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Abstract 

Colostrum is the primary diet for infants providing bioactive components that are essential for the 

optimal development of organs and the colonisation of microbiota in the gut, while preventing 

infectious diseases such as necrotising enterocolitis from occurring. The benefits of bioactive factors 

such as lipids, proteins and oligosaccharides in colostrum for gut health have been previously 

demonstrated. However, there is emerging evidence to suggest that lipid digestion might play an 

important role in the transport and bioavailability of poorly water-soluble nutrients and potentially 

bioactive components to the gut and systemic circulation of infants. Despite this, there have been no 

reports of human colostrum being assessed in the context of lipid digestion. Thus, evaluating the lipid 

and free fatty acid composition of human colostrum before and during digestion and linking it to 

structural behaviour is important in generating a holistic picture of the behaviour of colostrum and 

providing a deeper understanding to enable invention of substitutes for colostrum where required. Due 

to the small quantities of human colostrum being secreted only for 36 hours postpartum, alternatives 

such as donor human milk and formulas are fed to premature infants. However, because of differences 

in content and composition of bioactive factors in donor human milk and formulas compared to human 

colostrum, these alternatives might lack the ability to promote the healthy development of infants. 

Hence, the primary aim of this study was to prepare a colostrum substitute formulation that possesses 

bioactivity and behaves similarly as human colostrum during digestion. Since a major yet less 

researched aspect of human colostrum is the lipid component and the effects of lipid digestion on 

structural behaviour is unknown, mimicking the lipid behaviour in a colostrum substitute formulation 

is hypothesised to be important. Once the aspect of lipid behaviour resembles that of human colostrum, 

the addition of other biorelevant components and assessing their impact on gut health (using an in vitro 

cell model) is a next step towards in vivo evaluation. 

The first part of the thesis involved the use of in vitro digestions of colostrum and mature milk with gas 

chromatography coupled to a flame ionisation detector to map lipid composition before and during 

digestion, with structure formation measured using synchrotron-based small angle X-ray scattering. The 

second component of this thesis involved the reconstitution of water-soluble components from mature 

milk into colostrum substitute formulation and evaluation of the influence of these components on the 

digestion profile and self-assembly of lipids during digestion. Finally, the effects of bioactive 

carbohydrates and assembled milk-like systems (including the colostrum substitute formulation) on 

colonising bacteria and its impact on the localisation of a tight junction protein and expression levels of 

an anti-inflammatory cytokine were examined using an in vitro necrotising enterocolitis model. The 

findings of this thesis provide an insight into issues surrounding the assembly of a colostrum substitute 

formulation that can resemble human milk/colostrum more closely than current fortifiers and formulas 
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in terms of composition and structural behaviour during digestion, and potentially reducing some of the 

characteristics associated with necrotising enterocolitis. 
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This chapter is based on a manuscript that has been published in ‘Trends in Food Science & 

Technology’. For the purposes of the publication, only mature non-pasteurised and pasteurised human 

breast milk were analysed. However, this chapter of the thesis will also include a literature review of 
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1.1 Introduction 

Breastfeeding for the first six months of life is universally recognised as the normative standard 

of infant feeding [1]. Milk provides nutrients such as proteins, lipids and human milk oligosaccharides 

(HMOs) that are optimal for growth, development and general health of infants [2, 3]. While most 

people are familiar with human breast milk, human colostrum is often overlooked for its importance. 

Otherwise known as ‘liquid gold’, this thick yellowish liquid is secreted before human milk and is 

important for nourishing and protecting infants from diseases. Although some bioactive components 

are present in both colostrum and mature breast milk, the amounts of these components differ greatly 

throughout lactation [4]. For example, the former is rich in proteins, vitamins and HMOs that serve as 

immune protective factors and developmental factors [4, 5]. In contrast, a greater amount of lactose, 

amino acids, fat and short- and medium-chain free fatty acids are found in mature human milk than 

colostrum [6, 7]. In addition, the content of trace minerals is similar between colostrum and mature 

milk, with the exception of calcium being less abundant in colostrum than milk whereas copper and 

zinc decrease over the course of lactation [8, 9]. Despite varying amounts of nutritional factors in human 

colostrum and mature milk, lipids found in these sources of nourishment are crucial for providing 

energy to infants. In infants, the consumption of lipids from human colostrum and mature milk provides 

approximately 45–55% of the total energy intake [10]. Regardless of the differences in total lipid 

content and fatty acid (FA) composition in human colostrum and mature milk due to disparities in the 

diet, age and parity of mothers, triacylglycerols (TAGs) comprise around 98 wt% of the total lipid 

fraction [11]. Through the digestion of long-chain TAGs, long-chain polyunsaturated FAs (LC-PUFAs) 

are produced and subsequently absorbed, thereby aiding in the development of the brain and central 

nervous system in infants [12, 13]. Furthermore, the digested lipids are able to self-assemble into highly 

ordered colloidal structures called lipid liquid crystalline (LC) structures [14]. These lipid LC structures 

could potentially fulfil a nutritional function in the gut either as a trigger for the release of bioactives or 

as chaperones for membrane-bound bioactives in the intestinal milieu of infants [15-17].  

1.2 Issues faced by premature infants: diminished gut microbiome and 

necrotising enterocolitis (NEC) 

Preterm birth is defined as birth before 37 weeks of gestation and is the leading cause of perinatal 

and neonatal death among children under the age of 5 with approximately 15 million infants born 

prematurely every year [1]. While 1 million die as result of complications, those who survive are 

vulnerable to mature onset of diseases such as a diminished immune system, poor body temperature 

regulation and impaired respiration [18, 19]. Premature death occurs in developing countries as a result 

of a lack of feasible and hygienic interventions. Although preterm death in developed countries is less 

prevalent than developing countries, premature infants in the former are still not receiving optimum 

nourishment. The absence of bioactive factors in current alternatives fed to premature infants could 
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potentially cause growth rates to accelerate too rapidly and compromise the development of organs 

thereby resulting in increased chances of mature onset of diseases [20]. Instead, a crucial component to 

ensure successful treatment for premature infants is the consumption of human colostrum. However, as 

colostrum is produced in small quantities (5-20 mL) and only during postpartum, mothers are limited 

to other alternatives such as pasteurised donor human milk (DHM) or bovine milk-based fortifiers for 

human milk [21, 22]. Nonetheless, vital nourishment might not be readily available from these 

alternatives to improve health outcomes [21-25]. As a result, the absence of colostrum in the early days 

of life could potentially lead to chronic side effects such as limited development of the gastrointestinal 

tract (GIT) [23, 24, 26] .  

The human GIT is the largest immune organ in the body and acts as an interface to the external 

environment. This immune organ is critical in preventing the entry of harmful pathogens while housing 

beneficial bacteria that are advantageous in maintaining intestinal homeostasis, regulating digestion and 

immune function [27]. During the first 3 months of life, aberrations in gut microbial composition are 

influential in impacting the immunological development of infants. One of the key factors responsible 

for promoting intestinal microbiota and ensuring maturation of GIT in infants is the onset of colostrum 

ingestion. It has been demonstrated that term infants who receive colostrum display a favourable 

composition of gut microbiota dominated by bifidobacteria as compared to preterm infants and/or term 

infants who are formula fed [25]. The difference in the composition of infant gut microbiome is a result 

of the presence of one of the bioactive factors in human colostrum/milk that is, HMOs, which is absent 

in bovine-derived infant formulas [28]. While HMOs do not directly nourish infants, these growth 

factors enrich commensals that are proficient at utilising these carbohydrates [29]. One such subspecies 

is Bifidiobacterium longum subspecies (subsp.) infantis (B. infantis), which metabolises HMOs leading 

to the colonisation and remodelling of intestinal microbiome of colostrum/breast-fed infants [30, 31]. 

Heiss et al., reported the importance of the supplementation of HMOs to the colonisation of B. infantis 

in mice, which led to a cascading effect of host benefits including a reduction of the fecal calprotectin 

(a marker of pathogen-induced inflammation) and expression of pro-inflammatory cytokines while 

preserving intestinal barrier function [32-36]. There are thus several interventions that have sought to 

exploit HMOs to promote the desirable health outcomes linked to B. infantis [37, 38].  

 Other studies such as Widdowson et al., instead focused on the cumulative effect of the bioactive 

components in colostrum/milk on the physiological changes of newborn pigs. It was found that  the GIT 

in newborn pigs increased substantially in weight, size and DNA content during the first 24 postnatal 

hours but no changes were observed when the animals were prevented from suckling and were fed 

solely with water [39]. Similarly, Yamashiro et al., illustrated that breast-fed mongrel puppies displayed 

accelerated enteric mucosal growth over the first four days of life [40]. The morphological appearance 

of jejunal microvilli in the mother-reared animals was well developed, with thickened and lengthened 

microvilli as compared to those in the newborn and artificially-reared animals. In both studies, it was 
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claimed that the bioactive components in colostrum were likely to promote the development of GIT. 

Yamashiro et al., discussed the functionality of the epidermal growth factor in exerting a trophic effect 

on the epithelia thereby accelerating the maturation and stimulation of cell proliferation. Together with 

other bioactives, it is highly probable that these components played a central role in the enhanced enteric 

mucosal growth [26].  

Furthermore, the bioactive components in colostrum are able to reduce the likelihood of infants 

generating diseases such as necrotising enterocolitis (NEC). NEC is a disease pertaining to the damage 

and death of cells in the intestine that causes profound inflammation and intestinal injury. 

Approximately 7% of low-birth-weight (≤ 1,500 g at birth) preterm infants are highly susceptible to 

NEC, which is a major cause of long-term sequelae and mortality [41]. While NEC may be lethal for 

some premature infants, others will be at risk with acute and chronic complications such as impaired 

neurodevelopment and bowel syndrome [42]. It is suggested that early phases of NEC include a 

combination of insufficient digestion and nutrient fermentation, inadequate immune responses 

stimulated by resident bacteria, decreased mucosal protection and weak bile pool for lipid absorption 

[43, 44]. Although the GIT is fully developed by 20 weeks of gestation, the function of the GIT remains 

immature until the third trimester. With mucus levels remaining low and placental nutrient transport 

being impaired, preterm infants are particularly vulnerable to NEC predisposition including diminished 

intestinal barrier function, intestinal immune defences and intrauterine growth restrictions [45-47]. To 

reduce the onset of NEC in preterm infants, the feeding of human colostrum would enable the bioactive 

factors present to provide protection against NEC while exerting immunomodulatory, antioxidant and 

growth-promoting effects [48, 49].  

1.3 Comparison between human colostrum and donor human milk 

(DHM) 

In contrast to term infants who are able to receive human colostrum, premature infants are often 

fed with alternatives such as DHM provided by human milk banks, or infant formulas [50]. While infant 

formulas have been reported to be able to provide nutrients for growth and weight gain in premature 

infants, these results were in part attributed to increased electrolyte intake and subsequent water 

retention [51]. Since formulas are mainly derived from bovine milk, proteins from bovine milk have 

not only shown to lead to inappropriate growth in preterm infants but also upregulate inflammatory 

processes that could compromise the integrity of the gut epithelial border and thus aid in the 

translocation of pathogens and toxins into the gut [52]. In addition, bovine milk is highly abundant in 

medium-chain saturated FAs. Although medium-chain FAs are added with an aim to be easily digested 

in an infant’s gut, infants and neonates hold a smaller concentration of bile salts (1-5 mM) in their 

duodenum as compared to adults (5–25 mM) [53]. The low concentration of bile salts would not only 

potentially hamper the hydrolysis of lipids and lead to fat malabsorption but osmotic shock could also 
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occur in infants, especially preterm infants. Consequently, preterm infants would be reliant on alternate 

feeding procedures such as continuous nasogastric drip, nasojejunal feeding and intravenous 

alimentation to counter the loss in fluids [54].  

Instead, a preferred option to infant formula is DHM, which provides additional protective and 

developmental factors that are not found in formulas [55]. Although DHM are fortified and offers 

benefits for infants beyond calorific content, the main concerns include nutrition and microbiology 

safety. Firstly, majority of DHM is supplied by mothers who have delivered at term and initiated 

lactation. However, considerable differences in macronutrient composition (protein, carbohydrate, fat) 

exist between term and preterm milk. For example, despite the short gestation period, mothers who 

deliver preterm secrete milk that contains a higher level of protein than mothers who give birth at term 

during the first month of lactation [56, 57]. Similarly, carbohydrate and fat content in preterm milk is 

significantly greater than in term milk, while gradually increasing throughout the course of lactation 

[58, 59]. These observations indicate a pronounced effect of gestational period and lactation on nutrient 

content in human milk. Furthermore, discrepancies in nutrient composition also arise due to differences 

in hormonal balance and metabolic regulation [60, 61]. These factors in addition to genetic and dietary 

factors could lead to inter-individual changes found in human milk components and thus affect the 

nutrients received by infants from DHM [62, 63]. In addition to diversity in macronutrient content in 

DHM, another challenge of providing DHM to infants is to minimise the potential risk of transmitting 

infectious diseases, which is particularly important for premature infants who are more susceptible to 

bacterial infections. Holder pasteurisation, in which the milk is heated at 62.5 °C for 30 min, is 

recommended by the Human Milk Banking Association of North America (HMBANA), the United 

Kingdom Association for Milk Banking (UKAMB) and is included in current Australian guidelines [64, 

65]. While the recommended Holder pasteurisation technique was adopted in the dairy industry 

historically to prevent the transfer of pathogens to consumers and increase the shelf life of milk without 

specific concern for bioactivity of the components of bovine milk, these conditions may not necessarily 

be ideal for DHM. The content and composition of HMOs and lipids, and the bioactivity of native 

proteins and enzymes might be compromised during the heat treatment process [66]. There is thus a 

need for an enhanced nutrient strategy through the formulation of a colostrum substitute mixture, which 

is able to replicate the content and composition of the nutritional components required to promote a 

healthy development of infants. 

1.3.1 Overall macronutrient composition in human colostrum, mature milk and 

DHM 

The macronutrient composition of human colostrum, mature (non-pasteurised) milk and 

pasteurised DHM varies among mothers depending on diet, ethnicity and other factors, with a summary 

of the content of proteins, carbohydrates and lipids from recent studies illustrated in Table 1.1. These 
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components are responsible for providing both nutritional and non-nutritional functions resulting in the 

growth and healthy development of infants. Based on this table, it can be seen that there are variations 

in the concentrations of these components. For instance, colostrum contains a greater amount of proteins 

than mature and pasteurised DHM. Thus, despite feeding infants with pasteurised DHM, infants are still 

not receiving the optimal amount of nutrition that is otherwise obtained when fed with colostrum that 

may depend on the volume consumed. Despite the growing efforts to produce formulas with a 

composition that more closely resembles human milk, it is difficult to compensate for the lack of 

immunological and protective factors that are present in human colostrum and mature milk, thereby 

contributing to divergence in the development of infants who are breast-fed and those who are formula-

fed [21]. One of the bioactive components that is responsible for this difference is the proteins in human 

colostrum and mature milk. These proteins not only generate amino acids for growth but also comprise 

peptides that have non-nutritional functions [48]. 

Table 1.1. Macronutrient composition of human colostrum, mature (non-pasteurised) milk and pasteurised donor human milk 

(DHM). Results are expressed as mean ± SD based on previous studies: a [59, 67-70], b [68-74], c [75-78], d [4, 79-81], e [80-

83], f [59, 84-90], g [77, 78, 91, 92]. 

Macronutrient 

(g/100 mL) 

Human colostrum Mature (non-

pasteurised) milk 

Pasteurised DHM 

Protein 1.78 ± 0.28a 1.16 ± 0.16b 1.17 ± 0.31c 

Lactose 5.17 ± 0.20d 6.64 ± 0.90b 6.81 ± 0.31c 

Oligosaccharide 2.00 ± 0.21d 1.29 ± 0.33e 1.20 ± 0.28e 

Lipid 3.08 ± 0.85f 3.87 ± 0.95b 2.92 ± 1.06g 

1.3.2 Proteins in colostrum, mature milk and DHM: differences in content and 

bioactivity 

The proteins in human colostrum and mature milk are mainly classified into whey and casein 

fractions, with the whey proteins being more abundant in human colostrum and mature milk. These 

whey proteins serve a wide range of functions such as acting as a defence mechanism against pathogens, 

nutrient sequestration, modification of intestinal microflora, neutralising microbial toxins and 

production of CHO [67, 93]. Among the whey proteins found in human colostrum and mature milk, the 

predominant ones include lactoferrin, secretory immunoglobulin A (sIgA), α-lactalbumin, and 

lysozyme comprising approximately 30% of the total protein content (Table 1.2) [94]. Some of these 

proteins such as lactoferrin have multiple roles, which include antibacterial activities, stimulating 

immune functions and working synergistically with lysozyme to enable the hydrolysis of the outer cell 

wall of Gram-positive bacteria [95]. Moreover, following the digestion of casein and whey proteins, 

peptides and glycans are released thereby amplifying the functional roles of these proteins [68]. Despite 

the large concentration of whey proteins in human colostrum and mature milk, the ratio of whey/casein 

proteins sharply decreases as lactation progresses from 90:10 whey/casein in colostrum to 60:40 
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whey/casein in mature milk [25]. Hence, the higher abundance of these proteins in colostrum is able to 

provide a greater nutritional impact on the healthy postnatal development of an infant as compared to 

feeding an infant with mature breast milk [96].  

Table 1.2. Concentrations of major proteins in human colostrum and mature milk and their biological effects. Results are 

expressed as mean ± SD. Table adapted from Haschke et al., and Lönnerdal et al [67, 68]. 

 Concentration (mg/mL)   

Protein Human 

colostrum 

Mature milk Characteristics Biological effects 

Lactoferrin 5.60 ± 0.55 

 

1.48 ± 0.19 

 

-Non-heme iron 

binding 

glycoprotein 

-Positively 

charged at pH 

7.0; hydrophilic 

- Antimicrobial, 

antioxidant, and 

immunomodulatory effects 

[97] 

 

-Stimulates intestinal cell 

proliferation and 

differentiation [98] 

Secretory 

immunoglobulin 

A (sIgA) 

5.45 ± 1.79 1.15 ± 0.62 

 

-Antibody 

-Neutral 

(amphiphilic) 

 

 

-Affects the composition 

of the gut microbiota, anti-

infective and anti-

inflammatory [99] 

α-lactalbumin  4.43 ± 0.87 1.73 ± 0.25 - Negatively 

charged at pH 

7.0; hydrophilic 

- Antimicrobial activity 

against 

Escherichia coli, 

Klebsiella pneumoniae, 

staphylococcus, 

streptococcus, and C. 

albicans [100] 

Lysozyme 0.32 ± 0.02 0.0729 ± 0.0547 -Glycoside 

hydrolase 

-Positively 

charged at pH 

7.0; hydrophilic 

- Acts synergistically with 

lactoferrin to degrade the 

internal membrane of 

Gram-negative bacteria 

[101] 

-Antiviral activity [102] 

Another important aspect to consider apart from the concentration of proteins in human colostrum 

and mature milk is their bioactivity. A decrease in the bioactivity might render these proteins ineffective 

or display a lack of immunoprotective functions. While pasteurised DHM is a preferred option to 

formulas for premature infants, the processing steps involved in producing DHM may alter the 

biological function or bioavailability of the components. During the heating step in pasteurisation, a 

considerable loss of bioactivity of proteins occurs at the expense of minimising bacterial load [103]. 

For example, the immunoprotective functions of lactoferrin, sIgA and lysozyme are reduced by as much 

as 80% by pasteurisation, which potentially results in immunocompromised neonates [104]. A clinical 

study conducted by Cossey et al., illustrate that NEC and the incidence of late-onset sepsis were more 

severe in premature infants fed with DHM when compared to those who were breastfed with human 

colostrum and non-pasteurised (mature) human milk [105]. Furthermore, although there are other heat 
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treatment processes such as high-temperature short-time (HTST) and ultra-high temperature (UHT) 

sterilisation, a small change in temperature could result in adverse effects in terms of the bioactivity of 

the immune components. Therefore, regardless of the heat treatment process adopted, the bioactivity of 

proteins and their overall capability to exert their nutritional and non-nutritional functions would be 

diminished to a certain extent.  

1.3.3 Carbohydrates in DHM compared with human colostrum/milk: minimal 

changes in bioactivity 

Aside from proteins, carbohydrates are another important component of human colostrum and 

mature milk. The two main classes of carbohydrates in human colostrum and mature milk include the 

disaccharide lactose and HMOs. While the former is the most abundant sugar in human colostrum and 

mature milk, the latter is an elongation of lactose with galactose, N-acetylglucosamine, fucose and sialic 

acid units. Due to the structures of HMOs, which mimic the carbohydrate portion of glycoproteins and 

glycolipids of epithelial cell membranes, this bioactive component is able to inhibit the binding of 

pathogenic microorganisms to the epithelial cell surface of infants, whilst lactose is a source of energy 

for infants [106]. Additionally, as a result of their prebiotic and immunomodulatory properties, HMOs 

play a protective role against infections such as NEC.  

Unlike the content of proteins which are reduced in DHM, the content of lactose and the 

composition of HMOs are unaffected by pasteurisation [83, 107]. While this may seem that the 

functionality of the HMOs in DHM is similar to that of in non-pasteurised human milk/colostrum with 

regards to preventing the onset of NEC in infants, these carbohydrates in DHM are still able to engage 

in Maillard reactions [83, 108]. The Maillard reaction is a chemical reaction between amino acids and 

reducing sugars, importantly between the lysine residues in milk proteins and lactose, respectively 

[108]. During this reaction, the carbohydrates react with the amino acid side chains of the milk proteins 

resulting in early Maillard products. This ‘early Maillard reaction’, which typically occurs at 120–130 

°C, involves the condensation of lactose with lysine, resulting in the formation of an Amadori product 

(1-deoxy-1-amino-lactulosyllysine). While there might not be any major changes in the activity of 

oligosaccharides, this early Maillard reaction could potentially reduce the nutritional value of proteins 

due to modification of lysine residues, which are no longer available for digestion. Although most 

pasteurisation techniques are carried out below 120 °C resulting in the unchanged composition of 

oligosaccharides in DHM, other processing steps could alter the composition and reduce the content of 

HMOs in DHM. However, as pasteurisation is an extensive process that includes several freeze-thaw 

cycles and container changes, these steps might reduce the bioactivity and content of these HMOs [109]. 

Hence, given these potential risks and the higher abundance of HMOs in colostrum (20 mg/mL) than 

DHM (13 mg/mL), colostrum would still be the preferred option in preventing the likelihood of NEC 

from occurring in preterm infants [110, 111]. 
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1.3.4 Lipid content and fatty acid (FA) composition in human colostrum, mature 

milk and DHM 

Lipids in human colostrum and mature milk are a major source of metabolic and total energy 

intake in infants and provide important nutrients such as saturated and unsaturated FAs and transport 

lipid-soluble vitamins [112]. Since human colostrum and mature milk lipids offer many biological 

benefits such as improved GIT function, lipid metabolism, growth and neurodevelopment, it is 

imperative that the overall quality, total content and composition of lipids are monitored across lactation 

and following pasteurisation [112]. Several techniques have been implemented to determine the total 

content of lipids in human milk. A commonly used technique is the modified gravimetric method, which 

has been used as the bench mark to measure lipids in human colostrum and mature milk [113]. This 

technique is based on measuring the mass of a dried lipid extract following extraction into 

chloroform/methanol mixtures [113]. However, the gravimetric method could overestimate the lipid 

content due to a partitioning step that is selective towards hydrophobic compounds in milk and not 

solely lipid compounds. Cerbulis and Custer have demonstrated that the extraction solvent 

(chloroform/methanol) was able to extract approximately 2 wt% of total casein in milk, proving that 

other components could have contributed to the total lipid content [114].  

Despite several techniques used to quantify the amount of lipids in human milk and colostrum, 

the total lipid content could differ among techniques. For instance, as mentioned above the gravimetric 

method could overestimate the lipid content, while the creamatocrit and esterified FA assay methods 

might lead to the underestimation of lipids due to either the degradation of the TAGs in milk fat globules 

into more water soluble FAs or the disruption of ester linkages of the TAGs [86, 115]. Some studies 

indicate that the lipid content in colostrum is lower than in mature milk whereas other studies reported 

that the former has a higher lipid content than the latter  [4, 59, 84, 116]. These variations could instead 

be attributed to maternal and environmental factors such as time elapsed between nursing, adiposity, 

parity and stage of lactation of mothers supplying these human colostrum and milk samples [85]. 

Despite variations in reported lipid content across lactation, it was found in a study conducted by A. 

Cavazos-Garduño et al., that the content of lipids remains the same following pasteurisation of human 

milk [117]. A slight loss of lipids might still occur during pasteurisation but this is normally attributed 

to the adherence of lipids to the surface of containers, pipelines and feeding systems rather than the 

heating temperatures [92].  

Apart from the total content of lipids, which remain unchanged after pasteurisation, the 

composition of lipids comprising saturated FAs (SFAs) (C10:0, C12:0, C14:0, C16:0, C17:0, C18:0, 

C20:0, C22:0, C24:0), MUFAs (C14:1, C15:1, C16:1, C17:1, C18:1, C20:1, C22:1, C24:1) and PUFAs 

(C18:2, C18:3, C20:2, C20:3, C20:4, C20:5, C22:4, C22:5, C22:6) were found to be maintained after 

pasteurisation [118]. However, similar to variations in the lipid content across lactation, the FA 
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composition of human colostrum and mature milk also differ from each other [84, 87]. The difference 

in the positional distribution of FAs along the glycerol backbone at the sn-1, sn-2 and sn-3 positions of 

a TAG molecule should thus be considered [119]. The composition of these FAs in their respective 

esterification sites not only defines the nutritional and physicochemical properties of the TAG 

molecules but would ultimately dictate the 2-monoglyceride (MAG) and free FA (FFA) products 

formed during digestion [120]. Upon hydrolysis of TAGs by lipases, the hydrophilic head groups of the 

2-MAGs and FFAs released are hydrated while the hydrophobic chains associate with one another to 

prevent interaction with water. This causes the digested products to self-assemble into mixed colloidal 

structures. Therefore, the structure of a TAG molecule in human colostrum and mature milk would 

influence the types of lipid LC phases formed and may in turn affect the ability of these colloidal phases 

to deliver lipophilic nutrients to be absorbed into the systemic circulation of infants. 

The difference in the relative amounts of these FAs found in human colostrum and mature milk 

are presented in Fig. 1.1. It can be seen that the predominant essential FAs in both colostrum and mature 

milk are monounsaturated oleic acid (C18:1), saturated palmitic acid (C16:0) and polyunsaturated 

linoleic acid (C18:2) (Fig. 1.1) [121].  

 

Figure 1.1. Abundance of the major fatty acids (FAs) constituting the triglycerides (TAGs) in (a) human colostrum and (b) 

mature milk. Abbreviations: saturated fatty acid (SFA), polyunsaturated fatty acid (PUFA), monounsaturated fatty acid 

(MUFA). 

However, there are variations in the percentages of these major FAs in the sn-1, sn-2 and sn-3 

positions between the two systems. For example, colostrum consists of 52% and 41% of C18:1 being 

the predominant FA at sn-1 and sn-3, respectively, whereas mature milk contains a lower percentage of 

C18:1 at those positions with 49% at sn-1 and 35% at sn-3 (Fig. 1.2). Similarly, colostrum has a greater 

amount of C16:0 FA (58%) at sn-2 as compared to mature milk with 52% of C16:0 (Fig. 1.2).  
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Figure 1.2. The positional distribution (sn-1, sn-2 and sn-3 positions) of the abundant FAs in TAGs in (a) human colostrum 

and (b) mature milk. Abbreviations: saturated fatty acid (SFA), polyunsaturated fatty acid (PUFA), monounsaturated fatty acid 

(MUFA). Figure adapted from Martin et al., [121]. 

The difference in the relative distribution of these FAs between the outer (sn-1 and sn-3) and sn-

2 positions in the TAG molecule of human colostrum and mature milk might lead to variations in the 

FFA composition and 2-MAG formed during the digestion of colostrum and milk lipids. For instance, 

during the digestion of C18:1/C16:0/C18:1 (oleic/palmitic/oleic) TAGs, the two outer oleic acids in the 

sn-1 and sn-3 positions are first cleaved by lipases thus liberating two free oleic acid molecules and one 

molecule of 2-monopalmitin [122]. The stereo-specific positioning of palmitic acid at the sn-2 position 

reduces the loss of calcium that would otherwise occur due to the formation of highly insoluble calcium 

palmitate if free palmitic acid was liberated from the sn-1 or sn-3 positions during digestion [123-125]. 

The complexation of calcium ions by palmitic acid in the digesting milk reportedly improves the 

absorption of FFAs [126]. The relative amount and specificity of the placement of FAs in the three 

positions of milk TAGs by the mammary gland thus not only affects the FFAs absorbed but also the 

nature of 2-MAG and unesterified FAs delivered to tissues. The high absorption of fat, efficient 

processing with positive energy balance and net tissue growth underlines the biological significance of 

the TAG structure. 
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1.4 Digestion of human colostrum and mature milk lipids 

 The digestion and absorption of dietary lipids is a complex process, which is reliant on factors 

such as enzymatic hydrolysis and solubilisation of lipolytic products in bile salt/phospholipid mixed 

micelles [127]. In a healthy human adult, the digestion and absorption of dietary fat is almost complete 

with at least 95% of the consumed fat being absorbed [128]. In comparison, the extent of digestion and 

absorption in infants has been reported to be approximately 80–90% due to factors such as a small bile 

pool, low intraduodenal concentrations of pancreatic lipase and bile salt-stimulated lipase (BSSL) [129]. 

Nonetheless, the lipids in human colostrum and milk are not only essential in the growth and 

development of an infant but have also been shown to be of interest in recent years as a lipid-based 

formulation [130-132]. The initial digestion process begins in the mouth with lingual lipase, followed 

by gastric lipase in the stomach, which accounts for about 10–30% of the total lipid digestion [128]. 

Lipases cleave the FAs from the TAG, leading to the production of 1,2-/2,3-diglycerides (DAGs) and 

FFAs. The DAGs and remaining TAGs are then hydrolysed in the upper small intestine by pancreatic 

lipase, which is responsible for the majority of the lipid digestion (approximately 70–90%). This 

enzyme acts at the oil-water interface, generating 2-MAG and FFAs [122] (Fig. 1.3). Concurrently, gall 

bladder contractions lead to the secretion of bile, containing phospholipids, cholesterol and bile salts 

[133, 134]. These bile components subsequently integrate the lipophilic digestion products to form 

vesicles and mixed micelles, thereby providing fresh surface of the substrate oil droplets for further 

hydrolysis activity [122]. Through the process of digestion, these amphiphilic products self-assemble 

to form lyotropic lipid LC structures [135, 136]. 

 

Figure 1.3. Schematic of the digestion of TAGs and subsequent products formed in the stomach and small intestine. 

1.4.1 Formation of lipid liquid crystalline (LC) structures during digestion 

While the TAGs that dominate the lipid content before digestion are amorphous and do not self-

assemble to form complex lipid LC structures in water, the more polar lipid digestion products (MAGs 

and FFAs) are generally amphiphilic and self-assemble in aqueous media [135, 137] (Fig 1.4). These 
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lipid LC structures formed can range from simple lamellar bilayers to more complex phases with 

internalised water channels such as inverse cubic and inverse hexagonal phases. The inverse cubic phase 

can be further categorised as the cubic micellar I2 phase (Fd3m spacegroup) and the bicontinuous cubic 

phases, which includes the Im3m and Pn3m phases [137]. Upon changes in the physiological conditions 

such as pH, ionic strength and calcium levels, the lipid LC mesophases are able to transition to other 

structures [138]. These mesophases, shape and curvature of the lipid liquid crystalline structure can be 

characterised using the critical packing parameter (CPP). The CPP is dependent on the area of the polar 

head group (a0), volume (v) and length of hydrophobic tail (lc) and expressed as follows [137]: 

𝐶𝑃𝑃 =  
𝑣

𝑎0𝑙𝑐
      (1) 

For CPP values <1/3, the shape of the critical packing will adopt that of a cone, forming a 

spherical micelle structure due to a larger area of the hydrophilic head group than hydrophobic tail. As 

the CPP of the lipid increases, the hydrophobic component becomes increasingly bulky and conforms 

to more negatively curved structures (bending towards aqueous phase i.e. water-in-oil) such as lamellar 

bilayers (CPP = 1) and inverse type architecture; cubic micellar Fd3m phase (CPP > 1) (Fig. 1.4). With 

the various types of lipid LC structures proving to be of interest within the pharmaceutical research 

field as vehicles for delivering poorly water-soluble drugs, these lipid LC structures could also function 

as carriers for poorly water-soluble nutrients [131, 139, 140].  

 

Figure 1.4. The critical packing parameter (CPP) of amphiphiles (example lipids) and the resulting morphology with different 

interfacial curvature for (a) micelles, (b) lamellar phase and (c) inverse cubic and hexagonal phases. Figure adapted from van 

't Hag et al., [141]. 

1.4.2 Bile salt-stimulated lipase (BSSL): role in human colostrum and mature 

milk and activity following pasteurisation 

In contrast to adults who hold a greater concentration of bile salts than infants, the capacity for 

bile salts to solubilise MAGs and FFAs in a micellar form in an infant’s GIT might be considerably 



Chapter 1: Introduction 

Page | 15 

 

reduced [142]. However, human colostrum and mature milk contains an additional enzyme, BSSL, 

which is not found in bovine milk. In the presence of bile salts, BSSL has high lipase and esterase 

activity and complements the low levels of pancreatic enzymes in infants and serves to drive lipolysis 

towards completion [13]. Despite the presence of activating bile salt in the gastric environment, BSSL 

has shown negligible activity against TAGs in the stomach. However, in the higher pH and increased 

bile salt concentration of the duodenal fluids, this lipase becomes activated and functions synergistically 

with pancreatic lipase to further hydrolyse the partially digested TAGs [143]. The promoting effect of 

BSSL on intraluminal lipolysis was evident where a rapid release of glycerol was observed during the 

lipolysis of trioleoylglycerol by a mixture of BSSL and pancreatic lipase when compared to when only 

pancreatic lipase was present [12]. This highlights the lack of positional selectivity in BSSL activity, 

unlike pancreatic lipase that selectively hydrolyses TAGs at the sn-1 and sn-3 positions. BSSL further 

hydrolyses 2-MAGs to form glycerol and three FFAs as the lipolysis products of TAGs [143]. This 

demonstrates the ability of BSSL to drive the lipid digestion process to completion, potentially 

hydrolysing most of the colostrum and mature milk TAGs under conditions similar to those 

predominant in the intestine of an infant [144].  

Although BSSL in human colostrum and mature milk has been shown to have a crucial role in 

the digestion of lipids in infants, the activity of this lipase is lost during the pasteurisation of human 

milk. It has been reported that BSSL and pancreatic lipase are heat labile with a loss of lipolytic activity 

related to the degree of heat applied [143]. Pasteurisation of human milk resulted in the complete 

inactivation of BSSL with a reduction in the activity of the enzyme from 36.6 U/mL (where U/mL refers 

to enzyme activity in 1 mL of milk) to 0 U/mL [145]. The denaturation of BSSL, which subsequently 

decreases its activity, was attributed to the heat-labile property of the lipase [146]. Although Holder 

pasteurisation is the recommended process to obtain pasteurised DHM, this process together with other 

types of heat treatment techniques including HTST, have been shown to suppress the activity of BSSL 

[92, 147, 148]. Consequently, the reduced activity or complete inactivation of BSSL would lead to 

unfavourable consequences for the digestion and absorption of lipids by newborns. Therefore, despite 

optimising the parameters used for any pasteurisation method, formulating a colostrum substitute 

mixture, which minimises the need for any heating or processing steps would be a more suitable 

alternative in preserving the bioactivity of not only enzymes but also proteins, HMOs and lipids.  

1.5 Summary 

Previous studies have been directed at understanding the ability of human colostrum as an 

optimum enteral of diet for infants. Bioactive components such as proteins, carbohydrates and lipids 

are essential in stimulating a healthy development of infants while preventing the onset of infectious 

diseases from occurring. The higher abundance and bioactivity of these components in colostrum as 

compared to current alternatives fed to premature infants, highlights the importance of this ‘liquid gold’ 



Chapter 1: Introduction 

Page | 16 

 

to be consumed by infants, particularly preterm infants to stimulate a healthy development of the gut 

while reducing the onset of NEC.  

1.6 Project hypotheses 

Although the benefits of these bioactive factors towards organ development and preventing 

diseases from occurring in infants have been previously demonstrated, there have been no reports of 

human colostrum being assessed in the context of lipid digestion. As lipids are shown to form lipid LC 

structures during digestion, it is hypothesised that these colloidal structures are critical in the 

bioavailability of lipophilic nutrients for premature infants with a weak bile pool for lipid absorption. 

Moreover, although preterm infants have been shown to have fewer episodes of NEC due to the HMOs 

remaining activated in DHM, the bioactivity and content of other factors such as proteins, enzymes and 

FFAs released during digestion are reduced. Hence, there is a pressing need to prepare a colostrum 

substitute formulation, which would be able to exert beneficial effects similar to that of human 

colostrum while performing more efficiently than current infant formulas and DHM in vitro. Therefore, 

the general hypotheses of this thesis are as follows: 

1. Different stages of lactation and pasteurisation of human milk will influence the FFA 

composition and structural behaviour of lipids during digestion.  

2. Colostrum substitute mixtures designed to have a simplified TAG composition similar to 

human colostrum lipids will exhibit the same lipid self-assembly when emulsified and digested. 

3. Addition of reconstituted HMOs to a colostrum substitute will provide equivalent performance 

with respect to biomarkers of NEC compared to human milk and better than infant formula.  

1.7 Project aims 

To address the hypotheses above, the general aims of this project are: 

1. To evaluate the FFA composition and structural behaviour of mature non-pasteurised human 

milk, pasteurised DHM and human colostrum during digestion – hypothesis 1. 

2. To correlate the lipid and FA composition before digestion and FFA composition released 

during the digestion of the colostrum substitute formulation and human colostrum to the 

formation of lipid LC structures during in vitro digestion– hypothesis 2.  

3. To determine whether the negative impact of NEC inducing factors on gut cells can be 

prevented using HMO-supplemented colostrum substitute formulation compared to infant 

formula – hypothesis 3. 
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The central focus of the early parts of the thesis is the behaviour of lipid in colostrum and human 

breast milk under digestion. In vitro lipolysis experiments were therefore fundamental in addressing the 

first two aims of this project. This digestion model was coupled to small-angle X-ray scattering (SAXS) 

to obtain real-time monitoring of the formation of lipid liquid crystalline (LC) structures over the course 

of digestion of mature human milk, pasteurised donor human milk (DHM), human colostrum and the 

colostrum substitute formulations. In this thesis, a correlation between the composition of free fatty 

acids (FFAs) released during the digestion of human colostrum, mature non-pasteurised milk and 

pasteurised DHM on the structural behaviour of lipids was evaluated (Chapter 3). The impact of the 

composition of FFA released during the digestion of human colostrum and the colostrum substitute 

formulation on the self-assembly of lipids was also determined (Chapter 4). Chapter 4 also entails the 

influence of reconstituted water-soluble components on the digestibility and structural behaviour of the 

colostrum substitute lipids. Lastly, an in vitro NEC model was implemented to analyse whether 

bifidobacteria cultured on carbohydrates alone and milk-like systems as a whole (infant formula, mature 

non-pasteurised milk and colostrum substitute formulation) would modulate the integrity of monolayer 

and increase the expression of an anti-inflammatory cytokine in intestinal epithelial cells (Chapter 5).    

2.1 General materials 

2.1.1 Human milk, colostrum and colostrum substitute formulations 

Human breast milk collected between day 10-15 was donated by the Mercy Health Breastmilk 

Bank (Heidelberg, VIC, Australia) with ethics approval from the Mercy Health Human Ethics Research 

Committee (Application 2017-035). Colostrum samples collected between day 2-4 were donated by the 

University of Western Australia with ethics approval from the Monash University Human Research 

Ethics Committee (Project ID 21047). The human milk and colostrum samples were stored at -20 °C 

and prior to analyses, they were thawed and agitated using a vortex mixer for 5 min. 

The colostrum substitute formulations were prepared using lipids (0.7 g lipid in 20 g formulation; 

3.5 wt% total fat) that were mostly abundant in human colostrum [121]. Tricaprin (C10:0, > 98% 

purity), trilaurin, (C12:0, > 98% purity), trimyristin (C14:0, > 95% purity), tristearin (C18:0, > 80% 

purity) and triolein (C18:1, > 80% purity with the major impurity being trilinolein; C18:2) were 

purchased from Tokyo Chemical Industry Co. (Tokyo, Japan) and tripalmitin (C16:0, > 85% purity) 

was obtained from Sigma Aldrich (St Louis, MO, USA). Casein from bovine milk (technical grade) 

from Sigma Aldrich (St Louis, MO, USA) and lactose monohydrate (AERO FLO 65 inhalation lactose) 

were added to 19.3 g of tris buffer (50 mM trizma-maleate buffer at pH 6.5, which also contained 5 mM 

CaCl2.2H2O and 150 mM sodium chloride and 6 mM sodium azide) in a 20 g formulation to emulsify 

the lipids. Casein is a poorly water-soluble protein, which exists as a micellar complex with calcium 

phosphate and constitutes approximately 10% and 40% of the total protein content in human colostrum 

and mature human milk, respectively [67, 68]. Casein (49.8 mg/ 20 g formulation)/tris buffer mix was 
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ultrasonicated using a microtip ultrasonicator (Misonix, Newton, CT) with an amplitude of 30, 5 s on/off 

for 2 min 30 s. The ultrasonication process was repeated 3-4 times, agitating the mixtures between 

ultrasonication cycles until all casein particles were dispersed. Following sonication, lactose 

monohydrate (1.09 g/ 20 g formulation), the most abundant sugar in human colostrum and milk, was 

then included in the buffer. Lastly, any water lost to evaporation during ultrasonication was replaced 

with ultrapure water.  

2.1.2 Materials for in vitro digestion experiments 

A 50 mM solution of trizma-maleate (tris) buffer was prepared consisting of trizma®-maleate, 

which was purchased from Sigma-Aldrich (St Louis, MO, USA), 5 mM calcium chloride dihydrate (> 

99% purity) from Ajax Fine Chemicals (Seven Hills, NSW, Australia), 150 mM sodium chloride (> 

99.7% purity) from Chem Supply (Gillman, SA, Australia) and 6 mM sodium azide (> 99% purity) 

from Merck (Darmstadt, Germany). The tris buffer solution (~900 mL) was then adjusted to pH 6.5 

using HCl or NaOH (0.1M or 1.0 M) before making up the volume to 1 L. This buffer solution was 

used in all of the in vitro digestion experiments and the specific volumes of the tris buffer are described 

in each experimental chapter (Chapters 3 and 4).  

 Porcine pancreatin extract (USP grade) was obtained from Southern Biologicals (VIC, 

Australia). Pancreatin lipase was extracted by adding 25 mL of water to 20 g of pancreatin extract in a 

50 mL polypropylene tube and vortexing until thoroughly dispersed. The hydrated pancreatin was 

subsequently centrifuged (parameters: 4 °C, 2205 g for 15 min) and the supernatant containing the 

pancreatic lipase was aliquoted to a fresh Falcon tube before being centrifuged again. After the second 

spin, the supernatant was aliquoted (5 mL) into 20 mL scintillation vials and freeze-dried for 72 h. 

Following freeze-drying, the lyophilised lipase extract was pooled into 50 mL polypropylene tubes and 

stored at -20 °C until use. Prior to each in vitro digestion, the freeze-dried lipase was dispersed in tris 

buffer. The mass of lipase required for each digestion experiment depended on the enzyme activity 

(approximately 700-1000 tributyrin units; TBU/mL of digest). Steps taken to determine the enzyme 

activity of pancreatic lipase are described in section 2.2.4.  

2.1.3 Materials for gas chromatography coupled to a flame ionisation detector 

(GC-FID) 

The following triglyceride (TAG) standards used in the gas chromatography coupled to a flame 

ionisation detector (GC-FID) experiments were purchased from Tokyo Chemical Industry Co. (Tokyo, 

Japan): tricaprin (C10:0, > 98% purity), trilaurin, (C12:0, > 98% purity), trimyristin (C14:0, > 95% 

purity), tripalmitin (C16:0, > 99% purity), tristearin (C18:0, > 80% purity), triolein (C18:1, > 80% 

purity with the major impurity being trilinolein; C18:2). Triundecanoin (used as internal standard; 

C11:0, > 99% purity) was purchased from Nu-Chek Prep (Elysian, MN, USA). These TAGs were 

diluted in chloroform (ACS, ISO, reagent) and methanol (HPLC basic) obtained from Merck 
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(Darmstadt, Germany). Details on the concentration of standards used and the GC-FID parameters are 

described in Chapters 3 and 4.  

To characterise the release of FFAs during the digestion of human colostrum, mature non-

pasteurised human milk, pasteurised DHM and the colostrum substitute formulations, fatty acid methyl 

ester (FAME) standard mixtures (nominal purity of all standards was > 99%) containing the following 

methyl esters from Nu-Chek Prep (Elysian, MN, USA) were used: methyl butyrate (C4:0), methyl 

pentanoate (C5:0), methyl hexanoate (C6:0), methyl heptanoate (C7:0), methyl octanoate (C8:0), 

methyl nonanoate (C9:0), methyl decanoate (C10:0), methyl undecanoate (C11:0), methyl laurate 

(C12:0), methyl tridecanoate (C13:0), methyl myristate (C14:0), methyl pentadecanoate (C15:0), 

methyl palmitate (C16:0), methyl heptadecanoate (C17:0), methyl stearate (C18:0), methyl oleate 

(C18:1), methyl linoleate (C18:2), methyl α-linolenate (C18:3) and methyl undecenate (used as internal 

standard; C11:1, > 99% purity). The FFAs from the colostrum/milk/formulation systems were obtained 

at the end of the digestion of these samples followed by a solid phase extraction step. These methods 

are further described in Chapters 3 and 4. The FFAs were subsequently derivatised into FAMEs using 

methanolic HCl (3 M), which was purchased from Sigma Aldrich (St Louis, MO, USA), as the 

derivatising agent.   

2.1.4 Materials for in vitro necrotising enterocolitis (NEC) experiments 

Enterocyte-like human colon adenocarcinoma Caco-2 cells, passages 38-43, were obtained 

from ATCC (Manassas, Virginia, USA) HTB-37 while HT29-MTX cell lines, passages 54-59, were 

purchased from Sigma Aldrich (St Louis, MO, USA) HTB-52. Through the implementation of a NEC-

inducing factor, this in vitro NEC model was used in the present study to determine whether the 

supplementation of a bifidobacterial subspecies, Bifidiobacterium longum subspecies (subsp.) infantis 

(B. infantis) cultured on carbohydrates alone and milk-like systems as a whole, would influence the 

integrity of the intestinal epithelial monolayer and the expression of an anti-inflammatory cytokine. 

Unlike Caco-2 cells, which have the capacity to spontaneously differentiate into a monolayer of cells 

possessing the morphology and functionality typical of absorptive enterocytes as those found in the 

small intestine, HT29 cells differentiate into goblet mucus secreting cells [149-151]. Despite these 

differences in characteristics, both cell lines have been used extensively as in vitro intestinal models to 

assess NEC in experimental conditions [151-154].  

To maintain the Caco-2 cells, Dulbecco’s modified Eagle’s medium/Nutrient Mixture F-12 

(DMEM/F-12; Thermo Fisher Scientific, VIC, Australia) was supplemented with heat-inactivated fetal 

bovine serum (FBS; Sigma Aldrich, St Louis, MO, USA), non-essential amino acids (Thermo Fisher 

Scientific, VIC, Australia), penicillin and streptomycin (Sigma Aldrich, St Louis, MO, USA) while the 

HT29-MTX cells were maintained in RPMI-1640 medium (Thermo Fisher Scientific, VIC, Australia). 

As the dissociation reagent, trypsin-ethylenediamintetraacetic acid (EDTA; Thermo Fisher Scientific, 
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Rockford, IL) was used to detach the cell monolayers from the flasks. To stimulate a leakage in the 

intestinal epithelial layer by destroying tight junction proteins, the cell monolayers were treated with 

lipopolysaccharide (LPS; Sigma Aldrich, St Louis, MO, USA) [155]. Subsequently, the NEC-induced 

cells were incubated with B. infantis S12 (Creative Enzymes, Shirley, NY, USA), which is a common 

type of bifidobacteria found in the gut of infants [156]. Through the metabolism of soluble carbohydrate 

oligomers, this bifidobacterial subspecies is able to adhere to intestinal epithelial cells thus leading to 

increased expression levels of tight junction proteins and anti-inflammatory capacity [157-159]. As the 

sole carbon source for the bacteria, B. infantis was grown in the presence of lactose (Foremost, 

Middleton, USA), human milk oligosaccharides (HMOs) extracted from mature non-pasteurised human 

milk or pure 2’-fucosyllactose (2’-FL) and lacto-N-neotetraose (LNnT) [both oligosaccharides obtained 

from Biosynth Carbosynth Ltd (Compton, UK)]. Following this, the bacteria subspecies was then 

cultured in the presence of milk-like systems: preterm infant formula, which was kindly provided by 

Mercy Health Breastmilk Bank (Heidelberg, VIC, Australia), mature non-pasteurised human milk and 

the colostrum substitute mixture. Additional materials and the nutritional contents of the preterm infant 

formula, mature non-pasteurised human milk and colostrum substitute formulation are further listed in 

Chapter 5.  

2.2 General methods 

2.2.1 Preparation of colostrum substitute formulations 

The colostrum substitute mixtures were formulated by characterising the most abundant lipids 

found in human colostrum using GC-FID (section 2.2.2 and further elaborated in Chapters 3 and 4). 

Additionally, by incorporating the fatty acid (FA) compositions that could correspond to each TAG 

based on the GC-FID results of human colostrum, the mass of each TAG was calculated. Table 2.1 

shows the amount of each FAs determined in human colostrum. The amounts of homo-triglycerides 

were then determined to prepare a total of 0.7 g lipid in 20 g emulsions (3.5 wt% total fat). With regards 

to the non-homo-triglycerides, whose molecular weights do not correspond directly to that of a homo-

triglyceride such as C46 (18:0/16:0/12:0) and C52, the amount of these TAGs was rounded to the 

nearest TAG; C48 (16:0/16:0/16:0) and C54 (18:0/18:0/18:0), respectively.  

Table 2.1. Amount of each fatty acid (FA) found in human colostrum using GC-FID and the amount of each FAs added to the 

colostrum substitute using homo-triglycerides. 

Fatty acid 
FA composition before digestion (sn-1, sn-2 and sn-3 positions) (wt%) 

Human colostrum Colostrum substitute formulation 

C10:0 3.4 3.4 

C12:0 4.3 4.3 

C14:0 1.9 1.9 

C16:0 13.2 13.2 

C18:0 2.5 2.5 

C18:1 
74.7 74.7 

C18:2 
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The lipids were subsequently emulsified in tris buffer containing either casein proteins and 

lactose (explained in section 2.1.1; buffer was termed as ‘without water-soluble nutrients’) or 

reconstituted HMOs, proteins and salts from mature non-pasteurised human milk (buffer was termed as 

‘with water-soluble nutrients’) (Fig. 2.1). These reconstituted water-soluble nutrients were obtained by 

centrifuging human milk samples at at 5000 g for 60 min at 4 °C. The supernatant containing the water-

soluble nutrients was then aliquoted (5 mL) into 20 mL scintillation vials and freeze dried for 48 h. 

Following this, the lyophilised water-soluble nutrients were reconstituted in tris buffer. Further details 

on the preparation of these buffers are explained in Chapter 4. After adding the buffers to the molten 

lipids, the colostrum substitute mixtures were then melted in an oven at 70-75 °C. The mixtures were 

then emulsified using tip ultrasonication before subsequent in vitro experiments.  

 

Figure 2.1. Schematic representation of the preparation of a 20 g colostrum substitute formulation. This amount was required 

to prepare a 3.5 wt% emulsion, which consisted of 0.7 g lipids in a total of 20 g aqueous solution made up of either a digestion 

buffer containing only casein proteins (0.5 g/20 g colostrum substitute mixture) and lactose (1.1 g /20 g colostrum substitute 

mixture) or a digestion buffer containing reconstituted water-soluble nutrients (HMOs, proteins and salts) from mature non-

pasteurised human milk. These reconstituted water-soluble nutrients were obtained from the supernatant of centrifuged human 

milk samples. A total amount of 1.58 g of reconstituted water-soluble nutrients is needed for a 20 g colostrum substitute 

mixture. 

2.2.2 Characterisation of lipids and fatty acids (FAs) using gas chromatography 

coupled to a flame ionisation detector (GC-FID) 

Gas chromatography coupled to a flame ionisation detector (GC-FID) was used to analyse a 

mixture of TAGs, FA and FFA composition of undigested and digested milk, colostrum and colostrum 

substitute mixtures. A schematic diagram of the GC-FID set-up is shown in Fig. 2.2 below and further 
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details regarding the sample preparation and the GC-FID parameters used to characterise the lipid, FA 

and FFA compositions are outlined in Chapters 3 and 4. This robust technique is highly sensitive in the 

detection of organic compounds, which are thermally stable and resistant to thermal re-arrangement 

[160]. As TAGs in milk (and colostrum) are considered as a group of high-boiling range compounds, 

GC-FID is a suitable method as the final temperatures of the column can reach to a value of 350 °C or 

higher [161]. In the GC-FID experiments used in this study, the compounds were eluted depending on 

their chain lengths; short-chain FAs would elute out of the column before the medium- and long-chain 

FAs. Prior to the injection of the samples into the capillary column, the glass liner that sits in the injector 

port should also be taken into consideration. Depending on the type of injection, whether it is 

programmable temperature vapourisation (PTV), on-column injection or split/splitless injection, 

different types of glass liners should be used. Additionally, the quartz wool in the liner should be 

removed so as to prevent adsorption of peaks of interest, tailing and loss of sensitivity. After the samples 

were injected into a capillary column using a PTV split injector, the analytes were then passed through 

a column using helium as the carrier gas at a constant flow rate. At this step, the temperature programme 

chosen would influence the flow of the analytes through the column and consequently the sensitivity of 

the peaks obtained. Once the analytes reached the FID, hydrogen gas was mixed with the analytes and 

an oxygen inlet was used to assist in the combustion process. As the analytes were combusted, 

hydrocarbons (CH) from the analytes generated ions in which the carbon atoms would produce CH 

radicals and in turn produce CHO+ ions. The ions were detected on a collector plate and the signal was 

converted to a peak. The quantification of each lipid/FA/FFA was then calculated based on the area 

under each peak and the concentration was subsequently corrected using response factors.  

 

Figure 2.2. Schematic diagram of gas chromatography coupled to a flame ionisation detector (GC-FID) set up. Samples were 

injected into the capillary column, which sits in an oven and carried through the column using a mobile phase. The samples 

were then combusted using the FID and detected on collector plates before being converted to a plot of intensity against time. 

The area under the peak corresponded to the concentration of the sample. 
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2.2.3 In vitro digestion experiments 

In vitro digestion experiments were performed on human colostrum, mature non-pasteurised 

milk, pasteurised DHM and the colostrum substitute formulations according to methods described 

previously [120, 162]. The storage conditions and preparation of each sample used for the digestion 

experiments are described in each chapter. A schematic diagram of the in vitro lipolysis set-up is shown 

in Fig. 2.3 below. The samples were added into a thermostatted glass vessel (maintained at a constant 

temperature of 37 °C) connected to a pH stat auto titrator (Metrohm® AG) under constant magnetic 

stirring. The apparatus was connected to a computer and operated using Tiamo 2.0 software 

(Metrohm®). To simulate the gastric environment, the pH of the samples was adjusted to 3.000 ± 0.003 

using 5.0 M HCl. Pepsin [13.9 mg; from porcine gastric mucosa (lyophilised powder) purchased from 

Sigma Aldrich (St Louis, MO, USA)] and fungal gastric lipase [27.8 mg; obtained from Connell Bros 

Australasia Pty Ltd (Croydon South, VIC, Australia)] were then added to the samples. After an hour of 

gastric digestion, the pH of the samples was then adjusted using HCl or NaOH (0.2-5.0 M) to a value 

of 6.500 ± 0.003 to mimic intestinal conditions. Pancreatic lipase suspension (2.25 mL of reconstituted 

freeze-dried lipase with tris buffer with an activity of ~700-1000 TBU/mL of digest) was added to the 

samples to initiate intestinal digestion leading to the release of monoglycerides (MAGs) and FFAs.  

 

Figure 2.3. Schematic diagram of the in vitro digestion set-up. Samples were loaded into the vessel and maintained at 37 °C 

and pH 6.5 to mimic the intestinal environment. Pancreatic lipase was then manually injected into the vessel to initiate the 

digestion process and NaOH was titrated to ensure that the pH remained at 6.5. 

Throughout the digestion of lipids, 0.2 M NaOH was added to maintain the pH at 6.5 to counter 

the decrease in pH as a result of the liberation of FFAs. Assuming that the consumption of NaOH was 

only through the evolution of ionised FFAs by lipolysis, the amount of titrated (ionised) FFAs was 

determined following the subtraction of volume of NaOH (required to maintain the pH at 6.5) from the 

blank digestion (colostrum, milk and formulations with no lipids). After 120 min of intestinal digestion, 
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the pH of the digested samples was increased to pH 9.0 using NaOH (‘back titration’), for which the 

molar amount of NaOH required corresponds to the amount of unionised FFAs present at the end of 

digestion. Together with the amount of ionised FFAs determined earlier, the total amount of FFAs 

released during digestion was calculated with the following equation:  

𝐸𝑥𝑡𝑒𝑛𝑡 𝑜𝑓 𝑑𝑖𝑔𝑒𝑠𝑡𝑖𝑜𝑛 (%) =
𝐼𝑜𝑛𝑖𝑠𝑒𝑑 𝐹𝐹𝐴𝑠 (𝑚𝑚𝑜𝑙)+𝑈𝑛𝑖𝑜𝑛𝑖𝑠𝑒𝑑 𝐹𝐹𝐴𝑠 (𝑚𝑚𝑜𝑙)

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝐹𝐹𝐴𝑠 (𝑚𝑚𝑜𝑙)
× 100%      (1) 

2.2.4 Test for lipolytic activity of pancreatin 

The enzymatic activity of lipase was determined using the tributyrin units (TBU) test typically 

yielding an activity between 700-1000 TBU/mL of digest. One TBU refers to the amount of enzyme 

required to release 1 μmol of butyric acid per min. A known mass of freeze-dried pancreatic lipase was 

reconstituted in a known volume of tris buffer to prepare at least 2.1 mL of reconstituted lipase. Tris 

buffer (18 mL) was added into a thermostatted digestion vessel, which was maintained at 37 °C and 

under constant magnetic stirring. Following this, tributyrin (5.8 mL/6 g) was added into the vessel 

before adjusting the pH to a value of 7.500 ± 0.003 using 1-2 M of HCl or NaOH. After 15 min of 

stirring, 2 mL of reconstituted lipase was added to the vessel to initiate digestion for 10 min. The FFAs 

released during digestion was titrated using NaOH (0.6 M) via an autoburette (Metrohm®, Switzerland). 

A graph of FFAs liberated (μM) against time (min) was plotted and the slope obtained directly correlates 

to the enzyme activity (TBU).  

2.2.5 Determination of colloidal structures using small angle X-ray scattering 

(SAXS) 

Small angle X-ray scattering (SAXS) experiments were carried out on the SAXS/WAXS 

beamline at the Australian Synchrotron (Australian Nuclear Science and Technology Organisation, 

Clayton, VIC, Australia) [163] to determine the formation of lipid LC structures. This technique 

involves the use of a monochromatic beam of X-rays with a particular wavelength (λ) passing through 

a sample. The X-ray beam interacts with the electron density within the sample causing the photons to 

be scattered. The scattering of the photons is a result of the segregation of the lipidic and aqueous 

regions in the LC phases causing variations in electron densities. This process results in constructive 

(bright spots) or destructive (dark spots) interference at the detector leading to the formation of a 2D 

scattering pattern. The intensity from these interference patterns was then measured as a function of 

scattering angle (2𝜃). The 2D diffraction patterns recorded were subsequently radially integrated into 

1D scattering plots of scattered X-ray intensity against scattering vector (q) using the in-house 

developed software Scatterbrain. The scattering vector, q, is expressed as shown in Equation 2: 

𝑞 = (
4𝜋

𝜆
) sin (

2𝜃

2
)        (2) 
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where 𝜆 is the wavelength and 2𝜃 is the scattering angle. In the 1D scattering profiles, the presence of 

lamellar, hexagonal and cubic LC phases was determined based on their characteristic diffraction peaks 

(Fig. 2.4) [137].  

 

Figure 2.4. Scattering profiles with reciprocal ratios of the Bragg peaks indicated and the corresponding colloidal structures 

of (a) lamellar phase with peak q ratios of 1: 2: 3, (b) hexagonal phase with peak q ratios of 1: √3: √4, and (c) I2 (Fd3m) phase, 

with peak q ratios of √3: √8: √11. Images were adapted from Hyde and Fong et al., [137, 164]. 

Following this, the lattice parameters or physical dimension of unit cells in the crystal lattice, 

a, were calculated using the equations below (Equation 3A, 3B and 3C) based on the characteristic peak 

multiplier (x) and q value of the corresponding peak (qpeak): 

Lamellar phase: 𝑎 =
2𝜋𝑥

𝑞𝑝𝑒𝑎𝑘
 where x = 1, 2 or 3                              (3A) 

Hexagonal phase: 𝑎 =
4𝜋√𝑥

𝑞𝑝𝑒𝑎𝑘√3
 where x = 1, 3 or 4                  (3B) 

Micellar cubic 𝐹𝑑3𝑚 phase: 𝑎 =
2𝜋√𝑥

𝑞𝑝𝑒𝑎𝑘
 where x = 3, 8 or 11                (3C) 

2.2.6 In vitro lipolysis coupled to small angle X-ray scattering (SAXS): flow 

through measurements 

The in vitro digestion model coupled with SAXS was used to determine real-time lipid LC 

structure formation during the digestion of lipids [165]. The in vitro digestion apparatus described in 

section 2.2.3 was coupled to the SAXS/WAXS beamline at the Australian Synchrotron (Australian 

Nuclear Science and Technology Organisation, Clayton, VIC, Australia) [163]. A peristaltic pump was 

used to aspirate a fraction of the digest at a flow rate of approximately 10 mL/min via silicone tubing 

through a 1.5 mm diameter quartz capillary mounted in the X-ray beam. Pancreatic lipase was then 

added remotely using a syringe driver and the 2D SAXS patterns were recorded with a 5 s acquisition 

time and 15 s delay between each measurement. An X-ray beam with a photon energy of 13.0 keV 

(wavelength, λ =0.954 Å) was utilised in this investigation. A sample-to-detector distance of around 1.7 

m (approximate q range of 0.01 < q < 1.09 Å-1) was used to monitor the lipid LC liquid structures 
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formed during digestion. A schematic diagram of the in vitro digestion model coupled to SAXS is 

shown in Fig. 2.5 below: 

 

Figure 2.5. Schematic diagram of in vitro digestion apparatus coupled to small angle X-ray scattering (SAXS). The sample in 

the digestion vessel was pumped through the flow through capillary, which was aligned with the X-ray source. The digestion 

was initiated by injecting the pancreatic lipase remotely using the syringe driver. A scattering image was detected on the 2D 

area detector every 20 s (5 s acquisition, 15 s delay) before the measurements were radially integrated to determine a 1D 

scattering plot. The reciprocal ratios of the Bragg peaks from the plot corresponded to the colloidal structures formed. 

2.2.7 Modelling necrotising enterocolitis (NEC) in intestinal epithelial cells  

An in vitro NEC model was required to determine the effects of bioactive carbohydrates and 

assembled milk-like systems on colonising bacteria and its impact on the localisation of a tight junction 

protein and expression levels of an anti-inflammatory cytokine. While some studies have adopted the 

use of in vivo NEC models, others implemented intestinal epithelial cell models to study the effects of 

NEC-associated factors [166-172]. Due to logistical reasons, an in vitro NEC model was desirable in 

the present study. As Caco-2 and HT29-MTX cells constitute the most widely used intestinal cell lines 

for NEC and show common features of the small intestine, these two cell lines were selected. To best 

characterise an in vitro experimental NEC model, these intestinal epithelial cells were treated with LPS, 

mimicking the damage to the gut epithelium as seen in vivo [173]. The details are as follows: 

Caco-2 and HT29-MTX cells were grown for 14 days postconfluence to achieve fully 

differentiated monolayers and treated with LPS, which induced a lesion in the cell monolayers. This 

resulted in changes in permeability and mucosal injury thereby mimicking the damage to the gut 

epithelium, which is also observed in in vivo NEC models [173, 174]. As a way to counter the effects 
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of LPS in the intestinal cell lines, both cell lines were simultaneously treated with carbohydrates only-

grown B. infantis or milk-like systems-grown B. infantis. In the presence of carbohydrates such as 

human milk oligosaccharides (HMOs), this bifidobacteria metabolises HMOs leading to the 

colonisation and remodelling of the intestinal microbiome [175-177]. The role of B. infantis is further 

extended to modulating the localisation of a tight junction protein, occludin, and promoting the gene 

expression levels of occludin and anti-inflammatory interleukin (IL-)10 cytokine [157, 159, 178, 179]. 

The experimental conditions and methods are explained in Chapter 5.  

2.2.7.1 Measurement of gene expression levels of interleukin- (IL) 10 and occludin using 

quantitative real-time polymerase chain reaction (RT-qPCR)   

To identify changes in IL-10 and occludin gene expression in response to LPS-induced cells, 

which were subsequently treated with B. infantis cultured on carbohydrates and milk-like systems, 

quantitative reverse-transcriptase real-time polymerase chain reaction (RT-qPCR) was performed on 

RNA isolated from treated Caco-2 and HT29-MTX cells. This sensitive molecular biology technique is 

widely used to detect and quantify relative RNA abundance with small amounts of complementary 

DNA (cDNA) required. As the starting material in this method, RNAs are first transcribed into cDNA 

by reverse transcriptase from total or messenger RNA (mRNA) using primers (Fig. 2.6). While the type 

of primers used will dictate the specific location of the RNA to cDNA template transcription, oligo(dT)s 

was used in this current study. This type of primer amplifies a template from the 3’ end poly(A) tail 

resulting in truncated cDNA at the 5’end and reduces the risk of bias in cDNA synthesis [180]. Once 

the RNA has been converted to cDNA, PCR primers of the gene of interest (in this case IL-10 and 

occludin) are added together with the RT-PCR mix before amplifying the cDNA sample to obtain PCR 

products. Another factor to consider during RT-qPCR experiments is the reference or housekeeping 

genes. The purpose of housekeeping genes is to minimise variance due to instability of RNA, 

differences in quality or quantity of mRNA across samples that may arise during extractions of RNA 

[181]. These genes are selected based on their lack of response to the changes in the external 

environment of the cells and thus expressed at a constant level. As a normaliser and widely used 

housekeeping gene, β-actin was utilised in the present RT-qPCR experiments [182]. The relative fold-

change of the gene of interest in the treated cells was then determined based on the fluorescence detected 

from the IL-10 and occludin genes at the threshold cycles and normalised to that of the housekeeping 

gene. The experimental conditions are outlined in detail in Chapter 5.   
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Figure 2.6. Schematic diagram of quantitative reverse transcriptase-polymerase chain reaction (RT-qPCR) involving the 

conversion of RNA to cDNA using a reverse transcriptase followed by amplifying the converted DNA (cDNA) to DNA using 

gene-specific primers. 
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This chapter is based on a manuscript that has been published in the ‘Journal of Lipid Research’. For 

the purposes of the publication, only mature non-pasteurised and pasteurised human breast milk were 

analysed. However, this chapter will include the following changes due to the specific aims of this 

thesis: 

• Comparison of human colostrum against mature non-pasteurised human milk and pasteurised 

donor human milk 

• Only ‘low fat’ human colostrum will be included due to the limited supply of human colostrum 
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3.1 Abstract 

Human colostrum and mother’s own milk is critical for the survival and development of infants. 

These sources of nutrition contain components that protect against infections while stimulating immune 

maturation. In cases where the mother’s own milk is unavailable, pasteurised donor human milk (DHM) 

is the preferred option. Although the lipid and fatty acid (FA) composition of undigested milk 

throughout the course of lactation and the minimal impact of pasteurisation on the FA composition have 

been shown, no correlation has been made between comparing the different stages of lactation and the 

impact of pasteurisation on the free fatty acid (FFA) composition. Subsequently, the FFA composition 

of these colostrum and milk systems could dictate the structural behaviour of lipids during digestion, 

which could act as delivery mechanisms for poorly water-soluble nutrients and potentially bioactive 

components. Pooled human colostrum, mature non-pasteurised human milk and pasteurised DHM from 

a single donor was used in this study. The evolving FFA composition during digestion was determined 

using gas chromatography coupled to a flame ionisation detector (GC-FID). In vitro digestion coupled 

to small angle X-ray scattering (SAXS) was utilised to investigate the influence of different calcium 

levels, fat content and the presence of bile salts on the extent of digestion and structural behavior of 

human milk lipids. Almost complete digestion was achieved when either bile salts were added to the 

systems containing high calcium to milk fat ratio or when the human milk samples were sonicated, with 

similar structural behaviour of lipids during digestion of both types of human milk being apparent. In 

contrast, colostrum did not exhibit the same phases as human milk, with only a lamellar phase remaining 

persistent throughout digestion due to differences in the FFA composition released. Despite these 

differences in the colostrum and milk systems, the formation of lipid liquid crystalline (LC) structures 

acts as a roadmap for the design of colostrum substitute mixtures, which are rich in nutritional factors 

and more effective than pasteurised DHM in promoting the healthy development of infants.  

3.2 Introduction 

Breastfeeding in the first six months of life is associated with the healthy growth and development 

of infants [1]. Human milk is universally accepted as the normative standard for infant feeding due to 

its unique nutritional composition and the presence of bioactive components that lower the risk of 

illnesses while stimulating immune function, establishing the gut microbiome, signaling physiological 

development and providing antimicrobial activity to reduce infection [183]. While most people are 

familiar with human breast milk, human colostrum is often overlooked for its importance. This thick 

yellowish liquid, which is secreted before human milk, contains bioactive components that are in greater 

abundance or have a higher bioactivity than mature human milk. Although variations in the amounts 

and bioactivity of these nutritional factors differ between colostrum and mature milk, the lipids found 

in these sources of nourishment are crucial for providing energy to infants. In infants, the consumption 

of lipids from human colostrum and mature human milk provides approximately 45–55% of the total 

energy intake [10]. Unfortunately, as colostrum is produced in small quantities and only during 
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postpartum or in cases where the mother’s own milk is unavailable, pasteurised donor human milk 

(DHM) is the preferred option [55]. This is often the case for hospitalised preterm or ill infants receiving 

care in neonatal intensive care units. To ensure that DHM is free from viral and bacterial pathogens that 

might be either transmitted from the donor or acquired during collection and storage of milk, DHM is 

subjected to a Holder pasteurisation process (62.5 °C for 30 min) [64]. Although pasteurisation ensures 

the microbiological safety of the milk, this heat treatment process might inactivate enzymes such as bile 

salt-stimulated lipase (BSSL), which is important in the lipid digestion process [67]. Hence, intestinal 

lipid absorption could be significantly altered when an infant is fed with pasteurised instead of human 

colostrum or mature non-pasteurised human milk [184]. 

Digestion of lipids is a crucial process in enabling absorption of the polar digestion products to 

occur. The generation of more polar lipids induces the formation of lyotropic lipid liquid crystalline 

(LC) structures [14], which are believed to play a critical role in promoting the transport and 

bioavailability of poorly water-soluble elements to the systemic circulation. The total lipid content of 

human colostrum and mature human milk comprises around 98 wt% triacylglycerols (TAGs) but the 

total lipid content and fatty acid (FA) composition in human colostrum and mature human milk varies 

with diet, age and parity [11]. TAGs are molecules with a glycerol backbone esterified with FAs at the 

sn-1, sn-2 and sn-3 positions [119]. Human colostrum and mature human milk fat are characterised by 

high contents of palmitic (C16:0) and oleic acids (C18:1) with the former primarily esterified at the sn-

2 position and the latter concentrated in the sn-1 and sn-3 positions. While LC-PUFAs have been shown 

to improve neurodevelopmental outcomes in infants, saturated FAs such as palmitic acid are also 

ubiquitous in tissues and play a key role in neuronal signaling, calcium ion channel activity and anti-

inflammatory effects [185, 186]. The selective distribution of these FAs in the TAG molecules 

contributes to the overall enhancement of digestion and absorption of lipids in the gastrointestinal tract 

(GIT) [126, 187]. Through the process of lipolysis, TAGs are hydrolysed into diacylglycerols (DAGs), 

monoacylglycerols (MAGs) and free fatty acids (FFAs).  

In a healthy human adult, the digestion and absorption of dietary fat is almost complete with at 

least 95% of the consumed fat being absorbed [128]. In comparison, the extent of digestion and 

absorption in infants has been reported to be approximately 80–90% due to factors such as a small bile 

pool, low intraduodenal concentrations of pancreatic lipase and BSSL [129]. Nonetheless, the lipids in 

human colostrum and milk are not only essential in the growth and development of an infant but have 

also been shown to be of interest in recent years as a lipid-based formulation [130-132]. Pancreatic 

lipase in the upper small intestine accounts for more than 70% of the lipid digestion by hydrolysing the 

two outer ester bonds leading to the liberation of one sn-2 MAG and two FFAs [122]. While this occurs, 

gall bladder contractions lead to the secretion of bile, containing phospholipids, cholesterol and bile 

salts [134]. These bile salts further help to emulsify the colostrum and milk lipid droplets and 

subsequently integrate the insoluble products from the hydrolysis of TAGs to form vesicles, mixed 
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micelles and more complex lipid LC systems, thus increasing the oil-water surface area for hydrolytic 

activity.  

BSSL, an enzyme constituent of human colostrum and mature non-pasteurised human milk, in 

part enables the self-assembly process through the release of FFAs [12]. BSSL has a higher intestinal 

activity than pancreatic lipase in hydrolysing ester bonds and is more effective at liberating the long 

chain-polyunsaturated FAs that are essential to the development of an infant’s organs such as the brain 

and central nervous system [13]. Thus, although infants have low intraluminal bile salt concentrations 

(1-5 mM), the presence of BSSL can drive the digestion of lipids in the case where pancreatic lipase is 

insufficient to do so. In addition to bile salts, endogenous calcium, which is naturally found in milk and 

milk-like systems and typically included in the digestion buffers used in in vitro digestion experiments, 

also increases the extent of digestion through the removal of the FAs from the oil-water interface of the 

lipid droplet by calcium ions [188]. As this occurs, not only is the accessibility of the substrate for the 

lipase increased but the interaction between the calcium ions and FAs also results in the formation of 

calcium soaps. Hence, both bile salts and calcium act as enhancement tools in the digestion process, 

which could affect the fate of lipophilic nutrients in the systemic circulation.  

Currently, the majority of the published studies either focus on the lipid composition of human 

colostrum and mature human milk before digestion or evaluate the self-assembly of lipids during 

digestion using in vitro models [126, 135, 189]. However, there have been limited reports that 

investigate the correlation between these two aspects. This study compares the different stages of 

lactation and the impact of pasteurisation on the FFA composition and the subsequent effect on the 

types of lipid LC phases formed during in vitro digestions (Fig. 3.1). Gas chromatography coupled to a 

flame ionisation detector (GC-FID) was used to characterise the relative percentages of each FFA 

released during digestion. Based on these results, the influence on the FFAs liberated during digestion 

on the formation of colloidal structures was determined using small-angle X-ray scattering (SAXS). 
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Figure 3.1. Schematic diagram illustrating the two primary experimental approaches to link the free fatty acid (FFA) 

composition of human colostrum, mature non-pasteurised human milk and pasteurised donor human milk [determined using 

gas chromatography coupled to a flame ionisation detector (GC-FID)] and self-assembly of lipids [monitored using an in vitro 

lipolysis model coupled to in situ small-angle X-ray scattering (SAXS)] during the digestion of these colostrum and milk 

samples. 

3.3 Materials & methods 

3.3.1 Standards and materials 

Human colostrum samples were donated by the University of Western Australia with ethics 

approval from the Monash University Human Research Ethics Committee (Project ID 21047). Human 

breast milk was donated by the Mercy Health Breastmilk Bank (Heidelberg, VIC, Australia) with ethics 

approval from the Mercy Health Human Ethics Research Committee (Application 2017-035) and 

following the principles of the Declaration of Helsinki. The human colostrum, mature non-pasteurised 

human milk and pasteurised DHM samples were stored at -20 °C and prior to analyses, they were 

thawed and agitated using a vortex mixer for 5 min. Tricaprylin (C8:0, > 99% purity), methyl 

undecenate (C11:1, > 99% purity), glyceryl tridecanoate (C13:0, > 99% purity), glyceryl triundecanoate 

(C11:0, > 99% purity), monopalmitin (C16:0, >99% purity) and oleic acid (C18:1, >99% purity) were 
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obtained from Nu-Chek Prep. (Elysian, MN, USA). Fatty acid methyl esters (FAME) standard mixtures 

containing the following methyl esters were also purchased from Nu-Chek Prep. (Elysian, MN, USA): 

methyl butyrate (C4:0), methyl pentanoate (C5:0), methyl hexanoate (C6:0), methyl heptanoate (C7:0), 

methyl octanoate (C8:0), methyl nonanoate (C9:0), methyl decanoate (C10:0), methyl undecanoate 

(C11:0), methyl laurate (C12:0), methyl tridecanoate (C13:0), methyl myristate (C14:0), methyl 

pentadecanoate (C15:0), methyl palmitate (C16:0), methyl heptadecanoate (C17:0), methyl stearate 

(C18:0), methyl oleate (C18:1), methyl linoleate (C18:2), methyl α-linolenate (C18:3). Tricaprin 

(C10:0, > 98% purity), trilaurin, (C12:0, > 98% purity), trimyristin (C14:0, > 95% purity), tristearin 

(C18:0, > 80% purity) and triolein (C18:1, > 80% purity with the major impurity being trilinolein) were 

purchased from Tokyo Chemical Industry Co. (Tokyo, Japan). Calcium chloride dihydrate (> 99% 

purity) and sodium hydroxide pellets (> 97% purity) were purchased from Ajax Fine Chemicals (Seven 

Hills, NSW, Australia). Absolute ethanol was purchased from Merck (Darmstadt, Germany). 1,2-

dioleoyl-sn-glycero-3-phosphocholine (DOPC) was purchased from Cayman Chemical Company 

(Michigan, USA). Hydrochloric acid (36% aqueous solution) was obtained from LabServ (Longford, 

Ireland). Sodium chloride (> 99.7% purity) was purchased from Chem Supply (Gillman, SA, Australia). 

Tripalmitin (C16:0, ≥ 85% purity), sodium azide (> 99% purity), chloroform (ACS, ISO, reagent), and 

methanol (HPLC basic) were obtained from Merck (Darmstadt, Germany). Methanolic HCl (3 M), n-

hexane (≥ 98% purity, gas chromatography), tert-butyl methyl ether (99.8% purity, anhydrous), acetic 

acid (99.8% purity, anhydrous), 4-bromophenylboronic acid (4-BPBA), sodium taurodeoxycholate 

hydrate (95% purity), trizma®-maleate (reagent grade) and pepsin from porcine gastric mucosa 

(lyophilised powder) were purchased from Sigma Aldrich (St Louis, MO, USA). Pancreatin extract 

(USP grade) was obtained from MP Biomedicals (Solon, OH, USA). Fungal lipase 8000 was purchased 

from Connell Bros Australasia Pty Ltd (Croydon South, VIC, Australia). The lipid standards were 

stored at -20 °C until further use and unless otherwise stated, all chemicals were used without further 

purification and water was acquired from a Merck Q-POD Ultrapure Water Remote Dispenser 

(Darmstadt, Germany). 

3.3.2 Determination of micronutrient composition using inductively coupled 

plasma - optical emission spectrometry (ICP-OES) 

Inductively coupled plasma - optical emission spectrometry (ICP-OES) was used to determine 

the concentration of multiple elements within the human colostrum and milk samples. The ICP-OES 

experiments were carried out at the University of Melbourne in collaboration with the Melbourne 

TrACEES Platform. The human colostrum and milk samples were thawed to room temperature, mixed 

by manually shaking and agitated using a vortex mixer. Briefly, 0.5 g of each sample was weighed into 

polytetrafluoroethylene vessels and 5 mL of nitric acid (70% w/w, AR grade) from Ajax Fine Chemicals 

(Seven Hills, NSW, Australia) was added to each sample. The samples were subsequently digested 

using a Milestone Ethos microwave digestion system with the following temperature parameters: heated 
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to 240 °C over 25 min and maintained at 240 °C for another 30 min. The digested samples were then 

diluted to 50 mL with deionised water and the concentration of trace micronutrients were analysed using 

an inductively coupled plasma optical emission spectrometer (PerkinElmer Optima 4300DV). The 

sample introduction system consisted of a concentric nebuliser, a baffled cyclonic spray chamber, and 

a 2.0 mm alumina injector. The instrument settings are shown in Table 3.1 below.  

Table 3.1. Inductively coupled plasma-optical emission spectrometry (ICP-OES) parameters for the determination of mineral 

contents in human colostrum and milk. 

ICP-OES operating parameters  Analytical wavelengths and plasma view 

RF power 1300 W Element Wavelength (nm) Plasma view 

Plasma flow 15 L/min Potassium 766.49 Axial 

Auxiliary flow 0.2 L/min Sodium 589.59 Axial 

Nebuliser flow 0.80 L/min Calcium 393.37 Radial 

Read delay 30 s Phosphorous 213.62 Axial 

Auto Integration 

(min-max) 
1 - 5 s 

Magnesium 285.21 Axial 

The micronutrient composition of the human colostrum and milk samples is detailed below in 

Table 3.2.  

Table 3.2. Micronutrient composition of human colostrum, mature non-pasteurised human milk and pasteurised donor human 

milk (DHM) (quantities are mg/100 mL).  

Mineral content 

(mg/100 mL) 

Human colostrum Mature non- 

pasteurised human milk  

Pasteurised DHM 

 

Potassium 60.3 36.9 46.0 

Sodium 46.2 111.1 18.5 

Calcium 16.2 28.7 30.1 

Phosphorous 13.2 16.2 18.4 

Magnesium 3.8 4.3 3.5 

Iron 0.1 0.24 0.15 

3.3.3 Analysis of triglyceride (TAG) composition using gas chromatography 

coupled to a flame ionisation detector (GC-FID) 

3.3.3.1 Extraction of lipids 

Total lipids were extracted from pooled human colostrum, mature non-pasteurised human milk 

and pasteurised DHM samples by a single donor (n = 3 each) following the method previously described 

by Folch et al., [113]. Briefly, human colostrum and milk samples (1.61 mL each) were spiked with 2 

mg/mL triundecanoin in chloroform as an internal standard. The samples were subsequently mixed with 
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1.08 mL chloroform and 0.54 mL methanol (2:1, v/v), agitated using vortex mixing and centrifuged at 

1503 g for 10 min. The clear homogenate was then transferred to a separating funnel. Water (2:10, v/v 

ratio of water:homogenate) was mixed with the homogenate and allowed to stand for 10 min for full 

phase separation to occur. The organic layer (bottom phase) was collected in a round bottom flask. 

Residual lipids in the aqueous layer were subsequently extracted with 2:1 v/v chloroform/methanol (1:1 

v/v aqueous to organic solvents) and allowed to stand for 10 min until phase separation occurred. The 

organic layer from the second extraction was combined with the previous collection in the same round 

bottom flask. The solvent of the combined organic layers was then evaporated to dryness in a rotary 

evaporator (initially 400 mbar, 100 rpm, 45 °C and pressure was continuously decreased to 0 mbar to 

remove any traces of solvent remaining). The lipid content was determined by weighing the difference 

between the empty round bottom flask at the start of the experiment and the same flask that contained 

the extracted lipids. 

3.3.3.2 Chromatographic conditions for TAG analysis 

The extracted lipids were then dissolved in chloroform to a final concentration of 2 mg/mL and 

analysed using GC-FID. The analyses were performed on a PerkinElmer Clarus® 680 gas 

chromatograph (Beaconsfield, United Kingdom), equipped with a capillary ZB-1HT (100% 

dimethylpolysiloxane) column with a length of 12.5 m, an internal diameter of 0.32 mm and a siloxane 

film thickness of 0.10 μm (Phenomenex Inc., California, USA). The lipid samples (1 μL) were injected 

into a programmed temperature vapourisation (PTV) split injector (split ratio 1:50). The following PTV 

temperature program for the injector port was adopted: 60 °C, held for 0.2 min, increased to 370 °C at 

the maximum heating rate (~125 °C/min) and this temperature was held for 5.0 min. Oven conditions 

were: 250 °C, held for 2.0 min, heated up to 360 °C at a rate of 3.8 °C/min and temperature held for 4.0 

min. The carrier gas was helium (1.54 mL/min, constant flow) and the FID was kept at 370 °C. The 

average concentration of each TAG was automatically determined by the instrument software and 

statistical analyses were conducted using a one-way analysis of variance (ANOVA) to determine the 

significance (p-value < 0.05) of any differences in the TAG content between human colostrum, mature 

non-pasteurised human milk and pasteurised DHM. 

3.3.4 Particle size measurement 

Particle size distributions of the fat globules from the re-dispersed human colostrum, mature 

non-pasteurised human milk and pasteurised DHM samples were measured by laser light scattering 

using a Mastersizer 2000 (Malvern Panalytical, United Kingdom), equipped with a He-Ne red laser of 

wavelength 633 nm and an LED blue laser of wavelength 466 nm. Light scattering from both lasers 

was combined to detect volume size distributions ranging from 10-2 to 104 μm. Background 

measurements were taken with water flowing through the cell and the colostrum/milk samples were 

then added dropwise until the obscuration of the red laser was 5-10% (equivalent to the obscuration of 

the blue laser being 7-14%). The refractive indexes of the colostrum/human milk fat globules and water 
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were taken to be 1.46 and 1.30, respectively. The absorbance of the colostrum/human milk fat globules 

was taken as 0.001 for analysis. The volume-weighted mean diameter of the particles was then recorded 

as D4,3 generated by the in-built instrument software based on calculated size distributions by volume.  

3.3.5 In vitro lipolysis 

In vitro lipolysis was performed on human colostrum, mature non-pasteurised human milk and 

pasteurised DHM samples using methods described previously [162, 165]. The colostrum and human 

milk samples were stored at -20 °C and thawed immediately prior to digestion. The colostrum and 

human milk samples were re-dispersed and added into a thermostatted glass vessel (maintained at a 

constant temperature of 37 °C) connected to a pH stat auto titrator (Metrohm® AG) under constant 

magnetic stirring. The apparatus was connected to a computer and operated using Tiamo 2.0 software 

(Metrohm®). To simulate the gastric environment, the pH of the sample was adjusted to 3.000 ± 0.003 

using 5.0 M HCl. Pepsin (13.9 mg) and fungal gastric lipase (27.8 mg) were then added to the sample. 

After an hour of gastric digestion at 37 °C, the pH of the sample was then adjusted using HCl or NaOH 

(0.2-5.0 M) to a value of 6.500 ± 0.003 to mimic intestinal conditions before 2.25 mL of reconstituted 

pancreatic lipase suspension was injected into the sample. The lipase suspension was prepared by 

dispersing pancreatin in water followed by centrifugation before freeze-drying the supernatant to 

provide a powder form. This freeze-dried pancreatic lipase was dispersed in the digestion buffer (50 

mM trizma-maleate buffer at pH 6.5, which also contained 5 mM CaCl2.2H2O and 150 mM sodium 

chloride and 6 mM sodium azide). The activity of pancreatic lipase was approximately 700 tributyrin 

units/mL of digest (measured independently by adding 2 mL of reconstituted lipase solution to 6 g of 

tributyrin stirred vigorously with 18 mL of digestion buffer).    

Throughout the digestion of the colostrum and human milk lipids, 0.2 M NaOH was added to 

maintain the pH at 6.5 to counter the decrease in pH as a result of the liberation of FFAs. Assuming that 

the consumption of NaOH was only through the evolution of ionised FFAs by lipolysis, the amount of 

titrated (ionised) FFAs was determined following the subtraction of the volume of NaOH (required to 

maintain the pH at 6.5) from the blank digestion (colostrum/milk with the lipids removed). To prepare 

this blank digestion, 30 mL of colostrum/milk was centrifuged at 4500 g at 4 °C for 15 min before 

removing the lipid layer and collecting the supernatant (which was measured to contain around 0.2% 

lipid using gravimetric analysis as described in section 3.3.3.1). After 120 min of intestinal digestion of 

either colostrum/human milk or the blank, the pH of the digested milk was increased to pH 9.0 using 

NaOH (‘back titration’), for which the molar amount of NaOH required corresponds to the amount of 

unionised FFAs once the background and back-titration are subtracted. Together with the amount of 

ionised FFAs determined earlier, the total amount of FFAs released during digestion was calculated. 

Based on the GC-FID results and previous literature reports, the theoretical amounts of FFAs released 

by the colostrum, mature non-pasteurised and pasteurised human milk samples were approximately 
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1.58, 2.85 and 2.66 mmol, respectively [87]. Subsequently, the extent of digestion was calculated using 

Equation 1 assuming that 1 mol of TAG generates 2 mol of FFAs:  

𝐸𝑥𝑡𝑒𝑛𝑡 𝑜𝑓 𝑑𝑖𝑔𝑒𝑠𝑡𝑖𝑜𝑛 (%) =
𝐼𝑜𝑛𝑖𝑠𝑒𝑑 𝐹𝐹𝐴𝑠 (𝑚𝑚𝑜𝑙)+𝑈𝑛𝑖𝑜𝑛𝑖𝑠𝑒𝑑 𝐹𝐹𝐴𝑠 (𝑚𝑚𝑜𝑙)

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝐹𝐹𝐴𝑠 𝑖𝑛 𝑐𝑜𝑙𝑜𝑠𝑡𝑟𝑢𝑚 𝑜𝑟 ℎ𝑢𝑚𝑎𝑛 𝑚𝑖𝑙𝑘
× 100%    (1) 

3.3.5.1 Effects of different concentrations of calcium and human milk fat content on 

digestion 

The initial concentration of calcium in the digestion buffer was set at either 5 or 100 mM. For 

the digestion experiments using ‘high fat milk’, 20 mL of human milk and freeze-dried digestion buffers 

were added to the vessel. These freeze-dried digestion buffers were prepared by aliquoting 5 mL of 

either 5 or 100 mM calcium digestion buffer into 20 mL glass scintillation vials and freeze-dried for 

approximately 48 h using a VirTis Wizard 2.0 freeze dryer. The freeze-dried digestion buffers (285 mg) 

were weighed in 20 mL glass scintillation vials using an analytical balance before adding to the ‘high 

fat milk’ samples. For the experiments involving ‘low fat milk’, the colostrum and milk samples were 

diluted 4-fold i.e. 5 mL of colostrum/milk was added to 15 mL of digestion buffer with added calcium 

such that the final calcium concentrations were 5 or 100 mM. Based on the gravimetric and GC-FID 

analyses (section 3.3.3), the fat content of human colostrum, mature non-pasteurised human milk and 

pasteurised DHM are shown in Table 3.3 below. The digestion experiments were then conducted 

following the protocol above in section 3.3.5.   

Table 3.3. Fat content of human colostrum, mature non-pasteurised milk and pasteurised donor human milk (DHM). 

 Fat content (w/v%) 

Sample High fat Low fat 

Human colostrum 3.3 0.8 

Mature non-pasteurised human milk 4.3 1.1 

Pasteurised DHM 3.7 0.9 

3.3.5.2 Preparation of bile salt micelles 

DOPC (102 mg) was weighed in a round bottom flask using an analytical balance before 

dissolving it in chloroform. The chloroform was then removed using a rotary evaporator (initially 400 

mbar, 50 rpm, 40 °C and the pressure was continuously decreased to 0 mbar). Following this, 327 mg 

of sodium taurodeoxycholate hydrate was added to the dried extract. Approximately 90 mL of 50 mM 

trizma-maleate buffer at pH 6.5 was then added to the same round bottom flask. The mixture was then 

bath sonicated and made up to a total volume of 100 mL. The final concentration of bile salt and 

phospholipid was 4.7 mM and 1.0 mM respectively.  

3.3.6 Small angle X-ray scattering (SAXS): flow through measurements  

Small angle X-ray scattering (SAXS) experiments were conducted according to the methods 

described in ‘Chapter 2.2.6 In vitro lipolysis coupled to small angle X-ray scattering (SAXS): flow 

through measurements’. An X-ray beam with a photon energy of 13.0 keV (wavelength, λ = 0.954 Å) 
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was utilised in this investigation. A sample-to-detector distance of around 1.7 m (q range of 

approximately 0.01 < q < 1.09 Å-1) was used to monitor the LC structures formed during digestion. The 

equations for calculating the lattice parameter of each LC phase are defined in Chapter 2 in section 

‘2.2.5 Determination of colloidal structures using small angle X-ray scattering (SAXS)’. 

3.3.7 Small angle X-ray scattering (SAXS): precipitated calcium soaps  

Calcium soaps of oleic acid and oleic acid mixed with monopalmitin (FFA:MAG ratio = 2:1) 

were prepared using a previously reported procedure [136]. Briefly, the lipids were dissolved in absolute 

ethanol saturated with calcium chloride ([lipids] ~ 20 mg/mL). Calcium soaps were then precipitated 

by adding ethanolic sodium hydroxide solution (0.117 M) such that the moles of sodium hydroxide 

matched the number of moles of lipid in the mixtures. The dispersions were loaded into special glass 

capillaries (Charles Supper, Natick, MA) and placed directly in the path of the X-ray beam (wavelength 

= 0.954 Å, photon energy = 13.0 keV) for measurement of their scattering patterns. 2D SAXS patterns 

were recorded with a Pilatus 1M detector and an acquisition time of 1 s. The sample-detector distance 

was ~1.6 m, which gave an accessible q-range of 0.013–0.652 Å−1. An example of an X-ray scattering 

profile of calcium soaps is presented in Fig. 3.6 and the C-H stretching vibrations from calcium-free 

fatty acid complexes shown in Fig. A1 in the ‘General Appendix’ section.  

3.3.8 Free fatty acid (FFA) composition analysis using GC-FID 

3.3.8.1 Preparation of free fatty acid methyl esters (FAME) from human colostrum and 

milk 

A solid phase extraction method as previously described by Agren et al., was adopted to 

separate FFAs from the other components of human colostrum, mature non-pasteurised human milk 

and pasteurised DHM using a single aminopropyl column [190]. Briefly, 500 mg/6 mL ISOLUTE® 

aminopropyl columns (Biotage, Uppsala, Sweden) were washed with acetone/water (7:1, v/v) and 

hexane. The digested human colostrum and milk aliquots (1 mL each collected during digestion 

described in section 3.3.5 with no back-titration step and lipolysis inhibited with 1 v/v% 0.5 M 4-BPBA 

in methanol) were dissolved in 4.84 mL hexane/0.145 mL tert-butyl methyl ether/0.0145 mL acetic acid 

(100:3:0.3, v/v) mixture and applied to the column after centrifugation. The FFAs were eluted with 

chloroform/methanol/acetic acid (100:2:2, v/v) and collected in round bottom flasks. The collected 

FFAs were then evaporated to dryness in a rotary evaporator (initially 400 mbar, 50 rpm, 40 °C and the 

pressure was continuously decreased to 0 mbar to remove any traces of volatile solvent remaining). 

Following this, 200 μL of hexane was added to the dried extract.  

To derivatise the FFAs into free FAMEs, methanolic HCl (3 M) was used as the derivatising 

agent. In an amber glass vial equipped with rubber-lined screw caps, the FFAs dissolved in hexane were 

added to 240 μL of internal standard FAME C11:0, prepared in the same solvent, 240 μL internal 
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standard TAG C13:0, 1.6 mL of methanol, 1.6 mL of methanolic HCl and 667 μL of hexane. The vials 

were firmly capped, shaken vigorously and heated at 100 °C for 1 h. After cooling down to room 

temperature, 1.56 mL of water was added and shaken vigorously before centrifugation at 1200 g for 5 

min. The upper organic layer was then transferred into GC vials for analysis.  

3.3.8.2 Chromatographic conditions for FAME analysis 

A polar column (70% cyanopropyl polysilphenylene-siloxane) with a length of 30 m, an 

internal diameter of 0.25 mm and a film thickness of 0.25 μm was used for the analyses of free FAMEs 

(Trajan Scientific Pty Ltd, Australia). The samples (1 μL) were injected into a PTV split injector (split 

ratio 1:50). The temperature of the injector port was maintained at 250 °C throughout the run. Oven 

conditions were: 60 °C, held for 2.0 min, increased to 200 °C at 10 °C/min and increased to 240 °C at 

5 °C/min and temperature held for 1.0 min. The carrier gas was helium (1.00 mL/min, constant flow) 

and the FID was kept at 250 °C. The average concentration of each FAME was automatically 

determined by the instrument software. Following this, the average concentration of each FFA was 

calculated using the response factor as described in the following section 3.3.8.3. The variation in the 

amount of each FFA released during the digestion of colostrum, mature non-pasteurised human milk 

and pasteurised DHM was subsequently determined using principal component analysis (PCA) in 

Orange software (version 3.22.0) developed by the University of Ljubljana [191]. 

3.3.8.3 Calculation to determine the concentration of each free fatty acid (FFA) 

The response factor (RF) for each FAME present in the calibration standard solution is 

calculated relative to the internal standard (IS) as follows [192]: 

𝑅𝐹 =  
% 𝑚𝑎𝑠𝑠 𝑜𝑓 𝐹𝐴𝑀𝐸 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑖𝑛 𝑚𝑖𝑥 × 𝑎𝑟𝑒𝑎 𝑜𝑓 𝐼𝑆

% 𝑚𝑎𝑠𝑠 𝑜𝑓 𝐼𝑆 × 𝑎𝑟𝑒𝑎 𝑜𝑓 𝐹𝐴𝑀𝐸 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑖𝑛 𝑚𝑖𝑥
 

Based on the RF values and area under each peak of FAME using GC-FID, the concentration 

of each FAME was determined:  

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐹𝐴𝑀𝐸 = (
𝐴𝑑𝑗𝑢𝑠𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 𝑜𝑓 𝐹𝐴𝑀𝐸

𝐴𝑟𝑒𝑎 𝑜𝑓 𝐼𝑆
÷ 𝑅𝐹 𝑜𝑓 𝐹𝐴𝑀𝐸) × 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐼𝑆 

The concentration of each FFA was then calculated using the stoichiometric factor (Si) to 

convert FAME to FFA (Table 3.4): 

Table 3.4. Conversion of free fatty acid methyl ether (FAME) to free fatty acid (FFA) based on the molecular weight of 

FAME, their respective homogenous triglyceride (TAG) and stoichiometric factor (Si) [192]. 

Fatty acid Molecular weight of 

FAME (g/mol) 

Molecular weight of 

TAG (g/mol) 

Si of FAME 

C4:0 102.1 302.4 0.98727 

C6:0 130.2 386.5 0.98950 

C8:0 158.3 470.7 0.99116 
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C10:0 186.3 554.9 0.99284 

C11:0 200.3 596.9 0.99334 

C12:0 214.4 639.0 0.99347 

C13:0 228.4 681.1 0.99402 

C14:0 242.4 723.2 0.99450 

C15:0 256.4 765.3 0.99493 

C16:0 270.5 807.3 0.99482 

C17:0 284.5 849.4 0.99520 

C18:0 298.5 891.5 0.99553 

C18:1 296.5 885.5 0.99550 

C18:2 294.5 879.4 0.99536 

C18:3 292.5 873.4 0.99533 

𝑆𝑖 (𝑇𝐴𝐺) =  
𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑇𝐴𝐺

3×𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐹𝐴𝑀𝐸
  

3.4 Results  

The results and discussion in this chapter primarily revolves around understanding the digestion 

behaviour of mature non-pasteurised human milk, pasteurised DHM and human colostrum and 

correlating how the lipid composition prior to digestion and FFA composition released during the 

digestion of these milk/colostrum systems influence the self-assembly of lipids.  

3.4.1 Digestion of mature non-pasteurised human milk and pasteurised DHM 

3.4.1.1 Effect of gastric step on the overall (gastric + intestinal) digestibility of human 

milk  

The formation of self-assembled structures during digestion is dependent on the extent of 

conversion of the non-polar TAGs to polar MAGs and FFAs. Thus, it is important that digestion is as 

close to complete as possible for the findings to represent the potential in vivo situation. Initially, (as-

supplied) mature non-pasteurised human milk (5.9% fat) and pasteurised DHM (5.5% fat) were digested 

in the simulated small intestinal condition at pH 6.5 and without digestion buffer, that is, no added 

calcium and salts. The extents of digestion were low; only 45.4 ± 7.6% and 27.5 ± 4.6% of the lipids in 

non-pasteurised milk and pasteurised DHM were digested, respectively (Fig. 3.2a). Additionally, 

although a gastric digestion step (pH 3.0) was introduced prior to the intestinal digestion (pH 6.5), the 

extents of digestion of non-pasteurised milk (50.5 ± 8.4% digested) and pasteurised DHM (39.8 ± 6.7% 

digested) did not result in a significant increase to the intestinal phase of digestion (Fig. 3.2b). Particle 

size distributions of the non-pasteurised milk and pasteurised DHM are shown in Fig. 3.2c, with an 

averaged D4,3 of 53.2 μm and 118 μm, respectively. Due to the smaller particle size distribution of the 

non-pasteurised lipid droplets than pasteurised DHM, this resulted in a faster rate and greater extent of 

digestion of non-pasteurised than pasteurised milk (Fig. 3.2).  
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Figure 3.2. Extent of digestion of (as-supplied) high fat non-pasteurised human milk (purple with yellow error bars; 5.9% fat) 

and high fat pasteurised donor human milk (blue with orange error bars; 5.5% fat) by pancreatic lipase at pH 6.5 (a) without a 

gastric pre-digestion step and (b) with a gastric digestion step. (c) Particle size distributions of non-pasteurised (purple dashed 

line) and pasteurised donor human milk (green solid line). 

3.4.1.2 Effect of varying levels of calcium and fat content on the digestibility of human 

milk  

To drive the extent of digestion further towards completion (to be more representative of the 

situation in vivo), calcium was added during the digestion of human milk at a final concentration of 5 

mM and 100 mM. The results in Fig. 3.3a and b show that the digestibility of both types of human 

milk were affected by increasing the concentration of calcium. With an added calcium concentration of 

5 mM, 62.5 ± 6.2% and 42.1 ± 8.1% of the non-pasteurised milk and pasteurised DHM were digested, 

respectively (Fig. 3.3a) with Fig. A1 (‘General Appendix’ section) illustrating the localisation of the 

digested milk components. When the added concentration of calcium was increased from 5 to 100 mM, 

the final extent of digestion of non-pasteurised milk increased to 77.3 ± 7.4% and that of pasteurised 
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DHM to 54.6 ± 9.1% (Fig. 3.3b). However, as incomplete digestion was still observed, the samples 

were diluted 4-fold to reduce the fat content of mature non-pasteurised human milk and pasteurised 

DHM relative to calcium. Comparing the same calcium levels, the decrease in fat content led to an 

increase in extent of digestion for both types of human milk. For instance, at 5 mM calcium, the extents 

of digestion of low-fat mature non-pasteurised human milk (1.5% fat) and pasteurised DHM (1.4% fat) 

increased to 77.4 ± 3.9 % and 61.3 ± 5.5%, respectively (Fig. 3.3c) as compared to when high-fat human 

milk samples were used (Fig. 3.3a).  

 

Figure 3.3. Extent of digestion of high fat non-pasteurised human milk (purple with yellow error bars; 5.9% fat) and high fat 

pasteurised donor human milk (blue with orange error bars; 5.5% fat) when (a) 5 mM and (b) 100 mM calcium were included 

in the digestion buffers. The effect of fat content was also investigated by using low fat non-pasteurised human milk (purple 

with yellow error bars; 1.5% fat) and low fat pasteurised donor human milk (blue with orange error bars; 1.4% fat) with (c) 5 

mM and (d) 100 mM calcium.  
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3.4.1.3 Effect of bile salt micelles on the digestibility of human milk  

While increasing the ratio of calcium:fat increased the extent of digestion of the human milk 

samples, the addition of bile salt micelles to the low-fat milk systems with high calcium level (100 mM 

calcium) led to a decrease in the particle size distribution (Fig. 3.4a and b) while causing a significant 

increase in the extent of digestion of both types of human milk (90.1 ± 6.8% digestion for mature non-

pasteurised human milk and 70.4 ± 7.1% digestion for pasteurised DHM) (Fig. 3.4c). Moreover, when 

the gastric step was included in the digestion, mature non-pasteurised human milk attained essentially 

complete digestion of 96.9 ± 3.1% within 20 min of digestion while that of pasteurised DHM was 80.7 

± 9.3% after 120 min of digestion (Fig. 3.4d).  

 

Figure 3.4. (a) Particle size distributions of digested non-pasteurised human milk (1.5% fat) without bile salt micelles (dashed 

purple line) and with bile salt micelles (orange line). (b) Particle size distribution of digested pasteurised donor human milk 

(1.4% fat) without bile salt micelles (dashed green line) and with bile salt micelles (pink line). Extent of digestion of low fat 

non-pasteurised human milk (purple with yellow error bars; 1.5% fat) and low fat pasteurised donor human milk (blue with 
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orange error bars; 1.4% fat) at pH 6.5 when 100 mM and bile salt micelles were added into mixtures (c) without gastric step 

and (d) with gastric step. 

3.4.1.4 Effect of particle size on the digestibility of human milk  

Aside from altering the concentration of calcium added to the digestion buffers, lowering the 

fat content or adding bile salt micelles to the samples, another way of accelerating the digestion process 

is through reducing the particle size of the lipid droplets in these milk systems. Following sonication, 

the particle size distributions of the mature non-pasteurised human milk and pasteurised DHM lipid 

droplets decreased to an average of D4,3 = 6.0 μm and 13.6 μm, respectively (Fig. 3.5a). Taking low fat 

human milk samples with 5 mM calcium as the digestion conditions (Fig. 3.3c), the effect of reduction 

in particle size not only resulted in faster kinetics of digestion for both human milk samples but the 

sonicated non-pasteurised milk samples was observed to be completely digested (94.3 ± 5.7%) and the 

extent of digestion of pasteurised milk increased to 79.4 ± 8.7% (Fig. 3.5b and c). Similar trends were 

observed in high-fat milk, confirming the effects of particle size on lipid digestion (Fig. A2 in the 

‘General Appendix’ section). 
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Figure 3.5. (a) Particle size distributions of sonicated non-pasteurised (purple dashed line) and pasteurised donor human milk 

(green solid line). (b) Extent of digestion of low fat (1.5% fat) non-sonicated (light purple with yellow error bars) and low fat 

(1.1% fat) sonicated non-pasteurised human milk (dark purple with orange error bars). (c) Extent of digestion of low fat (1.4% 

fat) non-sonicated (light blue with orange error bars) and low fat (0.9% fat) sonicated pasteurised donor human milk (dark 

blue with brown error bars).  

3.4.2 Effect of increasing extents of digestion on the self-assembly of human milk 

lipids 

It has been shown previously that a series of lipid LC structures appear during the digestion of 

human milk as a result of the self-assembly of amphiphilic DAGs, MAGs and FFAs [120, 135]. These 

lipid LC phases were determined based on the positional distribution of their respective diffraction 

peaks using the equations provided in Chapter 2 section ‘2.2.5 Determination of colloidal structures 

using small angle X-ray scattering (SAXS)’. The SAXS profiles were plotted as a function of extent of 

digestion (Fig. 3.6 and 3.7).  
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Following the addition of pancreatic lipase to mature non-pasteurised human milk with 5 mM 

calcium, diffraction peaks corresponding to a lamellar structure with a lattice parameter of 46-47 Å 

were observed and remained persistent throughout digestion (Fig. 3.6a). This phase is associated with 

the formation of calcium soaps through the binding of calcium ions that are naturally found in milk and 

the digestion buffer used in these in vitro experiments (Fig. 3.6c) [136]. To mimic the upper intestinal 

environment, the pH of the digestion buffer was set to 6.5, which resulted in the partial deprotonation 

of FFAs generated by lipolysis that are reported to have pKa values of 4-9 [193]. It should be noted that 

under these conditions incomplete digestion occurred, so the generation of self-assembling lipids was 

potentially limited only to FAs involved in soap formation.  

As the concentration of calcium was increased from 5 to 100 mM in the digestion buffers to 

increase the extent of digestion, not only was a lamellar phase present during digestion but higher order 

lipid LC phases such as a cubic micellar (I2) phase with Fd3m spacegroup (q = 0.065, 0.106, 0.124 Å-

1) and a H2 phase (q = 0.134, 0.232 and 0.268 Å-1) were observed (Fig. 3.6a). Moreover, a diffraction 

peak (q = 0.198 Å-1) that is typically associated with a disordered inverse micellar L2 phase was also 

observed when 100 mM calcium was included in the digestion buffer (Fig. 3.6a).  

In contrast, the digestion of pasteurised DHM at 5 mM calcium resulted in the formation of a 

cubic micellar I2 phase (Fd3m spacegroup) with peaks at q = 0.0712, 0.116, 0.136, 0.142, 0.164 Å-1 in 

addition to a persistent lamellar phase (Fig. 3.6b), with the extent of digestion being 42.1 ± 8.1%. 

However, when the concentration of calcium was increased to 100 mM, no additional phases were 

observed for pasteurised DHM (Fig. 3.6b) unlike mature non-pasteurised human milk (Fig. 3.6a). 

Instead, a peak at approximately q = 0.189 Å-1 that is indicative of a disordered micellar L2 phase was 

again observed during the digestion of pasteurised DHM at the same concentration of calcium (Fig. 

3.6b).  
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Figure 3.6. SAXS profiles for the digestion of non-sonicated (a) high fat (5.9% fat) non-pasteurised human milk with 5 mM 

calcium (purple line) and 100 mM calcium (green line) and non-sonicated (b) high fat (5.5% fat) pasteurised donor human 

milk with 5 mM calcium (blue line) and 100 mM calcium (orange line) after the addition of lipase at pH 6.5, 37 °C. “1” 

represents the cubic micellar I2 phase (Fd3m spacegroup), with peak q ratios of √3: √8: √11, “2” is annotated as the hexagonal 

H2 phase with peak q ratios of 1:√3: √4: , “3” and “4” represent the lamellar Lα phase with peak q ratios of 1: 2: 3 and disordered 

inverse micellar L2 phase, respectively. (c) X-ray scattering profile of calcium oleate with monopalmitin present. The 

precipitates were formed by dissolving the lipids in the legend in ethanol saturated with calcium chloride dihydrate before one 

molar equivalent (with respect to oleic acid) of ethanolic sodium hydroxide was added. The scattering profiles are that of the 

dispersion in ethanol. (SAXS profiles are offset on the Intensity axis for clarity) 
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The self-assembly of lipids during the digestion of mature non-pasteurised human milk and 

pasteurised DHM were the same when the samples were diluted to generate ‘low fat milk’ (Fig. 3.7a 

and b). However, when bile salt micelles were introduced to the systems, the non-lamellar phases were 

not observed during digestion (Fig. 3.7a and b). Instead, a weak broad peak indicative of a disordered 

inverse micellar L2 phase with the peak centred around q = 0.187-0.205 Å was observed for both types 

of human milk.  

 

Figure 3.7. (a) SAXS profiles for the digestion of non-sonicated low fat (1.5% fat) non-pasteurised human milk with 100 mM 

calcium in the absence of bile salt micelles (purple line) and with bile salt micelles (green line). (b) SAXS profiles for the 

digestion of non-sonicated low fat (1.4% fat) pasteurised donor human milk with 100 mM calcium in the absence of bile salt 

micelles (blue line) and with bile salt micelles (orange line) after the addition of lipase at pH 6.5, 37 °C. “1” represents the 

cubic micellar I2 phase (Fd3m spacegroup), with peak q ratios of √3: √8: √11, “2” is annotated as the hexagonal H2 phase with 

peak q ratios of 1:√3: √4: , “3” and “4” represent the lamellar Lα phase with peak q ratios of 1: 2: 3 and disordered inverse 

micellar L2 phase, respectively. (SAXS profiles are offset on the Intensity axis for clarity) 

3.4.3 Comparison of the digestibility and structural behaviour of lipids between 

human milk and colostrum  

The above sections illustrate that the digestion process of human milk can be accelerated 

through factors such as introducing a gastric step, altering the calcium and fat content, adding bile salt 

micelles and reducing the particle size of lipid droplets. These factors were hypothesised to exert similar 
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effects on the digestibility of human colostrum as well. However, due to the limited supply of human 

colostrum, the number of variables that could be explored was limited so the colostrum samples were 

diluted 4-fold initially in digestion buffer containing 5 mM calcium.  The colostrum samples were 

thereby diluted from fat content of 3.3% (high fat colostrum) to 0.8% (low fat colostrum) (section 

3.3.5.1 Table 3.3). In addition, only non-sonicated colostrum samples with an average particle size 

distribution of D4,3 = 1.8 μm (Table 3.5) were used in the following digestion experiments. Although 

sonicated non-pasteurised milk displayed the greatest extent of digestion (94.3 ± 5.7%), the final extent 

of digestion of colostrum was still within error of the former (Fig. 3.8a).  

Despite the smaller particle size distribution of the colostrum lipid droplets than both human 

milks (Table 3.5), pasteurised DHM showed the fastest initial rate of digestion while non-pasteurised 

milk digested the fastest towards the later stages of digestion. Regardless of the differences in kinetics 

of digestion, the final average extent of digestion of colostrum was similar to that of non-pasteurised 

milk.  

 

Figure 3.8. (a) Extent of digestion of non-sonicated low fat human colostrum (red with green error bars; 0.8% fat), sonicated 

low fat non-pasteurised human milk (purple with yellow error bars; 1.1% fat) and sonicated low fat pasteurised donor human 
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milk (blue with orange error bars; 0.9% fat) at pH 6.5 when 5 mM calcium was added into mixtures with gastric step. (b) 

Corresponding SAXS profile for the digestion of colostrum (red), non-pasteurised milk (yellow) and pasteurised donor human 

milk (blue) after the addition of lipase at pH 6.5, 37 °C. “1” represents the cubic micellar I2 phase (Fd3m spacegroup), with 

peak q ratios of √3: √8: √11, “2” is annotated as the hexagonal H2 phase with peak q ratios of 1:√3: √4: , “3” and “4” represent 

the lamellar Lα phase with peak q ratios of 1: 2: 3 and disordered inverse micellar L2 phase, respectively (SAXS profiles are 

offset on the Intensity axis for clarity). 

The structural behaviour of colostrum was different to the other milks during and at the end of 

digestion. Despite human colostrum digesting to a similar extent as that of mature non-pasteurised 

human milk and pasteurised DHM under similar conditions (low fat colostrum/milk with 5 mM 

calcium) (Fig. 3.8a), only a lamellar phase was formed and persisted throughout the digestion of 

colostrum (Fig 3.8b). The absence of additional non-lamellar phases such as the cubic micellar and H2 

structures could instead be due to variations in the composition of FFAs released during the digestion 

of colostrum compared to the other milk systems (sections 3.4.5 and 3.4.6). A summary of the extents 

of lipid digestion and the corresponding types of lipid LC structures formed during the digestion of 

mature non-pasteurised human milk, pasteurised DHM, and human colostrum are presented in Table 

3.5 below. 
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Table 3.5. Summary table of the different digestion conditions of mature non-pasteurised human milk, pasteurised donor human milk (DHM), and human colostrum and the corresponding particle 

size, maximum extent of digestion and the liquid crystal structures formed. Note that fewer digestive conditions were able to be trialled for human colostrum due to its limited supply. 

Digestion conditions  

Fat 

content 

Added calcium (Ca2+) 

concentration (mM) 

Bile salt 

micelles 

Sonicated D4,3 (μm) Maximum extent 

of digestion (%) 

Phases and lattice parameter (or 

characteristic distance for L2) (Å) 

Mature non-pasteurised human milk 

High  - - No 53.2 45.4 ± 7.6 Lα: 45 

High 5 - No 26.9 62.5 ± 6.2 Lα: 46 

Low 5 - No 24.4 77.4 ± 3.9 Lα: 44 

Low 5 - Yes 6.0 94.3 ± 5.7 Lα: 46;Fd3m: 165; H2: 54   

High 100 - No 24.0 77.3 ± 7.4 Lα: 47; Fd3m: 167; H2: 56; L2: 37   

Low 100 - No 17.2 83.3 ± 8.7 Lα: 46; Fd3m: 164; H2: 55; L2: 40 

Low 100 Yes No 14.0 90.1 ± 6.8 Lα: 45; L2: 38 

Pasteurised DHM 

High - - No 118.9 27.5 ± 4.6 Lα: 46 

High 5 - No 72.5 42.1 ± 8.1 Lα: 46; Fd3m: 164 

Low 5 - No 65.9 61.3 ± 5.5 Lα: 45; Fd3m: 162 

Low 5 - Yes 13.6 79.4 ± 8.7 Lα: 44; Fd3m: 163 

High 100 - No 60.3 54.6 ± 9.1 Lα: 47; Fd3m: 166; L2: 38 

Low 100 - No 43.2 66.9 ± 4.5 Lα: 46; Fd3m: 167; L2: 40 

Low 100 Yes No 29.1 70.4 ± 7.1 Lα: 47; L2: 39 

Human colostrum 

High  - - No 32.1 75.0 ± 6.1 Lα: 44 

Low 5 - No 1.8 87.7 ± 8.6 Lα: 46 
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3.4.4 Total lipid content and fatty acid (FA) composition of human colostrum and 

milk 

Human colostrum and milk lipids were extracted using a gravimetric analysis and subsequently 

quantified with GC-FID. As shown in Table 3.6, it can be observed that while the average total lipid 

content increased from 3.3% w/v to 4.3% w/v as lactation progressed from non-sonicated colostrum to 

mature non-pasteurised human milk, there was no statistical difference in the lipid content between non-

pasteurised milk and pasteurised DHM. Although these trends are consistent with some previously 

reported studies, other studies indicated either a greater lipid content in colostrum than milk or a 

significant loss of fat following the pasteurisation of human milk [4, 59, 71, 73, 84, 85, 88, 89, 118, 

194-196]. These variations could be due to factors such as the diet, age and parity of mothers [11]. 

Table 3.6. Total lipid content of human colostrum, mature non-pasteurised human milk and pasteurised donor human milk 

(DHM) from current study and previously reported studies: human colostrum [4, 59, 84, 85, 88, 194], non-pasteurised and 

pasteurised human milk [71, 73, 89, 118, 194-196]. 

 Lipid content (g/ 100 mL) 

Human colostrum Mature non-pasteurised 

human milk 

Pasteurised DHM 

Non-

sonicated 

Sonicated Non-

sonicated 

Sonicated Non-

sonicated 

Sonicated 

Current study 3.3 ± 0.5 - 5.9 ± 1.6 4.3 ± 1.0 5.5 ± 1.9 3.7 ± 1.1 

Previous studies 2.0 – 4.4 2.5 – 5.4 1.4 – 4.7 

 

Regardless of the stage of lactation or effects of pasteurisation, colostrum, mature non-

pasteurised human milk and pasteurised DHM were abundant in carbon number 52 (C52) TAG (Fig. 

3.9a and b, Table A1; ‘General Appendix’ section). This was consistent with previous studies [11, 121, 

197]. Within this C52 TAG, it can be inferred that the predominant FA composition is 18:1/16:0/18:1 

(O/P/O; oleic/palmitic/oleic). The high abundance of oleic acid (C18:1) is further validated as the FA 

compositions of colostrum and human milk were also determined in this study (Fig. 3.9c). All three 

samples were rich in long-chain oleic acid (C18:1) followed by palmitic acid (C16:0) (Fig. 3.9c).  
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Figure 3.9. Triglyceride (TAG) composition of human colostrum (red), mature non-pasteurised human milk (yellow) and 

pasteurised donor human milk (blue) used in this study. (a) Gas chromatography coupled to a flame ionisation detector (GC-

FID) traces of human colostrum and human milk lipids, dissolved in chloroform. Abbreviations for the FAs are: C – capric 

(C10:0), La – lauric (C12:0), M – myristic (C14:0), Pe – pentadecanoic (C15:0), P – palmitic (C16:0), Po – palmitoleic (C16:1), 

Ma – margaric (C17:0), S – stearic (C18:0), O – oleic (C18:1), L – linoleic (C18:2). Triundecanoin [C33 (IS)] was included 

as an internal standard. (b) The relative amounts of TAGs in human colostrum (red), mature non-pasteurised human milk 

(yellow) and pasteurised donor human milk (blue). (c) Fatty acid (FA) composition relative to the total FA content in human 

colostrum (red), mature non-pasteurised human milk (yellow) and pasteurised DHM (red). Results are mean ± SD (n = 3 each). 

3.4.5 Composition of free fatty acids (FFAs) released during the digestion of 

colostrum and human milk 

Similar to determining the FA composition of undigested human colostrum and milk, GC-FID 

was also used to characterise the composition of FFAs produced after 120 min of digestion of these 
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colostrum and milk lipids. To compare the relative percentages of each FFA released from colostrum 

and milk, low fat non-sonicated colostrum and sonicated milk samples with added 5 mM calcium were 

chosen as these digestion conditions resulted in the greatest extent of digestion for these samples. The 

aim of this aspect was to determine whether the FFA composition did have an influence on the self-

assembly of lipids during digestion.  

Within the same digestion time frame, sonicated non-pasteurised milk and pasteurised DHM 

were 94.3 ± 5.7% and 79.4 ± 8.7% digested, respectively while colostrum was 83.3 ± 8.7% digested 

(Fig. 3.8a, Table 3.5). Analogous to the extent of digestion, non-pasteurised milk generated the greatest 

total amount of 25.9 mg/mL of FFAs whereas colostrum only released 16.9 mg/mL of FFAs under 

similar in vitro intestinal conditions (Table A2 in the ‘General Appendix’ section). While there were 

differences in the percentages of each FFAs released from colostrum, mature non-pasteurised human 

milk and pasteurised DHM, free oleic acid (C18:1) made up the largest fraction of FFA released from 

all three systems. However, non-pasteurised milk and pasteurised DHM liberated a higher percentage 

of oleic acid from the sn-1 and sn-3 positions than colostrum (Fig. 3.10). This is followed by palmitic 

acid (C16:0), which also accounted for a large proportion of FFAs released being the second largest 

fraction after oleic acid. Consequently, both non-pasteurised milk and pasteurised DHM released a 

lower amount of palmitic acid at the sn-1 and sn-3 positions than colostrum (Fig. 3.10). Additionally, 

the absolute amount of long-chain unsaturated FFAs released from non-pasteurised milk was the 

greatest followed by pasteurised DHM and colostrum (table insert in Fig. 3.10). The high abundance in 

long-chain unsaturated FFAs resulted in a greater ratio between long-chain saturated to unsaturated 

FFAs from the human milk systems as compared to colostrum. 
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Figure 3.10. Amount of each free fatty acid (FFA) (wt%) released relative to the total FFA from non-sonicated low fat human 

colostrum (0.8% fat), sonicated low fat low fat (1.4% fat) non-pasteurised milk and sonicated low fat (0.9% fat) pasteurised 

donor human milk. Note that the total percentage of FFAs do not add up to 100% as only the top 9 species of FFAs are shown, 

which account for >90% of the lipids detected in human colostrum and milk. 

3.4.6 Relationship between free fatty acid (FFA) composition and self-assembly 

during digestion  

Principal component analysis (PCA) was used to probe the relationship between the amount of 

each FFA released during digestion from colostrum, mature non-pasteurised human milk and 

pasteurised DHM (Fig. 3.11). Table A2 (‘General Appendix’ section) summarises the average 

concentration and weight percent of each FFA released after 120 min of digestion of these samples. The 

percentages of FFAs released after 120 min of digestion for these systems were used to graph a scores 

plot (PC1 vs PC2) (Fig. 3.11a). Based on this plot alone, it can be seen that there is a clear separation 

between colostrum and human milk, with the final lipid LC structures formed at the end of digestion 

labelled around the clusters for each sample type. Interestingly, mature non-pasteurised human milk 

and pasteurised DHM displaying PC1 values < 0 formed I2, H2 or both phases whereas colostrum 

showing PC1 values > 0 formed only a lamellar phase. The corresponding loadings plot for PC1 in Fig. 

3.11b, which differentiates colostrum from human milk, shows that myristic (C14:0), palmitic (C16:0) 

and stearic (C18:0) FFAs are in greater abundance in colostrum than mature non-pasteurised human 

milk and pasteurised DHM, which is also evident from Table A2 (‘General Appendix’ section). Since 
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the PC1 loadings plot accounts for 91% of the variance, other differences in the FFA content of the two 

milks (accounted for by PC2) were minor (Fig. 3.11c).  

 

Figure 3.11. (a) Principal component analysis (PCA) scores plot separating colostrum from non-pasteurised milk and 

pasteurised donor human milk based on the respective percentages of free fatty acids (FFAs) released during digestion after 

120 min. (b) PC1 and (c) PC2 loadings plot compares the percentages of FFAs based on the scores plot. Experiments were 

conducted in triplicate (samples pooled from a single donor), leading to three individual data points in the scores plot.  
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3.5 Discussion 

Human colostrum and milk lipids are considered to be one of the most complex dietary fats 

with beneficial nutritional properties for infants [198]. Despite variations in the lipid and FA 

compositions due to disparities in diet, age and parity, human colostrum and milk are considered as a 

colloidal nutrient delivery system whose function depends on the digestion of lipids in the infant’s GIT. 

TAGs comprise approximately 98 wt% of the total lipid fraction, which provides 45-55% of the total 

energy intake in infants. Regardless of the factors that might influence the composition of lipids and 

FAs in human colostrum and milk, the digestion of lipids and subsequently absorption of FFAs is 

important in the development of the brain and central nervous system in infants [13, 143]. Moreover, 

these digested lipids are able to self-assemble into colloidal structures [14] and potentially act as 

chaperones to deliver lipophilic nutrients to the systemic circulation.  

Since the fate of lipophilic nutrients in the GIT is essential for the development of organs in 

infants, evaluating the factors that are able to drive the digestion process toward completion is 

important. First, a gastric step was introduced prior to the intestinal step with an aim to increase the 

extent of digestion. In adults, intestinal digestion contributes the majority of the lipolysis of TAG to 

products; however, in the duodenal contents of infants, the bile pool is lower than adults and could be 

below the critical micelle concentration [199-202]. Furthermore, although gastric lipases in the stomach 

aid in the digestion process, only 80-90% of lipids would be digested and absorbed in infants as opposed 

to 95% of lipids being digested in adults. In the current study, mature non-pasteurised human milk and 

pasteurised DHM were only partially digested after including a gastric step (Fig. 3.2a and b). 

Considering the limited contribution of gastric digestion, it was noted that several in vitro digestion 

studies have demonstrated the use of calcium as a tool to drive the digestion process of long-chain TAGs 

[203-205]. As the concentration of calcium ions in a mixture is increased, more calcium is available to 

interact with the FFAs that are located on the oil-water interface of the lipid droplets, thereby exposing 

fresh TAGs to be digested by pancreatic lipase [188]. This was seen in the present study as both human 

milks displayed an increase in the extent of lipid digestion as the concentration of calcium in the 

digestion buffers was increased (Fig. 3.3a and b). In addition, as the human milk samples were diluted 

with the digestion buffer, the fat content was lowered, thereby increasing the ratio of calcium:fat. Thus, 

this further amplified the increase in extent of digestion of mature non-pasteurised human milk and 

pasteurised DHM (Fig. 3.3c and d). 

Aside from increasing the concentration of calcium to enhance the extent of lipid digestion, 

adding bile salt micelles to the samples can stimulate the digestion of lipids toward completion 

(Fig. 3.4c and d). While lipases in the stomach and small intestine digest TAGs, bile salts aid in the 

emulsification of chime, thereby decreasing the particle size of the lipid droplets (Fig. 3.4a and b). In 

turn, this increases the overall surface area for lipolysis and thus catalyses the activity of lipases through 

the removal of digestion products from the oil-water interface in mixed micelles [206]. The 
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concentration of bile salts has been reported to vary according to age with adults having a bile salt 

concentration of 5–25 mM and infants having only 1–5 mM bile salts intraduodenally [142]. Based on 

several studies, the pooled data from 225 infants were calculated to be 4.7 ± 1.4 mM in the fasted state 

[207-209]. Therefore, this bile salt concentration was used in these digestion experiments. However, 

despite adding bile salts to high fat pasteurised milk (5.5% fat) with 5 mM calcium, the sample was 

only partially digested (48.5 ± 8.3%, Fig. A3 in ‘General Appendix’ section). Instead, both types of 

human milk attained almost complete digestion when a high calcium to milk fat ratio and bile salts were 

added to the systems (Fig. 3.4c and d).  

Alternatively, it was shown in this study that the extent of digestion of human milk and 

theoretically colostrum, could instead be driven to completion by sonicating these samples. 

Milk/colostrum lipid droplets are surrounded by milk fat globular membranes, comprising a trilayer of 

phospholipids intercalated with an array of glycoproteins and other compounds [210]. During 

sonication, the milk fat globular membranes are disrupted thereby reducing the particle size of the lipid 

droplet [211]. Consequently, the reduced particle size caused a larger overall surface area available for 

hydrolysis by the lipases thereby accelerating the digestion process. While the purpose of analysing the 

particle size of the lipid droplets was to determine the effect of reducing the particle size on the extent 

of digestion, non-pasteurised human milk and colostrum are not sonicated prior to feeding an infant, 

especially in households. Thus, the question remains – why are infants able to fully digest human 

colostrum/milk lipids without modifying the aforementioned factors (calcium level, fat content and 

particle size)?  

It should hence be noted that in vitro digestion models are closed systems, characterised by an 

absence of a sink to remove the digestion products [162]. As a result, this increases the concentration 

of lipid digestion products compared with what may be expected in vivo, and in turn, leads to the 

accumulation of digestion products at the oil-water interface [212, 213], which restricts further 

digestion from occurring. In contrast, in the in vivo situation, unlike the in vitro model, the presence of 

a sink enables the removal of digestion products through absorption by the epithelial cells in the small 

intestine. The concentration of calcium used in these experiments was either 5 or 100 mM, but the 

typical concentration of calcium in newborns and premature infants in the fasted state ranges from 1.55 

to 2.75 mM with premature babies often experiencing hypocalcemia and thereby having a calcium 

concentration of < 2.00 mM in their body fluids [214]. Moreover, the concentration of calcium in human 

colostrum and mature human milk was 4.0 and 7.2 mM using ICP-OES in this study (Table 3.2). Hence, 

although the physiological concentrations of calcium are lower than those used in these in vitro 

digestion experiments, infants are still able to digest and absorb human colostrum and milk lipids, 

presumably to a degree attributable to coincident absorption. 
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It has been shown previously that during the digestion of mammalian milks and infant formulae 

that the initial formation of calcium soaps typically precedes the formation of non-lamellar LC phases, 

the identity of which depends both on the lipid composition and the extent of digestion [120, 215]. With 

5 mM added calcium, non-pasteurised human milk reached a greater extent of digestion than 

pasteurised DHM (Fig. 3.3a). This difference could be attributed to the lack of homogeneity of the 

pasteurised DHM samples, which had partially phase separated during the pasteurisation process and 

were re-dispersed prior to digestion. The phase separation led to a larger particle size distribution of 

lipid droplets from pasteurised DHM than non-pasteurised human milk (Fig. 3.2c). 

There appeared to be a threshold in extent of digestion required in order to observe non-lamellar 

structures on digestion of the milks. As the concentration of calcium was increased to 100 mM, 

additional inverse micellar cubic I2 (Fd3m spacegroup) and H2 phases were formed for non-pasteurised 

milk, but no changes were observed for pasteurised DHM (Fig. 3.6 and Table 3.5). This was due to 

differences in the extents of digestion for both milks. The maximum extent of digestion of non-

pasteurised milk was 77.3% when the 100 mM of calcium was added to the digestion buffer (Fig. 3

.3b). This led to the formation of non-lamellar structures (I2 and H2 phases) at around 60% of digestion 

of non-pasteurised milk (Fig. 3.6a and Table 3.5). In contrast, the extent of digestion of pasteurised 

DHM, which was 54.6%, was less than that of non-pasteurised human milk with the same 

added concentration of calcium (Fig. 3.3b). As a result, there were no changes in the types of lipid LC 

structures and only a cubic micellar I2 phase and lamellar phase were observed after increasing the 

concentration of added calcium from 5 mM to 100 mM (Fig. 3.6b and Table 3.5). The extent of 

digestion therefore appears to play a major role in the formation of additional self-assembled structures 

during the digestion of human milk. 

Addition of bile salts to the digestion systems influenced the structural behaviour of milk lipids. 

The difference in self-assembly of lipids indicates an interaction between the bile salts and internal 

particle structure of the digested lipids, with the oil phase becoming more hydrophilic [135]. Instead of 

non-lamellar phases that were observed when bile salts were not added, a weak broad peak characteristic 

of a disordered inverse micellar L2 phase appeared for both human milks in the presence of bile salts. 

Although the addition of bile salts increased the extent of digestion for both types of samples (Fig. 3.4c 

and d), the facial amphiphilic moiety of bile salts enables the molecule to incorporate into lipid bilayers 

and mixed micelles during digestion. As this occurs, the critical packing parameter of the lipid LC 

structures is reduced, thereby favouring a phase transition to a more lamellar phase [14, 216]. This 

observation is based on the absence of non-lamellar (I2 and H2) phases, leaving only the formation of a 

lamellar phase and disordered L2 phase, which is indicated by the broad diffraction peak (Fig. 3.7). In 

addition, because of the high concentration of calcium in the digesting system, this caused the mixture 

of monopalmitin/oleic acid (1:2 mol/mol) to precipitate in a manner analogous to the same mixture in 
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basic ethanol saturated with calcium chloride (Fig. 3.6c). Consequently, the aggregation of free oleic 

acid in the presence of monopalmitin could have also contributed to the formation of this L2 phase. 

Despite variations in the structural behaviour of lipids in non-pasteurised milk and pasteurised 

DHM due to differences in extents of digestion, this was not the case for human colostrum. Firstly, 

although colostrum had the smallest particle size distribution, the final extent of digestion of colostrum 

was within errors of that of non-pasteurised milk (Fig 3.8a). The similar extents of digestion between 

the two systems could mainly be due to the similar ratios of fat:calcium almost being 1:1.2 for colostrum 

and non-pasteurised milk. Nonetheless, although colostrum digested to a similar extent as that of non-

pasteurised milk, only a lamellar phase was formed (Fig. 3.8b). Therefore, in this instance, the 

differences in the self-assembly of lipids during digestion could be attributed to variations in the 

composition of FFAs released as elaborated below.  

The O/P/O triglyceride structure is vital to the nutrition and development of infants [197]. Prior 

to digestion, human colostrum, non-pasteurised human milk and pasteurised DHM displayed an 

abundance of the C52 TAG species (Fig. 3.9a and b and Table A1; ‘General Appendix’ section). 

Within this C52 TAG, it can be inferred that the predominant FA composition is O/P/O 

(C18:1/C16:0/C18:1) with oleic acid (C18:1) being the most abundant in colostrum and human milk, 

followed by palmitic acid (C16:0) accounting for the second highest percentage of FAs in these 

colostrum and milk samples (Fig. 3.9c)  [121, 197, 217]. While oleic acid displays preference for the sn-

1 and sn-3 positions, palmitic acid is located primarily at the sn-2 position. The composition of these 

FAs in their respective esterification sites minimises calcium loss and contributes to important benefits, 

such as improved energy intake, healthy gut bacteria, and increased bone mineral density in infants 

[126, 187]. Furthermore, the distribution of FAs would ultimately dictate the 2-MAG and FFA products 

formed during digestion [120]. In the case of abundant O/P/O TAGs, the two outer oleic acids are first 

removed by pancreatic lipase and BSSL, liberating two free oleic acids and leaving 2-monopalmitin 

[122]. Therefore, the highly selective distribution of FAs along the glycerol backbone of a TAG 

molecule of undigested milk systems would influence the types of lipid LC phases formed and may in 

turn affect the ability of these colloidal phases to deliver lipophilic nutrients to be absorbed into the 

systemic circulation of infants. 

It has been previously shown that there is a direct correlation between lipid composition and 

the lipid LC structures that form during digestion [120]. This can also be seen in this study, whereby 

differences in structural behaviour of lipids during digestion were observed because of differences in 

the amount and composition of FFAs released from colostrum and mature human milk. Non-pasteurised 

milk released the greatest total amount of FFAs at the end of 120 min intestinal digestion, followed by 

pasteurised DHM and colostrum producing similar total amounts of FFAs (Table A2 in ‘General 

Appendix’ section). While the total FA composition among these colostrum/milk systems before 
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digestion is similar (Fig. 3.9c), the greater release of long-chain FFAs [oleic acid (C18:1) and linoleic 

acid (C18:2)] from non-pasteurised human milk and pasteurised DHM than colostrum could have 

contributed to the differences in colloidal structures formed during digestion (Fig. 3.8b and 3.11a). 

Pham et al. have demonstrated that systems comprising medium-chain and long-chain FAs would result 

in the formation of non-lamellar structures such as the H2 and I2 phases [120].  

While the appearance of an unidentified peak at q = 0.198 Å-1 during the digestion of non-

pasteurised milk (Fig. 3.8b) could have been attributed to the presence of bile salts that might have 

altered the lattice parameter of the lipid LC structures, the release of free oleic acid (C18:1) has been 

reported to disrupt the self-assembly of lipids with the colloidal structures skewing towards a disordered 

inverse micellar L2 phase and inverse micellar cubic I2 phase [218]. Hence, as oleic acid displays a 

preference for the sn-1 and sn-3 positions, the greater percentage of free oleic acid (C18:1) produced 

during the digestion of non-pasteurised milk and pasteurised DHM than colostrum (Fig. 3.10, 3.11b) 

could have caused the formation of the additional I2 phase (Fig. 3.8b, 3.11a). In comparison, the higher 

abundance of free palmitic acid (C16:0) generated during the digestion of colostrum than both types of 

human milk (Fig. 3.10, 3.11b), might be the predominant factor in driving the structures towards the 

formation of calcium soaps, as indicated by the Lα phase (Fig. 3.8b, 3.11a) [218]. 

Previous studies have shown the ability of colloidal lipid structures to act as a reservoir for the 

dissolution of lipophilic drugs during digestion and deliver these drugs to the intestinal sites of 

absorption [131, 219, 220]. The H2 and inverse micellar cubic I2 (Fd3m spacegroup) phases have been 

of great interest in the area of drug delivery as these phases have been shown to enhance the uptake of 

poorly water-soluble drugs in vivo [131, 219, 220]. Similarly, depending on the 

hydrophobicity/hydrophilicity of bioactive molecules such as proteins and carbohydrates found in 

human colostrum and milk, they would potentially be encapsulated either in the aqueous domain or 

within the lipid bilayers of the lipid LC structures. It was thus important to understand the influence of 

lipid composition before digestion on the composition of FFAs released and structural behaviour of 

milk and colostrum lipids during digestion. These findings provide a roadmap towards the formulation 

of colostrum substitute mixtures that encompass a similar initial lipid composition and self-assembly 

of lipids during digestion as human colostrum. The similar structural behaviour of lipids between human 

colostrum and the colostrum substitute mixtures formed during digestion could potentially deliver 

bioactive nutrients. For example, although lamellar and inverse micellar cubic phases can both 

encapsulate bioactive compounds, the capacity for these phases to deliver hydrophobic and hydrophilic 

compounds differ from each other. In contrast to a lamellar phase, inverse micellar cubic phases are 

more effective at encapsulating hydrophilic nutrients (such as digested proteins—peptides and amino 

acids) within the aqueous pores, hydrophobic components within the lipid matrix and amphiphilic 

nutrients at the oil-water interfaces [221-225]. In turn, the capacity of hydrophilic nutrients escaping 

from closed aqueous micelles of inverse micellar cubic phase is less than if these nutrients were 
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encapsulated within a lamellar phase. The delivery of these bioactive factors present in the colostrum 

substitute mixtures to the gut of premature infants could hence promote a healthy gut microbiota and 

minimise the effects of NEC. 

3.6 Conclusion 

This study links the different stages of lactation and impact of pasteurisation with pre- and post-

digestion lipid composition, particle size distribution and structural behaviour. While non-pasteurised 

milk and pasteurised DHM were able to self-assemble into non-lamellar lipid LC structures with 

coexisting lamellar phases associated with the formation of calcium soaps, colostrum only formed a 

lamellar phase, which remained persistent throughout digestion. Due to the higher percentage of long-

chain free oleic acids liberated from human milk than colostrum, this led to a more negative curvature 

at the oil-water interface resulting in an inverse micellar cubic I2 phase during digestion. In comparison, 

as colostrum produced a greater proportion of free palmitic acids than human milk, the negative 

curvature at the oil-water interface was reduced favouring the formation of a lamellar phase. Although 

pasteurised DHM and colostrum released similar total amount of FFAs at the end of digestion, the 

greater amount and bioactivity of proteins, enzymes and oligosaccharides in colostrum than pasteurised 

DHM and even non-pasteurised milk would override the latter as a preferred option of feeding for 

infants. These correlations between lipid composition, FFA composition released during digestion and 

lipid LC structure formation are therefore fundamental in the design of a colostrum substitute 

formulation for the delivery of nutrients to the gut of infants. 
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4.1 Introduction 

The effect of the composition of free fatty acids (FFAs) released during the in vitro digestion 

of mature non-pasteurised milk, pasteurised donor human milk (DHM) and human colostrum on the 

structural behaviour of lipids was evaluated in the previous chapter. The lipid liquid crystalline (LC) 

structures that were formed during the digestion of these milk/colostrum systems were dependent on 

the chain-lengths and saturation of the FFAs generated. In summary, non-pasteurised milk and 

pasteurised DHM were able to self-assemble into non-lamellar LC structures simultaneously with 

lamellar phases that arose from the formation of calcium soaps during digestion. In contrast, human 

colostrum only formed a lamellar phase due to the difference in the abundance of medium- and long-

chain FFAs as digestion products. Regardless, the greater amounts and bioactivity of nutritional factors 

such as proteins, vitamins and human milk oligosaccharides (HMOs) in colostrum than non-pasteurised 

milk and pasteurised DHM deem colostrum as the first choice of feeding to infants. The relationship 

between lipid composition, FFA composition released during digestion and lipid LC structure formation 

provide an insight into the design of colostrum substitute mixtures that closely resemble the behaviour 

of human colostrum.  

Preterm birth is defined as birth before 37 weeks of gestation and is the leading cause of 

perinatal and neonatal death among children under the age of five with approximately 15 million infants 

born prematurely every year [1]. While 1 million die as result of complications, those who survive are 

vulnerable to mature onset of diseases such as a diminished immune system, poor body temperature 

regulation and impaired respiration [18, 19]. Consequently, these conditions could lead to a potential 

lack of efficacy and bioavailability of crucial bioactive proteins that are necessary for the development 

of organs [226]. In developing countries, premature death occurs due to a lack of feasible and hygienic 

interventions. While preterm death is less prevalent in developed than developing countries, premature 

infants still lack optimum nourishment. The absence of bioactive factors could potentially cause growth 

rates to accelerate too rapidly and compromise the development of organs, resulting in increased 

chances of mature onset of diseases [20]. 

Instead, a crucial component to ensure successful treatment for premature infants is the 

consumption of colostrum. However, as colostrum is produced in small quantities (5-20 mL) during 

postpartum, mothers of preterm infants and caregivers are limited to other alternatives such as 

pasteurised DHM or bovine milk-based fortifiers for human milk [21, 22, 50]. Unfortunately, vital 

nourishment might not be readily available from these alternatives to improve health outcomes [21-25]. 

In bovine-based formulas, the proteins are derived from bovine milk and have been shown to upregulate 

inflammatory processes that could compromise the integrity of the gut epithelial border [52]. 

Furthermore, while bovine milk is rich in medium-chain fatty acids (FAs), the small pool of bile salts 

in an infant’s gut could potentially impede the hydrolysis of lipids consequently resulting in preterm 
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infants relying on alternate feeding procedures such as continuous nasogastric drip, nasojejunal feeding 

and intravenous alimentation to counter the loss in fluids [54].  

Although pasteurised DHM is a preferred option to infant formula, the heating step during the 

pasteurisation process has been recognised as influencing the bioactivity and composition of nutritional 

factors [66]. For instance, the higher abundance and bioactivity of whey proteins in colostrum is able 

to provide a greater nutritional impact on the healthy postnatal development of an infant as compared 

to feeding infants with pasteurised DHM [96]. Additionally, while pasteurisation does not have any 

major influence on the activity of HMOs, the numerous freeze-thaw cycles and container changes could 

reduce the bioactivity and content of HMOs, which have a major role in reducing the onset of 

necrotising enterocolitis (NEC) [109]. Lastly, while the total lipid content is not affected due to 

pasteurisation, the adherence of lipids to the surface of containers, pipelines and feeding systems during 

pasteurisation might lead to a loss of lipid content [92]. The change in lipid content is an important 

aspect to consider as lipids in milk and colostrum are a major source of total energy intake in infants 

and provide important nutrients such as long-chain polyunsaturated fatty acid (LC-PUFAs: linoleic acid 

and α-linolenic acid) and transport lipid-soluble vitamins for improved gastrointestinal tract (GIT) 

function, growth and neurodevelopment [112]. It is thus imperative that the overall quality, total content 

and composition of lipids are monitored following pasteurisation. Moreover, although the FA 

composition remains unchanged after pasteurisation, variations in FA composition exist between human 

colostrum and pasteurised DHM. For example, colostrum consists of 52% and 41% of C18:1 being the 

predominant FA at sn-1 and sn-3, respectively, whereas mature milk contains a lower percentage of 

C18:1 at those positions with 49% at sn-1 and 35% at sn-3. Similarly, colostrum has a greater amount 

of C16:0 FA (58%) at sn-2 as compared to mature milk with 52% of C16:0 [87, 118]. The specificity 

of the placement of FAs along the glycerol backbone at the sn-1, sn-2 and sn-3 positions of milk TAGs 

by the mammary gland would influence the types of lipid LC phases formed and may in turn affect the 

ability of these colloidal phases to deliver lipophilic nutrients to be absorbed into the systemic 

circulation of infants.  

4.1.1 Appropriate colostrum-based dosage forms for premature infants  

Acknowledging that human colostrum is produced in minute quantities and that available 

alternatives present limitations, there is a need for an enhanced nutrient strategy through the formulation 

of a colostrum substitute mixture. This formulation contains the most abundant lipids, proteins and 

HMOs that are naturally occurring in human colostrum and essential for the growth of bacteria in the 

gut to reduce the onset of NEC. Currently, infants are given oral formulations including liquids and 

tablets. However, such formulations pose as an issue for neonates in terms of variability in doses and 

difficulty in swallowing [227-230]. This is further aggravated in preterm infants who are born with an 

immature gut, thus causing issues with swallowing and ADME (absorption, distribution, metabolism 
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and excretion). Hence, safe and effective dosage forms are required to ensure that these formulations 

are appropriate to the age, weight and physiological condition of the child.  

A formulation that, in addition to better matching the nutritional and health outcomes of 

colostrum, also has improved storage stability over pasteurised DHM and can be potentially transported 

to low economy settings such as a dispersible tablet would have great application in reaching the least 

well served populations with regard to premature infant nutrition. The European Medicines Agency has 

highlighted the importance of accurate dosing to infants with dose volumes as low as 0.1 mL with a 

maximum of 5 mL being necessary [231]. To administer these dose volumes to infants, an oral syringe 

or dropper is often used [232]. In hospital settings, premature infants are fed through enteral tubes but 

in developing countries, access to health facilities might be difficult thereby restricting infants from 

receiving the required nourishment. Instead, oral delivery of dispersible tablets might alleviate these 

issues. The variability involved in breaking the tablet into smaller pieces and increasing the likelihood 

of affecting the dose would be averted as the desired dose can be controlled by the reconstituted volume 

for administration. Therefore, dispersible tablets prepared from a colostrum substitute formulation 

would be appropriate in developing countries where lack of health facilities and refrigeration would 

otherwise make storing liquid colostrum difficult. 

This study thus aims to evaluate the formulation of a colostrum substitute mixture by comparing 

the lipid and FFA composition and subsequently, the types of lipid LC phases formed during the 

digestion of these mixtures to human colostrum (Fig. 4.1). The lipid and FFA composition of human 

colostrum and the colostrum substitute mixture were characterised using gas chromatography coupled 

to a flame ionisation detector (GC-FID). Based on these results, the influence of the FFAs liberated 

during digestion on the formation of colloidal structures was determined using small-angle X-ray 

scattering (SAXS). SAXS was also used to determine whether tableting of the colostrum substitute 

mixture would result in any changes of the structural behaviour of the colostrum substitute lipids.  
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Figure 4.1. Schematic diagram illustrating the comparison of the colostrum substitute formulation against human colostrum 

in terms of the structural behaviour of lipids [monitored using an in vitro lipolysis model coupled to in situ small-angle X-ray 

scattering (SAXS)] and the composition of free fatty acids (FFA) [determined using gas chromatography coupled to a flame 

ionisation detector (GC-FID)] released during digestion.  

4.2 Materials & methods 

4.2.1 Standards and materials 

Human colostrum samples were donated by the University of Western Australia with ethics 

approval from the Monash University Human Research Ethics Committee (Project ID 21047). The 

human colostrum samples were stored at -20 °C and prior to analysis, they were thawed and agitated 

using a vortex mixer for 5 min. The materials required for the formulation of the colostrum substitute 

mixtures were outlined in ‘Chapter 2.1.1 Human milk, colostrum and colostrum substitute 

formulations’. Additional materials for the experiments in this study include the following: 

Methyl undecenate (C11:1, > 99% purity), glyceryl tridecanoate (C13:0, > 99% purity), 

glyceryl triundecanoate (C11:0, > 99% purity), monopalmitin (C16:0, >99% purity) and oleic acid 

(C18:1, >99% purity) were obtained from Nu-Chek Prep. (Elysian, MN, USA). Fatty acid methyl esters 

(FAME) standard mixtures containing the following methyl esters were also purchased from Nu-Chek 

Prep. (Elysian, MN, USA): methyl butyrate (C4:0), methyl pentanoate (C5:0), methyl hexanoate (C6:0), 

methyl heptanoate (C7:0), methyl octanoate (C8:0), methyl nonanoate (C9:0), methyl decanoate 

(C10:0), methyl undecanoate (C11:0), methyl laurate (C12:0), methyl tridecanoate (C13:0), methyl 

myristate (C14:0), methyl pentadecanoate (C15:0), methyl palmitate (C16:0), methyl heptadecanoate 

(C17:0), methyl stearate (C18:0), methyl oleate (C18:1), methyl linoleate (C18:2), methyl α-linolenate 
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(C18:3). Calcium chloride dihydrate (> 99% purity) and sodium hydroxide pellets (> 97% purity) were 

purchased from Ajax Fine Chemicals (Seven Hills, NSW, Australia). Hydrochloric acid (36% aqueous 

solution) was obtained from LabServ (Longford, Ireland). Sodium chloride (> 99.7% purity) was 

purchased from Chem Supply (Gillman, SA, Australia). Sodium azide (> 99% purity), chloroform 

(ACS, ISO, reagent), and methanol (HPLC basic) were obtained from Merck (Darmstadt, Germany). 

Methanolic HCl (3 M), n-hexane (≥ 98% purity, gas chromatography), tert-butyl methyl ether (99.8% 

purity, anhydrous), acetic acid (99.8% purity, anhydrous), 4-bromophenylboronic acid (4-BPBA), 

sodium taurodeoxycholate hydrate (95% purity), trizma®-maleate (reagent grade) and pepsin from 

porcine gastric mucosa (lyophilised powder) were purchased from Sigma Aldrich (St Louis, MO, USA). 

Pancreatin extract (USP grade) was obtained from MP Biomedicals (Solon, OH, USA). Fungal lipase 

8000 was purchased from Connell Bros Australasia Pty Ltd (Croydon South, VIC, Australia). The lipid 

standards were stored at -20 °C until further use and unless otherwise stated, all chemicals were used 

without further purification and water was acquired from a Merck Q-POD Ultrapure Water Remote 

Dispenser (Darmstadt, Germany). 

4.2.2 Preparation of colostrum substitute formulations 

The colostrum substitute mixtures were formulated by characterising the most abundant lipids 

found in human colostrum using GC-FID (Chapter 3.3.3) and the amount of each FAs added to the 

colostrum substitute using homo-triglycerides (Table 4.1) to prepare a total of 0.7 g lipid in 20 g 

emulsions (3.5 wt % total fat), which was explained in Chapter 2.2.1. The lipids were subsequently 

emulsified in tris buffer ‘without water-soluble nutrients’ or ‘with water-soluble nutrients’. The former 

buffer contained 2.5% w/v casein proteins and 5.5% w/v lactose while the buffer termed ‘with water-

soluble nutrients’ consisted of 7.9 % w/v reconstituted water-soluble nutrients, which were obtained 

from the supernatant of centrifuged pooled mature non-pasteurised human milk samples. Briefly, 35 

mL of non-pasteurised human milk were centrifuged at 5000 g for 60 min at 4 °C. The supernatant was 

then aliquoted (5 mL) into 20 mL scintillation vials and freeze-dried for 48 h. Following this, the 

lyophilised supernatant was then reconstituted in tris buffer. After adding the buffers to the molten 

lipids, the colostrum substitute mixtures were then melted in an oven at 70-75 °C. The mixtures were 

then emulsified using tip ultrasonication while the mixtures were still hot before subsequent in vitro 

experiments.  
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Table 4.1. Amount of each fatty acid (FA) found in human colostrum using GC-FID and the amount of each FAs added to the 

colostrum substitute using homo-triglycerides. The composition of free fatty acids (FFA) released during digestion from 

human colostrum and the colostrum substitute formulation is also presented in the table below. 

 FA composition before  

digestion  

(sn-1, sn-2 and sn-3 positions) 

(wt%) 

FFA composition released during 

digestion  

(sn-1 and sn-3 positions)  

(wt%) 

Fatty acid Human 

colostrum 

Colostrum 

substitute 

Human 

colostrum 

Colostrum 

substitute 

C10:0 3.4 ± 1.0 3.4 ± 0.8 1.14 ± 0.55 2.53 ± 0.73 

C12:0 4.3 ± 1.6 4.3 ± 1.2 4.24 ± 2.59 4.02 ± 2.36 

C14:0 1.9 ± 1.0 1.9 ± 0.9 7.11 ± 2.06 2.13 ± 0.85 

C16:0 13.2 ± 7.9 13.2 ± 6.8 27.2 ± 7.2 14.8 ± 6.4 

C18:0 2.5 ± 1.5 2.5 ± 0.9 11.1 ± 3.2 6.45 ± 3.63 

C18:1 
74.7 ± 8.6 74.7 ± 7.8 47.8 ± 9.6 69.94 ± 14.85 

C18:2 

 

4.2.2.1 Colostrum substitute tablet formulations 

Freeze-dried colostrum: The colostrum substitute dispersions (5 mL) were added into 20 mL 

glass scintillation vials and freeze-dried for 48-72 h. The freeze-dried colostrum substitute mixtures 

(585 mg) were weighed into a 20 mL glass scintillation vial using an analytical balance.  

Tablet compression: The freeze-dried colostrum substitute mixtures were tableted directly after 

vortex mixing. Magnesium stearate (0.5% w/w to tablet) was added to lubricate the tablet press (Gamlen 

Tableting Ltd, Nottingham, United Kingdom) before compressing the tablets with a compression force 

of 60 kg at 5 mm/min fitted with a 14 mm diameter flat-faced bevelled edge [220]. 

4.2.3 Determination of micronutrient composition using inductively coupled 

plasma - optical emission spectrometry (ICP-OES) 

 As the reconstituted water-soluble nutrients added to the colostrum substitute mixtures were 

obtained from the supernatant of non-pasteurised human milk, the micronutrient composition of human 

colostrum and non-pasteurised human milk were determined using inductively coupled plasma - optical 

emission spectrometry (ICP-OES). The ICP-OES experiments were carried out at the University of 

Melbourne in collaboration with the Melbourne TrACEES Platform and the ICP-OES operating 

parameters were elaborated in Table 3.1 of Chapter 3.3.2. 

4.2.4 Particle size measurement 

Particle size distributions of the fat globules from the re-dispersed human colostrum and 

colostrum substitute mixtures were measured by laser light scattering using a Mastersizer 2000 

(Malvern Panalytical, United Kingdom), equipped with a He-Ne red laser of wavelength 633 nm and 

an LED blue laser of wavelength 466 nm. Further details regarding the parameters for the particle size 

measurements were outlined in Chapter 3.3.4.  
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4.2.5 In vitro lipolysis 

In vitro lipolysis was performed on human colostrum and the colostrum substitute mixtures 

using methods described previously [162, 165]. The human colostrum samples were stored at -20 °C 

and thawed immediately prior to digestion while the colostrum substitute mixtures were melted in an 

oven at 70-75 °C, emulsified using tip ultrasonication before being loaded into a thermostatted glass 

vessel (maintained at a constant temperature of 37 °C) connected to a pH stat auto titrator (Metrohm® 

AG) under constant magnetic stirring. The in vitro digestion conditions used for the human colostrum 

and colostrum substitute mixtures samples were explained in Chapter 3.3.5.  

4.2.6 Small angle X-ray scattering (SAXS): flow through measurements  

SAXS experiments were carried out on the SAXS/WAXS beamline at the Australian 

Synchrotron (ANSTO, Clayton, VIC, Australia) [163] to compare the structural behaviour of lipids 

from human colostrum and the colostrum substitute mixtures. Similar to determining the lipid LC 

structures during the digestion of human milk, the parameters adopted for these flow through 

measurements were elaborated in Chapters 2.2.6 and 3.3.6.   

4.2.7 Triglyceride (TAG) and free fatty acid (FFA) composition analysis of 

human colostrum and colostrum substitute mixtures using gas chromatography 

coupled to a flame ionisation detector (GC-FID) 

Total lipids were extracted from pooled human colostrum samples from a single donor (n = 3) 

following the method previously described by Folch et al., [113]. Further details regarding the lipid 

extraction, GC-FID method and chromatographic conditions were described in ‘Chapter 3.3.3 Analysis 

of triglyceride (TAG) composition using gas chromatography coupled to a flame ionisation detector 

(GC-FID)’. To separate the FFAs from the other components of human colostrum and the colostrum 

substitute mixtures, a solid phase extraction method was adopted as explained in ‘Chapter 3.3.8 Free 

fatty acid (FFA) composition analysis using GC-FID’. The steps taken to derivatise the FFAs into free 

fatty acid methyl esters (FAME) and the chromatographic conditions for FAME analysis were also 

outlined in Chapter 3.3.8.  

4.3 Results  

The results and discussion in this chapter primarily revolves around the comparison between 

human colostrum and a colostrum substitute mixture with regards to the FFA composition released 

during digestion and the structural behaviour of lipids.  

4.3.1 Effect of reconstituted water-soluble nutrients on the digestibility of 

colostrum substitute mixture lipids 

As explained in section 4.2.2, two types of buffers were used to emulsify the lipids in the 

colostrum substitute mixtures. Since the water-soluble nutrients were extracted from mature non-
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pasteurised human milk, the calcium content of mature milk was found to be 7.2 mM using ICP-OES. 

This amount of calcium was also added to the colostrum substitute mixtures, which were emulsified 

with the ‘without water-soluble nutrients’ buffer. The purpose of this was to determine whether only 

the presence of water-soluble nutrients such as proteins, HMOs and salts are able to influence the 

digestibility of lipids. During the digestion of the colostrum substitute mixtures ‘without water-soluble 

nutrients’ (lipids in digestion buffer containing casein and lactose only), the colostrum substitute lipids 

were digested to 91.2 ± 6.4% (Fig. 4.2b). In comparison, the extent of digestion of human colostrum 

was 87.7 ± 8.6% (Fig. 4.2b), which is within statistical error (p-value < 0.5). After adding reconstituted 

water-soluble nutrients to the colostrum substitutes, the extent of digestion increased to 95.7 ± 4.3% 

(Fig. 4.2b). Fig. 4.2a shows the particle size distribution of undigested lipids from the colostrum 

substitutes with and without the water-soluble nutrients. The similar particle size distribution between 

both mixtures resulted in no change in the initial rate of digestion (Fig. 4.2b). Moreover, the final extent 

of digestion of the colostrum substitute mixtures with and without the water-soluble nutrients were 

within errors of each other. Overall, the similar particle size distributions and extents of digestion 

between the colostrum substitute mixture and human colostrum show that the digestion behaviour of 

these two systems are almost identical (Fig. 4.2b). 

 

Figure 4.2. (a) Particle size distributions of colostrum substitutes mixtures without water-soluble nutrients (dashed grey lines) 

and with water-soluble nutrients (blue line) before the addition of pancreatic lipase. (b) Extent of lipid digestion of human 

colostrum (red with green error bars), colostrum substitutes (digestion buffer containing 7.2 mM CaCl2, casein and lactose 

only) (dark grey with grey error bars) and colostrum substitutes containing reconstituted water-soluble nutrients (with a 

calcium content of 7.2 mM) (blue with orange error bars) by pancreatic lipase at pH 6.5. Pancreatic lipase was added into the 

digestion mixtures and pH was maintained constant at 6.5 for 120 min through the addition of 0.2 M NaOH before increasing 

the pH to 9.0 for back titration. Results are expressed as means (n = 3) ± SD. 
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4.3.2 Impact of water-soluble nutrients on the self-assembly of lipids from 

colostrum substitute mixtures during digestion 

It has been shown previously that a series of lipid LC structures appear during the digestion of 

human milk as a result of the self-assembly of amphiphilic diglycerides (DAGs), monoglycerides 

(MAGs) and FFAs [120, 135]. These lipid LC phases were determined based on the positional 

distribution of their respective diffraction peaks and the SAXS profiles, acquired during the experiment 

over time, were converted, using titration data, to the much more informative format as a function of 

extent of digestion (Fig. 4.3a and b). Following the addition of pancreatic lipase to the colostrum 

substitutes with and without water-soluble nutrients, diffraction peaks corresponding to a lamellar 

structure with a lattice parameter of 46-47 Å were observed and remained persistent throughout 

digestion (Fig. 4.3a and b). A cubic micellar (I2) phase with Fd3m spacegroup was also evident after 

the lipids from both systems were 40-60% digested (Fig. 4.3a and b). In addition, the lattice parameters 

of the lamellar (43-45 Å) and I2 phases (152-155 Å) throughout the digestion of both mixtures (Fig. 

4.3c and d) remained consistent throughout digestion.  
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Figure 4.3. SAXS profiles of (a) colostrum substitute mixture without water-soluble components and (b) with water-soluble 

after the addition of lipase at pH 6.5, 37 °C. “1” represents the cubic micellar I2 phase (Fd3m spacegroup), with peak q ratios 

of √3: √8: √11, “2” is annotated as the hexagonal H2 phase with peak q ratios of 1: √3: √4, “3” and “4” represent the lamellar 

Lα phase with peak q ratios of 1: 2: 3 and disordered inverse micellar L2 phase, respectively. Trends in lattice parameters as a 

function of extent of digestion of the phases formed from the self-assembly of colostrum substitute lipids (c) without and (d) 

with water-soluble components.   

4.3.3 Differences in the structural behaviour of lipids and free fatty acid (FFA) 

composition between human colostrum and colostrum substitute mixtures  

In contrast to the self-assembly of colostrum substitute lipids, human colostrum only exhibited 

the formation of a lamellar phase prior to the addition of pancreatic lipase. Furthermore, no other phases 

were observed while the lamellar phase, which was associated to the formation of calcium soaps, 

remained persistent throughout digestion (Fig. 4.4a). In addition to the differences in structural 

behaviour of lipids between the colostrum substitute mixtures and human colostrum, variations in the 

relative percentages of FFAs released during the digestion of both systems were also observed. Within 
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the same digestion time frame, a greater amount of free oleic acid (67.5% of C18:1) was released from 

the colostrum substitute mixtures than human colostrum (40.9% of C18:1) (table insert in Fig. 4.4b). 

Also, the absolute amount of long-chain unsaturated FFAs released from the colostrum substitute 

mixtures was greater than that of human colostrum. The colostrum substitute mixtures released 5.0 ± 

2.3 mg/mL of saturated (C14:0, C16:0, C18:0) and 14.9 ± 3.2 mg/mL of unsaturated (C18:1 and C18:2) 

long-chain FFAs while human colostrum liberated 7.7 ± 2.1 mg/mL of saturated and 8.2 ± 1.6 mg/mL 

of unsaturated long-chain FFAs (Fig. 4.4b). 

 

Figure 4.4. (a) SAXS profiles of digested human colostrum (red) and colostrum substitute mixture with water-soluble nutrients 

(blue) at pH 6.5, 37 °C. “1” represents the cubic micellar I2 phase (Fd3m spacegroup), with peak q ratios of √3: √8: √11, “2” 

is annotated as the hexagonal H2 phase with peak q ratios of 1: √3: √4, “3” and “4” represent the lamellar Lα phase with peak 

q ratios of 1: 2: 3 and disordered inverse micellar L2 phase, respectively. (b) Amount of each free fatty acid (FFA) (wt%) 

released relative to the total FFA from human colostrum and the colostrum substitute mixtures. The table insert shows the 

absolute amount of long-chain saturated and unsaturated FFAs liberated from human colostrum and the colostrum substitute 

mixtures. Results in (b) are expressed as means (n = 3) ± SD. 

4.3.4 Effect of tableting on the self-assembly of colostrum substitute lipids 

Following the freeze-drying and reconstitution of the colostrum substitute tablets, peaks at q = 

0.155 and 0.194 Å-1 were observed prior to the addition of pancreatic lipase (Fig. 4.5b) whereas these 

peaks were not seen for the colostrum substitute mixtures before tableting (Fig. 4.5a). The appearance 

of the peaks before the digestion of the colostrum substitute tablets could be indicative of the 

recrystallisation of long-chain TAGs during tableting followed by re-dispersion of the tablets. As 

digestion progressed for the colostrum substitute tablets, the aforementioned lamellar phase disappeared 

while another lamellar phase at q = 0.136, 0.272 and 0.409 Å-1 started to grow (Fig. 4.5b). Similar to 
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the formation of a lamellar phase during the digestion of the colostrum substitute prepared by direct 

dispersion (Fig. 4.5a), this lamellar phase was due to the formation of calcium soaps. While the lamellar 

phase remained persistent throughout digestion, peaks corresponding to an inverse micellar cubic I2 

phase (Fd3m spacegroup) started to grow after 60% of the tableted colostrum substitute lipids were 

digested, consistent with that seen of the non-tableted colostrum substitute mixture (Fig. 4.5b). 

 

Figure 4.5. SAXS profiles of (a) non-tableted colostrum substitute mixture and (b) tableted colostrum substitute mixture 

following the addition of lipase at pH 6.5, 37 °C. “1” represents the cubic micellar I2 phase (Fd3m spacegroup), with peak q 

ratios of √3: √8: √11, “2” is annotated as the hexagonal H2 phase with peak q ratios of 1: √3: √4, “3” and “4” represent the 

lamellar Lα phase with peak q ratios of 1: 2: 3 and disordered inverse micellar L2 phase, respectively. 

4.4 Discussion 

The first source of nourishment for the healthy development of term infants is through the 

consumption of human colostrum. Otherwise known as ‘liquid gold’, human colostrum contains the 

necessary bioactive components that are responsible for regulating the immune and respiratory systems 

as well as reduce the likelihood of generating diseases such as NEC [27]. Unfortunately, as human 

colostrum is produced in small quantities during postpartum, premature infants are either fed with 

pasteurised DHM or infant formulas. However, these alternatives lack the nutrients required to ensure 
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a healthy growth and development of infants [21-25]. Moreover, although variations exist in the lipid 

and FA compositions of human colostrum between mothers due to disparities in diet, age and parity 

[11], human colostrum is still considered as a colloidal nutrient delivery system whose function depends 

on the digestion of lipids in the infant’s GIT [135]. Together with the high abundance and bioactivity 

of HMOs and proteins, these nutritional factors in human colostrum, which differ in terms of 

composition and content in pasteurised DHM and infant formulas, serve to provide immunological and 

protective functions in infants [49]. Therefore, since the fate of these nutrients is critical in providing 

optimum nourishment to infants, the aim of this study was to evaluate the lipid and FFA composition 

of homo-triglyceride emulsions with the addition of reconstituted water-soluble nutrients to formulate 

colostrum substitute mixtures. The purpose of formulating these colostrum substitute mixtures was to 

determine how closely these mixtures could replicate the digestibility and self-assembly of human 

colostrum lipids. 

The reconstitution of water-soluble nutrients in the colostrum substitute mixtures did not 

significantly affect the digestibility of the colostrum substitute lipids, with both colostrum substitute 

mixtures displaying similar extents of digestion as human colostrum. In this study, two types of buffers 

were used for the colostrum substitute mixtures – termed as ‘without water-soluble nutrients’ (buffer 

contained casein and lactose) and ‘with water-soluble nutrients’ (reconstituted HMOs, proteins and salts 

from mature non-pasteurised human milk). Despite the addition of reconstituted water-soluble nutrients 

to the emulsified lipids, there was no change in the particle size distributions (Fig. 4.2a). This indicated 

that the presence of proteins in the buffer had a minimal effect on the stabilisation of the emulsion 

droplets, thereby resulting in no change in the initial rate of digestion (Fig. 4.2b). While the rate of 

digestion remained similar after the addition of reconstituted water-soluble nutrients, the final extent of 

digestion of the colostrum substitute lipids in the presence of water-soluble nutrients was greater than 

in the absence of these nutrients. Scow and Olivecrona have previously demonstrated that the addition 

of whey proteins such as albumin can enhance lipolysis. In excess of these proteins, they are able to 

bind to the MAGs and FFAs that surround the lipid droplets and thus accelerate the lipid digestion 

process (Fig. 4.2b) [233]. In contrast, when these proteins are absent, lipolysis decreases as the surface-

active digestion products accumulate on the oil-water interface of the lipid droplets. Regardless, the 

average extent of digestion of the colostrum substitute mixtures was similar to human colostrum 

illustrating that the digestion behaviour of these two types of samples were almost identical (Fig. 4.2b).  

Although the average extents of digestion of human colostrum and the colostrum substitute 

mixtures were within errors of each other, differences in the self-assembly of lipids were observed 

between the two systems. It has been shown previously that during the digestion of mammalian milks 

and infant formulae that the initial formation of calcium soaps typically precedes the formation of non-

lamellar LC phases, the identity of which depends both on the lipid composition and the extent of 

digestion [120, 215, 218]. The appearance of a lamellar phase was also seen during the digestion of the 
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colostrum substitutes with and without the water-soluble nutrients. This lamellar phase was associated 

with calcium soaps, which were formed through the binding of calcium ions that were added to the 

digestion buffer used in these in vitro experiments [136]. Aside from the formation of a lamellar phase, 

a cubic micellar (I2) phase was also evident when the lipids from both types of mixtures were 40-60% 

digested (Fig. 4.3a and b). This observation correlates with the digestion profiles in Fig. 4.2b whereby 

the addition of water-soluble nutrients did not significantly influence the average extent of digestion 

and hence, the types of lipid LC structures formed. The minimal impact of water-soluble nutrients on 

the digestibility of lipids was further validated by the consistent lattice parameters of the lamellar and 

I2 phases throughout the digestion of both mixtures (Fig. 4.3c and d). While both lamellar and inverse 

cubic micellar I2 phases can encapsulate bioactive molecules [221, 223], the capacity for these phases 

to deliver hydrophobic and hydrophilic compounds differ from each other [222, 223, 225]. Although a 

lamellar phase is able to encapsulate hydrophilic nutrients (such as digested proteins—peptides and 

amino acids) within the aqueous pores, an inverse micellar cubic phase such as an I2 phase (Fd3m 

spacegroup), has a greater capacity to not only encapsulate hydrophilic nutrients but also hydrophobic 

components within the lipid matrix and amphiphilic nutrients at the oil-water interfaces [221, 222, 225]. 

In comparison to the self-assembly of colostrum substitute lipids, the digestion of human 

colostrum lipids displayed peaks corresponding to a lamellar phase prior to the addition of pancreatic 

lipase (Fig. 4.4a). Salentinig et al., have demonstrated that before the addition of pancreatic lipase, 

human breast milk was able to initiate self-digestion by the breast milk’s own bile salt-stimulated lipase 

to form a lamellar phase at q = 0.137, 0.273 and 0.408 Å-1 [135]. Following the addition of pancreatic 

lipase, the earlier lamellar phase disappeared while another lamellar phase, which is due to the formation 

of calcium soaps, emerged. The formation of the additional lipid LC structures that were only seen 

during the digestion of the colostrum substitute lipids could be attributed to subtle differences in the 

composition of FFAs released from the two systems (Fig. 4.4b and Table 4.1). It has been established 

previously using FA quantification during digestion of mature human milk and a range of milk and milk 

substitutes that the generation of greater proportions of long chain unsaturated fatty acids favoured the 

formation of the inverse micellar cubic (I2) phase [120]. Hence, the greater release of free oleic acid 

from the colostrum substitute mixtures than human colostrum (Fig. 4.4b and Table 4.1) is a strong 

predictor for the formation of the I2 phase during the digestion of the colostrum substitute mixtures 

[120, 215]. The greater ratio between long-chain saturated to long-chain unsaturated FFAs released 

from the colostrum substitute (1:5) compared to human colostrum (almost 1:1) further suggests that it 

was likely to see different structural behaviours between the colostrum substitute mixtures and human 

colostrum. The greater release of long-chain unsaturated FFAs caused the digested colostrum substitute 

lipids to skew towards the formation of an inverse micellar cubic (I2) phase while the release of more 

long-chain saturated FFAs from human colostrum, which precipitated as calcium soaps resulted in the 

appearance of a lamellar phase with low interfacial curvature [120]. The relative differences in the FFA 
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composition between the colostrum substitute and human colostrum thus caused variations in the self-

assembly of lipids. Furthermore, although the initial total lipid content and FA composition between 

the colostrum substitute mixtures and human colostrum are the same (Table 4.1), these findings also 

demonstrate that the MAGs in the former likely contained more unsaturated FAs than human colostrum. 

This could have been due to the use of homo-triglycerides to prepare the colostrum substitute mixtures, 

which resulted in the re-arrangement of FAs positional distribution. Hence, a potential next generation 

of colostrum substitute mixtures would ideally contain a proportion of commercial O/P/O 

(oleic/palmitic/oleic) TAG to push the structural behaviour of lipids towards that of human colostrum. 

The greater abundance of oleic acid (a long-chain unsaturated FA) might skew the formation of colloidal 

structures to a more lamellar phase, which could thus encapsulate hydrophilic bioactive factors such as 

digested proteins. 

Tableting of the colostrum substitute mixture - The preparation of a tablet form of the 

colostrum substitute with the same structural behaviour during digestion presents an opportunity for a 

broad use of the colostrum substitute formulation. Previously, it has been shown that no significant 

differences were obtained in the types of lipid LC structures formed during the digestion of commercial, 

raw, spray-dried, freeze-dried and frozen milk [136]. Specifically, the formation of the micellar cubic 

I2 phase (Fd3m spacegroup), inverse hexagonal phase H2, and bicontinuous cubic phase Im3m, with 

coexisting lamellar soaps were observed sequentially for these systems including freeze-dried milk 

[136]. Here, peaks indicative of the recrystallisation of long-chain TAGs during tableting followed by 

re-dispersion of the colostrum substitute tablets appeared before pancreatic lipase was added to the 

samples (Fig. 4.5b). Tilley and Lutton et al., have reported that TAGs such as trimyristin and tristearin 

showed peaks corresponding to a lamellar phase at q values 0.148 Å-1 and 0.179 Å-1 thereby indicating 

that these TAGs possessed a crystalline structure [234-236]. Thus, this study indicates that the removal 

of water from the powder used to make the colostrum substitute tablets led to the recrystallisation of 

the TAGs in a crystalline lamellar phase.  

The phase behaviour of the non-tableted and tableted colostrum substitute mixtures was the 

same during digestion and not altered by the drying, compression and rehydration processes. When the 

digestion of the non-tableted and tableted colostrum substitute mixtures exceeded 60% digestion, an 

additional inverse cubic micellar I2 phase was observed for both systems (Fig. 4.5). The similar 

structural behaviour during the digestion of the non-tableted and tableted colostrum substitute mixtures 

shows that these lipid LC structures formed would potentially have the ability to deliver nutrients of 

varying extents of hydrophobicity or hydrophilicity. 

These findings are especially important in the context of areas with low economy settings and 

even regional Australia where there is a lack of feasible and hygienic interventions. The formulation of 

these colostrum substitute mixtures in the form of dispersible tablets would translate to less requirement 
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for cold chain, reduced supply cost and increased shelf life as opposed to storing these mixtures in liquid 

form, which might also be an issue for households that do not possess a refrigerator. 

While it was established here that the colostrum substitute can be digested, and that the water- 

soluble nutrients that are known to be critical in the efficacy of colostrum did not alter the digestion 

behaviour of the material, the potential efficacy of the colostrum substitute mixture is not at all 

understood. Towards this end, in the next chapter, the implications of the colostrum substitute mixture 

on reducing some of the biological markers of NEC are investigated through an in vitro NEC model 

(Chapter 5). 

4.5 Conclusion 

This study examined the design of a colostrum substitute mixture by comparing the 

digestibility, structural behaviour and FFA release of this formulation against human colostrum. 

Initially, the digestion performance of the colostrum substitute lipids was solely compared based on the 

absence and presence of water-soluble nutrients, which were reconstituted in the digestion buffer. It 

was found that the average final extents of digestion were essentially the same, indicating the minimal 

influence of these water-soluble components (proteins, HMOs and salts) on the digestion of lipids. The 

digestion profiles of these colostrum substitute mixtures were subsequently compared against that of 

human colostrum. Although the average extents of digestion of both systems were similar, the colostrum 

substitute mixtures exhibited additional non-lamellar phases, which were not seen for human colostrum 

(but were previously observed for mature human milk). These differences in the self-assembly of lipids 

during digestion was attributable to subtle differences in the ratio of long-chain saturated and 

unsaturated FFAs released during digestion, particularly the amount of free oleic and palmitic acids 

liberated. Lastly, it was established that tableting of the colostrum substitute mixtures, did not change 

the self-assembly of lipids during digestion. The formulation of these colostrum substitute mixtures in 

the form of a dispersible tablet could therefore potentially unlock such mixtures for use as nutrition for 

infants in a range of challenging settings. 
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5.1 Introduction 

 Necrotising enterocolitis (NEC) remains the leading cause of gastrointestinal (GIT) surgical 

emergency in premature infants with the disease resulting in the damage and death of cells in the 

intestine that causes profound inflammation and intestinal injury [237, 238]. Although the survival rates 

of premature infants have been reported to exceed 80%, these infants would still be at risk with acute 

and chronic complications such as impaired neurodevelopment and bowel syndrome [42, 239, 240]. 

Furthermore, NEC has an incidence of approximately 5-10% among very low birth weight (< 1500 g) 

infants and a disproportionately higher rate among extremely low birth weight (≤ 1000 g at birth) with 

survival rates ranging from 41-55% [239, 241]. It is suggested that the early phases of NEC are strongly 

associated with the dysbiosis of preterm GIT leading to a combination of insufficient digestion and 

nutrient fermentation, inadequate immune responses stimulated by resident bacteria, decreased mucosal 

protection and weak bile pool for lipid absorption [43, 44]. One of the factors that contribute to intestinal 

barrier dysfunction is the disruption of tight junction proteins [242-244]. Among the several tight 

junction proteins identified, the cytoplasmic proteins zonula occludens (ZO-1) and the transmembrane 

proteins, claudin and occludin, form at the apical layer of the enterocyte membranes and act as a 

selectively permeable intercellular barrier [157, 242]. However, NEC-inducing factors can cause a 

change in the localisation and expression of these proteins thereby enabling pathogens and foreign 

antigens to cross the epithelial barrier [245]. With a compromised intestinal integrity, mucus levels 

remaining low and placental nutrient transport being impaired, preterm infants would be particularly 

vulnerable to NEC predisposition and thus be required to undergo surgical procedures [45-47]. Instead, 

to reduce the onset of NEC in preterm infants, the feeding of human colostrum would enable the 

bioactive factors present to provide protection against NEC by modulating the integrity of the intestinal 

barrier while exerting immunomodulatory, antioxidant and growth-promoting effects [48, 49].  

Moreover, the consumption of human colostrum in the early days of life could minimise chronic 

side effects such as limited development of the GIT [23, 24, 26]. It has been reported that term infants 

who receive colostrum display a favourable composition of gut microbiota dominated by bifidobacteria 

as compared to preterm infants and/or term infants who are formula fed [25]. The difference in the 

composition of infant gut microbiome is a result of the presence of one of the bioactive factors in human 

colostrum/milk that is, human milk oligosaccharides (HMOs), which are absent in bovine-derived infant 

formulas [28]. While HMOs are not digestible by humans, these complex sugars provide a selective 

nutritional advantage to microbes specialised in metabolising HMOs [29]. One such subspecies is 

Bifidiobacterium longum subspecies (subsp.) infantis (B. infantis), which metabolises HMOs leading to 

the colonisation and remodelling of intestinal microbiome of colostrum/breast-fed infants [30, 31]. 

Despite more than 200 different HMOs identified, not all HMOs are responsible for the enrichment of 

this healthy gut microbiota. For instance, fructo- and galacto-oligosaccharides are unable to promote 

the growth of bifidobacteria whereas fucosyl- (2’-fucosyllactose; 2’-FL) and core (lacto-N-neotetraose; 
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LNnT) oligosaccharides are sufficient to cause persistence and enrich populations of B. infantis [166, 

246, 247]. 

The composition of the intestinal microflora is central to immune development and intestinal 

epithelial function thereby protecting the mucosal surfaces of the gut from pathogens. Through the 

metabolism of HMOs, the bifidobacteria subspecies has been shown to exhibit beneficial effects 

including balancing and restoring intestinal microflora, protection against pathogens and maintenance 

and repair of intestinal barrier functions [176, 177, 248]. Furthermore, the high adhesion of B. infantis 

in particular, to the intestinal epithelial cells, has been shown to increase the expression of anti-

inflammatory cytokines and thus, exerts an influence over the localisation of the tight junction proteins 

and paracellular permeability [158, 249]. However, as human colostrum is only secreted during 

postpartum, mothers are limited to other alternatives such as pasteurised donor human milk (DHM) or 

bovine milk-based fortifiers [21, 22]. While the carbohydrates added to fortifiers are mainly derived 

from bovine milk, which comprise a different composition to HMOs, the repeated freeze-thaw cycles 

and container changes to produce pasteurised DHM might reduce the bioactivity of these HMOs [109, 

250, 251]. 

In Chapter 4, these potential issues and the lack of ability of these alternatives to provide vital 

nourishment to premature infants were raised in the discussion section. Hence, the need for an enhanced 

nutrient strategy through the formulation of a colostrum substitute mixture was introduced in the 

previous chapter. Firstly, the digestibility of the colostrum substitute lipids was shown in Chapter 4 

with the reconstitution of water-soluble nutrients (proteins, HMOs and salts) exerting minimal impact 

on the extent of digestion or lipid self-assembly during digestion. Subsequently, the digestibility, 

structural behaviour and free fatty acid (FFA) composition of the colostrum substitute mixtures were 

compared against human colostrum. Both of these systems displayed similar extents of digestion but 

subtle differences in structural behaviour were observed due to variations in FFAs released during 

digestion. Therefore, while these analyses provide a further understanding towards the ability of these 

colostrum substitute mixtures to be a potential alternative feeding option to human colostrum/milk, it 

was still imperative that the effect of HMOs and subsequently the colostrum substitute mixture, on 

reducing some of the biological markers of NEC in vitro would be investigated.   

This study thus focused on comparing extracted HMO fractions from mature non-pasteurised 

human breast milk with pure HMOs (2’-FL and LNnT) and lactose as a growth source for B. infantis 

by measuring the expression levels of a tight junction protein, occludin, and an anti-inflammatory 

cytokine, interleukin- (IL) 10. Following this, the effect of extracted HMO fractions when combined 

with the colostrum substitute mixture on altering the integrity and permeability of the intestinal 

monolayer was analysed. The purpose of this was to determine whether milk-like systems (preterm 

infant formula, mature non-pasteurised human breast milk and the colostrum substitute mixture) would 
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be able to exude similar effects as the listed carbohydrates and more importantly, whether the colostrum 

substitute mixture would have a greater effect in protecting the intestinal cells against inflammation as 

compared to preterm infant formula. 

More specifically, Caco-2 and HT29-MTX intestinal epithelial cells were cultured until both 

cell lines were fully differentiated. Simultaneously, B. infantis was grown in the three types of 

aforementioned carbohydrate and milk-like systems. Following the differentiation of the cell lines, 

Caco-2 and HT29-MTX cells were treated with lipopolysaccharide (LPS) to induce NEC-like 

biochemical effects on the cells. This stimulus, which is commonly used in in vitro experiments, is a 

bacterial endotoxin and activates proinflammatory cytokines, immune receptors and adhesion 

molecules [155]. In particular, previous studies have reported that LPS-induced inflammation causes 

significant changes in the expression of tight junction proteins and hence, impair the intestinal barrier 

leading to gut barrier dysfunction in addition to increased intestinal permeability [252-254]. The 

intestinal cells were then incubated with the cultured B. infantis and the integrity of the tight junction 

proteins was determined using measurements of transepithelial electrical resistance (TEER), while the 

localisation of occludin was further visualised using immunofluorescent microscopy. Additionally, 

expression of occludin and IL-10 was determined using quantitative reverse-transcriptase real-time 

polymerase chain reaction (RT-qPCR) (Fig. 5.1).   

 

Figure 5.1. Schematic diagram illustrating the culturing of Caco-2 and HT29-MTX cells, which were grown 14 days 

postconfluence and the growth of B. infantis on either carbohydrates (lactose, extracted HMOs from human breast milk and 
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2’-FL and LNnT) or milk-like systems (preterm infant formula, mature non-pasteurised human breast milk and the colostrum 

substitute mixture) using an anaerobic jar (top panel). Results such as transepithelial electrical resistance (TEER) and 

immunofluorescence to determine the paracellular permeability (bottom left panel) and quantitative reverse-transcriptase real-

time polymerase chain reaction (RT-qPCR) to measure the expression levels of occludin and IL-10 (bottom right panel) were 

obtained.  

5.2 Materials & methods  

5.2.1 Materials 

Enterocyte-like human colon adenocarcinoma Caco-2 cells were obtained from ATCC 

(Manassas, Virginia, USA) HTB-37, passages 38-43 and HT29-MTX cells were purchased from Sigma 

Aldrich (St Louis, MO, USA) HTB-52, passages 54-59. Dulbecco’s modified Eagle’s medium/Nutrient 

Mixture F-12 (DMEM/F-12), RPMI-1640 medium, non-essential amino acids, trypsin-

ethylenediamintetraacetic acid (EDTA), de Man-Rogosa-Sharpe (MRS) broth, PowerTrack™ SYBR 

Green Master Mix, paraformaldehyde primary and secondary anti-occludin and Hoechst were obtained 

from Thermo Fisher Scientific (VIC, Australia). Heat-inactivated fetal bovine serum (FBS), penicillin 

and streptomycin, Dulbecco's phosphate buffer saline (DPBS), LPS, L-cysteine hydrochloride, β-

mercaptoethanol, Triton® X-100 and bovine serum albumin (BSA) and β-galactosidase (Kluyveromyces 

fragilis) were obtained from Sigma Aldrich (St Louis, MO, USA). Commercially available freeze-dried 

B. infantis (1010 CFU/g) powder was purchased from Creative Enzymes (Shirley, NY, USA) while pure 

2’-FL and LNnT were obtained from Biosynth Carbosynth Ltd (Compton, UK). 

Galactooligosaccharide- (TOS) propionate agar (base) and lithium mupirocin (MUP) supplement were 

purchased from Merck (Darmstadt, Germany). Due to the limited supply of human colostrum, mature 

non-pasteurised human breast milk [with ethics approval from the Mercy Health Human Ethics 

Research Committee (Application 2017-035)] was used as a basis of comparison for the colostrum 

substitute formulation instead. Preterm infant formula was kindly donated by Mercy Health Breastmilk 

Bank (Heidelberg, VIC, Australia). The nutritional information of the human breast milk, preterm infant 

formula and colostrum substitute formulation is presented in Table 5.1 below. 

Table 5.1. Nutritional content of preterm infant formula, mature non-pasteurised human breast milk and colostrum substitute 

formulation (mass per 100 mL).  

Nutrient  

(mass/100 mL) 

Preterm infant 

formula 

Mature non-

pasteurised human 

breast milk 

Colostrum 

substitute 

formulation g 

Total fat 4.0 g 4.3 ± 1.0 g a 3.5 g 

Protein (whey) 2.9 g 0.9 ± 0.2 g b 
7.9 g 

Carbohydrate 8.1 g 7.0 ± 1.4 g c 

- Lactose 3.7 g 6.4 ± 0.8 g d   
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- Oligosaccharide N/A 0.6 ± 0.2 g e 

Sodium 51 mg 111 mg f 111 mg 

Calcium 116 mg 28.7 mg f 28.7 mg 

Vitamin A 370 μg N/A N/A 

Vitamin D 3.7 μg N/A N/A 

Riboflavin 198 μg N/A N/A 

a Total fat content of human breast milk was determined using a gas chromatography coupled to a flame ionisation detector 

(GC-FID) technique as described in ‘Chapter 3.3.3.1 and 3.3.3.2’. b Total protein content of human milk was analysed using a 

Bradford assay (further elaborated in the ‘General Appendix’ section ‘Appendix A4’). c Total carbohydrate content of human 

milk was determined using a colorimetric kit, which is modified based on the phenol-sulfuric acid method (as explained in 

‘General Appendix’ section ‘Appendix A5’) [255]. d Lactose was quantified using an enzymatic kit (detailed in the following 

methods section 5.2.2). e HMOs were quantified using liquid chromatography-mass spectrometry (LCMS) (elaborated in 

section 5.2.3). f Sodium and calcium composition of human milk was determined using inductively coupled plasma-optical 

emission spectrometry (ICP-OES) as outlined in ‘Chapter 3.3.2’. g Nutritional content of the colostrum substitute formulation 

was based on that of human colostrum. The lipids added to the colostrum substitute formulation were off the shelf while the 

water-soluble nutrients (proteins, carbohydrates and salts) were reconstituted from mature non-pasteurised human milk. These 

details were further elaborated in ‘Chapter 4.2.2’. 

5.2.2 Extraction of human milk oligosaccharides (HMOs) 

Oligosaccharides were extracted from human milk as previously described by Gnoth et al., and 

Redmond and Packer [256, 257]. Briefly, mature non-pasteurised human milk samples were centrifuged 

at 5000 g for 30 min at 4 °C. The lipid layer was then removed and the supernatant was added to ethanol 

at a ratio of 1:2 v/v to remove the proteins. The solution was placed on a rotary plate and incubated 

overnight at 4 °C. Following this, the precipitate was removed by centrifugation at 5000 g for 30 min 

at 4 °C and the solvent was evaporated to dryness using a rotary evaporator (initially 175 mbar, 100 

rpm, 45 °C and pressure was continuously decreased to 0 mbar to remove any traces of solvent 

remaining). To digest lactose, the dried extract was then reconstituted with 0.05 M of phosphate buffer 

pH 6.8 and 3,000 U β-galactosidase was added before incubating the solution for 1 h at 37 °C. 

Subsequently, the solution was extracted with 4 volumes of 2:1 v/v chloroform-methanol and 

monosaccharides and residual disaccharides in the aqueous layer were removed by solid phase 

extraction (SPE) using non-porous graphitised carbon cartridges (Supelco Inc; Pennsylvania, USA). 

The columns were first conditioned by washing with 3 volumes of acetonitrile (ACN) followed by 9 

volumes of Merck Q-POD Ultrapure water. After washing the column, the reconstituted sample was 

loaded onto the column and washed with 10 volumes of water. HMOs were then eluted from the column 

with 10 volumes of 60:40 v/v water-ACN containing 0.01% trifluoroacetic acid. Subsequently, the 

HMO fractions were combined and dried using vacuum.  

To validate that the amount of lactose and D-galactose remaining in the extracted HMOs was 

minimal, the residual content of these mono- and disaccharides was determined using an enzymatic 
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‘Yellow line’ kit (Roche Diagnostics; Darmstadt, Germany). The following protocol was based on the 

principle that lactose is first hydrolysed to D-glucose and D-galactose in the presence of β-

galactosidase. D-galactose is then oxidised by nicotinamide-adenine dinucleotide (NAD) to D-

galactonic acid in the presence of β-galactose dehydrogenase. The amount of NADH produced is 

stoichiometric to the amount of lactose and D-galactose found in these HMO extracts. To quantify the 

amount of lactose, the lyophilised HMO fractions were reconstituted with water. The samples (0.1 mL) 

together with 0.2 mL of ‘solution 1’ (citrate buffer pH 6.6, NAD and magnesium sulfate) and 0.05 mL 

of β-galactosidase suspension were aliquoted into a cuvette. Following this, the mixture was swirled 

and incubated for 20 min at 20-25 °C before adding 1.0 mL of potassium diphosphate buffer (pH 8.6) 

and 1.9 mL of water. After mixing, the absorbance (A1) was read at 340 nm and 0.05 mL of galactose 

dehydrogenase suspension was added. After 15-30 min, the absorbance (A2) was measured at 340 nm. 

The above steps were repeated for the quantification of D-galactose with the exception of adding β-

galactosidase suspension to the mixture. The concentration of lactose and D-galactose remaining in the 

HMO extracts were calculated using Equation 1 below and was less than 2% of the total carbohydrate 

content – consistent with previous studies [256, 258]. 

    𝑐 =
𝑉×𝑀𝑊

ε×d×v×1000
× ∆𝐴 (𝑔/𝐿)                    (1) 

where V = final volume (mL), v = sample volume (mL), MW = molecular weight of lactose or D-

galactose, d = light path (cm), ε = extinction coefficient of NADH at 340 nm; 6.3 and ∆𝐴 = net 

absorbance [(𝐴2 − 𝐴1)𝑠𝑎𝑚𝑝𝑙𝑒 −  (𝐴2 − 𝐴1)𝑏𝑙𝑎𝑛𝑘]. 

5.2.3 Quantification of human milk oligosaccharides (HMOs) using liquid 

chromatography-mass spectrometry (LCMS)  

Following the removal of lipids and proteins from the human milk samples and extraction of 

HMOs by SPE as explained in section 5.2.2 above, dried HMO extracts were reconstituted in water (50-

60-fold dilution) and injected directly for liquid chromatography-mass spectrometry (LCMS) analysis. 

Milk oligosaccharide standards were obtained from Biosynth Carbosynth Ltd (Compton, UK) and stock 

solution for each HMO standard was prepared in water at a concentration of 1 mg/mL. A Shimadzu 

Nexera X2 UHPLC system coupled with a Shimadzu #8050 tandem triple quadrupole mass 

spectrometer, operated by Shimadzu LabSolutions software (Shimadzu, Sydney, NSW, Australia) was 

used for HMO profiling. A 100 × 2.1 mm, 3 μm, Hypercarb™ porous graphitic carbon column (Thermo 

Fisher Scientific, VIC, Australia) was used for HMO separation. The eluent system consisted of solvent 

A = 3% acetonitrile (ACN)/0.1% formic acid in water (v/v) and solvent B = 90% ACN/0.1% formic 

acid in water (v/v) with a flow rate of 0.3 mL/min. Separation of HMOs was performed using a 55 min 

binary gradient as previously developed by Hong et al., [259], which consisted of 0-20 min, 0-16% 

solvent B; 20-30 min, 16-44% solvent B; 30-35 min, 44-100% solvent B; 35-40 min, 100% solvent B; 

40-41 min, 100-0% solvent B, 41-45 min, 0% solvent B. The following parameters were optimised for 
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HMO analysis: capillary voltage 1.8 kV in positive mode, drying and sheath gas temperatures at 150 

°C, drying gas and sheath gas flow rates at 11 L/min and 7 L/min, respectively. The injection volume 

was 2 μL and the LCMS parameters for each HMO can be found in Table 5.2 below. Each HMO 

compound was identified based on its characteristic fragments and elution time using a HMO library 

from previous studies [260, 261]. The concentration of each HMO was then calculated based on the 

standard curves plotted for each HMO standard.  

Table 5.2. Multiple reaction monitoring (MRM) transitions and concentrations of listed human milk oligosaccharides (HMOs). 

Note that only the six most abundant HMOs (2′-Fucosyllactose; 2′-FL, 3’-Fucosyllactose; 3’-FL, Lacto-N-Tetraose; LNT, 

Lacto-N-neotetraose; LNnT, 3′-Sialyllactose; 3’-SL and 6′-Sialyllactose; 6’-SL), which represent the three predominant 

classes of HMOs and contribute mainly to the enrichment of B. infantis [246, 247],  were selected to estimate the total 

concentration of HMOs. a Numbers represent monosaccharide composition (for example 2010 represents 

2Hex:0HexNAc:1Fuc:0Neu5Ac) Hex: hexose, HexNAc: N-acetylhexosamine; Fuc: fucose, Neu5Ac: N-acetylneuraminic 

acid. 

HMO Composition a Precursor 

ion (m/z) 

Product 

ion (m/z) 

Collision 

energy (eV) 

Concentration 

(g/100 mL) 

2’-FL 
2010 489.3 

325.0 
6 

0.25 ± 0.06 

3’-FL 163.4 0.20 ± 0.14 

LNT 
3100 708.4 

365.7 
15 

0.10 ± 0.02 

LNnT 203.6 (0.23 ± 0.18) × 10-1 

3’-SL 
2001 634.3 

453.8 
12 

(0.13 ± 0.08) × 10-1 

6’-SL 292.3 (0.22 ± 0.04) × 10-1 

5.2.4 Growth of B. infantis  

As the growth sources for B. infantis, either carbohydrates or whole milk-like systems were 

used. For the ‘carbohydrates-grown bifidobacteria’ study, sterilised 2% w/v lactose, extracted HMOs or 

pure 2’-FL and LNnT were reconstituted in water while the ‘milk-like systems-grown bifidobacteria’ 

consisted of preterm infant formula, mature non-pasteurised human breast milk or the colostrum 

substitute mixture as the growth source. MRS broth supplemented with 1% w/v L-cysteine 

hydrochloride was autoclaved and after cooling the broth, the growth factors were added to the broth. 

B. infantis (1010 CFU/mL) was then added to each experimental group and diluted to a final 

concentration of 108 CFU/mL. Following this, the bifidobacteria was aliquoted into plates before adding 

autoclaved TOS-propionate agar with MUP supplement using the pour plate method. Directly after the 

agar was solidified, the plates were inverted and incubated in an Oxoid anaerobic jar (Merck; Darmstadt, 

Germany) at 37 °C for 72 h. An AnaeroGen sachet (Merck; Darmstadt, Germany) was clipped in the 

plate carrier within the jar to generate an anaerobic atmosphere (9-13% CO2) and an Oxoid Anaerobic 

Indicator (Merck; Darmstadt, Germany) was also placed in the jar to provide a visual indication of 

anaerobiosis (colour changed from pink to white). After 72 h, cultured B. infantis were harvested from 



Chapter 5: A synthetic colostrum substitute protects intestinal cells against inflammation in an in vitro 

NEC model 

 

Page | 90 

 

the plates by pouring tris/EDTA buffer and gently stirring the surface with a cotton swab that was 

sterilised with saline solution. The suspended bacteria were aliquoted into Falcon tubes and centrifuged 

at 1000 g for 10 min at 4 °C. Lastly, the pelleted bacteria were resuspended in either DMEM/F-12 or 

RPMI-1640 media for Caco-2 or HT29-MTX cells, respectively for the subsequent cell culture 

experiments.  

5.2.5 Culturing of cells and treatment with LPS and B. infantis 

Caco-2 and HT29-MTX cells were kept cryogenically frozen in vapour phase in a cryo-storage 

solution consisting of 5% v/v dimethyl sulfoxide (DMSO) in heat-inactivated FBS prior to thawing. 

After the cells were thawed, the vials containing approximately 1 million cells/mL of the cryo-storage 

solution were aliquoted into 75 cm2 (T75) flasks containing 14 mL of either DMEM/F-12 for Caco-2 

cells or RPMI-1640 medium for HT29-MTX cells, both of which were supplemented with 10% heat-

inactivated FBS (30 min at 56 °C), 1% non-essential amino acids, 50 IU/mL penicillin and 50 μg/mL 

streptomycin. For both cell lines, the media was aspirated off after 2 h and replaced with fresh pre-

warmed media to remove any remaining traces of DMSO from the cryo-storage solution. Both cell lines 

were routinely cultured in T75 flasks at 37 °C in a 5% CO2 constant humidity environment with media 

replaced every 2-3 days. At 80% confluence, the cells monolayers were rinsed twice with 10 mL of 

PBS after removing the spent media. The cells were then exposed to 4 mL of trypsin/EDTA solution 

and incubated at 37 °C for 5 min. Following this, 11 mL of either the DMEM/F-12 or RPMI media was 

added to the respective cell lines to halt the trypsinisation process. Cells were aliquoted into 50 mL 

Falcon tubes and 80 μL of the cell suspension was transferred into Eppendorf tubes containing 20 μL 

trypan blue staining solution and counted on a haemocytometer. The cell suspension in the Falcon tubes 

were centrifuged at 650 g for 5 min. The supernatant was removed and the pelleted cells were diluted 

in an appropriate volume of pre-warmed DMEM/F-12 or RPMI-1640 media. Subsequently, the cells 

were seeded on Transwell polycarbonate inserts (24 mm diameter, 0.4 μm pore size; Corning Inc, 

Ithaca, NY) at a density of 3 × 105 cells/cm2 and grown for 14 days postconfluence to achieve fully 

differentiated monolayers. Following differentiation, 1 μg/mL of LPS was added to the apical chamber 

while 108 CFU/mL of carbohydrates-grown B. infantis or milk-like systems-grown B. infantis from 

each sub-experimental group in section 5.2.4, was added to the basolateral chamber. The treated cells 

were then incubated (37 °C, 5% CO2, 95% room air) for 24 h before conducting TEER and RT-qPCR 

tests.  

5.2.6 Integrity of monolayer and tight junctions using transepithelial electrical 

resistance (TEER) and immunofluorescence 

 The integrity of tight junctions formed between the treated Caco-2 and HT29-MTX cells seeded 

on Transwell polycarbonate inserts was measured through transepithelial electrical resistance (TEER) 

using a Millicell-ERS Voltmeter with chopstick electrodes (Millipore Corp; Merck, Darmstadt, 
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Germany). The resistance of a blank culture (containing only DMEM/F-12 or RPMI-1640 without cells) 

was first measured using the electrodes before transferring the incubated cell culture plates onto a 

heating plate, which was maintained at 37 °C. Following this, the integrity of the cell monolayers was 

measured by placing the shorter electrode into the apical side while the other electrode was inserted into 

the basolateral side.  

In addition to TEER measurements, immunofluorescence was also conducted. Both intestinal 

epithelial cell lines were cultured in 8-well glass coverslips (Thermo Fisher Scientific; VIC, Australia), 

for 14 days postconfluence. Again, the cell monolayers were treated with 1 μg/mL LPS and 108 

CFU/mL of carbohydrates-grown B. infantis or milk-like systems-grown B. infantis and incubated for 

24 h (37 °C, 5% CO2, 95% room air). The cells were washed with PBS three times before being fixed 

in 4% paraformaldehyde for 10 min at room temperature. Subsequently, all cells were permeabilised 

with 0.1% TritonX-100 in 1% BSA/PBS at room temperature for 30 min before blocking the cells with 

10% BSA/PBS at room temperature for 1 h. The cells were washed with PBS three times and incubated 

with primary rabbit anti-occludin 1:50 overnight at 4 °C. After washing the cells three times with PBS, 

the cells were incubated with secondary rabbit anti-occludin 1:200 for 45 min at room temperature and 

nuclei were stained with Hoechst for 30 min at room temperature.  

5.2.7 Quantification of occludin and IL-10 in treated cells using quantitative 

reverse-transcriptase real-time polymerase chain reaction (RT-qPCR) 

Quantitative reverse-transcriptase real-time polymerase chain reaction (RT-qPCR) was 

employed to determine changes in the expression levels of occludin and IL-10 in LPS-induced Caco-2 

and HT29-MTX cells incubated with carbohydrates-grown B. infantis or milk-like systems-grown B. 

infantis. Following incubation of the cells, RNA from both cell lines were isolated using the RNeasy 

Plus Mini Kit (Qiagen, Hilden, Germany) as per the manufacturer’s protocol. Briefly, cells were washed 

twice with ice-cold PBS. Lysis buffer was then prepared by adding β-mercaptoethanol into Buffer RLT 

Plus from the kit. Cells were lysed with the buffer and lysates were loaded into a QiAshredder column 

before centrifuging the columns at 1000 g for 2 min. Homogenised lysates were transferred into a gDNA 

column to remove any genomic contamination. The flow through was then mixed with an equal volume 

of 70% ethanol and the mixture was loaded into RNeasy spin columns. The RNA samples were 

centrifuged again at 1000 g for 1 min. After adding 700 μL of Buffer RW1 to the RNeasy spin columns 

and centrifuging at 1000 g for 1 min, 500 μL of Buffer RPE was added to the columns and centrifuged 

again. Next, the RNA samples were washed with the Buffer RPE again but centrifuged for 2 min to 

remove any residual liquid from the columns. The RNeasy columns were then transferred into fresh 

collection tubes and 50 μL of RNase-free water was aliquoted into the columns before centrifuging at 

1000 g for 1 min. Subsequently, RNA concentrations were measured using a NanoDrop® 1000 

spectrophotometer (Thermo Fisher Scientific, VIC, Australia) at 260 nm with purity determined via the 
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260/280 ratio (value close to 2 indicates no or low protein contamination) and 260/230 ratio (value close 

to 2.5 represents no or low guanidine contamination from lysis buffer used). 

 To convert RNA to complementary DNA (cDNA), a SensiFast cDNA Synthesis Kit (Meridian 

Bioscience, Ohio, USA) was utilised according to the manufacturer’s protocol. First, extracted RNA at 

a concentration of 0.05 μg/μL was transferred to a PCR tube containing 1 μL of Reverse Transcriptase 

and 4 μL TransAmp Buffer and made up to a total volume of 20 μL with RNase-free water. Tubes were 

then placed in a thermal cycler (Applied Biosystems, Massachusetts, USA) and set to the following 

program: 25 °C for 10 min (primer annealing), 42 °C for 15 min (reverse transcription), 85 °C for 5 min 

(inactivation). Converted cDNA samples (1 μL) were diluted to a final concentration of 5 ng/μL with 

nuclease-free water and mixed with 0.5 μL of Yellow Sample Buffer from the PowerTrack™ SYBR™ 

Green Master Mix (Applied Biosystems, Massachusetts, USA). The forward and reverse primers (1 μL 

each) (Integrated DNA Technologies Inc, Singapore) added to the mix are shown in Table 5.3 below. 

Subsequently, 10 μL of SYBR Green fluorescence and 6.5 μL of nuclease-free water were added to the 

DNA mix with a final total volume of 20 μL. qPCR (Bio-Rad, California, USA) was then performed 

with the following conditions: 95°C for 2 min (enzyme activation), 40 cycles for 5 s at 95°C 

(denaturation), annealing temperature (refer to Table 5.3 below) for 30 s and 60 °C for 30 s, followed 

by the standard denaturation curve.  

Table 5.3. Primer sequences and annealing temperature implemented for RT-qPCR. 

Primer name Sequence Annealing 

temperature 

β-actin forward 5’-GGCGACGAGGCCCAGAGCAAGAGAGGCAT-3’ 55°C 

β-actin reverse 5’-CGATTTCCCGCTCGGCCGTGGTGGTGAAGC-3’ 55°C 

IL-10 forward 5’-ATGCCCCAAGCTGAGAACCAAGACCCA-3’ 55°C 

IL-10 reverse 5’-TCTCAAGGGGCTGGGTCAGCTATCCCA-3’ 55°C 

Occludin forward 5′-TCAGGGAATATCCACCTATCACTTCAG-3′ 53°C 

Occludin reverse 5′-CATCAGCAGCAGCCATGTACTCTTCAC-3′ 53°C 

 

The concentration of DNA from each sample was calculated based on Equation 2 below where 

Ct refers to the threshold cycle, ∆Ct refers to the difference in Ct between the gene of interest (occludin 

or IL-10) and housekeeping gene, in this case, β-actin and ∆∆Ct = ∆Ct (treated cell groups) −

 ∆Ct (vehicle cell groups). All comparisons between vehicle and treatment groups were assessed by 

one-way analysis of variance (ANOVA) followed by a post hoc Dunnett’s test to compare the mean of 

each treatment group to the mean of the vehicle or LPS only induced treated groups. Levels of 

significance are indicated for each experiment with a p-value < 0.05 being statistically significant.   

2−∆∆𝐶𝑡        (2) 
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5.3 Results 

The results and discussion in this chapter primarily revolves around the impact of 

carbohydrates-grown B. infantis and milk-like systems-grown B. infantis on reducing the permeability 

of cell monolayers and increasing the expression of occludin and anti-inflammatory IL-10 in LPS-

induced intestinal epithelial cells.  

5.3.1 Integrity of intestinal epithelial barrier 

The integrity of fully differentiated Caco-2 and HT29-MTX cell monolayers following 

incubation with LPS and B. infantis was determined using TEER at multiple time points. As shown in 

Fig. 5.2 below, the TEER results remained constant for the vehicle (untreated) groups of each cell line. 

However, Caco-2 cells reached higher TEER values at all time points as compared to HT29-MTX cells. 

For example, Caco-2 cells attained 903.0 ± 12.8 Ω/cm2 whereas HT29-MTX cells reached a TEER 

value of 533.0 ± 11.5 Ω/cm2 at t = 24 h. Upon treatment of both cell lines with only LPS, the TEER 

results consistently decreased at t = 1 h, 6 h and 12 h with the lowest TEER values of 428.7 ± 23.2 

Ω/cm2 for the Caco-2 cells and 222.3 ± 13.7 Ω/cm2 for the HT29-MTX cells after 24 h. While the cells 

that were treated with LPS and carbohydrates-grown B. infantis displayed higher TEER results than 

those cells that were induced with only LPS at all time points, the final TEER measurement at t = 24 h 

was lower for the lactose-grown B. infantis than oligosaccharide- (HMO and 2’-FL and LNnT) grown 

bifidobacteria (Fig. 5.2). 

 

Figure 5.2. Changes in transepithelial electrical resistance (TEER) values (Ω/cm2) of LPS only (red), LPS with lactose-grown 

B. infantis (LPS + Lac-Bif; green), LPS with 2’-FL and LNnT-grown B. infantis (LPS + 2’-FL & LNnT-Bif; purple) and LPS 
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with HMO-grown B. infantis (LPS + HMO-Bif; blue) treated (a) Caco-2 and (b) HT29-MTX cells are illustrated relative to 

vehicle (untreated) cells (grey) at t = 1 h, 6 h, 12 h and 24 h. Values were normalised to an empty Transwell, mean ± SD of 3 

biological replicates. * p < 0.05, ** p < 0.005 when compared with vehicle.  

5.3.2 Changes in localisation of a tight junction protein 

The distribution of occludin, one of the major tight junction proteins, was analysed using an 

immunofluorescence method to determine the effect of carbohydrates-grown B. infantis on LPS-

induced cells. Under baseline conditions (vehicle; no LPS nor bacteria), the structure of the cells was 

characterised by a bright fluorescence indicative of a high expression of occludin on the cell membrane 

(Fig. 5.3a) whereas cells that were treated with LPS only resulted in no fluorescence suggesting an 

absence of the tight junction protein (Fig. 5.3b). However, in the LPS-induced cells that were treated 

with carbohydrates-grown B. infantis, a more intense staining was observed both on the membrane and 

in the cytoplasm of the cells (Fig. 5.3c-e) as compared to the LPS only treated groups (Fig. 5.3b).  

 

Figure 5.3. Immunofluorescence staining of occludin tight junction protein in Caco-2 (top panels) and HT29-MTX (bottom 

panels) for (a) vehicle, (b) LPS only, (c) LPS and lactose-B. infantis (Lac-Bif), (d) LPS and extracted HMO-B. infantis (HMO-

Bif) and (e) LPS and 2’-FL & LNnT-B. infantis (2’-FL & LNnT-Bif) treated cells. Magnification: ×20.  

5.3.3 Effect of carbohydrates-grown B. infantis on the expression levels of 

occludin and an anti-inflammatory cytokine 

To assess whether carbohydrates-grown bifidobacteria influences the secretion of occludin and 

an anti-inflammatory cytokine, RT-qPCR was employed. Fig. 5.4a and b show that the expression of 

occludin in the LPS only treated cells for both Caco-2 and HT29-MTX cells was significantly 

downregulated (p-value < 0.0005) as compared to the vehicle groups. However, the LPS-induced 

groups that were stimulated with oligosaccharides- (HMO and 2’-FL and LNnT) grown bacteria 

illustrated a less significant difference in the expression levels of occludin with a p-value of less than 
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0.05 and 0.005 for the Caco-2 and HT29-MTX cells, respectively as compared to the vehicle (untreated) 

groups (Fig. 5.4a and b). Comparisons were also made between cells, which were treated with LPS 

only and those that were treated with both LPS and carbohydrates-grown bacteria. It can be observed 

that the variation in the abundance of occludin between the oligosaccharides- (HMO and 2’-FL and 

LNnT) grown bacteria induced cells and the LPS only treated cells were more significant than that of 

lactose-grown bacteria and the LPS group (Fig. 5.4a and b).  

The expression of an anti-inflammatory cytokine, IL-10, was also assessed in addition to 

determining the levels of occludin. Similar to the pattern observed for occludin, the amount of IL-10 

was significantly lower in the LPS only treated cells than in the vehicle groups for both cell lines (Fig. 

5.4c and d). However, following the treatment of the LPS-induced Caco-2 and HT29-MTX cells with 

oligosaccharides-grown bacteria, particularly the extracted HMOs as opposed to the pure 2’-FL and 

LNnT, the increase in the expression levels of IL-10 was greater than that of lactose-grown bacteria 

when compared against the LPS only treated cells (Fig. 5.4c and d).  

 

Figure 5.4. Expression of occludin in (a) Caco-2 and (b) HT29-MTX cells and interleukin- (IL) 10 in (c) Caco-2 and (d) 

HT29-MTX cells incubated with LPS only (red), LPS and lactose-B. infantis (LPS + Lac-Bif; green), LPS and extracted HMO-
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B. infantis (LPS + HMO-Bif; blue) and LPS and 2’-FL & LNnT-B. infantis (LPS + 2’-FL & LNnT-Bif; purple). These data 

were measured using quantitative reverse-transcriptase real-time polymerase chain reaction (RT-qPCR), normalised to β-actin 

and illustrated as fold induction relative to vehicle group (grey). Results are mean ± SD, of 3 biological replicates, * p < 0.05, 

** p < 0.005 and * p < 0.0005.  

5.3.4 Comparisons of the integrity of intestinal epithelial monolayer and 

localisation of occludin between carbohydrates-grown B. infantis and milk-like 

systems-grown bifidobacteria  

The next step in this study was to investigate whether B. infantis cultured on milk-like systems 

as a whole, would display similar resistance to the effects of LPS on the integrity of the intestinal 

epithelial monolayer and localisation of occludin as that of carbohydrates-grown bacteria. TEER 

measurements were conducted again to determine the permeability of the monolayer. While the TEER 

results for the vehicle groups of both cells remained constant until t = 24 h, the TEER measurements of 

the LPS only induced Caco-2 and HT29-MTX cells decreased significantly after 24 h reaching values 

of 431.7 ± 19.1 Ω/cm2 and 220.3 ± 18.2 Ω/cm2 for Caco-2 and HT29-MTX cells, respectively. Similar 

to the influence of the carbohydrates-grown bacteria on the integrity of tight junctions, the TEER 

measurements of the milk-like systems-grown bacteria were higher than the LPS only induced cells 

with B. infantis cultured on mature non-pasteurised human breast milk and colostrum substitute mixture 

exhibiting TEER results within errors of each other. In addition, the TEER values of these two milk-

like systems-grown B. infantis were higher than that of infant formula-grown bacteria (Fig. 5.5a and 

b).  
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Figure 5.5. Changes in transepithelial electrical resistance (TEER) values (Ω/cm2) of LPS only (red), LPS with infant formula-

grown B. infantis (LPS + IF-Bif; green), LPS with colostrum substitute mixture-grown B. infantis (LPS + CSM-Bif; purple) 

and LPS with human breast milk-grown B. infantis (LPS + HBM-Bif; blue) treated (a) Caco-2 and (b) HT29-MTX cells are 

illustrated relative to vehicle (untreated) cells (grey) at t = 1 h, 6 h, 12 h and 24 h. Values were normalised to an empty 

Transwell, mean ± SD of  3 biological replicates. * p < 0.05, ** p < 0.005 when compared with vehicle. 

Analogous to the effect of carbohydrates-grown bifidobacteria on the integrity of the intestinal 

monolayer, bifidobacteria cultured on human breast milk and colostrum substitute mixture displayed a 

more intense fluorescence as opposed to LPS only induced cells (treated without any bacteria) (Fig. 

5.6a). These fluorescence images were further supported by analysing the fluorescence intensity 

between carbohydrates-grown B. infantis and milk-like systems-grown bacteria. As seen in Fig. 5.6b, 

the statistical difference between the carbohydrates-grown B. infantis and milk-like systems-grown B. 

infantis against the LPS only induced Caco-2 cells were similar. For instance, bifidobacteria cultured 

on HMOs and human breast milk displayed an increase in the relative fluorescence intensity, with a p-

value less than 0.005 when compared against LPS only induced Caco-2 cells. This result was also 

determined for the HT29-MTX cells whereby B. infantis grown on infant formula, human breast milk, 

and colostrum substitute mixture showed similar differences as carbohydrates-grown bacteria when 

compared against LPS only treated cells (Fig. 5.6c). Moreover, it can be observed that bifidobacteria 

cultured on HMOs and human breast milk resulted in the highest expression of occludin (fluorescence 

intensity of 86.8-92.0% and 74.1-78.2% for Caco-2 and HT29-MTX cells, respectively). This is 

followed by colostrum substitute mixture-grown B. infantis and pure 2’-FL and LNnT-grown B. infantis 
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and lastly, lactose-grown B. infantis and infant formula-grown B. infantis with the lowest expression of 

occludin (Fig. 5.6b and c). 

 

Figure 5.6. (a) Immunofluorescence staining of occludin tight junction protein in Caco-2 (top panels) and HT29-MTX (bottom 

panels) for vehicle, LPS only, LPS with infant formula-B. infantis (IF-Bif), LPS with human breast milk-B. infantis (HBM-

Bif) and LPS with colostrum substitute mixture-B. infantis (CSM-Bif) treated cells. Magnification: ×20. Relative fluorescence 

intensity of treated (b) Caco-2 and (c) HT29-MTX cells where the filled bar graphs represent carbohydrates-grown B. infantis 

groups [vehicle; grey, LPS only; red, LPS with lactose-B. infantis (Lac-Bif); green, LPS with HMO-B. infantis (HMO-Bif); 

blue, LPS with 2’-FL and LNnT-B. infantis (2’-FL & LNnT-Bif); purple] and shaded bar graphs indicate milk-like systems-

grown B. infantis [vehicle; grey shaded, LPS only; red shaded, LPS with lactose-B. infantis (Lac-Bif); green, LPS with HMO-

B. infantis (HMO-Bif); blue shaded, LPS with colostrum substitute mixture-B. infantis (CSM-Bif); purple shaded]. Results are 

mean ± SD, of 3 biological replicates, * p < 0.05, ** p < 0.005 and * p < 0.0005. 
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5.3.5 Effect of milk-like systems-grown B. infantis on the expression levels of IL-

10 

Similar to the impact of carbohydrates-grown B. infantis on the expression levels of IL-10, the 

incubation of Caco-2 and HT29-MTX cells with milk-like systems-grown B. infantis increased the 

abundance of the anti-inflammatory cytokine in comparison to LPS only induced cells (Fig. 5.7a and 

b). In both cell lines, it can be observed that cells that were only treated with LPS and cells that were 

incubated with LPS and infant formula-grown bifidobacteria resulted in IL-10 levels that were 

significantly lower than the vehicle groups (p-value < 0.0005). However, when the cells were treated 

with either mature non-pasteurised human breast milk-grown B. infantis or colostrum substitute 

mixture-grown B. infantis, the statistical differences with the vehicle groups were less significant (either 

p-value < 0.005 or 0.05). These results not only show that milk-like systems-grown B. infantis are able 

to exude similar effects to carbohydrates-grown bacteria but more importantly, the similar expression 

levels of IL-10 and integrity of tight junctions (Fig. 5.6) between intestinal cells treated with colostrum 

substitute mixture-grown B. infantis and mature non-pasteurised human breast milk-grown B. infantis 

indicate how closely the formulation resembles human milk/colostrum.  

 

Figure 5.7. Expression of interleukin- (IL) 10 in (a) Caco-2 and (b) HT29-MTX cells incubated with LPS only (red shaded), 

LPS with infant formula-B. infantis (LPS + IF-Bif; green shaded), LPS with human breast milk-B. infantis (LPS + HBM-Bif; 

shaded blue), and LPS with colostrum substitute mixture-B. infantis (LPS + CSM-Bif; shaded purple). These data were 

measured using quantitative reverse-transcriptase real-time polymerase chain reaction (RT-qPCR), normalised to β-actin and 

illustrated as fold induction relative to vehicle group (grey). Results are mean ± SD, of 3 biological replicates, * p < 0.05, ** 

p < 0.005 and * p < 0.0005.  

5.4 Discussion 

The intestinal epithelium constitutes one of the body’s largest mucosal surfaces and is the main 

physical barrier against pathogens while ensuring efficient absorption of essential nutrients. Although 
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most of the cells that line the epithelium are absorptive enterocytes, additional intestinal epithelial cells 

namely secretory, goblet and enteroendocrine cells, preserve the barrier and digestive functions of the 

intestinal epithelium. However, immaturity of the intestinal barrier and the GIT immune system might 

lead to abnormal patterns of intestinal microbial colonisation and inflammation [262]. Despite the 

pathogenesis of NEC remaining elusive, previous studies have suggested that NEC can be due to 

formula feeding, gut ischemia and intestinal colonisation [263, 264]. These perinatal insults lead to a 

cascade of hyperinflammatory responses, which includes increased intestinal permeability and 

translocation of bacteria and pathogens [265]. These effects are characteristic of NEC and is highly 

susceptible in preterm infants leading to mortality rates ranging from 10-30% and even reaching close 

to 100% for preterm infants experiencing severe NEC, which is characterised by pan-intestinal 

involvement [266].  

Normally, infants naturally receive human colostrum from birth and subsequently human breast 

milk. Both are rich in bioactive factors such as proteins namely lactoferrin, lysozyme and sIgA that 

modulate local and systemic neonate immunity while fatty acids and peptides produce antimicrobial 

factors during digestion [267, 268]. However, unlike these bioactive factors that undergo the process of 

digestion into smaller absorbable units, HMOs remain intact and contribute towards innate immunity 

to pathogen colonisation through the saturation of the GIT with soluble glycans [269]. Additionally, 

HMOs serve as growth factors for bifidobacteria, which are proficient at utilising these soluble 

carbohydrate oligomers [270]. In this study, the bifidobacteria subspecies of interest was B. infantis, a 

Gram-positive bacteria, which is not only a mutualist coloniser of the human infant gut but has also 

been shown to modulate the risk of autoimmunity, atopic wheeze and potentially enteric inflammation 

during the early stages of life [36, 271, 272].  

In contrast to term infants who are fed with human colostrum that is only secreted during 

postpartum, premature infants are fed with alternatives, namely pasteurised DHM and fortifiers. While 

probiotics have been added to these fortifiers in an attempt to promote a microbial community that 

attenuates or prevents dysbiosis, the limited negative trials and lack of regulation imposed on the safety 

and efficacy of these probiotics could cause harm to preterm infants [273, 274]. Moreover, these 

probiotics could have been derived from bovine milk, in which not only is the concentration of 

oligosaccharides lower than that of human colostrum/milk, but also vary in prevalence of specific 

oligosaccharide compositions [250, 251]. For example, instead of HMOs, which contain N-

acetylglucosamine with D-glucose, D-galactose, L-fucose and N-acetylneuraminic acid residues, 

bovine (and other non-human mammalian) milk oligosaccharides include N-glycolylneuraminic acid 

residues that cannot be synthesised by humans [275]. The low prevalence and variation in the specific 

oligosaccharide compositions in these fortifiers and formulas could cause a lack of microbial diversity. 

This might be further attenuated by the low levels of commensal bacteria and increasing levels of 

pathogenic bacteria including Enterobacter, Enterococcus, Escherichia, and Klebsiella [276, 277]. 
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Consequently, the integrity of the intestinal epithelial barrier could be compromised leading to 

characteristics associated with  NEC such as bacterial translocation, activation of innate immune 

responses and inflammation [278-280]. It was thus important to firstly understand the role of HMOs as 

a growth source for B. infantis. This was established through the use of an in vitro (intestinal epithelial 

cells) NEC model. Subsequently, this model was tested with milk-like systems-grown B. infantis to 

examine whether an enhanced nutrient strategy, the colostrum substitute mixture, was able to exert a 

positive influence over the integrity of tight junction proteins and expression level of anti-inflammatory 

IL-10 cytokine.  

Among the several human intestinal epithelial cell lines, Caco-2 and HT29-MTX are widely 

used to study the effects of NEC-associated factors and drug transport permeability [281]. While Caco-

2 is derived from intestinal absorptive cells, HT29-MTX is a subset of goblet cells. The former 

spontaneously differentiates into enterocytes with a polarised monolayer and expresses brush border 

with intestinal enzymes and transporters on their apical surface [149, 282]. In addition, Caco-2 cells are 

characteristic of relatively tight junctions that limit the permeability of hydrophilic compounds. The 

integrity of the monolayers can be determined by measuring TEER, which is often used as a tool to 

study epithelial barrier function. Fig. 5.2 shows that the TEER values of the Caco-2 monolayers were 

higher than the HT29-MTX cells for all the treatment groups at the various time points. Although 

confluent HT29-MTX cells develop functional tight junction complexes, this cell line is unable to 

express tight junctions to the same extent as that of Caco-2. Wikman et al., demonstrated that the HT29 

cell monolayers were more permeable with the TEER measurement being significantly lower than that 

of Caco-2 cells. The low integrity of tight junctions of the HT29 cells were further illustrated through 

the permeability of a hydrophilic marker molecule, mannitol, which was 50-fold higher in the HT29 

monolayers than in the Caco-2 cells [283]. Despite the lower TEER measurements in the HT29-MTX 

cells than the Caco-2 cells in this present study, both cell lines illustrated a significant decrease in the 

expression of tight junctions following the treatment with LPS alone. The low TEER values validate 

the use of LPS in in vitro NEC experiments to disrupt the tight junction complexes thereby inducing a 

leakage in the cell monolayers [284]. Upon treatment of the LPS-induced Caco-2 and HT29-MTX cells 

with B. infantis grown on carbohydrates (lactose/HMO/2’-FL and LNnT), the TEER measurements 

increased for both cell lines. Due to the ability of B. infantis to consume carbohydrates, this allows the 

bifidobacteria to adhere to the intestinal cells and thus modulate the tight junctions. Chichlowski et al., 

showed that HMO had an impact on the binding abilities of B. infantis with an induced expression of a 

cell membrane glycoprotein, SELPLG [182]. These results suggest the ability of carbohydrates-grown 

B. infantis in facilitating microbial colonisation and hence, result in a protective modulation of intestinal 

epithelial cells.   

The effect of LPS and the subsequent influence of carbohydrates-grown B. infantis on the 

distribution of occludin was further justified through immunofluorescence studies. Typically, the tight 
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junction protein is localised on the apical end of the membrane of polarised Caco-2 and HT29 epithelial 

cells (Fig. 5.3a) and functions as a barrier against solutes [159, 242]. However, upon various stimuli 

and mediators, the localisation of occludin can be affected. In this study, the treatment of the intestinal 

epithelial cells with LPS alone destroyed the tight junction protein as seen by the absence of 

fluorescence staining (Fig. 5.3b). The disruption of occludin, together with other tight junction proteins 

such as ZO-1 and claudin, have been shown to cause barrier dysfunction leading to increased 

permeability and inflammatory responses [285]. In contrast to the LPS only induced cells, the Caco-2 

and HT29-MTX cells that were incubated with carbohydrates- (lactose, extracted HMOs and 2’-FL and 

LNnT) grown B. infantis displayed a brighter fluorescence (Fig. 5.3c-e). While the lactose-grown 

bifidobacteria caused redistribution of occludin into the cytoplasm (Fig. 5.3c), cells that were treated 

with B. infantis cultured on extracted HMOs and 2’-FL and LNnT resulted in a less significant 

relocalisation of occludin, as seen by the distinct fluorescence surrounding the membrane (Fig. 5.3d 

and e). The difference in localisation of occludin between the cells incubated with lactose-grown B. 

infantis and those that were treated with oligosaccharide- (HMO and 2’-FL and LNnT) grown 

bifidobacteria illustrates that the barrier function in the former treatment group was still defective 

whereas the oligosaccharide-grown B. infantis was able to modulate the subcellular localisation of 

occludin. The restoration of the distribution of the tight junction protein results in the formation of a 

protective enterocyte barrier, which could thus prevent a cascade of inflammatory responses from 

occurring [286].  

In addition to immunofluorescence studies, RT-qPCR was also utilised to further validate the 

expression levels of occludin. Fig. 5.4a and b show that the LPS only induced groups resulted in the 

downregulation of occludin. The decreased level of this tight junction protein constitutes one of the 

major factors that leads to the disruption of barrier function and increased permeability of the intestinal 

barrier [285]. While the lactose-grown B. infantis resulted in an increase in expression levels of occludin 

as compared to the LPS only treated cells, the abundance of this tight junction protein was still 

significantly lower (p-value < 0.0005) than the vehicle groups (Fig. 5.4a and b). It was only when the 

cells were treated with oligosaccharide- (HMO and 2’-FL and LNnT) grown bacteria that the p-value 

increased to 0.005-0.05 indicating a smaller variation compared to the vehicle groups (Fig. 5.4a and 

b). Furthermore, the expression levels of IL-10 anti-inflammatory marker in Caco-2 and HT29-MTX 

cells were significantly elevated upon the treatment with oligosaccharide-grown bifidobacteria as 

opposed to the LPS only treated groups (Fig. 5.4c and d). The balance of cytokines such as IL-10 is 

another crucial component in ensuring homeostasis and gut immunity against NEC. IL-10 is an example 

of an inhibitory cytokine, which has been shown to dampen inflammatory responses in in vivo models 

[287, 288]. For instance, Kühn et al., illustrated that mice deficient in IL-10 developed intestinal 

inflammation as characterised by the presence of colitis [289]. In contrast, mice injected with IL-10 

reduced local and systemic inflammation [290]. In this present study, it can hence be inferred that the 
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presence of HMOs acts as a source of nourishment for the bifidobacteria that in turn aids in the 

modulation of anti-inflammatory cytokines and intercellular tight junction proteins, thereby decreasing 

intestinal permeability, preventing pathogenesis and inflammatory responses [291].  

Following the analysis of the effects of carbohydrates only grown B. infantis on the localisation 

of occludin and expression levels of IL-10, these measurements were conducted again but instead, to 

test whether milk-like systems- (preterm infant formula, mature human breast milk and colostrum 

substitute mixture) grown bacteria would have an influence on these anti-inflammatory markers. Fig. 

5.5 and 5.6 show that the LPS inflammatory stimulus increased paracellular permeability and reduced 

the localisation of occludin in both cell lines relative to the vehicle cell groups. However, milk-like 

systems-grown B. infantis were able to modulate the localisation of occludin tight junction protein, 

suggesting prevention of intestinal barrier disruption (Fig. 5.6a). The similar statistical difference 

between Caco-2 and HT29-MTX cells treated with B. infantis cultured on carbohydrates and milk-like 

systems against the LPS only induced cells further illustrates that the milk-like systems exerted a similar 

effect as pure carbohydrates in increasing the expression of occludin (Fig. 5.3, 5.4a and b and 5.6).  

The expression of both occludin and IL-10 was impacted significantly in Caco-2 and HT29-

MTX cells that were treated with B. infantis grown on human breast milk and the colostrum substitute 

formulation as opposed to infant formula-grown B. infantis (Fig. 5.6 and 5.7). It has been shown that 

infants who receive human milk or colostrum, harbour early gut microbiota dominated by bifidobacteria 

as compared to preterm infants and/or term infants who are formula fed [25, 292, 293]. The difference 

in the composition of infant gut microbiome and resulting inflammation responses such as NEC in 

preterm infants is due to the presence of oligosaccharides, which are absent in bovine-derived infant 

formulas [28]. In this study, the preterm infant formula used was mainly derived from bovine milk with 

a lactose content of 3.7% w/v and an absence of HMOs (Table 5.1). Although lactose is a source of 

energy for infants, bifidobacteria gene clusters that are linked to the fermentation of HMOs are only 

expressed during the growth on HMOs but not during the growth on lactose [31, 294]. Through the 

metabolism of HMOs by bifidobacteria, short-chain fatty acids are produced, which in turn contribute 

to the regulation of the integrity of the intestinal layer while increasing the expression levels of anti-

inflammatory cytokines [295]. Hence, in contrast to lactose found in bovine derived infant formulas, 

HMOs in human milk and colostrum exert a probiotic effect that shapes gut microbiome in infants 

thereby reducing the possibility of inflammatory diseases, especially NEC, from occurring [296, 297].  

Due to one of the characteristics of NEC being increased intestinal permeability, the ability of 

milk-like systems-grown B. infantis on restoring the monolayer was also determined. Cells that were 

incubated with colostrum substitute mixture-grown bacteria resulted in a greater localisation of occludin 

than infant formula-grown B. infantis in both cell lines (Fig. 5.6a). The effectiveness of the colostrum 

substitute mixture in modulating the integrity of the monolayer was further illustrated in Fig. 5.6b and 
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c whereby the statistical difference was significant (p-value < 0.0005) between the expression of 

occludin in the LPS only induced cells and the colostrum substitute mixture-grown B. infantis for both 

cell lines. In contrast to preterm infant formula, which contained lactose, the colostrum substitute 

mixture consisted of reconstituted HMOs from mature non-pasteurised human breast milk. While 

prebiotics such as fructo- and galacto-oligosaccharides are unable to promote the growth of 

bifidobacteria, Puccio et al., reported that the abundance of specific HMOs such as fucosyl- (2’-FL) 

and core (LNnT) oligosaccharides together, supplement the growth of the bifidobacteria gene clusters 

and reduce the severity of the inflammatory disease in in vivo models [246, 298]. Aside from 

determining the effectiveness of the colostrum substitute mixture on the integrity of the monolayer, the 

effect of this mixture on the expression levels of IL-10 indicated that the abundance of this anti-

inflammatory cytokine from the cells treated with colostrum substitute mixture-grown B. infantis and 

human breast milk-grown bacteria were within errors of each other (Fig. 5.7). These data indicate the 

importance of the symbiotic treatment between B. infantis and HMOs in human breast milk and 

colostrum substitute mixture, which provide persistent colonisation of HMO-catabolising subspecies 

and subsequently ensures active metabolism that may be connected to an array of host benefits including 

increase in expression of anti-inflammatory cytokines while preserving intestinal barrier function [32-

34, 36]. Moreover, the closeness in expression levels of occludin and IL-10 between the cells incubated 

with colostrum substitute mixture-grown B. infantis and human breast milk-grown bifidobacteria shows 

that these two systems are comparable with each other, more so than infant formula is to human breast 

milk. Therefore, the implications of using colostrum substitute mixture as an alternative to infant 

formula could potentially be extended to reducing the onset of NEC in preterm infants.  

5.5 Conclusion 

In this study, the use of carbohydrates and subsequently milk-like systems, as a growth source 

for B. infantis in an in vitro NEC model was investigated by examining the permeability of the 

monolayer of intestinal epithelial cells and gene expression levels of a tight junction protein and anti-

inflammatory cytokine. LPS was utilised as an inflammatory mediator, which caused disruption of the 

membrane of the intestinal epithelial cells, mimicking the onset of NEC in preterm infants. Following 

the treatment of LPS-induced cells with B. infantis cultured on pure and extracted HMOs and HMO-

containing milk-like systems (human breast milk and colostrum substitute mixture), the biological 

markers of NEC were modulated. The increase in integrity of monolayers suggests that HMOs and 

HMO-containing milk-like systems act as a nutrient source for B. infantis as compared to lactose and 

infant formula. Not only do these findings highlight the necessary human milk bioactive factor required 

in shaping the infant microbiota but also demonstrate the close resemblance of the colostrum substitute 

mixture to mature non-pasteurised human milk in exerting a beneficial outcome. The formulation of the 

colostrum substitute mixture is a step closer to potentially using this mixture as an alternative feeding 

option in reducing the onset of NEC in vivo.  
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6.1 Summary 

Human breast milk is regarded as the optimum source of infant nutrition during the first six 

months of life. However, human colostrum, a thick-yellowish liquid that is secreted prior to mature 

human milk is often overlooked for its importance. In comparison to human milk, colostrum is rich in 

bioactive factors such as lipids, proteins and human milk oligosaccharides (HMOs) that serve to 

stimulate the development of organs while preventing the onset of diseases from occurring in infants. 

Although the beneficial properties of these bioactive components have been researched extensively, the 

disposition of human colostrum and milk lipids during digestion was poorly understood. Recent works 

in the literature have demonstrated that during the digestion of infant formulae and mammalian milk, 

lipids self-assembled into several types of lipid liquid crystalline (LC) structures consisting of lamellar, 

bicontinuous cubic (Im3m), hexagonal (H2) and inverse micellar cubic (I2) phases [120, 215, 218]. It 

was thus hypothesised that these colloidal structures are important as acting as delivery vehicles for the 

transport of poorly water-soluble nutrients. This thesis focused on correlating the changes in lipid and 

free fatty acid (FFA) composition with structures formed during the digestion of human colostrum, 

mature human non-pasteurised milk and pasteurised donor human milk (DHM).   

Furthermore, due to the small quantities of human colostrum being secreted only during 

postpartum, pasteurised DHM and infant formulas are fed to premature infants. However, due to 

differences in the content and composition of bioactive factors found in these alternatives, pasteurised 

DHM and formulas might not meet the nutritional demands of an infant. Therefore, another aim of this 

thesis was to evaluate the digestibility of a colostrum substitute formulation and compare the structural 

behaviour of lipids to that of human colostrum. Lastly, understanding the nutritional impact of the 

colostrum substitute mixture over preterm infant formula on protecting intestinal cells against 

inflammation was analysed using an in vitro NEC model.  

The proposed hypotheses were that: 

1. Different stages of lactation and pasteurisation of human milk will influence the FFA 

composition and structural behaviour of lipids during digestion.  

2. Colostrum substitute mixtures designed to have a simplified TAG composition similar to 

human colostrum lipids will exhibit the same lipid self-assembly when emulsified and digested. 

3. Addition of reconstituted HMOs to a colostrum substitute will provide equivalent performance 

with respect to biomarkers of NEC compared to human milk and better than infant formula.  

The first experimental chapter (Chapter 3) compared milk from the different stages of lactation 

and the impact of pasteurisation on the FFA composition and the subsequent effect on the types of lipid 

LC phases formed during in vitro digestions. Earlier studies either highlighted the lipid composition of 

human colostrum and mature human milk prior to digestion or illustrated the types of lipid LC phases 

that formed during digestion [126, 189, 218]. However, the impact of lipid composition on the lipid LC 
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structures that formed and whether pasteurisation of human milk led to any changes in the self-assembly 

of lipids were unknown. In this chapter, it was demonstrated that different types of lipid LC structures 

were formed during the digestion of these colostrum and milk systems due to differences in the FFA 

composition. Despite colostrum digesting to a similar extent as that of mature non-pasteurised human 

milk and pasteurised DHM under similar conditions, only a lamellar phase was formed and remained 

persistent throughout the digestion of colostrum. In comparison, a cubic micellar I2 phase (Fd3m 

spacegroup) and H2 phase were evident during the digestion of both types of human milk. Instead, these 

variations in the self-assembly of lipids were attributed to differences in the FFAs composition released 

during digestion. Although the fatty acid (FA) composition [18:1/16:0/18:1 (O/P/O; 

oleic/palmitic/oleic)] prior to digestion was predominant regardless of the stage of lactation or effect of 

pasteurisation, mature non-pasteurised human milk and pasteurised DHM liberated a higher percentage 

of free oleic acid from the sn-1 and sn-3 positions than colostrum. This resulted in the formation of non-

lamellar phases during the digestion of human milk. In contrast, the release of a higher proportion of 

free palmitic acid from colostrum than human milk favoured the formation of a more lamellar phase in 

the former. Hence, this first experimental chapter emphasised the relationship between lipid and FFA 

composition and the structural behaviour of lipids thereby providing a pathway for the design of a 

colostrum substitute formulation.  

The next experimental chapter (Chapter 4) was founded on the issue of the importance of 

feeding premature infants with human colostrum over pasteurised DHM and formulas [21-25] and the 

need to evaluate the formulation of a colostrum substitute mixture, by comparing how closely the 

digestibility and structural behaviour of a colostrum substitute mixture was to that of human colostrum. 

The first aspect was to determine whether the presence of water-soluble nutrients that were extracted 

from mature non-pasteurised human milk and reconstituted in the digestion buffer used to prepare the 

colostrum substitute mixtures had an influence on the digestibility of lipids. It was found that regardless 

of the presence of the water-soluble nutrients in the colostrum substitute mixtures, the initial rates and 

final extents of digestion were within errors of each other. Moreover, the similar extents of digestion of 

the colostrum substitute mixtures and human colostrum illustrated that the digestion behaviours of these 

two systems were almost alike. Interestingly, despite the same initial total lipid content and similar 

extents of digestion of both systems, the digestion of human colostrum lipids only led to the formation 

of a lamellar phase whereas the digestion of the colostrum substitute mixtures resulted in the appearance 

of a cubic micellar (I2) phase (Fd3m spacegroup) in addition to a lamellar phase. The variations in 

structural behaviour could have instead been attributed to the greater ratio of long-chain saturated to 

long-chain unsaturated FFAs that were released from the colostrum substitute mixtures than human 

colostrum. The higher percentage of long-chain unsaturated FFAs from the colostrum substitute mixture 

resulted in the self-assembly of lipids to adopt an inverse micellar cubic phase while the release of more 

long-chain saturated FFAs from human colostrum caused the formation of a lamellar phase. The issue 
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revolving around the lack of health facilities and refrigeration for storing liquid colostrum was also 

addressed in this chapter by preparing colostrum substitute tablets and determining whether tableting 

had any effect on the self-assembly of colostrum substitute lipids. Although peaks indicative of the 

recrystallisation of long-chain TAGs during tableting followed by re-dispersion of the colostrum 

substitute tablets were observed before digestion, the non-tableted and tableted colostrum substitute 

mixtures displayed lamellar and cubic micellar (I2) phases when the two systems reached 60% digestion. 

The formulation of these colostrum substitute mixtures in the form of a dispersible tablet could 

potentially alleviate issues pertaining to storage in households. More importantly, the formulation of 

these colostrum substitute mixtures will aid in understanding the ability of these mixtures to reduce the 

effects of NEC and compare their performance against preterm infant formula.  

The third experimental chapter (Chapter 5) was focused on the nutritional impact of the 

colostrum substitute formulation in reducing inflammatory responses due to NEC in intestinal epithelial 

cells. Through the implementation of an in vitro NEC model, lipopolysaccharide- (LPS) induced cells 

were incubated with Bifidiobacterium longum subspecies (subsp.) infantis (B. infantis) that was cultured 

on carbohydrates: extracted HMOs from mature human breast milk, selected pure HMOs (2’-

fucosyllactose; 2’-FL and lacto-N-neotetraose; LNnT) and lactose. Subsequently, B. infantis was grown 

on milk-like systems: preterm infant formula, mature non-pasteurised human breast milk and the 

colostrum substitute mixture to determine whether these milk-like systems would be able to exude 

similar effects as carbohydrates-grown bifidobacteria in altering the integrity and permeability of the 

intestinal monolayer and more importantly, whether colostrum substitute mixture-grown B. infantis 

would have a greater effect in reducing intestinal inflammatory responses than infant formula-grown B. 

infantis. Here, it was found that bifidobacteria cultured on extracted HMOs (and pure 2’-FL and LNnT), 

human breast milk and the colostrum substitute mixture resulted in a significantly greater increase in 

the integrity of intestinal monolayers, localisation of tight junction occludin protein and expression of 

anti-inflammatory cytokine, interleukin- (IL) 10, compared to lactose-grown B. infantis and infant 

formula-grown B. infantis. These results indicate that the nutritional impact of human breast milk and 

the colostrum substitute mixture are comparable with each other. In addition, the lack of attenuation in 

the intestinal permeability and anti-inflammatory responses of LPS-incubated cells treated with the 

infant formula-grown bifidobacteria emphasises the minimal influence that infant formula has over 

shaping the gut microbiome. Hence, it was crucial to develop a more enhanced nutrient strategy; 

colostrum substitute mixture, that closely resembles human breast milk/colostrum and exerted a more 

beneficial outcome in reducing the effects of NEC than preterm infant formula.  

6.2 Future directions 

Several studies have either been directed at understanding the beneficial properties of bioactive 

components of human colostrum or the types of lipid LC structures formed during the digestion of 

human colostrum, but not the interplay between these. Not only has the importance of human colostrum 
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over current alternatives as the optimum enteral diet for infants been further elaborated in the previous 

chapters but the influence of the varying lipid and FFA compositions on the self-assembly of lipids 

from human colostrum, mature milk (non-pasteurised and pasteurised) and the colostrum substitute 

formulation have also been presented in these findings. However, as the colostrum substitute mixtures 

were formulated using homo-triglycerides, the potential next generation of colostrum substitute 

mixtures would contain a proportion of commercial O/P/O (oleic/palmitic/oleic) TAG to push the 

structural behaviour of lipids towards that of human colostrum. In addition to these studies, the 

effectiveness of the colostrum substitute formulation in protecting intestinal cells against inflammation 

using an in vitro NEC model has also been illustrated in the previous experimental chapter. Despite the 

findings obtained from this in vitro NEC study, the implications of the lipid LC structures formed during 

the digestion of colostrum substitute mixture lipids on their ability to potentially deliver the bioactive 

components such as proteins, salts and HMOs have not been demonstrated. In particular, there is a need 

to confirm whether the colostrum substitute formulation comprising these bioactive factors would be 

able to promote a healthy gut microbiota and in turn, reduce NEC in vivo. 

6.2.1 Demonstrating the nutritional benefit of the colostrum substitute 

formulation in vivo 

As the aim of the last experimental chapter (Chapter 5) was to highlight the importance of 

HMOs-grown B. infantis and subsequently the colostrum substitute mixture-grown B. infantis on 

modulating the effects of NEC in vitro, the next step would then be to implement this model in an in 

vivo setting. Briefly, mice pups would be co-housed in a human neonatal incubator and stressed with 

asphyxia and cold stress every 12 h to induce NEC over a period of 72 h [168]. These mice pups would 

then be separated into four groups and administered with B. infantis (108 CFU/mL) that was either 

cultured on mice own milk; breast-fed (Group 1 control), human colostrum (Group 2), colostrum 

substitute formulation (Group 3) or preterm infant formula (Group 4, negative control) every 3 h. 

Throughout the experimental procedure, luminal stools from all four groups of mice pups would be 

collected to quantify the gene expression of B. infantis and anti-inflammatory IL-10 cytokine in the gut 

using quantitative reverse-transcriptase real-time polymerase chain reaction (RT-qPCR). At the end of 

the experimental time point, the pups would be euthanised and the small intestine excised for lipid LC 

structure and pathological analysis. In the lipid LC structure experiment, SAXS analysis would be 

incorporated where the small intestine would be placed on a temperature-controlled (37 °C) mount and 

scattering profiles of the intestine would be measured at regular time intervals. The purpose of this is to 

determine whether the same types of colloidal structures in vivo, would be formed as those observed in 

vitro (Chapter 4). For the pathological changes in the intestinal architecture of the mice pups, colon 

sections from the treated mice would be embedded in paraffin and cut into sections before mounting on 

a slide and processed for hematoxylin and eosin (H&E) staining [299]. The tissues would then be scored 
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blindly from 3 sections from each pup on a scale of 1-4 based on mucosal architecture, muscle 

thickening and inflammatory cell infiltration [300, 301].  

Moreover, although recent reports have suggested that minimal acquisition of bifidobacteria is 

observed in infants [302, 303], RT-qPCR as discussed above can also be conducted to determine the 

translocation of bacteria to intestinal cells. While this is to illustrate the effect of the colostrum substitute 

mixtures (and other milk-like systems) on the ability of B. infantis to adhere to intestinal cells, it is still 

important to consider that this is merely to indicate the process that could potentially happen in infants. 

Thus, a better alternative to mice pups would be piglets as this species is able to spontaneously develop 

full-scale clinical NEC that is contingent on the same biological conditions of human infants including 

prematurity, bacterial colonisation and feeding of formula [304]. Regardless of the animal species 

chosen, these in vivo experiments would illustrate the nutritional impact of the colostrum substitute 

formulation, in comparison to the other feeding samples, on the growth of healthy microbiota in the gut 

and the extent to which the effects of NEC could potentially be reduced in vivo.  

Additionally, the feeding of colostrum substitute formulation-grown B. infantis on microbial 

diversity could be explored using 16S ribosomal RNA (rRNA). This technique has been widely used as 

an alternative to conventional culture methods for the analysis of intestinal flora community within a 

sample [305-307]. The 16S rRNA approach depends on the sequencing of the 16S rRNA gene as the 

genetic marker, which contains hypervariable regions thereby providing genus-level sensitivity for the 

detection of bacterial populations [308]. Thus, the bacterial DNA from the luminal stools could be 

further subjected to terminal restriction fragment length polymorphism analysis and library sequencing 

of the 16S rRNA gene to characterise whether colostrum substitute formulation-grown B. infantis would 

have an impact on the diversity and structure of gut microbiota in vivo.  

6.2.2 Understanding the role of milk fat globules in the biological function of 

colostrum 

One of the primary aims of this thesis was to understand the effect of composition of lipids 

prior to and during digestion on structural behaviour. Future studies could be conducted to interrogate 

other aspects of the dynamic and complex lipid structures that are fundamental to the functions of 

human colostrum. For instance, the size regulation of milk fat globules remains elusive. Milk fat 

globules originate from intracellular lipid droplets and consist of a trilayer of phospholipids intercalated 

with an array of glycoproteins and other compounds [210]. As the size of milk fat globules exert crucial 

implications for maternal and infant health in regard to human lactation, it is thus important to evaluate 

the size of these globules [309]. In Chapters 3 and 4, the particle size distribution of colostrum and milk 

fat globules were determined using laser light scattering. Other pathways to further analyse the  

intracellular lipid droplet size is by measuring the amount of TAGs stored in the cell [310]. Through 

metabolic signalling or regulating the localisation of proteins on the lipid droplets, the cellular TAG 
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content can be modulated [311]. For example, if a deficiency in one of the proteins is detected, this 

would result in smaller lipid droplets [312]. Alternatively, the regulation of globule size can be 

determined through the fusion of intracellular lipid droplets. In this process, substrate FA availability 

and net energy charge within the cell drive the flux of TAG into the particle [313]. These future studies 

will highlight metabolic pathways and intracellular compartments that are responsible for phospholipid 

composition, which in turn influence milk fat globules that provide beneficial outcomes for human 

lactation.  

6.2.3 Improving the disintegration of the dispersible colostrum substitute tablets  

For the purpose of this study, excipients were not included during the preparation of the 

colostrum substitute tablets as the focus was primarily to determine whether freeze-drying followed by 

tableting alone would induce any changes in the self-assembly of lipids (Chapter 4). However, future 

studies could include excipients such as poly(vinylpolypyrrolidone), crospovidone and sodium starch 

glycolate in the formulation of the dispersible colostrum tablets. The aim of adding these excipients is 

to reduce the disintegration time to less than 3 min in water at room temperature to produce a 

homogenous dispersion [314]. The development of colostrum substitute dispersible tablets would 

prevent issues relating to variability in doses and difficulty in swallowing for infants as the desired dose 

can be controlled by the reconstituted volume for administration [227-230]. In addition, access to health 

facilities might be difficult thereby restricting infants from receiving the required nourishment. 

Therefore, colostrum substitute dispersible tablets with an optimised disintegration time would not only 

alleviate issues for paediatrics but also aid those in developing countries where lack of health facilities 

and refrigeration would otherwise make storing liquid colostrum difficult.   

6.2.4 Analysing the thermal properties of triglyceride mixtures in the colostrum 

substitute formulation  

It was highlighted in Chapter 4 of this thesis that there were no significant differences in the 

self-assembly of lipids of non-tableted and tableted colostrum substitute mixtures. These studies on 

structural behaviour are a rationale to pursue further studies on the physical properties of the TAG 

mixtures. The melting and freezing behaviours of the TAG mixtures in the colostrum substitute 

formulation can be measured using differential scanning calorimetry. Pre-mixed lipid mixtures would 

be loaded at 30 °C and subjected to heating and cooling cycles between 80 °C and -30 °C. Lipids are 

fully molten upon heating and begin to crystallise upon cooling and thus differential scanning 

calorimetry would aid in determining the points at which the associated endo/exotherms deviated from 

the baseline [315, 316]. As a previous study has demonstrated that milk-mimicking lipids were molten 

at 59-64 °C and crystallise upon cooling at close to body temperatures (39-35 °C) [215], it is 

hypothesised that the TAGs in the colostrum substitute mixtures could be cooled significantly below 
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the fully melted temperature before they began to recrystallise. This future study would aid in 

considering the preparation and storage of these mixtures.  

6.3 Conclusion 

The majority of the proposed hypotheses were validated in this thesis, with the hypothesis that 

the colostrum substitute formulation being able to reduce the onset of NEC in vivo remaining 

unconfirmed. Despite differences in self-assembly of lipids between human colostrum and the 

colostrum substitute formulation, due to variations in FFA composition released during digestion, these 

findings provided a roadmap for the design of a more enhanced nutrient strategy than current preterm 

infant formulas. Moreover, this thesis has illustrated that the formulation of a colostrum substitute 

mixture is able to reduce the effects of NEC such as intestinal permeability and inflammation to a similar 

extent as human breast milk. Further research is still required to expand on the current understanding 

of the nutritional impact of the colostrum substitute formulation in vivo. These future studies are aimed 

at providing clarity regarding the ability of the lipid LC structures to deliver bioactive components 

responsible for colonising healthy gut microbiota such as B. infantis and reducing the effects of NEC. 

Therefore, the supplementation of colostrum substitute formulation in concert with the co-evolved B. 

infantis might emphasise the nutritional benefit of the formulation in vivo with the potential of reducing 

the reliance on pasteurised DHM and preterm infant formula as current feeding alternatives for 

premature infants in the future.  
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Appendix Figure A1. Synchrotron-source Infrared Microspectroscopy (IRM) of pasteurised human 

milk after 60 min of digestion, showing localisation of the digested milk components. Panels (a-d) 

illustrate the C-H stretching vibrations primarily from lipids; panel (e) shows the C=O stretch from 

triglyceride (TAG), diglyceride (DAG), monoglyceride (MAG) and free fatty acids (FFA); panel (f) 

displays from free fatty acids; and panel (g) from calcium-free fatty acids complexes. The formation of 

calcium soaps support findings from the X-ray scattering profile in Fig. 3.6c.  
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Appendix Figure A2. (a) Effect of particle size on the lipid digestion of sonicated (red) and non-

sonicated (grey) pasteurised donor human milk (DHM). (b) Fluorescence microscopy image of 

pasteurised DHM with the lipids stained using Nile red and proteins stained with fast green FCF. 

Localisation of proteins at the surface of the fat globules was observed. Particle size of the lipid droplets 

are highly polydisperse, supporting that observed from the laser light scattering particle size 

measurements (Fig. 3.5).   
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Appendix Table A1. Average concentration and molar percentage of triglycerides (TAGs) determined from GC-FID analysis of human colostrum, mature 

non-pasteurised human milk and pasteurised donor human milk (DHM). 

 Human colostrum Mature non-pasteurised human milk Pasteurised DHM 

Carbon 

number 

Molecular 

weight 

(g/mol) 

Average 

concentration 

(mg/mL) 

Molar 

percentage 

(%) 

Contribution to 

overall 

molecular 

weight (g/mol) 

Average 

concentration 

(mg/mL) 

Molar 

percentage 

(%) 

Contribution to 

overall 

molecular 

weight (g/mol) 

Average 

concentration 

(mg/mL) 

Molar 

percentage 

(%) 

Contribution 

to overall 

molecular 

weight (g/mol) 

C36 639.02 0.0325 ± 

0.0011 

1.70 ± 0.17 10.88 ± 1.11 0.0163 ± 

0.0038 

1.06 ± 0.28 6.75 ± 1.79 0.0104 ± 

0.0050 

0.68 ± 0.36 4.36 ± 2.28 

C38 667.07 0.0260 ± 

0.0164 

1.30 ± 0.99 8.70 ± 6.63 0.0268 ± 

0.0253 

1.67 ± 1.60 11.14 ± 10.72 0.0175 ± 

0.0080 

1.10 ± 0.53 7.32 ± 3.56 

C40 695.12 0.0396 ± 

0.0210 

1.91 ± 1.18 13.26 ± 8.23 0.0308 ± 

0.0053 

1.84 ± 0.35 12.76 ± 2.43 0.0244 ± 

0.0064 

1.47 ± 0.41 10.20 ± 2.88 

C42 723.18 0.0829 ± 

0.0361 

3.84 ± 1.84 27.77 ± 13.31 0.1135 ± 

0.0143 

6.51 ± 0.85 47.10 ± 6.15 0.0841 ± 

0.0107 

4.86 ± 0.65 35.16 ± 4.71 

C44 751.23 0.15296 ± 

0.0568 

6.82 ± 2.71 51.26 ± 20.29 0.0863 ± 

0.0288 

4.77 ± 1.62 35.80 ± 12.17 0.0941 ± 

0.0372 

5.23 ± 2.10 39.32 ± 15.77 

C46 779.29 0.3035 ± 

0.1365 

13.05 ± 

6.04 

101.72 ± 17.05 0.1141 ± 

0.0397 

6.07 ± 2.14 47.33 ± 16.71 0.1606 ± 

0.0677 

8.61 ± 3.66 67.11 ± 28.53 

C48 807.34 0.3255 ± 

0.1024 

13.51 ± 

4.42 

109.10 ± 35.67 0.3093 ± 

0.0187 

15.89 ± 0.99 128.32 ± 8.00 0.2508 ± 

0.0242 

13.00 ± 

1.28 

104.81 ± 10.37 
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C50 835.39 0.4949 ± 

0.2304 

19.85 ± 

9.41 

165.87 ± 18.63 0.3159 ± 

0.0740 

15.69 ± 3.71 131.04 ± 30.96 0.2659 ± 

0.0387 

13.30 ± 

1.97 

111.10 ± 16.45 

C51 848.81 0.0214 ± 

0.0039 

0.84 ± 0.32 7.17 ± 2.72 0.0215 ± 

0.0163 

1.05 ± 0.83 8.94 ± 7.03 0.0081 ± 

0.0028 

0.40 ± 0.17 3.38 ± 1.42 

C52 863.45 0.9254 ± 

0.1887 

35.92 ± 

7.49 

310.15 ± 14.69 0.5440 ± 

0.0246 

26.14 ± 1.21 225.70 ± 10.47 0.7259 ± 

0.0320 

35.13 ± 

1.58 

303.31 ± 13.66 

C54 891.5 0.0329 ± 

0.00341 

1.24 ± 0.29 11.012 ± 2.54 0.4150 ± 

0.0326 

19.31 ± 1.55 172.18 ± 13.83 0.3464 ± 

0.1165 

16.24 ± 

5.49 

144.76 ± 49.00 

 
Total 2.44 ± 0.80 100 ± 33 817 ± 141 1.99 ± 0.28 100 ± 15 827 ± 120 1.98 ± 0.35 100 ± 18 831 ± 148 
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Appendix Table A2. Average concentration and weight percentage of free fatty acids (FFAs) determined from GC-FID analysis of digested human 

colostrum, mature non-pasteurised human milk and pasteurised donor human milk (DHM) at t = 120 min.  

 Human colostrum Mature non-pasteurised human milk Pasteurised DHM 

Free 

fatty acid 

Average 

concentration 

(mg/mL) 

Weight percentage 

(wt%) 

Average 

concentration 

(mg/mL) 

Weight percentage 

(wt%) 

Average 

concentration 

(mg/mL) 

Weight percentage 

(wt%) 

C8:0 0.04 ± 0.01 0.09 ± 0.02 0.06 ± 0.03 0.08 ± 0.04 0.03 ± 0.02 0.07 ± 0.04 

C10:0 0.19 ± 0.07 

  

1.13 ± 0.15  0.55 ± 0.11 

  

2.10 ± 0.34 0.28 ± 0.09 1.62 ± 0.23 

 

C12:0 0.73 ± 0.12 4.33 ± 0.54 2.03 ± 0.31 7.82 ± 0.95 1.57 ± 0.22 9.25 ± 1.39 

C14:0 1.20 ± 0.20 7.10 ± 0.99 1.43 ± 0.17 5.52 ± 0.68 1.03 ± 0.31 6.11 ± 0.74 

C16:0 4.60 ± 0.62 27.11 ± 7.01 2.53 ± 0.30 9.74 ± 1.20 1.95 ± 0.20 11.52 ± 2.97 

C18:0 1.87 ± 0.19 11.05 ± 2.00 1.76 ± 0.18 6.77 ± 0.73 1.10 ± 0.13 6.47 ± 1.06 

C18:1 6.93 ± 0.87 40.74 ± 14.65 13.80 ± 3.32 53.21 ± 17.78 8.06 ± 1.04 47.58 ± 15.39 

C18:2 1.29 ± 0.17 7.40 ± 0.85 3.45 ± 1.57 13.31 ± 3.03 2.93 ± 0.64 17.29 ± 4.82 

C18:3 0.10 ± 0.14 0.51 ± 0.11 0.37 ± 0.14 1.43 ± 0.15 0.03 ± 0.01 0.07 ± 0.03 
 

16.92 ± 2.39 100 ± 26 25.92 ± 6.13 100 ± 25 16.94 ± 2.66 100 ± 26 
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Appendix Figure A3. (a) Extent of digestion of high fat (5.5% fat) pasteurised donor human milk with 

5 mM calcium in the absence (light blue with orange error bars) and presence (dark blue with red error 

bars) of bile salt micelles. (b) The corresponding SAXS profile where an I2 phase (indicated by “1”) 

and lamellar phase (indicated by “3”) are seen when the sample was digested without bile salt micelles 

(blue line). In comparison, only a lamellar phase was formed in the presence of bile salt micelles (grey 

line).  

Appendix A4. Determination of total protein content using Bradford assay  

To quantify the total protein content of human milk, human serum albumin was used as the 

protein standard. Firstly, 2:1 chloroform/methanol was added to milk samples at a 1:20 v/v ratio of milk 

to solvent. The milk-solvent mixture was vortexed and centrifuged at 4500 g for 5 min. The solvent was 

then removed and the pellet was washed twice more with the chloroform/methanol solvent at a 1:10 v/v 

ratio with the sample and centrifuged in between. The solvent was removed again after the two 

additional washes and the pellet was dried in a vacuum oven for 1 h. Water (7 mL) was subsequently 

added to the pellet and the sample was diluted to concentrations ranging from 0.1-1.4 mg/mL. Each of 

the concentration of sample was aliquoted at 10 μL into a 96-well plate and 250 μL of Bradford reagent 
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was added to each well. The plate was mixed on a shaker for 30 s, incubated at room temperature for 

10 min and absorbance was measured at 595 nm. The net absorbance was then plotted against the 

concentration of the sample.  

Appendix A5. Quantification of total amount of carbohydrates in human milk  

The quantification of total carbohydrate content in human milk was determined according to a 

colorimetric kit obtained from Abcam (Cambridge, UK). The kit consisted of 25 mL Assay Buffer, 3 

mL Carbohydrate Developer (chemical composition unknown) and 0.2 mL of standard solution (D-

glucose, 2 mg/mL). This technique is based on the principle that polysaccharides are hydrolysed to 

monomers in the presence of sulfuric acid and converted to furfural or hydroxyfurfural. These products 

are then reacted with the Developer to form a chromogen that is quantified by measuring the absorbance. 

Based on the glucose standard curve plotted, the total concentration of carbohydrates in the milk sample 

was calculated. To generate the standard curve, 0-10 μL of glucose standard was added into a 96-well 

plate. Following the removal of lipids and proteins from the milk samples, 2-30 μL of the supernatant 

was aliquoted into a 96-well plate and the volumes of samples and glucose standards were adjusted to 

30 μL per well with water. Concentrated sulfuric acid (98%) was then aliquoted into each well at a 

volume of 150 μL. The samples were mixed on a shaker for 1 min and incubated at 85 °C for 15 min. 

After incubation, 30 μL of Developer was added to each well and the samples were mixed on the shaker 

again for 5 min. Subsequently, the plate was placed in a UV/Vis spectrophotometer and the absorbance 

was measured at 490 nm. The absorbance of milk samples was applied to the glucose standard curve to 

determine the total concentration of carbohydrates in the human milk samples. 

 

 

 


