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Abstract 
Milk, whether maternal or formulated, provides the sole source of nutrition to infants in 

the early stages of life, providing critical micronutrients, support for the immune function 

and primary dietary macronutrients including lipids. In healthy adults, lipids are primarily 

digested in the small intestine. However, for infants, the neonatal small intestine is not 

fully developed after birth, so the gastric environment plays a more significant role in 

milk fat digestion. Clinical studies have shown that maternal milk fat is digested more 

efficiently than lipids in infant formulae in infants under infant gastric conditions. 

Compositional differences, the structure of the oil droplets, and especially the interfacial 

composition may all play a crucial role in influencing lipid digestibility in the infant's 

stomach. In this thesis, the simulated gastric digestion of model emulsions and 

commercial infant formula was studied. The model emulsions comprised either a 

phospholipid or complexed protein-phospholipid interface while keeping all other facets 

of emulsion properties equivalent. Gastric digestion of these emulsions was carried out 

across variable pH conditions using an analogue gastric lipase, alone and in combination 

with pepsin with findings providing insights into the role of each enzyme and their 

combined effect on gastric lipolysis. 

The rate and extent of lipolysis were characterised, along with morphological changes 

to the structure of the oil droplets. Results showed that gastric lipolysis might be 

influenced by pH conditions in the gastric environment when lipase was present alone 

in the simulated gastric fluid. The inclusion of pepsin resulted in significant structural 

changes when emulsions were stabilised with protein, in terms of droplet aggregation, 

size and morphology. However, no significant differences in the extent of lipolysis were 

determined. Thus, while the protein interface of both model and formulated emulsions 

was not observed to be a barrier for gastric lipolysis. Proteolysis of protein stabilised 

emulsions may lead to very different structural outcomes during gastric digestion when 

compared to phospholipid stabilised emulsions. While the research within this thesis 

demonstrates how the gastric environment influences emulsion structure as a 

consequence of interfacial composition, any specific relationship between structure and 

relative rate of gastric lipolysis currently remains undetermined. This research also 

highlights some of the ongoing challenges in the use of in vitro models to provide 

mechanistic understanding and interpretation of findings from clinical studies. 
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Chapter 1 Introduction and key objectives 

Human breast milk is the only ideal food for infants during the early months of life, to 

achieve optimal growth rates, development and health. WHO (World Health 

Organization) recommends exclusive breastfeeding for the first six months (WHO, 

2001), and breastfeeding can continue until two years of age or longer. Human milk 

provides nutritional and breastfeeding also provides non-nutritional benefits for infants. 

It is not only the best food for neonates to achieve optimal growth and development, but 

also is crucial for neonatal health and later stages for life. However, while human breast 

milk plays this essential role in neonatal diet and nutrition, some mothers are not able to 

breastfeed because of disease, discomfort or busy working life. Thus, infant formulae 

have been developed to provide alternative options for infant feeding. 

Lipids, primarily triglycerides, in human milk represent approximately half of the 

energy intake for neonates (Innis, 2004; Manson & Weaver, 1997). Besides the energy 

provided, complex lipids such as gangliosides and phospholipids in the milk globule 

membrane, also play essential roles in infant brain development, immunity, growth and 

development. 

Human breast milk and infant formulae are emulsion systems where lipid droplets are 

dispersed in a continuous aqueous phase comprising proteins, lactose, minerals and 

vitamins as soluble components. When ingested, the milk fat will keep its initial oil in 

water emulsion structure through to the stomach where lipid digestion is initiated. As 

lipid digestion is an interfacial process, the structure of the milk lipid emulsion 

processes. 

Thus, the structure of milk lipid plays a vital role in the process of lipid digestion. The 

structure of milk fat globules and the dynamics of the oil/water interface are influenced 

by the biochemical and biophysical environment in the gastrointestinal (GI) tract, which 

will in turn potentially have related consequences for the rate and efficiency of lipid 

digestion. 

Clinical studies have shown the extent of lipid digestion of human breast milk is greater 

than that of infant formulae (usually based on vegetable oil and bovine milk proteins in 

neonates (Armand, Hamosh, Mehta, & Angelus, 1994; Armand, Hamosh, et al., 1996; 
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Hamosh, 1996). This is a somewhat paradoxical finding given that the droplet size of 

formula milk is typically one order of magnitude smaller than that of maternal milk and 

should provide greater surface area available for the binding of digestive lipase 

enzymes. Thus, the main differences between human breast milk and infant formula do 

not only lie in composition, nutritional or immunity value, but that their structural 

differences are influential to the efficacy of the neonatal digestion process. Notably, 

while formula emulsions typically comprise protein-coated oil droplets, human breast 

milk is secreted from the apocrine cell of the mammary gland. Thus the milk fat globule 

has a unique tri-layer milk fat globule membrane (Keenan & Patton, 1995) 

predominantly made up of phospholipids, which provides a significantly different 

interfacial structure to that of formula milk. 

Some studies have suggested that emulsion structure plays a fundamental part in fat 

digestion in the GI tract (Armand, Borel, et al., 1994a; Armand, Borel, et al., 1996a; 

Armand et al., 1999; Berton et al., 2012; Fave, Coste, & Armand, 2004; Golding, 2014; 

Golding & Wooster, 2010; Golding et al., 2011). Recently, researchers have started to 

realise that the milk fat globule membrane may also play a critical part in facilitating fat 

digestion (Gallier et al., 2013; Gallier, Ye, & Singh, 2012). However, a knowledge gap 

still exists in fully determining the relationship between emulsion structure and fat 

digestion in neonates. 

Moreover, as the development of small intestine in infants is immature, milk fat could 

not be able to digest efficiently in by lipases in the small intestine as adults. Therefore 

lipase in the gastric phase may play a crucial part in the digestion of lipids for infants. 

When milk emulsions are exposed to the biochemical and physical environment in the 

neonatal GI tract, the properties of the oil/water interface may change. This may have a 

decisive impact on enzyme adsorption, rate of lipid digestion and absorption, and even 

later growth and development for infants. 

Therefore, this PhD project aims to investigate how emulsion structure dynamics in 

model emulsions representative of infant milk and infant formula influence the extent of 

lipolysis during simulated gastric digestion and exploring co-dependency of the gastric 

enzymes (protease and lipase). 

Thus, the key research questions and the corresponding research objectives are: 
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Chapter 2 Literature r eview 

2.1 Introduction  

This literature review aims at understanding milk lipid digestion in the neonatal GI tract. 

The gastrointestinal conditions are essential for efficient lipid digestion in infants, and it 

is known that the processes by which infants digest fat differ from those in adults. The 

review will focus on understanding variables in the gastrointestinal tract that influences 

lipid digestion, previous studies from in vitro and in vivo approaches and recent progress 

in emulsion structural changes and its relations to lipid digestion. This information will 

assist in answering the research questions of this project. 

2.2 Neonatal gastrointestinal (GI) tract 

The neonatal diet shifts from predominantly carbohydrates during fetal development to 

include higher amounts of fat after birth. At this stage, milk is the only source of food for 

newborns to provide energy and nutrients for growth and development. Among the 

necessary macronutrients, lipids provide energy and facilitate brain development 

(Hamosh, Iverson, Kirk, & Hamosh, 1994; Martin, Ling, & Blackburn, 2016; Uauy & 

Castillo, 2003). Maternal milk, in particular, contains all necessary macro- and micro-

nutrients, bioactive components and immunological factors that are critical for the 

survival and growth of infants.  

In adults, gastric lipolysis of the triglycerides in foods accounts for about 10-30% of the 

total lipolysis (Armand, Borel, et al., 1994b; Armand, Borel, et al., 1996b; Armand et al., 

1999; Fave et al., 2004) while duodenal lipolysis accounts for 42-45%  (Armand, Borel, 

et al., 1996a). However, in infants, lipid hydrolysis in the gastric phase can reach up to 

40% (Armand, Hamosh, et al., 1994; Armand, Hamosh, et al., 1996; Hamosh, 1979a; 

Roman et al., 2007). Due to the immaturity of the neonatal GI tract, secretion of 

pancreatic digestive enzymes (lipase, trypsin and amylase) and bile salts are generally 

much lower than that of adults (Figure 2.1). Therefore, alternative pathways take on 

increased relevance for milk digestion in infants, which may result in greater reliance on 

gastric lipolysis to achieve effective lipid digestion. 
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2.2.1.3 The secretion of hydrochloric acid 

Studies have shown that immediately after birth, the gastric pH of neonates may be 

alkaline due to ingestion of uterus amniotic fluid. Gastric pH can be influenced by the 

frequency and volume of feeding and the buffering effect of milk. In healthy adults, the 

fasting gastric pH is from 1 to 2, and postprandial gastric pH is usually from 4 to 6. 

However in the neonates, the gastric pH level is relatively higher than that in adults 

(Dressman et al., 1990; Russell et al., 1993) and the secretion of hydrochloric acid (HCl) 

is also much lower, rising to adult level after one year of age (Bourlieu et al., 2014). 

 

Figure 2.4 The fasting and postprandial gastric pH in preterm infants (Armand, Hamosh, et al., 

1996; Cavell, 1983; Mason, 1962; Mitchell, McClure, & Tubman, 2001; Omari & Davidson, 

2003; Roman et al., 2007). The figure was adapted from Bourlieu et al. (Bourlieu et al., 2014). 

Reproduce with permission from Taylor & Francis. 

The changing gastric pH after feeding in preterm infants shows a similar trend as with 

full -term infants (Figures 2.4 and 2.5). For healthy newborns, the pH level can range from 

2.0 to 7.1. During the fasting state, the mean gastric pH value usually stays around 3.5. 

However, after feeding, milk diluted with HCl acts as a buffer, so the pH increases and 

stays at a range between 7.1 and 5.2 for up to 120 min. A pH peak value (6.0-7.0) can be 

detected for about 60 mins after which the pH gradually starts to fall, with the postprandial 
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gastric pH dropping back below 3.0 after four hours of digestion. Another study has 

shown similar gastric pH values in infants ranging from 2.5 to 5.5 (Agunod et al., 1969). 

 

Figure 2.5 The fasting and postprandial pH of the stomach content from 25 healthy full-term 

infants (mean value) (Chatterton, Rasmussen, Heegaard, Sørensen, & Petersen, 2004; Mason, 

1962). Reproduce with permission from Elsevier. 

Consequently, due to the relatively high level of pH in the fasting and postprandial phase, 

the pH in the neonatal stomach seems to always fall outside the optimal pH (2.0) for 

pepsin activity, as opposed to the pH range (2.0-6.0) observed in the adult stomach which 

is more appropriate for human gastric lipase activity. Thus, only minor proteolysis could 

be expected to take place in the neonatal stomach, whereas triglycerides are partially 

digested in the stomach. Thus, gastric lipolysis may play a more critical role in initiating 

lipid digestion and facilitate lipolysis in the later stage in the small intestine. 

2.2.2 Intestinal phase 

1.1.1.1 Pancreatic lipase and bile salts 

After the chyme passes through the stomach and enters into the small intestine, gastric 

lipase may still retain some activity at the duodenal phase (Carriere et al., 1993; Miled et 

al., 2000), thus lipid digestion may take place under the action of both, gastric lipase and 
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pancreatic lipase, in the presence of bile salts. In the intestinal phase, pancreatic lipase is 

the primary lipase, preferentially hydrolysing triglycerides and diglycerides in the digesta 

at the sn-1 and sn-3 positions, producing 2-monoglycerides and free fatty acids. Since the 

digestive tract has been fully developed in children and adults, pancreatic enzymatic 

secretions and biliary secretions are sufficient for full lipid digestion and absorption. 

Human pancreatic lipase (HPL) is active at neutral pH, more precisely in the range of 4.5 

to 7.5 with an optimal activity at around 6.5 (Carriere et al., 1993). During intestinal 

lipolysis, HPL may be inhibited by small-molecule surfactants such as Tween 80 

(Gargouri, Julien, Bois, Verger, & Sarda, 1983). 

 

Figure 2.6 i) Pancreatic lipase could not bind to the emulsion interface by its own. The 

activation of this enzyme needs co-lipase, bile salts and calcium. ii) Binding of co-lipase binds 

to pancreatic lipase. This complex facilitates the exposure of the active sites of pancreatic 

lipase and its adsorption on the oil/water interface. iii) Adsorption of the complex of co-lipase 

and pancreatic lipase can be inhibited by some surfactants. iv)Those surfactants can be 

removed from the interface via an orogenic displacement mechanism by bile salts. v)Micelles 

of bile salt and phospholipid can also remove surface-active lipolysis product from the 

interface for further absorption in the intestinal phase. Diagram was adapted from Golding et 

al. (2010). Reproduce with permission from Elsevier. 

The process of lipid digestion and absorption is shown in Figure 2.6. Bile salts and 

phospholipids secreted by the liver are particularly crucial for lipid digestion in the 

intestine (Bauer, Jakob, & Mosenthin, 2005), as bile salts have amphiphilic properties 

and act as a detergent. They have a planar structure with a steroidal nucleus for 

hydrophobic side, and a few hydroxyl groups and an ionic head forming the hydrophilic 

side (Bauer et al., 2005; McMurry, Hoeger, Ballantine, & Peterson, 2012). Bile salts can 

facilitate lipid digestion through two different mechanisms. Firstly, when the 

concentration of bile salts is above their critical micellar concentration (CMC, 2-4 mM), 

bile salts can displace some surfactants such as Tween 80 which is an inhibitor to HPL, 
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and allow the complex of HPL and co-lipase binding on the oil/water interface (Gargouri 

et al., 1983).  Secondly, when products of lipolysis such as monoglycerides and free fatty 

acids accumulate at the interface, those products can prevent the complex of HPL and co-

lipase from binding onto the oil/water interface (Pafumi et al., 2002). Bile salts can also 

emulsify and incorporate these lipolysis products from the interface into mixed micelles 

and the aqueous phase (Golding & Wooster, 2010; Lentle & Janssen, 2011; Mu & Hoy, 

2004; Porter, Trevaskis, & Charman, 2007). 

As stated earlier, the concentration of digestive enzymes, especially pancreatic lipase, is 

significantly lower in preterm and full-term infants compared to children and adults 

(Lebenthal & Lee, 1980). Also, the secretion of bile salt phospholipids postprandially in 

both neonates and full-term infants is lower than that in adults. Overall the concentrations 

may be insufficient for efficient lipolysis (Table 2.1). Alternative pathways, as mentioned 

in the previous section, such as gastric lipase, and the additional contribution of lipases 

present in maternal milk, such as bile salt stimulated lipase (BSSL), may support lipid 

digestion and absorption. However, the relative value of these contributions is still not 

fully determined. 

1.1.1.1 Bile salt stimulated lipase 

Bile salt stimulated lipase (BSSL) is an external lipase which is considered as one of the 

most important lipolytic enzymes for infant lipid digestion. It is secreted with human 

breast milk from the mammary gland (Hernell & Olivecrona, 1974a, 1974b). BSSL is 

also secreted from the acinar cells of the pancreas in the neonates and the expression in 

fetal tissues is as early as the 6 weeks of gestation (Roudani, Miralles, Margotat, 

Escribano, & Lombardo, 1995). BSSL is a highly glycosylated enzyme with a molecular 

weight of 107,000 Da (Hansson et al., 1993; Landberg et al., 2000). It is a nonspecific 

lipolytic enzyme which hydrolyses not only triglycerides, diglycerides and 

monoglycerides but also cholesteryl esters, phospholipids, lysophospholipids, and 

ceramide (Hui & Howles, 2002). Similar as human gastric lipase, lipolysis by BSSL in 

human milk is considered to have an important contribution to the total lipid digestion in 

the neonates (Bernback, Blackberg, & Hernell, 1990; Roman et al., 2007). BSSL cannot 

hydrolyse lipids from human milk fat globule alone, and it remains stable (cannot be 

hydrolysed by pepsin) and inactive within the pH range of the neonatal gastric 

environment (Armand, Hamosh, et al., 1996; Bourlieu et al., 2014). It does not hydrolyse 
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phosphatidylserine (PS) and phosphatidylinositol (PI) and it is surrounded by Lo phase 

domains enriched of sphingomyelin (SM) and cholesterol. In the (SM-rich) L0 domain, 

this phase could be symmetrically orientated across the two leaflets of the MFGM bi-

layer, or asymmetrically placed in the outer layer of the bi-layer. Cholesterol could fill 

the space between the polar head groups (phosphocholine and ceramide, or 

phosphoethanolamine) of SM locally increasing the thickness of MFGM. The 

glycoproteins and glycolipids are randomly distributed in the external surface of MFGM. 

 

Figure 2.7 A model structure of the human MFGM. The schematic presentation showed the tri-

layer of the MFGM, with the polar lipid backbone and the lateral view of the plane of bi-layer 

organisation consisted of phase-separated Lo domain (rich in sphingomyelin) and Ld domain 

(glycerophospholipids) with proteins bound to the periphery of the Ld domain. Adapted from 

Lopez et al. (2011). 

This particular structure of MFGM at the interface stabilises the milk fat during the short 

period of expression to digestion. The structure composed of phospholipids and a group 
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of glycoprotein filaments in the outer layer of MFGM may facilitate sufficient digestive 

lipase binding and adsorption to achieve hydrolysis of the triglycerides core and lipid 

absorption (Hamosh et al., 1999; Jensen, Ferris, & Lammi-Keefe, 1992; Lopez & Menard, 

2011). 

2.3.2.2 Infant formulae 

The structure of the oil droplets in infant formulae depends on the ingredients in milk , i.e. 

proteins, fat and carbohydrate content, and the composition of the interface and the 

processing methods. Also, the interface relies on the presence of surface-active 

ingredients in the formulation, mainly proteins and phospholipids, which will  partition 

across the oil/water interface depending upon the degree of hydrophobicity and the 

distribution of polar groups. A schematic presentation of the oil droplet in infant formula 

based on this description is shown in Figure 2.8. 

 

Figure 2.8 An assumed structure of infant formula oil droplet depends on ingredients and 

process. 

Adsorption of proteins and emulsifiers provides a physical barrier for oil droplets and 

particularly proteins prevent them from coalescence, still providing enough interface for 

lipase binding and action.  However, the interfacial composition may vary depending on 

the competition between milk proteins and the more surface-active emulsifiers like 

monoglycerides and phospholipids at the interface of fat droplets in infant formula 

(McSweeney, Healy, & Mulvihill, 2008; Wilde, Mackie, Husband, Gunning, & Morris, 

2004). Lipase has a different affinity for different interfacial layers. Thus the interfacial 

composition and characteristics of the emulsion droplet are very likely to influence the 

adsorption and activity of digestive lipase (Hur, Decker, & McClements, 2009). 
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For both human milk and infant formulae, the stability and properties of the interface of 

the fat globules are influenced by the physiochemical environment of the GI tract. The 

conditions may change when digestion processes, and therefore, the rate of lipolysis may 

change accordingly. 

2.3.2.3 Droplet sizes in human breast milk and infant formulae 

The average size of human breast milk fat globule is shown in Figure 2.9. The volume 

surface-weighted mean diameter (d32) ranges from 1.5 to 2.1 µm where the volume 

moment-weighted mean (d43) ranges from 2.5 to 4.6 µm depending on the milk source 

(Huppertz & Kelly, 2006). The oil droplet size in infant formulae is much smaller, always 

below 1 µm for d32 values (Table 2.5). The size distribution of two infant formulas is 

shown in Figure 2.9. 

Table 2.2 A comparison of the droplet properties of fat globules from different infant milk 

sources. 

Parameters Mature human milk*  Infant formula  

d32 (µm) 
3.5 ± 0.1a; 
4.0 ± 0.3b 

0.3 ± 0.0a; 
0.8 - 1.1c 

d43 (µm) 
4.4 ± 0.2a; 
5.2 ± 0.4b 

2.0 ± 0.9a 

Surface (dm2/mL) 6.7 ± 0.3d 
64 ± 9a; 

20c 

Specific surface area (m2/g) 1.9±0.1a; 1.4±0.1a 
22.1±1.7a; 
5.2~7.2c 

Natural surface charge 
(mV) 

-20e -33 - -38e 

This table was adapted from Michalski et al. (Michalski, Briard, Michel, Tasson, & Poulain, 2005). 

Reproduce with permission from Elsevier. 

*Sampled from 5 mothers (Lueamsaisuk, 2015). 
aData collected from Michalski (Michalski et al., 2005). 
bData collected from Rüegg (Rüegg & Blanc, 1981). 
cData collected from Simonin (Simonin, Rüegg, & Sidiropoulos, 1984). 
dThe fat content in mature human milk was considered as 35 g/L. 
eData from Lueamsaisuk (Lueamsaisuk, 2015) 
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Figure 2.9 Droplet size distribution of several milk samples, including maternal milk and some 

infant formulae (Lueamsaisuk, 2015). Reproduce with permission from Lueamsaisuk. 

Due to the high-pressure homogenization during the production of infant formula, the oil 

droplets always present a smaller droplet size and consequently larger surface area (64±9 

dm2/mL) than in human milk (6.7±0.3 dm2/mL). Hypothetically, lipid components in 

infant formulae would be more efficiently digested than in human milk if digestion was 

only dependent upon the surface area available for lipase binding. However, it has been 

shown that the oil droplets in human milk are digested more rapidly than in infant formula 

(Armand, Hamosh, et al., 1996). This is most likely due to the different membrane 

structure in the fat globule of human milk compared to infant formulae, with the latter 

presenting a protein layer at the oil/water interface which may be bound to affect the 

action of lipase. 

2.3.3 The composition of human milk and infant formulae 

Human milk provides essential nutrients and growth factors for infants. Infant formula as 

a supplement or replacement for human milk, therefore, needs to provide equivalent 

nutritional value to that of human milk. Production of milk, either via secretion from the 

mammary glands or through the processing of the infant formula invariably leads to 

differences between the two types of milk, not only in composition, nutritional value and 

immune functions but also in oil droplet size and globule structure.  These differences are 

believed to play an essential part in lipid digestion, growth and development of infants. 
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A comparison between the main nutrient components of human milk and infant formula 

is shown in Table 2.3. 

Table 2.3 The Composition of human milk and infant formula in the percentage of the total 

components. Reproduce with permission from Elsevier. 

Components Human milk  (%) Infant formula  (%) 

Protein 1.0 1.5 

Whey/Casein 70/30 60/40 

Fat 3.8 3.8 

Lactose 7.0 7.2 

Total solids 12.0 13.0 

Ash 0.2 0.3 

This table was adapted from Guo et al. (2013). 

Lipids contribute about 4% of the human milk volume (Jensen, 1996). Of these, 

triglycerides make up for about 98%, with phospholipids accounting for 0.7%, cholesterol 

for 0.5% and with the presentation of a small amount of lipolytic products (Koletzko et 

al., 2001). The lipid content of human milk varies to some extent between individuals and 

with diet, as does protein and lactose, though to a lesser extent. Other carbohydrates in 

human milk such as oligosaccharides are significant micronutrients that usually consist 

of approximately 1 g/100 mL depending on the stage of lactation and other factors 

(Ballard & Morrow, 2013). Lipid composition in infant formula is relatively invariant 

although there are some differences between manufactures. The lipids in infant formula 

also consist mainly of triglycerides, some phospholipids, lecithins and small quantities of 

monoglycerides as emulsifiers to stabilise the emulsion and as wetting agents for power 

formulations. 

The profile of the primary fatty acids in triglycerides in human milk differs from that of 

infant formula (Table 2.4). In human milk, saturated fatty acids account for a significant 

part of the total fatty acids in the triglycerides, with palmitic acid accounting for a large 

part of the saturated fatty acids. The mono-unsaturated fatty acids, such as oleic acid (18:1) 

and polyunsaturated fatty acids such as linoleic acid (18:2) constitute the highest 

proportion of the unsaturated fatty acids. The amount of long-chain polyunsaturated fatty 

acids such as docosahexaenoic (DHA, 22:6n-3) and arachidonic acid (ARA, 20:4n-6) 
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lipase and bile salts in the neonates suggests that lipid digestion in the gastric phase may 

be more critical than in the small intestine. However, only a few in vitro models have 

considered gastric lipid digestion (Ménard et al., 2014; Ménard, Picque, & Dupont, 2015). 

Besides, the BSSL in human milk may also play an essential role in neonatal lipid 

digestion. However, the role of BSSL in the neonatal lipid digestion has only been 

included in several in vitro models (Bernback et al., 1990; Chen, Bläckberg, Nilsson, 

Sternby, & Hernell, 1994) and those models hardly have adequate physiological 

relevance. Although in vitro models always have limitations as such, studies still need the 

in vitro approach to understand digestion in the GI tract for their lower cost compared to 

human trials and convenience to conduct experiments. 

In considering gastric digestion, food introduced to the stomach is influenced by several 

biophysical and biochemical conditions, such as the mechanical forces, the dynamic pH 

levels, and the production of digestive enzymes and salts. For in vitro analysis, any 

parameters are usually chosen for the model and can additionally be tailored to answer 

specific digestive questions. The following parts will give more details on the simulation 

of gastric digestion, and the appropriate selection and application of the varying 

parameters. 

2.4.1 pH level 

The pH profile for infant gastric digestion is markedly different from that in adults 

(mentioned in Chapter 2.2.1). Though it is possible to simulate the dynamic profile of the 

changing pH during gastric digestion, the results are challenging to interpret for that it is 

difficult to know what stage it stands for the entire process of digestion. Therefore most 

of the static in vitro models have selected fixed pH levels which are representative of the 

gastric environment at different phases, for example, at fasting or postprandial phase 

(Gallier et al., 2012; Golding et al., 2011; Lueamsaisuk, Lentle, MacGibbon, Matia-

Merino, & Golding, 2014). The advantage of a fixed pH level for in vitro tests is that it is 

relatively easy to study the influences from other parameters. However, it only provides 

physiological relevance for a specific window of digestion. The main problem arises from 

the fact that most of the studies use their own in vitro models, making the results very 

difficult to compare with each other. 
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Some semi-dynamic or dynamic models have been developed to simulate the secretion 

of gastric content and the dynamic pH profile by gradually adding hydrochloric acid into 

the system which follows a predetermined curve relevant to physiological conditions 

(Guerra et al., 2012; Kong & Singh, 2010; Minekus, 2015). A dynamic model that 

simulates infant digestion has been recently developed with adjustment of parameters 

considering physiological aspects of the GI tract in infant (Ménard et al., 2014). The 

volume adjustment in this study through acid addition can dilute the mixture, and 

therefore influencing sampling. For the development of infant gastric in vitro models, the 

pH profile is largely affected by the buffering effect of the ingested milk and the 

frequency of feeding. This, in return, influences the concentration and activity of the 

digestive enzymes. 

2.4.2 Digestive enzymes used in in vitro digestive systems 

Enzymes used in in vitro models for human digestion are usually selected from animals 

or microbial sources, rather than using the extracts from the stomach or small intestine 

from human subjects due to their costs, accessibility and the challenges of standardising 

the extracted materials. Human gastric pepsin and lipase are the main digestive enzymes 

that would need to be used in gastric in vitro studies. Human gastric pepsin shows optimal 

activity at pH 2. It is stable in the acidic gastric environment until pH reaches 6, where 

the activity starts to drop off. In vitro studies usually use porcine pepsin because of its 

low cost and commercial availability . The optimal pH range for the activity of this porcine 

pepsin is from 1.5 to 2.5, which is close to that of human gastric pepsin. Porcine pepsin 

is widely used as a substitute for human gastric pepsin. They are commercially available 

and relatively more stable than human pepsin with known activity. A variety of pepsin 

concentrations from 0.4 mg/mL to 5 mg/mL with activity from 800 to 2500 U/mg have 

been used in previous studies (Gallier et al., 2012; Golding et al., 2011; Minekus et al., 

2014; Ruby et al., 1993; Sarkar, Goh, & Singh, 2009; C. Versantvoort & Rompelberg, 

2004; C. H. Versantvoort, Oomen, Van de Kamp, Rompelberg, & Sips, 2005). 

The use of gastric lipase in the in vitro models is very challenging. Some early in vitro 

studies omitted gastric lipase entirely, while others usually applied lipases from 

uncommonly-used sources rather than from porcine or human subjects (Golding et al., 

2011; Hur, Lim, Decker, & McClements, 2011; Lueamsaisuk et al., 2014). In terms of 

finding appropriate analogues for human gastric lipase with similar optimal pH range and 
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2000). Its optimum deviates from that of human gastric lipase (pH 3.0-6.0) (Hamosh et 

al., 1981; Roussel et al., 1999; Ville et al., 2002). Since after ingestion, gastric pH in 

infants is relative higher (5.2 to 7.1) than that in adults (where pH stays from 3.5 to 5.0), 

both fungal lipase and porcine pepsin may not achieve their optimal performance for in 

vitro tests under such pH range. Some studies have proposed that the optimal pH range 

may not reflect the local pKa in the vicinity of the active site of lipases with lid domains 

(Poulsen et al., 2005). For human gastric lipase, the lid domain of lipase needs to be 

shifted to expose its active site to the oil/water interface (Miled et al., 2003). Therefore, 

the pH at which the lid is activated between human gastric lipase and its alternatives also 

needs to be considered in simulated gastric digestive models. 

Table 2.6 A comparison between adult and infant simulated gastric systems. 

Parameters Infant  Adult  

Meal : Simulated Gastric Fluid (v:v) 63:37 1:1 

Pepsin 
1250 U/mL 

Flow: 0.25 mL/min 
2,000 U/mL 

Lipase from rabbit or dog gastric extract 
60 U/mL 

Flow: 0.25 mL/min 
60 U/mL 

Incubation time (min) t1/2
a = 70 120 

pH -0.011*tb + 5.4 3 

Temperature (ºC) 37 37 

Data in this table was from Ménard et al. (2018), Ménard et al. (2014), Minekus et al. (2014), Brodkorb 
et al. (2019). 
at is the time after ingestion, min. 
bt1/2 is the half time of delivery. 

A comparison of adult and infant simulated gastric model is shown in Table 2.6. The 

infant model refers to an in vitro dynamic system proposed by Ménard et al. (2014).   The 

adult model was a static system based on a standard method that uses enzymes from the 

same sources and at fixed concentrations. The gastric pH of the infant model has a 

dynamic pH profile and was much higher than that of the adult in general. In the digestion 

protocol proposed by the INFOGEST network (http://www.cost-infogest.eu) involving 

multidisciplinary experts from more than 35 countries was proposed in 2014 (Minekus et 

al., 2014), lipid digestion in the gastric phase was considered to have a minor influence 

on adult lipid digestion (as opposed to the greater role in infant digestion), therefore usage 

of gastric lipase in this static in vitro model has not been recommended. An update of this 

http://www.cost-infogest.eu/
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protocol was published in 2019 by Brodkorb et al. (2019) has added a recommendation 

for involving gastric lipase in the static model together with the limitations of using 

gastric lipase. This method has also proposed one constant pH level (pH 3) for digestion 

as a basic suggestion. Since the gastric phase has a changing pH profile from fasting to 

the postprandial stage, it may only provide information for gastric digestion at a certain 

stage.  Furthermore, for both infant and adult model, there was not a recommended shear 

rate for in vitro digestion tests in the gastric phase, the deficiency of information on the 

shearing force may reduce physiological relevance of the model and add difficulties in 

understanding the effect of mechanical forces on the structure of lipid emulsions. 

2.4.3 Physical forces 

Replicating the mechanical environment in the stomach is also a critical consideration in 

developing physiologically relevant in vitro models. A series of contractions in the 

stomach assists in breaking down food components, mixing food with gastric juice and 

emptying gastric content (Johnson, 2014; D. J. McClements, Decker, & Park, 2009; 

Schulze, 2006; Schwizer, Steingoetter, & Fox, 2006). Contractions from the antrum and 

pylorus generate shearing forces to assist in the process of food mixing and breaking 

down. Studies by Lentle et al. (Lentle & Janssen, 2011; Lentle, Janssen, Goh, Chambers, 

& Hulls, 2010) have observed a maximum shear rate of approximately 0.7 s-1 in the 

gastric phase, as estimated from an ex vivo rat stomach, while the velocity of the gastric 

retropulsive jet has been calculated to be approximately 7.5 mm/s, based on the 

observations from human gastric models (Pal et al., 2004; Schulze, 2006). However, 

many in vitro models use a stirring rate of 100 rpm (or even higher) which generates much 

higher shear rates than 0.7 s-1. While this may ensure good mixing of samples, these shear 

rates are significantly higher than those was present in the physiological conditions of the 

human stomach. The application of elevated shear rates may be particularly problematic 

as it induces structural changes to ingested food that would not be expected to occur with 

low shearing forces applied for the digestive environment. This is particularly an issue 

for static models, where the common use of magnetic stirrers always provides a shear rate 

far above the physiological low shear rate due to their speed limitations. 
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2.4.4 Use of in vitro models 

The growing interest in the digestion process of foods has led to the development of many 

in vitro models capable of simulating digestion in the human GI tract. Static models are 

the most widely used approach not only for food materials but also for drug development. 

Static models usually have fixed parameters such as enzyme concentration, pH level, and 

ionic strength, and reactions take place in a thermostatically controlled vessel. Static 

models have been shown as a convenient means of investigating the influences of gastric 

conditions on lipid digestion separately (Golding et al., 2011; Lueamsaisuk et al., 2014; 

Minekus et al., 2014). However, the variability between model design and development 

of methods used to analyse the digestate has presented challenges in providing consistent 

information to prove their relevance to human physiology. An example of this particular 

concern is the determination of the extent of lipolysis during simulated lipid digestion, 

which is one of the most important links in understanding lipid digestion. Over the past 

few decades, the pH-stat method has been frequently used as an assay for lipolysis 

(Helbig, Silletti, Timmerman, Hamer, & Gruppen, 2012; Li, Hu, & McClements, 2011; 

D. J. McClements & Li, 2010; Mun, Decker, Park, Weiss, & McClements, 2006). The 

pH-stat method measures the amount of lipolysis product by titrating the liberated FFA 

with NaOH while keeping pH at a constant level (usually at pH 7). However, this titration 

method is more suitable for determining the degree of lipolysis under neutral small 

intestinal conditions rather than under acidic gastric conditions, as the pH endpoint of the 

digestate needs to be higher than the pKa of liberated fatty acids. Detection of the protons 

released from lipolysis requires ionisation of the liberated free fatty acids. Since pKa of 

these free fatty acids varies from 4.7 to 4.9 (D. J. McClements & Li, 2010), they are only 

in the ionised form at the neutral intestinal pH (5.8-6.8), where sodium hydroxide (NaOH) 

can neutralise the released protons and keep the pH level constant to the initial one. 

Sometimes digestion of lipids also involves breaking down of proteins. If proteolysis is 

taking place simultaneously, the generation of amino acids could also influence the 

accuracy of the method. This method also does not allow measurement of other lipolytic 

products such as mono- and di-glycerides. These surface-active compounds may change 

the properties of oil/water interface and in consequence, have an impact on the rate of 

lipolysis. Other methods such as gas chromatography (GC) and thin-layer 

chromatography (TLC) can be applied in combination with static models to determine 
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the types and quantities of the lipolytic products more precisely. Such measurements need 

to be made over the course of the digestion period. Thus, the combined method using pH-

stat and GC/TLC, or comparison between different methods may provide more powerful 

results than using the pH-stat alone. 

While static models are most commonly used to simulate digestion, many dynamic 

models have also been developed to monitor digestion in a simulated way, with 

considerations of stomach emptying, dynamic gastric pH profile and constant enzyme 

secretion (Ménard et al., 2014; Minekus, 2015). 

2.4.5 Validation of in vitro models 
Studies based on human clinical trials have allowed correlations to link between 

properties of emulsions and gastric function, plasma triglycerides concentration, hormone 

respond for satiety and food intake (Keogh et al., 2011; Marciani et al., 2009; Marciani 

et al., 2007; Oosting et al., 2014; Steingoetter et al., 2015), which validate the in vitro 

models used in many studies. Studying digestion through human models has always 

brought ethical issues and increased costs. This is particularly true for studies associated 

with infant digestion. Experiments conducted among premature infants may provide a 

pathway for in vivo investigation since they fed on naso- or orogastric tube, which 

facilitates data collecting (Armand, Hamosh, et al., 1996). However, in vivo studies 

conducted in healthy infants can be more challenging (Abrahamse et al., 2012). This is 

not only from an ethical perspective, other considerations, such as the rapidly changing 

digestive physiology of infants during the early stages of growth, means that human 

studies using infants can be challenging to implement. Therefore, animals are also 

commonly used in lipid digestion studies, particularly when considering neonatal 

digestion, with several options available, such as mini-pigs, rats, dogs and rabbits 

(Capolino et al., 2011; Gallier & Singh, 2012; Goncharova et al., 2014; Iverson, Kirk, 

Hamosh, & Newsome, 1991). However, digestion in the animals differs significantly 

from that of human, which means the results obtained and conclusions drawn from the 

animal models may not be valid in humans. Developing proper methods for in vivo and 

in vitro correlations will provide robust findings for us to understand the real physiology 

of digestion in the GI tract. 
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Figure 2.10 A and B transmission electron microscope images of fat globules in the chyme 

collected from rats 180 min after gavaging raw bovine cream, scale bar = 2,000 nm (A) and 

10,000 nm (B), images adapted from Gallier et al. (2013). Reproduce with permission from 

Elsevier. C, a phase-contract image of milk fat globule in gastric chyme of a 10-day-old suckling 

rat, magnification: ×10,000, image adapted from Berendsen & Blanchette-Mackie (1979). 

Reproduce with permission from John Wiley and Sons. 

 
Figure 2.11 A Confocal laser scanning microscope image under DIC (differential interference 

contrast) mode of milk fat globules in the chyme collected from rats 180 min after gavaging 

raw bovine cream, scare bar = 25 µm, image adapted from Gallier et al. (2013). Reproduce 

with permission from Elsevier. B, Scanning electron image of artificial emulsion droplets 

hydrolysed by human gastric lipase, magnification: × 5,400, image adapted from Pafumi et al. 

(2002). Arrows indicate protrusions on the membrane surface. Reproduce with permission 

from American Soc for Biochemistry & Molecular Biology. 

As fat is majorly digested in the small intestine, studies on gastric lipolysis are very 

limited. As found for protein-stabilised globules, the gastric lipolysis of the MFGM 

stabilised globules strongly related to proteolysis in both in vitro and in vivo studies. 
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Chapter 3 Materials and methods 

3.1 Materials 

Bovine blood haemoglobin H2500 was purchased from Sigma-Aldrich Pty Ltd., St. 

Louis, MO, USA. 

Bovine lactoferrin powder was provided by the Fonterra Research and Development 

Centre, Palmerston North, New Zealand (made in December 2015). This powder 

contained 93.98% of lactoferrin, with 0.65% of ash, 1.09% of moisture and 0.014 % of 

iron content (14 mg Fe/100g powder, 10.9% of iron saturation). 

Fungal lipase derived from a selected strain of Rhizopus oryzae was chosen as an 

alternative for human gastric lipase. Fungal lipase 8000 is purchased from Connell 

Brothers Company Australia Pty Ltd., Australia. This fungal lipase was derived from a 

selected strain of Rhizopus oryzae (ATCC 1996) with an activity of 80 LU/mg. It was a 

food-grade lipase and was classified as triacylglycerol acylhydrolase (EC 3.1.1.3). Fungal 

lipase 8000 primarily hydrolysed triglycerides at sn-1 and sn-3 positions, producing short, 

medium and long-chain fatty acids, di- and mono-glycerides. It was active and stable over 

a wide pH range from 4.5 to 8.5 and with optimal performance at pH 7. This fungal lipase 

was active at a temperature up to 45 ºC with an optimal temperature at 35 to 40 ºC. 

Intralipid ® was a commercial soya bean oil in water emulsion stabilised by 

phospholipids from egg lecithin intended for intravenous use (purchased from Fresenius 

Kabi Australia Pty Limited, NSW Australia). This product contained 20% of soybean oil, 

0.12% egg lecithin and 0.22% glycerol. The main phospholipid components in egg 

lecithin are phosphatidylcholine (PC, 80.5%) and phosphatidylethanolamine (PE, 11.7%). 

Minor components also include lysophosphatidylcholine (LPC), sphingomyelin (SM), 

and neutral lipids (Palacios & Wang, 2005). The pH has been adjusted to 6.0-9.0 by 

hydrochloric acid (HCl). The osmolality was 350 mosmol/L. Oil in the diluted Intralipid 

emulsion was stabilised by egg lecithin containing phosphatidylcholine (PC), 

phosphatidylethanolamine (PE) and sphingomyelin (SM). The head groups of these 

phospholipids show no charge at pH 3.5. Thus, the negative surface charge is reflected in 

the phosphate group. 
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amount of 450 mg of dry powdered porcine pepsin (800 - 2500 units/mg protein) and 20 

mg of dry powdered Rhizopus oryzea lipase (80 U/mg) was first hydrated with a small 

amount of Milli-Q water (usually 5 to 10 times of the enzymes own weight) and added to 

the SGF (details in the following section). 

A schematic of this process is shown in Figure 3.1. 

 
Figure 3.1 A scheme of in vitro digestion set-up. 

3.2.2 Pepsin assay 

The pepsin assay method was modified from Minekus et al. (2014). Pepsin powder was 

brought to room temperature and 100 mg of pepsin were weighed accurately into a tube. 

A pepsin stock solution 10 mg/mL was made by adding a 0.15 M NaCl solution (prepared 

with Milli -Q water), and the pH was adjusted to 6.5 with 0.1 M NaOH. An aliquot of 50 

µL pepsin stock solution was diluted (1:20) by adding 950 µL of Milli -Q water and stored 

on ice. A haemoglobin stock solution was made by adding 0.5 g bovine blood 

haemoglobin to 20 mL Milli -Q water followed by 5 mL 0.3 M HCl in order to achieve 

pH 2. 

In order to generate the reaction curve, an amount of 12×2 mL Eppendorf tubes with 500 

µL haemoglobin stock solution in each tube were prepared. A 100 µL of diluted pepsin 

was added to each six of them and were incubated in a shaking water bath set at 37 °C 

for 0, 2, 4, 6, 8, 10 min. An amount of 1 mL of 5% w/v TCA (tricyclic antidepressant) 

was added in each tube to stop the reaction. The other six tubes were marked as blank 
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and imaged with a transmitted electron microscope FEI Tecnai G2 Spirit BioTWIN (FEI 

Company, Czech Republic) with a camera Veleta (Olympus SIS, Germany). Samples 

were analysed in duplicate. This method was a standardised method for analysing milk-

like samples for TEM analysis in Manawatu Microscopy & Imaging Centre, Palmerston 

North, New Zealand. 

3.2.7 Statistical analysis 

Every experiment was triplicated. The results from GC were analysed using IBM SPSS 

Statistics 25.0 (IBM, Armonk, New York, United States) and SigmaPlot 14.0 (Systat 

Software Inc, San Jose, CA, United States). 
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Chapter 4 Using 1H NMR for lipolysis analysis 

4.1 Introduction  

Monitoring the process of lipolysis is of great importance in studying the dynamics of 

lipid digestion. Studies in the past few decades have used a variety of different methods 

to quantify lipolytic products from lipid digestion. As discussed in the literature review, 

chromatographic methods, such as HPLC and GC, and titration methods such as the pH-

stat method are widely used for direct or indirect quantification of free fatty acids 

generated from lipolysis. However, the disadvantages of those methods are also evident. 

For GC method, the standard FAME analysis requires chemical modification of lipolytic 

products and is always time-consuming (Brenna, 2013; Helbig et al., 2012; Rueda et al., 

2014; Zhu et al., 2013). For the pH-stat method, this tends to be more suitable for 

digestion under neutral pH, and is, therefore, more widely used in studying lipid digestion 

in the small intestine rather than in the gastric phase (Helbig et al., 2012). Additionally, 

the titration method may not give reliable results when conducting digestion in a complex 

simulated digestive system rather than simple ones (Hur et al., 2009), particularly due to 

buffering effects from compositions containing appreciable amounts of protein. Some 

more recent studies have shown that 1H NMR (Proton Nuclear Magnetic Resonance) 

spectroscopy may be a promising new method for analysing lipolysis in the complex lipid 

matrix or the lipid digestate (Nieva-Echevarría, Goicoechea, Manzanos, & Guillén, 2014; 

Nieva-Echevarría, Goicoechea, Manzanos, & Guillén, 2015). The 1H NMR method was 

reported to be less time consuming and did not require chemical alteration of the lipolytic 

products generated from lipid digestion. However, it still required sampling at specific 

time points and lipid extraction before conducting 1H NMR analysis. 

In order to find a methodology to quantify the generation of free fatty acids during gastric 

lipolysis either in-situ or dynamically, and without terminating the reaction, we explored 

the possibility of adapting 1H NMR spectroscopy to monitor the dynamics of lipid 

digestion in a simulated gastric environment. This chapter provides an overview of 

methodology development using this approach and some initial findings, along with a 

discussion of the challenges of applying this approach and some recommendations for 

future development. 
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Because DSS is used as an external reference which was different from the digestate 

samples during tests, the signal from DSS was integrated and cross-referenced to the test 

ones. When the concentration of free fatty acids is estimated from the reference, the 

changing of the concentration is proportional to that of the peak area. As lipolysis 

progresses, the concentration of the generated free fatty acids at different time points 

could be estimated accordingly. 

Data from 1H NMR was processed by MestReNova Version 9.1 (Mestrelab Research S.L., 

Spain). 

4.3 Results 

Before using the modified microtube with a flat bottom, as described in the methods, a 

conventional 1H NMR tube with a round bottom was initially tested. Since during 

digestion, the destabilised emulsion droplets creamed to the top of the digestate in the 

tube, the liquid/air interface, in this case, stayed out of the detection coil. This 

phenomenon can affect the quality of the spectra, leading to a signal loss of the free fatty 

acid, for that the density difference between liquid and air can influence the magnetic 

field. Then the D2O matched symmetrical microtube with flat bottom was used then to 

keep the creaming-up oil layer within the NMR coil to prevent the signal loss. 

In order to involve an internal standard fatty acid in the simulated dynamic digestion, 

oleic acid (10 mM) was used in the digestate at neutral pH, 37 ºC for testing. The addition 

in neither Intralipid nor artificial emulsion digestate showed a significant difference in 

the fatty acid peak on the spectrum at 3.18 ppm. Phase separation could be observed in 

the digestate before and after the tests. 

The 1H NMR analysis of samples was repeated twice and showed good repeatability. A 

unique proton peak of fatty acids appeared on the spectrum at 3.18 ppm when the initial 

pH of the digestate was 3.5 with the water signal being suppressed (Figure 4.2). A 

magnified view of the proton peaks of the liberated fatty acid during 85 min of digestion 

showed that the signal intensity (area under the peak) of free fatty acids increased along 

with time, indicating that the concentration of FFA liberated during lipolysis was 

progressively increasing (Figure 4.2). 
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Figure 4.2 A 1H NMR spectrum for Intralipid digested with lipase alone at pH 3.5 with a 

magnified view of free fatty acids liberated in 85 min. 

In both repeated 1H NMR tests, there was found to be a linear relationship between the 

concentration of total fatty acids in the digestate and reaction time (Figure 4.3). Linear 

regression applied to the data showed that the values of the slope were 1.337×10-5 and 

1.456×10-5 respectively, reflecting that the reaction rates of the two tests were close. The 

values of the coefficient of determination (R2) of the two regression lines were both close 

to 1, which showed excellent linearity of time to FFA concentration (Table 4.1). Tailing 

in the first 10 min was due to sample preparation in the flat tube. However, the intercept 

values of the two regression lines were different, although both tests were repeated at the 

same digestion conditions. This may due to two reasons, 1) there were already an amount 

of free fatty acids in the digestate originated from the diluted Intralipid before the 

initiation of digestion; 2) due to experimental operation, those two tests were not able to 

start simultaneously. Thus, the lipolytic reaction already commenced before the recording 

of the analysis. 
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Figure 4.3 Two repeated lipolysis tests in 1H NMR using a D2O matched symmetrical microtube. 

The total fatty acid esters in triglycerides in the initial digestate (not including non-

hydrolysed fatty acids presented in the initial digestate) were estimated to be 33.6 to 34.2 

mM. After 85 min of digestion, the concentration of the total free fatty acids released 

from lipolysis in both tests was close to 0.1 mM. Thus, the extent of lipolysis was 

approximate to 0.3% for lipid digestion at pH 3.5 after 85 min. Clearly, the extent of 

lipolysis was quite low, which may suggest that the amount of triglyceride substrate may 

become far excess to that of fungal lipase. Therefore, repeated analysis is still needed in 

future statistical analysis. 

Table 4.1 Coefficients of the linear regression of two 1H NMR tests using a D2O matched 

symmetrical microtube. 

Test No. b SEM (b) a SEM (a) R2 

T1 1.377×10-5 5.343×10-7 2.338×10-2 1.557×10-3 0.978 

T2 1.456×10-5 2.603×10-7 30187×10-2 7.117×10-4 0.996 

a, intercept of the regression lines. 

SEM (a), standard error of the mean of a. 

b, the slope of regression lines, unit mM/s. 

SEM (b), standard error of the mean of b. 

R2, coefficient of determination. 
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The dynamic measurement of FFA yield by 1H NMR is a promising method in 

determining the rate of gastric lipolysis in an in vitro system, as well as enabling analysis 

in small volumes where availability of enzymes may be limited. However, the volume 

limitation of the NMR analysis may itself skew digestion behaviour. Digestion tests for 

the determination of lipolytic rate conducted in NMR were different from the simulated 

gastric system in the previous studies. Due to the difference in the volume range of the 

two in vitro systems, the rate of the reaction determined by 1H NMR analysis may not 

represent the rate of lipolysis in the simulated gastric system. Therefore, future work will 

need to combine GC method with 1H NMR to find the correlation of the two in vitro 

systems. 

4.4 Discussion 

1H NMR has previously been reported to be an appropriate analytical method for 

measuring the rate of lipolysis. Madden et al. (1993) used 1H NMR to relate methylene 

peak area to the triglycerides combined with a biochemical assay to quantify triglyceride 

lipolysis in triacylglycerol metabolism in the rat heart. Nieva-Echevarría et al. 

(2014)proposed using 1H-NMR spectra to quantify triglycerides, partially glycerol and 

free fatty acids from the matrix of the complex lipid system. More recently, Lolli et al. 

(2018) used similar 1H NMR spectra method as in the study from Nieva-Echevarria et al. 

(2014) and combined with gas chromatography-mass spectrometry (GC-MS) to quantify 

cyclopropane fatty acids in Grana Padano cheese.  13C and 31P NMR have also been used 

to study mono-, di-glycerides and fatty acids in some studies (Gusntone, 1991; Ng, 2000; 

Spyros & Dais, 2000; Vlahov, 1996). Those studies provide valuable information for 

quantification of lipolysis in the gastric digestion. However, these tests were all conducted 

in the isolated oil phase or using extractions in the organic solvents. None of the studies 

reviewed has determined emulsion lipolysis dynamically as part of an in vitro system, nor 

has research been undertaken to analyse digesta from human subjects. 

In this study, we wanted to obtain the signal change of the -COOH group from when free 

fatty acids were generated from the hydrolysis of triglycerides under dynamic conditions. 

The proton changes of the -OH group of glycerol in the aqueous phase was considered to 

be able to be minimised at the beginning of the study. However, the results later proved 

that this proton exchange was significant and could not be neglected. 
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The use of oleic acid as an internal standard for the design of dynamic gastric digestion 

tests was proven to be inappropriate as the addition of oleic acid could not blend well 

with the initial digestate. The phase separation made it difficult for the detective coil in 

1H NMR to capture the correct signal and it was assumed the major cause of this issue. 

In addition, the stickiness of oleic acid has made the installation of the plunger impossible 

to avoid involving air bubbles in the sample. This as well deteriorated the accuracy of 

data gathering. 

As suggested by some of the studies (Nieva-Echevarría et al., 2014; Nieva-Echevarría et 

al., 2015), monitoring the signal changes of the -CH2 group next to the glycerol backbone 

of the triglycerides might give better quantification of the lipolytic products as well as the 

extent of lipolysis. However, the use of appropriate standard compounds and the 

development of a calibration curve would still need to investigate in the future. 

One of the major hurdles in our study was the accurate quantification of the lipolytic 

products while enzymes were still reacting in the system. The objective of the study was 

to measure the dynamics of simulated gastric digestion in the 1H NMR unit in real-time. 

This required the lipolytic products to be analysed in the mixture of digestate rather than 

in single phase (pure oil, aqueous solutions, or extractions in proper solvents). As samples 

in single phase would get the best of the signals than in multiple phases for 1H NMR unit, 

the accuracy of the signal would be compromised under conditions in this simulated 

digestion. Additionally, as discussed earlier, as lipolysis proceeded, the mixture of mono-, 

di-, and triglycerides and fatty acids showed a tendency to cream to the top of the sample 

and exceed the detectable range of the coil in the 1H NMR unit. Signals from the mixed 

compounds might partially be lost due to this reason. Considering the inherent challenges 

in using 1H NMR as a tool for dynamic analysis of lipolysis under in vitro gastric 

conditions, coupled with the time taken to develop the approach, and the 

acknowledgement that without appropriate validation, any results generated may be an 

inaccurate reflection of the actual lipolysis. It was decided to halt the development of this 

methodology and focus on more widely established techniques, namely the GC method. 

4.5 Conclusions and recommendations 

In conclusion, the 1H NMR spectroscopy that has been used in this chapter may be a 

promising innovative method to dynamically analysis the changes of lipid digestion in 
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the simulated gastric environment. However, still, several issues need to be addressed 

before further application. 

To recommend possible solutions, as mentioned earlier, the use of soluble short-chain 

fatty acids in order to generate a suitable calibration curve may be applied. Additionally, 

more work needs to be done to calculate the correspondent shear rate within the reaction 

tube with a spinning stirrer. Another issue that needs notice is that the tube used for 1H 

NMR spectroscopy has a plunger on the top space of the sample to expel air. It was very 

challenging to appropriately insert the plunge due to the adhesive properties of the 

digestive mixture. Moreover, in order to minimise the influence of phase separation 

occurred in the process of lipolysis, a selection of specific 1H NMR tubes needs to be 

considered in the future as well. 
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Chapter 5 Digestion of protein emulsions using a 

simulated neonatal gastric system 

5.1 Introduction  

The immaturity of the GI tract environment in newborns can be consequential in 

compromising the effectiveness of lipid digestion in the small intestine, leading to a 

greater reliance on gastric digestion relative to adults. Arguably, infant digestion is 

biologically predisposed towards digestion of a singular food, i.e. milk. However, the 

availability of infant formula as an alternative to maternal milk may lead to differences 

in the manner and effectiveness by which these are digested, noting that infant formulae 

have distinct differences in structure and composition to breast milk. 

Certainly, in the case of lipid digestion, human trials have shown that maternal milk 

appears more efficiently digested than infant formulae. Compositional differences in lipid 

and protein types and pronounced variations in droplet interfacial layer composition and 

structure are considered to have a significant impact on the dynamics of gastric lipid 

digestion of maternal milk and infant formulae. Such differences are likely a consequence 

of processing methods such as pasteurisation and homogenisation. In particular, the 

subsequent stabilisation of formulated emulsion droplets with a milk protein adsorbed 

layer is speculated as influencing the ability of droplets to be hydrolysed by endogenous 

lipase enzymes (de Oliveira, Bourlieu, et al., 2016; de Oliveira, Deglaire, et al., 2016; 

Gallier et al., 2013). In response to such hypotheses, recent studies have explored the use 

of membrane fractions extracted from milk fat globules, which were found to have an 

impact on lipase adsorption (Bourlieu-Lacanal et al., 2015). 

However, it is still not fully established whether, or how, the structural differences of the 

maternal milk and infant formula emulsions influence the lipid digestion process.  

Previous in vitro studies have shown different structural outcomes during the gastric 

digestion of maternal, formulated and model milk emulsions, but these were not 

correlated with the dynamics of lipolysis. This study attempts to determine whether 

lipolysis during gastric digestion is influenced by the emulsion structure using a static in 

vitro gastric model.  In order to study how the interfacial compositions and properties 

could influence the digestibility of infant milk, a model emulsion system was developed 
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comprising a phospholipid stabilised emulsion that could be protein-coated using 

lactoferrin. This would allow the digestion of emulsions of equivalent lipid composition 

and droplet size, but with variable interfacial compositions to be studied. To further 

explore the role of protein adsorption on the kinetics of lipolysis, gastric digestion was 

carried out with both fungal lipase and pepsin present, as well as with the individual 

protease and lipase. In this way, any co-dependency of enzyme action on hydrolysis of 

either interfacial layer or lipid substrate could be determined. Analysis of lipolysis rates 

of the reaction was conducted using GC, while SEM and TEM were used to determine 

the impact of gastric digestion conditions on the structure of emulsion droplets during 

gastric incubation. 

5.2 Materials and Methods 

5.2.1 Materials 

A scheme of model protein emulsions is shown below. 

 

Figure 5.1 A, Intralipid, a phospholipid coated soybean oil emulsion; B, lactoferrin coated 

Intralipid. 

All the other materials were described in Chapter 3.1. 

5.2.2 In vitro digestion using Intralipid model emulsions 

Intralipid was used as a model emulsion system to establish the appropriateness of the in 

vitro model and the associated characterisation of the simulated digestion. This is a 

commercial product that shows very stable emulsion properties and consistency where 

soybean oil droplets are stabilised by a monolayer of phospholipids from egg lecithin. A 

final 3.6 % (v/v) oil/water emulsion was achieved by diluting Intralipid emulsion with 

Milli -Q water, to mimic the fat content encountered in standard infant formulae. 
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Figure 5.3 showed the original AUP for each treatment. From observation, the digestate 

of Intralipid itself with lipase or lipase and pepsin did not have visible phase separation 

during 120 min of simulated digestion. However, when Intralipid was coated with 

lactoferrin, the digestate showed aggregations from 30 min and onwards. This made 

sampling problematic as the digestate became increasingly inhomogeneous. It also 

confirmed that in this study, without an internal standard in each experiment, the high 

degree of variation was most likely due to issues with sampling. 

 

Figure 5.3 FFA increase of original AUP values of each in vitro digestion treatment. A, Intralipid 

digested with lipase; B, Intralipid digested with lipase and pepsin; C, lactoferrin coated 

Intralipid digested with lipase; D, lactoferrin coated Intralipid digested with lipase and pepsin.  



71 
 

 

Figure 5.4 Normalised FFA increase from original AUP values for each in vitro digestion 

treatment. A, Intralipid digested with lipase; B, Intralipid digested with lipase and pepsin; C, 

lactoferrin coated Intralipid digested with lipase; D, lactoferrin coated Intralipid digested with 

lipase and pepsin. Solid line, linear regression; dash line, 95% confidence interval.  
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image results showed that the morphology of the emulsion droplets had changed during 

the simulated gastric digestion. 

 
Figure 5.5 SEM images of emulsion droplets during 120 min of simulated gastric digestion at 

pH 3.5. A and B, droplets of Intralipid digested with lipase alone at 0 and 120 min; C and D, 

droplets of Intralipid coated with lactoferrin digested with lipase alone at 0 and 120 min; E, 

droplets of Intralipid coated with lactoferrin digested with lipase and pepsin at 0 min; F-J, 

droplets of Intralipid coated with lactoferrin digested with lipase and pepsin at 120 min.   
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5.3.3 Morphological changes of emulsion droplets during simulated 
gastric digestion using TEM  

Intralipid emulsion droplets did not show any notable difference in the size at the 

commencement of digestion regardless of enzyme composition or pH (Figure 5.6 A1, 

B1and C1, Figure 5.7 A1, B1 and C1). The oil droplets had a diameter of 0.3-0.5 µm (in 

agreement with previous SEM data) and showed stability against flocculation at all pH 

levels studied. However, at the end of the simulated digestion process, the morphology 

of most of the oil droplets had changed with the final structure varying according to 

relative pH. At pH 3.5, they formed clusters with individual droplets displaying a high 

degree of anisotropy. Oil droplets appeared smaller and darker with the bright area inside 

the droplets, showing electron-dense and less dense regions generated during two hours 

of digestion (Figure 5.6 A2-A5). At pH 4.5, the appearance of the droplets was more 

uniform, noting that some electron-dense regions had accumulated at the inner surface of 

the droplets (Figure 5.6 B2-B4). The appearance of the large droplets (diameter larger 

than 5 µm) was indicative of coalescence, with less electron-dense compounds forming 

in round shape inside the large droplets (Figure 5.6 B4 and B5). At pH 5.5, some degree 

of anisotropy was observed, along with regions of highly disordered structures (Figure 

5.6 C2-C5). Although these regions showed appreciable staining, it is difficult to 

determine whether these are lipids based due to the irregularity of the appearance. 

For Intralipid emulsion digested with lipase and pepsin, the oil droplets at the initial state 

were shown in Figure 5.7 A1, B1 and C1. After two hours of digestion, oil droplets at pH 

3.5 and 4.5 became larger. Some were merged into giant droplets with a diameter larger 

than 5 µm. At pH 3.5 in particular, the surface of the large droplets became diffuse and 

cracked (Figure 5.7 A2-A5, B4 and B5). Vesicles formed inside the large droplets with 

electron-dense regions observed inside the vesicles (Figure 5.7 A3, B2 and B3) and then 

released to the ambient aqueous phase (Figure 5.7 B4 and B5). Some of the striated 

structure were generated during simulated gastric digestion, attached on the droplet 

surface and then released into the ambient phase (Figure 5.7 B4 and B5). At pH 5.5, some 

others tended to break up and release the electron-dense compounds accumulated inside 

the droplets (Figure 5.7 C2-C5). The compounds formed inside the droplets accumulated 

in round beads and turned out to be very different in shapes from the droplets digested at 

pH 3.5 and 4.5 after two hours. Changes in the morphology of the droplets were more 

drastic when pepsin was included in the digestion process compared to when there was 
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lipase present alone. Additionally, striated structure compounds only formed in the 

combined presence of pepsin and lipase. 

When Intralipid emulsion droplets were coated with lactoferrin on the interface, droplets 

became aggregated at the commencement of digestion, with protein layer seen to located 

on the interface (Figure 5.8 A1, B1 and C1). Because of the contrast effect from the 

protein layer, droplets could be observed much more clearly under TEM. When lipase 

was present in the digestate alone, the size of the droplets did not change drastically after 

two hours of digestion at pH 3.5 (Figure 5.8 A2-A5). Electron-dense compounds 

appeared at the inner interface of the oil droplets (Figure 5.8 A2), and the droplets were 

increasingly less spherical (Figure 5.8 A3-A5). At pH 4.5, droplets had increased in size 

and appeared amorphous after two hours of digestion (Figure 5.8 B2-B5). Droplets at pH 

5.5 showed diverse structural characteristics. Spherical droplets were still observed, but 

the staining patterns within these droplets had become distinctively disparate. When both 

of the enzymes (lipase and pepsin) existed in the digestate, droplets underwent many 

notable changes compared to conditions with lipase alone (Figure 5.9). Droplets were 

observed to have merged into large ones, released transparent vesicles and striated like 

electron-dense compounds and even appearing to have burst. Armand et al. (1996) also 

showed distorted droplets and electron-dense lipolytic products on infant formula gastric 

digestion in an in vivo study in the premature infant. There was not much different 

observed at different pH levels. 
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Figure 5.6 TEM images of Intralipid emulsion digested with lipase alone. A1, pH 3.5 at 0 min; A2-A5, pH 3.5 at 120 min; B1, pH 4.5 at 0 min; B2-B5, pH 4.5 at 

120 min; C1, pH 5.5 at 0 min; C2-C5, pH 5.5 at 120 min. Arrows indicated electron-dense lipolytic products. 
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Figure 5.7 TEM images of Intralipid emulsion digested with lipase and pepsin. A1, pH 3.5 at 0 min; A2-A5, pH 3.5 at 120 min; B1, pH 4.5 at 0 min; B2-B5, pH 

4.5 at 120 min; C1, pH 5.5 at 0 min; C2-C5, pH 5.5 at 120 min. Scale bar = 500 nm. Arrows indicated electron-dense lipolytic products.   



71 
 

 

Figure 5.8 TEM images of lactoferrin Intralipid emulsion digested with lipase alone. A1, pH 3.5 at 0 min; A2-A5, pH 3.5 at 120 min; B1, pH 4.5 at 0 min; B2-

B5, pH 4.5 at 120 min; C1, pH 5.5 at 0 min; C2-C5, pH 5.5 at 120 min. Scale bar = 500 nm.  Arrows indicated electron-dense lipolytic products. 
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Figure 5.9 TEM images of lactoferrin coated Intralipid emulsion digested with lipase and pepsin. A1, pH 3.5 at 0 min; A2-A5, pH 3.5 at 120 min; B1, pH 4.5 at 

0 min; B2-B5, pH 4.5 at 120 min; C1, pH 5.5 at 0 min; C2-C5, pH 5.5 at 120 min. Scale bar = 500 nm. Arrows indicated electron-dense lipolytic products. 
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5.4 Discussion 

In this study, we determined that lipolysis was primarily responsible for the changes to 

the morphology of emulsion droplets during this simulated gastric digestion process. 

However, correlating the observed changes in droplet structure to the rate and extent of 

lipolysis was ultimately not possible, due to challenges in obtaining reliable 

measurements for FFA content during digestion. For the GC measurements, data 

showed large variations in replicates across most of the treatments (notably those 

samples observed to undergo phase separation during the process of digestion which 

hindered reliable sampling). Accordingly, it was difficult to draw reasonable 

conclusions regarding the extent of lipolysis from the FFA data across variable pH 

conditions, presence of lactoferrin and enzyme combination.  Therefore, the GC 

measurement of FFA increase may not accurately reflect the actual reaction kinetics 

from the digestion process. The statistical analysis of linear regression for the first 30 

min showed that the rate (the slope values) of lipolysis had no significant difference 

among all treatments. However, the data set showed that linear regression might not be 

a suitable way to describe the trend of lipolysis in all treatments across the overall 

reaction time. Since the errors in the experiment were remarkably large, it was also 

challenging to apply non-linear regression in order to describe the trend of FFA 

increase. 

Findings can be considered concerning two studies by Lueamsaisuk et al. (2014, 2015) 

that had previously shown that the particle size distributions of emulsions comprising 

Intralipid and lactoferrin (as used in this current study) were affected by both pH 

conditions and combination of pepsin and lipase during simulated digestion over 120 

min (critical findings from this study were reproduced in Figure 5.10 and 5.11). The 

release of FFA was not measured in these previous studies, so it was not possible to 

unequivocally state that structure dynamics were a consequence of lipolysis. However, 

it was hypothesised that emulsions not displaying any changes in emulsion structure 

during digestion were potentially not undergoing lipolysis. In this current study, we 

confirmed the liberation of FFA for all samples regardless of whether the interfacial 

layer comprised phospholipid or phospholipid bound to lactoferrin. This would appear 

to confirm that the presence of interfacial protein for these emulsions was not entirely 

inhibitory to lipolysis when pepsin was excluded from the digestate (i.e. negating the 
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hypothesis that proteolysis of the interface is a requisite for lipolysis to occur for protein 

stabilised emulsions).  

In further considering the relationship between structural changes observed during 

digestion and lipolysis, it was interesting to note that the electron-dense structures found 

near the surface of droplets after digestion (Figure 5.6-5.9) appeared independent of the 

inclusion of pepsin in the digestate, pH changes, or the curve shape of the FFA increase.  

Similar structures have been observed in previous studies (Armand, Hamosh, et al., 

1996; Gallier et al., 2013), with the suggestion that these are polar crystal lipolytic 

products generated from triglyceride hydrolysis. Variance in the extent of structural 

changes observed in both SEM and TEM under different pH conditions may be due to 

variations in the activities of both pepsin and lipase across this pH range. Additionally, 

differences in droplet structure and morphology may also possibly be due to the impact 

of pH on the assembly of the lamellar polar lipid structures, noting that lower pH 

conditions will increasingly approach the pKa of the fatty acids being liberated and thus 

increasingly lead to protonation of these molecules. 

However, results (both microscopic and GC) would ultimately suggest that the 

lactoferrin layer bound to the Intralipid oil droplets did not appear to act as a barrier for 

lipase binding. A study on interfacial protein structure provided similar results 

(Maldonado-Valderrama et al., 2013). This suggested that there were gaps in the 

oil/water interface where the hydrophobic domain of lipase could access to the 

phospholipid layer, and thus bind to the interface. Subsequent liberation and adsorption 

of free fatty acids from lipolysis might then be expected to displace bound protein from 

the interface, thereby enabling further adsorption of lipase. 

In our initial hypothesis, gastric lipolysis kinetics of protein stabilised emulsions are 

optimised by a co-dependency between pepsin and lipase. Pepsin would facilitate 

lipolysis by hydrolysing the adsorbed protein layer, partially removing the barrier for 

lipase to attach on the phospholipid-oil interface, more effectively enabling lipase 

binding and thus increasing the rate and extent of lipolysis. However, the addition of 

pepsin did not appear to change this scenario. This may occur due to several reasons. 

Firstly, as the isoelectric point of lactoferrin is 8.7 (Sánchez, Calvo, & Brock, 1992), 

lactoferrin carries positive charges from pH 3.5 to 5.5. The pH level could have a 

substantial impact on the charge density of proteins as it affects the degree of ionisation 





76 
 

These findings were somewhat different from what was observed in this study. One of 

the reasons, as stated above, was the difficulty in sampling. The large standard errors 

were also seen in those studies. It should be noted that lipolysis takes place at the oil/water 

interface which is very different from the conventional enzymatic reactions in the aqueous 

environment following Michaelis-Menten kinetics. Therefore, it could be very possible 

that the concentration of FFA from the lipolysis in this study has not yet reached the 

saturation point for product inhibition, also noting that this study utilised a fungal lipase 

as an analogue for human gastric lipase, and therefore may not provide full equivalence 

regarding the type and concentrations of FFA released. 

5.5 Conclusions 

In conclusion, the rate of FFA during simulated gastric digestion was not able to be 

correlated to the differences in structural changes and droplet size as a consequence of 

emulsion and simulated gastric fluid composition. However, the observation of FFA 

synthesis for all measurements was able to indicate that lactoferrin (protein) coating on 

the Intralipid surface did not appear to provide a barrier to the hydrolysis by lipase, 

although it did result in different emulsion structural pathways during digestion. The 

inconclusive nature of the GC findings relative to emulsion structure dynamics during 

digestion was believed to be a consequence of phase separation of particular 

compositions during digestion, which rendered accurate sampling difficult. To address 

this, alternative approaches for either sampling or analysis would be recommended. 
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Figure 5.10 Droplet size distribution of Intralipid emulsion in a simulated infant gastric system, 

adapted from Luemsaisuk et al. (2015). A, Changes in the droplet size distribution during 

digestion with fungal lipase and pepsin for 120 min; B, Changes in d32 during digestion with 

fungal lipase and pepsin, pepsin alone, and lipase alone for 120 min. Emulsions were treated 

by a dissociating solution. Reproduce with permission from Elsevier. 
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Figure 5.11 Droplet size distribution of lactoferrin coated Intralipid emulsion in a simulated 

infant gastric system, adapted from Luemsaisuk et al. (2015). A, Changes in droplet size 

distribution during digestion with fungal lipase and pepsin for 120 min; B, Changes in d32 

during digestion with fungal lipase and pepsin, pepsin alone, and lipase alone for 120 min. 

Emulsions were treated by a dissociating solution. Reproduce with permission from Elsevier. 

  



79 
 

Chapter 6 Digestion of a powder infant formula using a 

simulated neonatal gastric system 

6.1 Introduction  

The rationale for this study was to progress findings from Chapter 4 and attempt to 

determine the separate and combined role of lipase and pepsin in the process of gastric 

lipolysis of formula emulsions. As discussed in the literature review, until recently, many 

prior in vitro studies exploring lipid digestion did not tend to include gastric lipase as part 

of the gastric stage of digestion. Partly this has been due to limitations around the 

availability of human gastric lipase or appropriate mammalian analogues, along with 

concerns about the functional equivalence of fungal alternatives. Additionally, the fact 

that previous clinical trials have determined that about 10-30% lipid hydrolysis occurs in 

the stomach (Armand, Borel, et al., 1994b; Armand, Borel, et al., 1996b; Armand et al., 

1999; Fave et al., 2004) has tended to provide a rationale that the gastric stage of lipid 

digestion can be overlooked in the in vitro models. Fortunately, this view is now changing. 

However, as indicated in the literature review, gastric lipolysis is viewed as providing a 

more significant role in lipid digestion for neonates and provides crucial contribution 

ensuring effective digestion and metabolism of milk fat for infants at the very early stages 

of life. 

There have been many additional discussions on the differences in properties (both 

nutritional and structural) between infant formulae and maternal milk over the decades 

(Carnielli et al., 1996; Hageman et al., 2019; Jensen et al., 1992; Jensen et al., 1978; 

Lönnerdal, 2014; López-López et al., 2001; Michalski et al., 2005; Zou, Ali, Abed, & 

Guo, 2017). Most of these have indicated that maternal milk, and notably milk fat, is 

effectively digested by infants when compared to infant formulae. While many possible 

mechanisms exist to account for variations in efficacy of lipid digestion, this study 

focusses specifically on the role of the adsorbed protein layer that provides stability to 

formulated emulsions post-homogenisation, and whether this interfacial layer is in some 

way inhibitory to the action of gastric lipase. Our previous study has determined that the 

protein did not form a barrier for lipase adsorption to a model protein stabilised emulsion 

system compared to phospholipid stabilised layer (noting that structural differences were 
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observed). However, in standard infant formulae, protein adsorption and interfacial layer 

properties are also influenced by other processing and compositional variable. 

In order to unravel the question of whether the interfacial layer of formulated emulsions 

was influential on the kinetics of lipolysis, we used a commercial infant formula as a more 

representative protein stabilised formulation. This commercial formulae consisted of the 

same amount of oil (3.5% w/v) as in Chapter 4 but comprised a different lipid and milk 

protein (whey and casein) composition. Aliquots sampled during simulated gastric 

digestion were again analysed using GC and electron microscopy to provide insights as 

to the separate and combined roles of lipase and pepsin on the rate of digestion and 

corresponding changes in droplet structure during gastric incubation. 

6.2 Materi als and Methods 

6.2.1 Materials 

A scheme of infant formula is shown below. 

 

Figure 6.1 The interface of infant formula emulsion droplet which consists of a mixture of milk 

proteins and phospholipids. 

The other chemicals used in this chapter has been described in Chapter 3.1. The ingredient 

list, and protein and fat information are in Appendix A4-A7. 

6.2.2 In vitro  digestion using a powder infant formula 

Infant formula dilution was prepared by adding 36 mL Mill-Q water to 5 g infant formula 

to 40 mL final emulsion with a 3.6% (w/v) fat as the substrate. It was used as a compared 

emulsion system to investigate the difference of the behaviours during simulated 
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However, for the intercept, all three pH levels were significantly different from each other. 

This indicated that in the first 30 min, the rate of lipolysis would have been different 

among the three pH levels where the rate of pH 3.5 [a = 32.287±30.471 mV*min) < pH 

4.5 (a = 248.715±32.824 mV*min) < (a = 534.458±40.924 mV*min)]. 

 
Figure 6.2 FFA released relative to the total potential FA from the triglycerides from an infant 

formula emulsion digested in a simulated gastric system. L, infant formula digested with lipase 

alone; L+P, infant formula digested with lipase and pepsin. The pH values were all initial pH 

levels. 

 
Figure 6.3 Free fatty acid increase showed by standardised AUP (mV*min) for a powder infant 

formula digested in a simulated gastric system. A, infant formula digested with lipase alone; B, 

infant formula digested with lipase and pepsin.  
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Furthermore, we were able to compare the intercept and slope values from treatment with 

lipase alone to the values from treatment with lipase and pepsin using the Student t-test 

(Figure 6.6). The slope values of digestion at pH 3.5 with lipase alone (b = -1.679±0.558 

mV) or with lipase and pepsin (b = 0.816±0.235 mV) had no significant difference from 

digestion at pH 5.5 with lipase and pepsin (b = 0.975±0.322 mV), but the slope value of 

digestion at pH 5.5 with lipase (b = 2.607±0.716 mV) was significantly higher than those 

three treatments. The intercept values of digestion at pH 3.5 (with lipase alone) at t = 30 

min had no significant difference from digestion at pH 3.5 or pH 5.5 (with lipase and 

pepsin). However, there a significant difference was observed between the intercept 

values of treatment at pH 5.5 (with lipase alone) and those of both pH 3.5 and pH 5.5 

(with lipase and pepsin). This indicated that there was no significant difference between 

the rate of lipolysis for the first 30 min for digestion at pH 3.5 with lipase alone (a = 

32.287±30.471 mV*min), and digestion at pH 3.5 (a = 20.690±12.692 mV*min) or 5.5 

with lipase and pepsin (a = 67.550±17.764 mV*min). This indicated from 30 min 

onwards, rate of lipolysis for digestion at pH 3.5 (with lipase alone or with lipase and 

pepsin) was the same and was very similar to that of digestion at pH 5.5 with lipase and 

pepsin, whereas the rate for digestion at pH 5.5 with lipase was faster than the previous 

three treatments. 

 
Figure 6.5 Comparison of data of FFA increase of infant formula digested with lipase and 

pepsin in a simulated gastric system. Solid line, regression; dash line, 95% confidence interval 

(regression of pH 4.5 did not show as the regression was not statistically significant). 
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Figure 6.7 Images of TEM of Infant formula digested with lipase alone in a simulated gastric system. A1, pH 3.5 at 0 min; A2-A5, pH 3.5 at 120 min; B1, pH 

4.5 at 0 min; B2-B5, pH 4.5 at 120 min; C1, pH 5.5 at 0 min; C2-C5, pH 5.5 at 120 min. Scale bar = 500 nm.  
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Figure 6.8 Images of TEM of Infant formula digested with lipase and pepsin in a simulated gastric system. A1, pH 3.5 at 0 min; A2-A5, pH 3.5 at 120 min; B1, 

pH 4.5 at 0 min; B2-B5, pH 4.5 at 120 min; C1, pH 5.5 at 0 min; C2-C5, pH 5.5 at 120 min. Scale bar = 500 nm.  
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lipase is hydrolysed during digestion by the inclusion of pepsin, leading to a loss of 

activity. While this would certainly account for the generic low extent of lipolysis 

observed under all pH conditions, it would be noted that fungal lipases have been used 

widely in the in vitro studies in combination and speculated to not be compromised in 

terms of activity due to hydrolysis of the enzyme by pepsin. Additionally, while a 

significant reduction in the degree of lipolysis was observed at pH 5.5 when pepsin is 

included, the activity of the pepsin should be relative, low at these pH conditions, at least 

likely to affect the functionality of the lipase. 

Another possible explanation for the differences in measured results is related to sampling 

issues during analysis, which in turn can be related to significant changes to emulsion 

structure during digestion when pepsin was included in the simulated gastric fluid. The 

sampling method of emulsions for GC analysis was made challenging due to increasing 

separation of the emulsion during gastric digestion under conditions where both enzymes 

were present. 

This separation is believed to be primarily a consequence of proteolysis of the interfacial 

layer, which is responsible for the change in structures observed in TEM in Figure 6.8. 

After 120 min digestion completed, absence of the initial spherical droplet distribution 

was observed across all three pH conditions. Instead, a network of aggregated filaments 

was observed surrounding highly anisotropic structures. These filaments were attributed 

as assemblies of protein formed through a combination of pH and protein hydrolysis. The 

darker anisotropic regions within the protein network, most notably at pH 5.5, are 

assumed to be coalescent fat droplets. However, at pH 3.5 and 4.5, the voids within the 

protein network appeared unstained, suggesting an absence of fat. These are interpreted 

as being ghost structures caused by the increasing destabilisation of the emulsion leading 

to extensive coalescence and phase separation of oil from with the structures. The 

observations are supported by previous work using particle size analysis which showed 

increasing particle size of formula milk during digestion with lipase and pepsin 

(Lueamsaisuk et al., 2014). 

Proteolysis of the interfacial layer could cause detachment of polar polypeptides and 

retention of hydrophobic domains at the oil/water interface promoting flocculation of 

droplets, even for pH conditions away from the pI of the proteins. Secondly, loss of 

mechanical stabilisation of the interface arising from proteolysis promotes coalescence 
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of droplets which is exacerbated by increased droplet-droplet contact as a result of 

flocculation. 

As stated earlier, the loss of emulsion structure during digestion was problematic in trying 

to achieve homogeneous sampling throughout incubation. However, it is also worth 

noting that the extensive coalescence observed in the TEM images (Figure 6.8) would 

have the effect of decreasing the relative surface area of the emulsion during digestion, 

thereby reducing the availability of binding sites for lipase adsorption. This would itself 

contributed to a decrease in relative extent of lipolysis, providing a third possible 

explanation as to the apparent reduction in overall lipolysis relative to emulsion digested 

with lipase alone. 

6.5 Conclusions 

In summary, this study provided further insight into the effect of protein interface in the 

process of gastric lipolysis by studying a commercial powder infant formula in a 

simulated gastric system. The results showed that proteins on the interface of the oil 

droplets do not appear to block lipases from accessing their substrate at the oil core. The 

rate of lipolysis was dominated by the ambient pH level when there was only the presence 

of lipase in the simulated digestive system. The higher the pH, the closer it was to the 

optimum activity, and the faster the rate could be achieved. When there were pepsin and 

lipase presented in the digestive system together, pepsin did not act as a facilitator to the 

protein barrier on the oil/water interface. On the contrary, pepsin could inhibit lipase on 

the interface as those fungi originated lipase might not be as highly glycosylated as human 

gastric lipase. Furthermore, proteolysis of the interfacial layer could cause the loss of 

mechanical strength of the protein interface, which leads to destabilisation of the interface 

and coalescence of the droplets. Moreover, the coalesced oil droplets could also reduce 

the active interface for lipases to adsorb and act on their substrates. For our in vitro study, 

since fungal lipase was still used as the analogue of gastric lipase, a replacement of 

mammal lipases was closer to the stereoselectivity, conformation, and optimal pH to 

human gastric lipase would better confirm those findings. 
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exacerbated to proteolysis of the interfacial layer. The detachment of interfacial polar 

domains would be expected to render the interface both more hydrophobic and 

structurally weaker, leading to greater attraction and increasing incidence of coalescence. 

Arguably the significant differences in structure development between phospholipid and 

proteinaceous emulsions might be expected to manifest itself in changes to the relative 

rate and extent of lipolysis, which was the additional focus of this study. 

The study attempted to correlate the kinetics of lipolysis during in vitro gastric digestion 

to structural dynamics. However, confirming this hypothesis was difficult due to 

challenges in getting statistically significant lipolysis data. While some samples showed 

good reproducibility (i.e. for fatty acid generation over the incubation period) within 

sample sets, other compositions showed significant variation within a given sample set. 

Visual observations showed this to be mainly the case of emulsions that underwent 

significant destabilisation and phase separation during the digestive process, which made, 

homogeneous sampling very difficult. However, given that all samples displayed 

evidence of lipolysis (regardless of the extent of variation within a sample set), it could 

be argued that the protein coating, either for lactoferrin-coated Intralipid droplets or 

combined whey/casein in the case of the infant formulae, was not ultimately inhibitory to 

the adsorption of lipase (even in the absence of pepsin). This is somewhat counter to the 

original hypothesis of the research, which postulated that the lipolysis of protein-

stabilised emulsions may be less effective under conditions for which pepsin is less able 

to hydrolyse the interfacial layer (such as those in early infancy, and where a combination 

of lower pepsin activity and higher gastric pH conditions may render gastric proteolysis 

less effective). Curiously enough, the inclusion of pepsin as part of the simulated gastric 

fluid appeared to induce far greater structural changes (particularly flocculation and 

coalescence) to the emulsion systems compared to samples where it was excluded. 

Unfortunately, the large variation in GC data made it difficult to determine the impact of 

these structural changes on the digestibility of the emulsions. 

A final interesting observation of the GC analysis showed that lipolysis did not reach 

equilibrium during the incubation period. This may be due to insufficient reaction time to 

saturate the interface with fatty acids that would consequently inhibit further lipase 

adsorption and lipid hydrolysis as suggested from the study by Pafumi et al. (2002). 

In conclusion, the research findings presented in this thesis has built the bridge of 

understanding the relations between the structural dynamics and gastric lipolysis for 
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microscopic methodology such as atomic force microscopy (AFM) could be further 

developed to investigate the interfacial structure and mechanical properties of lipid 

digestion in the human gastric phase. 
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A2 Pair-wise comparison of the probability of coefficients of the linear regression of FFA increase in Intralipid and 

lactoferrin coated Intralipid digestion 
 

pH 3.5 

CL 

pH 4.5 

CL 

pH 5.5 

CL 

pH 3.5 

CLP 

pH 4.5 

CLP 

pH 5.5 

CLP 

pH 3.5 

LfL  

pH 4.5 

LfL  

pH 5.5 

LfL  

pH 3.5 

LfLP  

pH 4.5 

LfLP  

pH 5.5 

LfLP  

pH 3.5 CL - 0.707 0.673 0.732 0.823 0.740 - - 0.588 0.957 0.969 0.730 

pH 4.5 CL - - 0.963 0.897 0.834 0.841 - - 0.956 0.712 0.726 0.879 

pH 5.5 CL - - - 0.854 0.793 0.797 - - 1.000 0.679 0.692 0.836 

pH 3.5 CLP - - - - 0.916 0.932 - - 0.812 0.739 0.760 0.980 

pH 4.5 CLP - - - - - 0.962 - - 0.742 0.809 0.826 0.926 

pH 5.5 CLP - - - - - - - - 0.714 0.759 0.785 0.948 

pH 3.5 LfL - - - - - - - - - - - - 

pH 4.5 LfL - - - - - - - - - - - - 

pH 5.5 LfL - - - - - - - - - 0.624 0.648 0.779 

pH 3.5 LfLP - - - - - - - - - - 0.991 0.746 

pH 4.5 LfLP - - - - - - - - - - - 0.770 

pH 5.5 LfLP - - - - - - - - - - - - 

 
CL, Intralipid digested with lipase alone. 

CLP, Intralipid digested with lipase and pepsin. 

LfL, lactoferrin coated Intralipid digested with lipase alone. 

LfLP, lactoferrin coated Intralipid digested with lipase and pepsin.



104 
 

A3  Changes in the triglycerides for digestion of a protein emulsion 
using a simulated neonatal gastric system 

 

A, Intralipid digested with lipase alone (L); B, Intralipid digested with lipase and pepsin (L+P); C, 
lactoferrin coated Intralipid digested with lipase alone (Lf-L); D, lactoferrin coated Intralipid digested 
with lipase and pepsin (Lf-L+P) 
  



https://www.meandmychild.co.nz/products/newborn-to-6-months/s-26-original-newborn/
https://www.meandmychild.co.nz/products/newborn-to-6-months/s-26-original-newborn/
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A5 Fatty acid profile of the oil blend of S-26® Gold Newborn infant 

formula 

According to the oil blend on the ingredient label of S-26® Gold Newborn Infant 

formula, the oil blend was consist of coconut oil, palm oil, soybean oil, sunflower and 

safflower oil. There was no indication of the percentage of each oil in the oil blend. The 

figure below showed the fatty acid profile of each oil in the oil blend of this infant 

formula. Data in this figure was adjusted from Dorni et al. (2018). 
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A6 Fatty acid profile of S-26® Gold Newborn infant formula  

The figure below shows the fatty acid profile of S-26® Gold Newborn infant formula 

from Gibson and Kneebone (1981). 
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A7 Triglyceride profile of S-26® Gold Newborn infant formula  from 

GC analysis 
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A8 GC chromatogram examples of triglycerides  in the digestion of a 

powder infant formula using a simulated neonatal gastric system 

Overlapped chromatograms of infant formula digested with lipase alone at pH 4.5 (blue 

and black lines showed the beginning and the end of simulated digestion). 

 

Overlapped chromatograms of infant formula digested with lipase alone at pH 4.5 (blue 

and black lines showed the beginning and the end of digestion, other colours showed 

the changes throughout the 120 min simulated digestion). 
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