with and without pepsin added) (P < 

0.0001). The pH of almond milk was approximately 6.37 initially, and it gradually 
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Figure 4.3 SDS-PAGE (under reducing conditions) (A) and change in content of proteins (B) of the gastric chyme (i.e., digested almond milk 
samples) with (1) and without (2) pepsin addition during dynamic gastric digestion. 

Note. In figure A, marker refers to a molecular weight marker. The downward-pointing arrows indicate the acidic polypeptide of amandin (~42 
kDa), the upward-pointing arrows indicate a new unknown band (~15 kDa). In figure B, the dilution of protein by SGF during dynamic digestion 
in HGS is shown in the dashed line. 
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free oil was observed on the top of the aqueous phase of the chyme samples (Figure 4.4C, 

highlighted with red arrow), indicating that phase separation had occurred. In contrast, 

when pepsin was excluded from the SGF, no obvious creaming and phase separation were 

observed in the stomach during the entire digestion process. 

 

 

 

 

 Figure 4.4 Appearance of the gastric chyme taken from almond milk in the HGS at 
different digestion times and creaming stability during storage.  

Note. The upward-pointing arrow indicates the cream layer.



Chapter 4 In vitro gastric digestion of almond milk 
 

83 
 

4.4.3.2. Particle size  

Changes in the particle size distribution of the almond milk (i.e., gastric chyme) 

during the simulated gastric digestion are shown in Figure 4.5. The volume-weighted 

mean diameter (d4,3) of the initial almond milk was 2.6 µm and the corresponding particle 

size distribution was monomodal (Figure 4.5A1 and 4.5B1). However, exposing the 

almond milk to SGF, with and without pepsin addition, led to considerable structural 

changes. 

The average particle size of almond milk was significantly influenced by the 

treatment (with and without pepsin added), digestion time and their interactions (P < 

0.001). With gastric digestion by pepsin, the chyme samples steadily shifted towards 

larger particle sizes within the first 60 min of digestion (Figures 4.5A2 and 4.5A3, 30 min 

and 60 min), with an increase from 2.6 to 54 µm (P < 0.001), indicating flocculation and 

coalescence of the oil bodies in the gastric environment. To further investigate the 

coalescence of the oil bodies, the droplet size was determined in an additional experiment, 

using the same samples but diluted in a 2% SDS solution. This surfactant was used to 

dissociates protein aggregates and liberate oil droplets (Dave et al., 2019). In the first 30 

min of digestion, the size distribution of the samples with 2% SDS showed monomodal 

peaks, reflecting that only flocculation had occurred (Figure 4.5A2, 30 min in SDS). 

However, the size distribution profile moved towards larger sizes at 60 min (Figure 4.5B3, 

60 min in SDS), indicating coalescence of the oil bodies. As the digestion progressed 

(with the addition of SDS), the size distribution of the almond oil bodies increased 

significantly at 150 min, with no further increase thereafter (Figure 4.5A6, 225 min in 

SDS). 

When pepsin was absent, the gastric chyme samples gradually moved to larger 

particle sizes in the first 60 min of digestion (P < 0.001) (Figure 4.5B2 and B3, 30 min 
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Figure 4.5 Change in particle size distribution of almond milk samples (i.e., gastric 
chyme) with (A) and without (B) pepsin addition during gastric digestion in the HGS.  
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4.4.3.3. Microstructure 

 The changes in the microstructure of the almond milk (i.e., gastric chyme) during 

the transition from an initial neutral pH to the acidic pH of the simulated gastric 

environment were followed using confocal laser scanning microscopy (Figure 4.6). After 

30 min of digestion by pepsin, large amounts of oil bodies flocculated, and were 

entrapped within the protein matrix (Figure 4.6A2), which is in agreement with the results 

of particle size distributions (Figure 4.5A2). With further digestion, coalesced oil bodies 

with larger sizes were observed between 60 and 225 min, which confirmed the particle 

size measurements (Figures 4.5A3-4.5A6, in SDS) that showed the particle size increased 

after dilution in SDS solution due to coalescence. At the end of the digestion, many larger 

coalesced oil droplets with irregular structures were observed in the gastric chyme 

samples (Figure 4.6A6). In contrast, when pepsin was absent, the confocal micrographs 

showed that, after 30 min of digestion, the almond oil bodies flocculated, as did a number 

of small protein aggregates (Figure 4.6B2). At 60 min of digestion, many aggregated 

protein networks as well as flocculated oil bodies were present (Figure 4.6B3). With a 

further increase in the digestion time, the aggregated protein matrix networks did not 

disappear, but remained in the stomach, together with the flocculated oil bodies, until the 

end of digestion. These microscopic observations are consistent with the particle size 

distributions (Figures 4.5B1-4.5B6) that suggested that only flocculation occurred in the 

sample without pepsin added. 

We observed that the almond milk was significantly less stable during the 

simulated gastric digestion in the presence of pepsin than in the absence of pepsin. This 

instability was almost certainly caused by the proteolytic action of pepsin. It is worth 

noting that, after 150 min of digestion by pepsin, there was a significant increase in 

particle size (Figure 4.5A5) and a layer of yellowish free oil on the top of the aqueous 
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Previous in vitro studies on the digestion of almond milk have used static digestion 

models, which may not provide comparable results with respect to the colloidal behaviour 

of almond oil bodies under dynamic conditions. Nevertheless, our results were in 

agreement with those previously obtained by Gallier and Singh (2012a) who observed 

flocculation and aggregation of almond milk in the gastric phase using a static model. 

However, the phenomena of phase separation and coalescence were not reported in their 

study, suggesting that the almond milk may have been digested to a greater extent in the 

HGS model than in the static digestion model. This probably occurred because static 

models do not normally mimic mechanical processes, such as gastric peristaltic 

movements, that occur in the stomach (Oomen et al., 2002). The HGS model has been 

reported to be more efficient in sample mixing during gastric digestion than the shaking 

water bath model because of its simulated peristalsis, which allows for better diffusion of 

pepsin into the food matrix and faster sample breakdown (Roman et al., 2012). However, 

the extensive coalescence of almond milk observed in the present study was in accordance 

with an in vivo study conducted by Gallier et al. (2014) who clearly observed coalesced 

oil bodies in the rat stomach using confocal differential interference contrast microscopy. 

Indeed, natural plant-derived oil bodies tend to coalesce and form larger droplets under 

gastric conditions. White et al. (2009) reported that sunflower oil body suspensions 

coalesced with a significant mean particle size increase from 2.3 to 22.5 µm after 30 min 

of digestion by pepsin. Similarly, Gallier et al. (2013) showed that a walnut oil body 

dispersion (named walnut milk in their study) underwent coalescence in a simulated 

gastric environment. The coalesced oil bodies aggregated with an average diameter (d4,3) 

of up to 275 µm after 1 h of digestion. 
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4.4.4. Lipid delivery 

The gastric emptying of lipids (i.e., lipid content in the emptied digesta) during 

the digestion process was quantified, as shown in Figure 4.7, which illustrates the total 

lipid content delivered to the small intestine at different time points. The broken line 

indicates the calculated lipid content of the gastric digesta emptied at each time point, 

assuming that the oil bodies were homogeneously distributed in the almond milk 

throughout the entire digestion process. The decrease in the calculated lipid content was 

due to dilution by the gradual gastric emptying. The original almond milk contained 7.1% 

oil, i.e., 14 g of oil in 200 g of almond milk prior to digestion. The lipid content of the 

emptied digesta was significantly influenced by digestion time and the interaction of 

digestion time and enzyme (with and without pepsin added) (P < 0.0001). During the first 

hour of digestion with pepsin, the oil content of the emptied digesta decreased 

considerably (P < 0.0001), nearly reaching zero and remaining almost unchanged until 

225 min. This suggested that only a limited amount of lipids was delivered to the small 

intestine. This marked delay in the delivery of lipids to the small intestine was due to the 

creaming and phase separation of the almond milk in the stomach. There was a dramatic 

increase from 0.3% at 225 min to 12% at 240 min, P < 0.0001. Therefore, up to 6 g of oil 

was emptied at the last emptying point, accounting for approximately 42% of the initial 

oil content of the almond milk sample (i.e., 14.16 g). This can be explained by the fact 

that the oil bodies in the stomach underwent extensive coalescence and creaming and 

floated to the top of the aqueous phase. The lower aqueous phase was emptied first and 

then the remaining cream layer was emptied. This is similar to that previously reported 

by Marciani et al. (2007) who observed that a gastric-unstable emulsion separated in the 

stomach using magnetic resonance imaging in humans. The lower aqueous phase 
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4.4.5. Protein delivery 

The protein contents of the gastric digesta emptied from the HGS into the small 

intestine during the digestion process are shown in Figure 4.8. As above, the broken line 

(i.e., the dilution factor curve) indicates the calculated protein content of the gastric 

digesta emptied at different time points. The calculation was based on the hypothesis that 

the proteins were uniformly distributed in the almond milk. The protein content of the 

emptied digesta was significantly influenced by the digestion time and the interaction of 

digestion time and enzyme (with and without pepsin added) (P < 0.001). Regardless of 

whether or not pepsin was present, the protein content of the emptied digesta gradually 

decreased over digestion time in the first 150 min (P < 0.001) and remained unchanged 

at the late stage of digestion. Moreover, the protein content curves in both samples were 

close to the hypothetical dilution values. However, the almond proteins that were digested 

by pepsin seemed to be closer to the dilution factor curve. This was probably because 

most proteins were digested by pepsin to low molecular weight peptides within the first 

90 min in the HGS (Figure 4.3A1). These peptic proteolysis products seemed to be 

homogeneously distributed in the aqueous phase. This suggested that the almond proteins 

were delivered to the small intestine with the gradual gastric emptying and were not 

affected significantly by the destabilization of the almond oil bodies.  

In comparison, the protein content of the emptied digesta without added pepsin 

showed a slightly slower delivery rate of proteins into the small intestine. This probably 

resulted from the flocculation of the oil bodies and the aggregation of the almond proteins 

under acidic conditions.  
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Figure 4.8 Protein content (w/w, %) of emptied digesta during gastric digestion in the 
HGS.  

Note. Values with no letter in common (a, b, c) represent significant differences (P < 0.05) 
within a certain treatment (with or without pepsin added) across different digestion times. 
Values with no letter in common (x, y) represent significant different at a certain digestion 
time across different treatments (with or without pepsin added). If no letter is listed, there 
were no significant differences.  

 

Overall, the formation of a cream layer in almond milk under gastric conditions 

altered the delivery of nutrients; this was due to the proteolytic action of pepsin. Indeed, 

hydrolysis of the adsorbed protein layers by pepsin plays the most important role in 

determining the gastric stability of protein-stabilized emulsions (Sarkar et al., 2009). It is 

interesting to compare the gastric digestion behaviour of almond milk with that of cow 

milk. Within 10 min during the dynamic in vitro gastric digestion of raw whole milk, the 

milk proteins formed firm curds with a smooth surface, in which the fat globules appeared 

to be embedded (Marciani et al., 2001; Ye et al., 2016b). After curd formation, proteolysis 

of the curds by gastric pepsin resulted in liberation of the fat globules from the curds into 

the surrounding digesta, with the release rate of the fat globules being linearly dependent 
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on the breakdown of the protein in the curds. Coalescence of the fat globules was 

observed both in the gastric digesta and within the curd (Ye et al., 2016b). 

The stability of food emulsions during gastric digestion may be linked to some 

physiological responses. The behaviour of gastric digestion has been reported to affect 

the satiety responses, which are associated with gastric emptying and the release of gut 

hormones such as cholecystokinin. Lipids, in particular, and proteins are considered to be 

the most satiating macronutrients (Fiszman & Varela, 2013). Compared with an emulsion 

that remained homogeneous in the stomach, Marciani et al. (2008) demonstrated that an 

acid-unstable emulsion broke and formed a fat layer floating on the top of the stomach, 

led to faster gastric emptying, and increased hunger. In a clinical study, Mackie et al. 

(2013) also showed that gastric layering of a liquid emulsion resulted in a more rapid 

gastric emptying rate and increased hunger compared with an isocaloric semisolid diet 

that sedimented in the stomach. They explored the possible reasons behind the 

physiological response using an in vitro model. They indicated that the release of nutrients 

was delayed in the liquid matrix, probably because of a lower nutrient concentration in 

the lower aqueous phase, which entered into the small intestine first. In contrast, the 

sedimentation in a semisolid diet led to a higher concentration of nutrients emptying from 

the stomach at an earlier time (Mackie et al., 2013). The formation of the cream layer in 

the almond milk clearly affected the rate of delivery of lipids to the small intestine for 

further digestion. This may have some physiological implications in controlling hunger 

and satiety.  

4.5. Conclusions 

The present study investigated the in vitro digestion of almond milk using a 

dynamic gastric digestion model (i.e., an HGS). The digestion of almond proteins by 

pepsin led to the destabilization and coalescence of almond oil bodies, ultimately resulting 
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in creaming and phase separation of the almond milk, with a lipid layer floating on the 

top of the aqueous phase. This structural destabilization of the almond oil bodies 

significantly slowed the gastric emptying of the oil; however, it did not significantly affect 

the rate of protein delivery to the small intestine. 

Overall, the acidic gastric environment and, in particular, the pepsin hydrolysis 

modified the spatial distribution of the lipids in almond milk and, in turn, affected the rate 

of energy delivery to the small intestine. 
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Figure 5.1 Schematic illustration of an HGS (A) and illustration of the sampling scheme used for analysis (B). 
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Figure 5.3 Changes in the physical state of the gastric chyme taken from soymilk at 
different digestion times in the HGS and sedimentation stability during storage.  

Note. The downward-pointing arrows indicate sedimentation of the gastric chyme. 
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Figure 5.6 SDS-PAGE (under reducing conditions) of initial (before digestion) and 
digested (i.e. gastric chyme) soymilk samples with (A) and without (B) pepsin addition at 
different time points during gastric digestion in the HGS, and relative protein contents of 
the gastric chyme samples digested with pepsin (C). 
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Figure 5.6 SDS-PAGE (under reducing conditions) of initial (before digestion) and 
digested (i.e. gastric chyme) soymilk samples with (A) and without (B) pepsin addition at 
different time points during gastric digestion in the HGS, and relative protein contents of 
the gastric chyme samples digested with pepsin (C). 

 

5.4.4 Delivery of macronutrients to the small intestine 

The dry matter, total nitrogen and lipid contents of the digesta emptied out of the 

HGS at different time points during the gastric digestion process were determined (Figure 

5.7). The grey broken lines shown in Figures 5.7A, 5.7B and 5.7C indicate the calculated 

dry matter, protein and crude lipid concentrations in the emptied digesta at each time 

point. The calculation was based on the assumption that lipid and protein were uniformly 

distributed in the soymilk during the entire digestion process, as shown in the Appendix 

1. The decrease in the calculated values was due to the dilution effect by gradual gastric 

emptying. 

The changes in the dry matter, protein and lipid contents in the emptied digesta 

during gastric digestion were significantly influenced by the presence or absence of 
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As a traditional drink, soymilk has served as an acceptable substitute for cow milk 

for many decades because of its nutritional and health benefits (Friedman & Brandon, 

2001); however, their behaviours are clearly different under acidic gastric digestion 

conditions. For cow milk, gastric emptying of caseins was significantly delayed because 

of the formation of clots by the milk-clotting enzyme, pepsin, which resulted in slow and 

steady delivery of nitrogen into the small intestine over several hours (Mulet-Cabero et 

al., 2019; Ye et al., 2016a). In comparison, soy proteins were also susceptible to 

coagulation by pepsin, but this coagulation behaviour did not have an important impact 

on gastric emptying of the proteins. The majority of the proteins were transited into the 

small intestine in the first hour of gastric digestion. In addition, soymilk has shown 

different digestion behaviour compared with other plant-based natural drinks. Almond 

milk is highly prone to coalescence of oil droplets and creaming upon gastric digestion, 

which delays gastric emptying of almond lipids (Wang et al., 2020). Unlike other plant-

based beverages, soymilk was more stable to oil droplet coalescence under gastric 

conditions; instead, soybean oil bodies were entrapped into the protein network and 

precipitated in the stomach in the present study. These different digestion behaviours in 

each natural food system may induce different physiological and metabolic effects in the 

gastrointestinal tract, which requires further investigation. 

5.6 Conclusions 

The coagulation of soy proteins induced by both the action of pepsin and the acidic 

gastric pH was observed during dynamic in vitro gastric digestion. This resulted in a layer 

of coagulated protein particles at the bottom of the HGS. Because of relatively small size 

of these coagulated particles, the overall gastric emptying of proteins from the HGS to 

the next digestion step was not affected to a substantial extent, although an accelerated 

emptying was seen in the early stage of gastric digestion. This observation is in stark 



Chapter 5 In vitro gastric digestion of soymilk 
 

126 
 

contrast to the behaviour of cow milk where coagulation of casein micelle markedly 

deceases the rate the gastric emptying of casein proteins, due mainly to the large size of 

the curd particles. These different rates of protein emptying may lead to a different uptake 

and absorption of amino acid but this requires further investigation, possibly in human 

clinal trials. 
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Figure 6.1 Illustration of the sampling scheme used for analysis. 
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(Figures 6.5A and 6.5B). This was due to the combined effects of pH decrease, pepsin 

hydrolysis and the mechanical mixing in the HGS. After 180 min, no curd particles with 

size >1 mm were obtained. 

 

Figure 6.3 Changes in the physical state of the gastric chyme taken from oat milk in the 
HGS at different digestion times and sedimentation stability during storage.
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Figure 6.4 �3�K�R�W�R�J�U�D�S�K�V���R�I���W�K�H���F�X�U�G�V���I�R�U�P�H�G���L�Q���W�K�H���R�D�W���P�L�O�N�Ó�E�R�Y�L�Q�H���V�N�L�P���P�L�O�N���E�O�H�Q�G���G�X�U�L�Q�J���J�D�V�W�U�L�F���G�L�J�H�V�W�L�R�Q�� The diameter of the aluminium tray 
is 7.3 cm.
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Figure 6.5 ���$�����W�K�H���Z�H�W���Z�H�L�J�K�W���D�Q�G�����%�����W�K�H���G�U�\���Z�H�L�J�K�W���R�I���W�K�H���F�X�U�G�V���I�R�U�P�H�G���L�Q���W�K�H���R�D�W���P�L�O�N�Ó
bovine skim milk blend during gastric digestion at different time points. 
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6.4.3 Protein hydrolysis 

The protein hydrolysis during digestion was monitored using SDS-PAGE under 

reducing conditions (Figures 6.6 and 6.7). Samples in each lane were adjusted to the same 

protein concentration to eliminate the effect of dilution because of the gradual dosing of 

SGF during the digestion. Figure 6.6 revealed bands corresponding to several 

polypeptides in the undigested oat milk. Two major bands with molecular weights of 32 

and 22 kDa were acidic (12S-A) and basic (12S-B) polypeptides of 12S globulin, 

respectively, which are the major storage protein fractions in oats (Burgess et al., 1983). 

The 12S-A and 12S-B subunits are considered to be linked via disulfide bonds in the 

native state and to form a dimer with a molecular weight of 54 kDa (Burgess et al., 1983). 

The faint bands around 65 kDa and below 15 kDa corresponded to the 7S and 3S fractions, 

respectively, which are two minor protein fractions in oats (Klose & Arendt, 2012). 

During the first 60 min of digestion, the 7S, 12S-A, and 12S-B bands became slightly less 

intense, indicating that protein hydrolysis by pepsin was slow during this period. From 

120 min onwards, oat protein bands were mostly absent, indicating that the oat proteins 

had been digested by pepsin. It is noted that the optimum acidity for pepsin activity is 

about pH 2 (Axelsson et al., 1983). At an acidic pH, the oat proteins 12S-A and 12S-B 

would be partially unfolded and readily susceptible to pepsin hydrolysis (Brinegar & 

Peterson, 1982; Burgess et al., 1983). Rapid proteolysis of oat proteins by pepsin at pH 2 

has also been observed previously by Nieto-Nieto et al. (2014). 
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Figure 6.11 SDS-PAGE (under reducing conditions) of the initial (before digestion) and 
�H�P�S�W�L�H�G���G�L�J�H�V�W�D���F�R�O�O�H�F�W�H�G���I�U�R�P�����$�����R�D�W���P�L�O�N���V�D�P�S�O�H�V���D�Q�G�����%�����R�D�W���P�L�O�N�Ó�E�R�Y�L�Q�H���V�N�L�P���P�L�O�N��
blend samples at different time points during gastric digestion in the HGS with 
standardization of the protein concentration to be constant between each lane. 

Note. M, trim milk. 
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In contrast, the pattern of gastric emptying was significantly different in the blend 

sample (Figure 6.13). The delivery of protein and lipid showed a considerable delay in 

the first 60 min, with the lowest values observed at emptying points of 15 and 30 min 

(Figures 6.13A and 6.13B). This delay was caused by the formation of large curd particles, 

which prevented the protein emptying from the HGS. The delivery of lipids was also 

affected (Figures 6.13B) because the oil bodies were incorporated into the curd matrix 

(Figure 6.8B). These larger curd particles were retained in the stomach until they were 

broken down to sizes smaller than 1 mm before being discharged into the duodenum 

(Meyer, 1980). With further digestion, the delivery of lipid was less delayed. The 

emptying of protein was considerably more rapid at 120 and 180 min and the digesta had 

higher protein contents than those of the oat milk sample (P < 0.05). This was attributed 

to the breakdown of the curds into smaller sizes because of protein hydrolysis by pepsin 

(Figure 6.11B) and the mechanical mixing effect of the HGS. This allowed more protein 

and lipids to be evacuated. In particular, it was noticed that no curd particles larger than 

1 mm were collected after 180 min of digestion (Figure 6.4). However, it was noted that 

carbohydrate delivery followed the dilution curve throughout the entire digestion process 

(Figure 6.13C1), suggesting that carbohydrate was not immobilized by the curd formation 

in the HGS. 
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Figure 6.14 A schematic diagram of the gastric behaviour of oat milk and oat milk-bovine skim milk blend as discussed in detail in Chapter 6. 
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milk blend dominated its coagulation behaviour and led to a delayed gastric emptying of 

both proteins and lipids. This study provides an insight into the possibility of modifying 

the structure of food by designing the food composition and thus obtaining the desired 

gastric digestive behaviour and gastric emptying rate. 
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Chapter 7 In vivo gastric digestion of cow milk, almond milk, and oat milk 
 

4 This chapter has been published as Wang, X., Wolber, F. M., Ye, A., Stroebinger, N., Hamlin, A., Zhu, 
X., Montoya, C., & Singh, H. (2022) Gastric digestion of cow milk, almond milk and oat milk in 
the rat. Food & Function, 13(21),10981-10993.167 

Chapter 7 4Gastric digestion of cow milk, almond milk and oat 

milk in the rat  

7.1 Abstract 

In this study, the gastric digestions of isocaloric and iso-macronutrient cow milk, 

almond milk and oat milk were compared in rats euthanized at different post-feeding 

times. The cow milk separated into a curd phase and a liquid phase in the rat stomach. 

This coagulation of the cow milk led to higher (P < 0.05) protein and lipid retention in 

the stomach compared with almond milk and oat milk. Almond milk oil bodies 

aggregated, creamed and rapidly layered in the stomach. This induced a faster (P < 0.05) 

gastric emptying of proteins compared with cow milk and oat milk, and a slower gastric 

emptying of almond lipids than of almond proteins. In contrast, no significant physical 

change during the digestion of oat milk was found, with both the proteins and the lipids 

being steadily emptied from the stomach. This in vivo study provides information on the 

gastric digestion and emptying of plant-based milks, compared with animal-based milks, 

that will be useful for the design of novel plant-based drinks. 
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simulator (HGS), we showed that almond milk (3% protein and 7% lipid) destabilized 

quickly under the simulated gastric conditions (i.e., acidic pH and pepsin) (Wang et al., 

2020). The initial reduction in the gastric pH induced the aggregation of soluble almond 

proteins and the flocculation of natural oil bodies. With further digestion, hydrolysis of 

the interfacial proteins led to the coalescence of the oil bodies because of the increased 

pepsin activity at the lower pH. In the HGS, almond milk was eventually separated into 

a cream layer, consisting of coalesced oil bodies, and a transparent lower aqueous phase, 

containing soluble proteins. This phase separation significantly delayed the in vitro 

gastric emptying of the almond lipids, whereas the almond proteins and peptides that were 

distributed in the aqueous phase were emptied first. In our recent work, using the HGS, 

we found no visible physical destabilization, such as coagulation or phase separation, in 

oat milk under the simulated gastric conditions. As the oat milk remained as a liquid and 

was relatively gastric stable, the oat proteins and lipids emptied from the HGS at similar 

rates (Wang et al., 2022). 

To our knowledge, no in vivo study has investigated the physicochemical and 

structural changes in plant-based milks during gastric digestion and their effects on the 

retention of macronutrients, and no comparisons between plant-based milks and animal 

milks are available. Thus, in this study using the rat model, the gastric digestions of cow 

milk, almond milk and oat milk over time were compared. The macrostructure and the 

microstructure of the gastric chymes were assessed (visually via photographs and 

microscopically), and the gastric emptyings of the proteins and lipids were determined.  
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Figure 7.3 Photographs of the gastric contents (chymes) collected over time from rats 
fed cow milk, almond milk and oat milk. The diameter of the 5 ml-tube is 16mm. 
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Figure 7.4 Confocal micrographs of cow milk, almond milk and oat milk remaining in 
the rat stomach at different digestion times.  

Note. Samples were stained with Nile Red (for lipid) and Fast Green (for protein). The 
scale bar in all images is 20 µm. 
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The undigested almond milk had oil bodies dispersed uniformly in an aqueous 

phase containing protein (Figure 7.4B1). Almond oil bodies are stabilized by a monolayer 

of phospholipids embedding oleosin proteins (Beisson et al., 2001). After 30 min of 

digestion, the almond milk quickly destabilized, as illustrated in Figure 7.3B1, with some 

flocs floating in the tube. Under confocal microscopy, notable flocculation of almond oil 

bodies and clusters of protein aggregates were clearly seen (Figure 7.4B2). Droplet 

flocculation is a common phenomenon that occurs in food protein-stabilized emulsions 

under gastric conditions (Gallier et al., 2014; Gallier et al., 2013; Golding et al., 2011; 

Wang et al., 2019). This flocculation was probably induced by the loss of electrostatic 

charges on the surface of the almond oil bodies because of acidification (Gallier & Singh, 

2012a). The low gastric pH results in the ionization of side-chain groups of the interfacial 

proteins. When the gastric pH is close to the isoelectric point of the interfacial proteins, 

the electrostatic repulsion between oil bodies is reduced, contributing to flocculation 

(Golding et al., 2011). Likewise, the presence of gastric mucins may also induce weak 

flocculation via depletion interactions (Sarkar et al., 2009). After further digestion (60 

min, Figure 7.3B2), there was a thick cream layer floating on the top of the cloudy 

aqueous phase. Under confocal microscopy, the formation of protein aggregates and a 

detectable amount of coalesced oil bodies were also observed (Figure 7.4B3). The almond 

storage protein, amandin, has an isoelectric point ranging from 4.55 to 6.3 (Sathe et al., 

2002). When the pH of the stomach slowly declined from a neutral pH to a more acidic 

pH (i.e., near the isoelectric pH), the solubility of the proteins decreased, primarily 

because of a lack of electrostatic repulsions, which promoted aggregation of the almond 

proteins via hydrophobic interactions (Damodaran et al., 2007; Sathe, 1992). Coalescence 

of oil bodies is a consequence of extensive flocculation and enzymatic hydrolysis (pepsin 

and digestive lipase in this case) (Wang et al., 2020). It has been reported that recombinant 











Chapter 7 In vivo gastric digestion of cow milk, almond milk, and oat milk 
 

189 
 

 

Figure 7.5 SDS-PAGE patterns (under reducing conditions) of cow milk before (time 0 
min) or after (30�±120 min) gastric digestion in rats (A) and relative amounts of selected 
proteins in each gastric chyme sample (B).  

Note. S = molecular weight standard; BSA = bovine serum albumin; CN = casein; 
Lg = lactoglobulin; La = lactalbumin. Values with different letters (a, b, c, d) differ (P < 
0.05) within the individual proteins across different digestion times. Values with different 
letters (x, y, z) differ (P < 0.05) at a specific digestion time across different proteins. Error 
bars represent the standard error of the mean for n = 4.  
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Figure 7.6 SDS-PAGE pattern (under reducing conditions) of almond milk before (time 
0 min) or after (30�±120 min) gastric digestion in rats (A) and relative amounts of selected 
proteins in each gastric chyme sample (B).  

Note. S = molecular weight standard; PP = polypeptide. Values with different letters (a, 
b, c, d) differ (P < 0.05) within the individual proteins across different digestion times. 
Values with different letters (x, y, z) differ (P < 0.05) at a specific digestion time across 
different proteins. Error bars represent the standard error of the mean for n = 4. 
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Figure 7.7 SDS-PAGE pattern (under reducing conditions) of oat milk before (time 0 min) 
or after (30�±120 min) gastric digestion in rats (A) and relative amounts of selected 
proteins in each gastric chyme sample (B).  

Note. S = molecular weight standard. Values with different letters (a, b, c, d) differ (P < 
0.05) within the individual proteins across different digestion times. Values with different 
letters (x, y, z) differ (P < 0.05) at a specific digestion time across different proteins. Error 
bars represent the standard error of the mean for n = 4. 
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Figure 7.10 The ratio of lipid to protein of the almond milk and the oat milk in the rat 
stomach at different times. 

 

Gastric emptying is a complex process that depends on both food properties and 

biological factors (Acevedo-Fani & Singh, 2022; Liu et al., 2020). Food characteristics, 

for example, nutritional composition, ingested volume, calorie content, viscosity and 

processing, have been reported to have an effect on food digestion and gastric emptying 

rates (Kong & Singh, 2009; Kwiatek et al., 2009; Lundin et al., 2008; Mazzawi et al., 

2019; Zhu et al., 2013). In vivo, biological factors such as gastrointestinal peptide 

hormone regulation, the feedback effect of nutrients and the age, gender, gastric pH, 

gastric motility and digestive enzyme concentrations of an individual may also play 

extremely important roles in gastric emptying (Gamble et al., 2013; Hellmig et al., 2006; 

Karhunen et al., 2008; Tougas et al., 2000). The gastric emptying rate of liquid is 

determined by the pressure difference between the stomach and the small intestine. 
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Chapter 8 General discussion and future recommendations 

8.1 General discussion 

Plant-based alternative milk is a fast-growing food category worldwide. There is 

a growing number of consumers using plant-based drinks to replace cow milk. However, 

the scientific knowledge about digestion and absorption of plant-based alternative milks 

is largely unknown. The understanding of their digestion behaviour lays the foundation 

for the successful development of novel products for specific consumer needs. In 

particular, gastric digestion plays a critical role in controlling the digestion kinetics. This 

project investigated the digestive behaviour of selected plant-based alternative milks 

under gastric conditions, with the main focus on the changes in the structures and 

physicochemical properties during dynamic gastric digestion, and the consequences on 

the macronutrient release for the next step of digestion. 

Firstly, the in vitro gastric digestion of three kinds of the most popular plant-based 

alternative milks, i.e., almond milk (Chapter 4), soymilk (Chapter 5), and oat milk 

(Chapter 6), was investigated using an HGS. The HGS has been widely recognized as a 

useful tool to study the physical and chemical properties of food materials in the simulated 

gastric environment. Using this model, the simulated gastric secretion (dynamic pH and 

enzyme concentration) and gastric emptying can be precisely controlled.  

Plant-based alternative milk is a natural, complex oil-in-water emulsion system 

that is similar to cow milk. In plant-based alternative milk, lipids exist in the formation 

of oil bodies that are stabilized by specific membrane proteins (mainly oleosins). The 

plant storage proteins are mostly dispersed in the aqueous phase, and a small number of 

storage proteins may also weakly interact with the membrane proteins. Under dynamic 
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simulated gastric conditions, the HGS model revealed the considerable difference in the 

digestion behaviour, physical stability, and microstructure of almond milk, soymilk and 

oat milk. Almond milk was a typical gastric-unstable emulsion (Chapter 4). Upon gastric 

acidification, almond oil bodies flocculated, and proteins aggregated rapidly and formed 

large aggregates (Figure 8.1). The oil bodies coalesced quickly due to the pepsin 

hydrolysis of the interfacial proteins, and this accelerated the creaming process in the 

HGS, with an upper layer rich in lipids and a lower aqueous phase consisting of proteins. 

This layering substantially delayed gastric emptying of lipids, whereas protein was 

emptied gradually (Figures 8.2 and 8.3). The results of gastric digestion of almond milk 

highlight the role of the interfacial properties of oil bodies in controlling the gastric 

colloidal stability and food structure of plant-based alternative milk.  

 

 

Figure 8.1 Changes in volume-weighted average diameter d4,3 of gastric chyme of almond 
milk, soymilk, and oat milk during gastric digestion in the HGS. 
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Figure 8.2 Relative protein content in the emptied digesta collected from almond milk, 
soymilk, oat milk and oat-bovine milk blend during gastric digestion. 

 

 

Figure 8.3 Relative lipid content in the emptied digesta collected from almond milk, 
soymilk, oat milk and oat-bovine milk blend during gastric digestion. 
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Under the same conditions, soymilk coagulated and formed small tofu-like gel 

particles after a few minutes of gastric digestion, when the gastric pH was around 6.59 in 

the HGS (Chapter 5). One interesting finding in this study is that this initial coagulation 

was induced by the action of pepsin rather than isoelectric pH, although the molecular 

mechanism is not clear, as this has not been reported before. Once the coagulated gel 

particles developed, the particle size of soymilk increased rapidly and then decreased 

subsequently (Figure 8.1), which reflects its microstructural evolution in the HGS. The 

microstructural changes were affected by gastric pH and pepsin in two aspects: 1) pepsin 

induces protein coagulation (increase in particle size), probably through hydrolysis of 

some specific polypeptides, 2) pepsin hydrolyses and breaks down the formed curd 

particles (decrease in particle size) at acidic pH. The coagulated network comprising 

protein and oil bodies quickly precipitated in the HGS, and the soymilk separated into a 

sediment phase (mainly soy protein and lipids) and an upper clear aqueous phase. 

Interestingly, this coagulation did not significantly affect the gastric emptying of both 

protein and lipid (Figures 8.2 and 8.3).  

Surprisingly, the overall delivery of macronutrients was neither significantly 

delayed by the protein coagulation nor accelerated to a substantial extent by the 

breakdown of small sedimented curd particles. This indicates the dynamic balance 

between the formation and the breakdown of coagulated particles in the complex 

chemical and biochemical environment of the stomach is an important factor that must be 

considered when designing food emulsions involving coagulable proteins. However, one 

limitation here is that the digesta was emptied from the bottom of the HGS because of the 

design of the HGS, not from the end of a J-shape stomach. The real gastric emptying 

kinetics of soymilk under physiological conditions may need to investigate in in vivo 

models. 
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milk can significantly modify the gastric structure, protein hydrolysis and macronutrient 

delivery of plant-based milk. On the other hand, plant components had also altered the 

structure of coagulated dairy protein networks. This study provides insights into the use 

of dairy protein as an effective approach to designing food structure, manipulating gastric 

colloidal stability and digestion kinetics of plant-based alternative milks.  

The gastric behaviours of almond milk, soymilk, oat milk and oat milk-bovine 

skim milk blend in the HGS were summarized in Table 8.1
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The findings in Chapter 7 provide an understanding of the difference between in 

vivo digestion behaviour of plant-based alternative milk and cow milk. Almond milk and 

oat milk were selected for the reason that almond milk was a typical gastric-unstable 

sample and oat milk showed superior physical stability in the HGS. The adult rats were 

selected as in vivo models due to their larger stomach volume compared to the growing 

rats. The cow milk, almond milk and oat milk were formulated to contain an equal 

quantity of protein, fat and carbohydrates and similar gross energy in order to better 

understand the role of food structure in controlling gastric emptying of protein and lipids. 

In this in vivo study, many changes in the macrostructure, microstructure, colloidal 

stability and protein hydrolysis that was observed in the HGS were confirmed, although 

the dynamic pH profile and gastric emptying profile were slightly different between the 

in vitro and in vivo system. The difference was possibly caused by the different food 

compositions of milks used in different systems, as the milks tested for in vivo study have 

been formulated. The results demonstrated different gastric retention profiles of almond 

milk, oat milk and cow milk due to their different structural properties in the stomach. In 

the rat stomach, almond milk aggregated, creamed and rapidly layered, whereas there 

were no physical changes in oat milk. Cow milk coagulated and formed a curd phase and 

a liquid phase. This coagulation led to higher retention of protein and fat in the stomach 

compared to almond milk and oat milk. Almond milk had the fastest gastric emptying of 

protein compared to cow milk and oat milk and tended to have a slower gastric emptying 

of lipids when compared to almond protein due to the creaming.  

These findings highlight intragastric stability and food structure/matrix changes 

during gastric digestion of the different milk types, which play a part in the gastric 

emptying rate of protein and lipids. A summary of the comparisons of the changes during 

in vitro and in vivo gastric digestion is shown in Table 8.2.
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Finally, the findings presented in this thesis provide the latest information about 

the gastric digestion behaviour of plant-based alternative milk and how their behaviour is 

different compared to cow milk. The main innovative results from this project highlight 

the impact of structural properties and the modification of protein composition of plant-

based alternative milk on controlling their physicochemical and structural changes during 

gastric digestion, and the direct consequences on alteration of gastric delivery kinetics. 

From an application point of view, the knowledge gained from this PhD project may 

provide new insights into the tailored design of novel plant-based alternative milk 

products or milk blend products for specific consumer needs. 

8.2 Suggestions for future research 

Influence of processing on digestion behaviour 

This thesis provides an understanding of the gastric digestion behaviour of almond 

milk in its natural state. However, in commercial manufacturing, heating (pasteurization 

or UHT) and homogenization are often applied. The influence of commercial processing 

on the changes in physical and chemical properties and structural stability under gastric 

conditions is not clear, this needs to be investigated. 

Inclusion of gastric lipase in in-vitro digestion models 

The digestion behaviour of plant-based milks was studied in the HGS in the 

presence of pepsin only and gastric lipase was not applied, as protein digestion is the 

major digestion behaviour in the stomach and the current study focused on protein 

digestion. However, it would be interesting to include gastric lipase in future gastric 

digestion investigations such as the influence of gastric lipolysis on the structural changes 

and digestion behaviour.  
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Investigation of plant oil body membrane proteins properties 

This thesis highlights the interfacial stability of oil bodies as a determining factor 

in the gastric colloidal stability of the whole plant-based milk system. Although protein 

hydrolysis of plant-based alternative milk was monitored in the current thesis, the 

digestion properties of oil body membrane protein (mainly oleosins) require further 

investigation. The information on the physicochemical and functional properties of oil 

body membrane proteins will be valuable in designing the interfacial composition of 

artificial emulsion systems.  

Investigation of protein blends-stabilized emulsion system 

The digestion behaviour of the oat milk-cow skim milk blend was studied in detail 

in the current thesis. However, due to the nature of oat milk, i.e., the oil bodies are 

dispersed within aggregated protein particles, after the centrifugation, the oil bodies 

precipitated with the protein aggregates. Therefore, the interfacial composition of the 

milk blend was not studied. It would be interesting to investigate the interfacial 

composition of the emulsion made with isolated plant protein and dairy protein, and their 

interfacial properties during gastric digestion. In addition, it will be desirable to study the 

blends of other plant-dairy combinations, e.g., almond and cow milk.  

Investigation of intestinal digestion 

The findings from this study demonstrate different gastric stability between 

different plant-based alternative milks and compared to cow milk. It would be interesting 

to further investigate the influence of the different gastric digestion behaviours on the 

subsequent small intestinal digestion of released lipids and proteins.  

 









































































 

 

Appendices 

Appendix 1: Diluted concentration calculation 

The calculated values are based on assuming that sample is homogeneously distributed in the stomach throughout the entire digestion process. 

Emptying time /min 0 15 30 45 60 75 90 105 120 135 150 165 180 195 210 225 240 

Emptying volume /ml   50 50 50 50 50 50 50 50 50 50 50 50 50 50 50 50 

SGF addition volume /ml / 37.5 37.5 37.5 37.5 37.5 37.5 37.5 37.5 37.5 37.5 37.5 37.5 37.5 37.5 37.5 37.5 

Cbefore, concentration before dilution   100% 84% 70% 58% 47% 38% 30% 23% 17% 12% 9% 6% 4% 2% 1% 0% 

Vbefore volume before dilution /ml   200 188 175 163 150 138 125 113 100 87.5 75 62.5 50 37.5 25 12.5 

Vafter volume after dilution /ml 200 237.5 225 213 200 188 175 163 150 138 125 113 100 87.5 75 62.5 50 

Cafter, concentration after dilution 100% 84% 70% 58% 47% 38% 30% 23% 17% 12% 9% 6% 4% 2% 1% 0% 0% 
 

   
 
       

Where Cafter is the concentration of sample after dilution; Cbefore is the concentration of sample before dilution, it equals to Cafter at the previous 
emptying time point, e.g. Cbefore at 30 min =Cafter at 15 min; Vbefore is the volume of sample inside of the stomach before dilution, Vbefore equals to 
Vafter at the previous time point minus the gastric emptying volume, e.g. Vbefore at 30 min=Vafter at 15 min-50 ml; Vafter is the volume of sample inside 
of the stomach after dilution, i.e. Vafter =Vbefore + SGF addition volum
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Appendix 2 The protein/enzyme ratio at 15 min in the HGS 

In the chapter 4 
 

At 15 min, before emptying 
 

Pepsin used  P7000, Sigma -Aldrich 

Protein content in the HGS (g) 200 g×3%=6 g 

SGF added at 15 min (volume, ml) 2.5 ml/min × 15 min=37.5 ml 

Pepsin concentration in SGF 3.2 g/L SGF 

Pepsin content in the HGS at 15 min 3.2 g/L × 10-3 × 37.5 ml=0.12 g 

Protein/enzyme ratio 50: 1 

  
In the Gailler et al 2012' study 

 
Pepsin used P7000, Sigma -Aldrich 

Protein/enzyme ratio 25: 1 
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Appendix 3: Microstructural changes in the digesta emptied of soymilk 

at different times of in vitro gastric digestion 

 

Figure A1 Confocal micrographs showing the microstructural changes in the digesta 
emptied of soymilk at different times of simulated gastric digestion, with and without the 
addition of pepsin. Note. Samples were stained with Nile Red (for lipid) and Fast Green 
(for protein). The scale bar in all images is 20 µm. ED, emptied digesta. 
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Appendix 5: The photograph of curd formed from 1.45% (w/v) skim 

milk during in vitro gastric digestion 

 

 

 

Figure A3 Curd formed from 1.45% (w/v) skim milk during in vitro gastric digestion. 
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Appendix 7: Confocal micrographs of cow milk, almond milk and oat milk in the rat small intestine at different 

digestion times. 

 

Figure A5 Confocal micrographs of cow milk, almond milk and oat milk in the rat small intestine at different digestion times.  

Note. Samples were stained with Nile Red (for lipid) and Fast Green (for protein). 1st SI, the upper part of the small intestine (jejunum); 2nd SI, the 
lower part of small intestine (ileum).
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Appendix 8: The serum triglyceride in rat fed with cow milk, almond 

milk and oat milk   

 

Figure A6 Changes over time in the serum triglycerides (mean ± standard error of the 
mean) of rat fed with cow milk, almond milk and oat milk. 

Note. The serum triglycerides were determined using GPO-PAP (Lipase/ Glycerol kinase) 
method by the Nutrition laboratory, Massey University. A two-way ANOVA was 
performed to analyze the effect of digestion time and milk type on the level of serum 
triglycerides. The results showed that no significant effect on the serum triglyceride of 
either the digestion time or the milk types or their interaction. 
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Appendix 9: The Blood glucose levels in rat fed with cow milk, almond 

milk and oat milk  

 

Figure A7 Changes over time in the blood sugar (mean ± standard error of the mean) of 
rat fed with cow milk, almond milk and oat milk. 

Note. The blood glucose levels were measure with a Accutrend Plus monitor using whole 
blood. Blood sample was collected via cardiac puncture after the rat was fully 
anesthetised and the rats were euthanised after blood sampling. One drop of fresh whole 
blood was applied to the reagent area of a test strip for blood glucose measurement. A 
two-way ANOVA was performed to analyze the effect of digestion time and milk type 
on the level of serum triglycerides. The results showed that no significant effect on the 
serum triglyceride of either the digestion time or the milk types or their interaction. 
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Appendix 10: DRC 16 forms 
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