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Abstract  
The milk fat globule membrane (MFGM) is a trilayer phospholipid and protein interface that 

separates the triacylglycerides from the serum phase. Consumption of MFGM phospholipids 

decreases serum cholesterol in adults with high risk for hypercholesterolemia and modulates serum 

cholesterol in healthy adults. The biochemical mechanism behind this putative effect is currently 

unknown.  

The large majority (~80%) of the cholesterol in the milk fat globule is localized in the MFGM in 

complexation with sphingomyelin to form liquid-ordered (Lo) domains. The nutritional and digestive 

implications of consuming Lo domains have been scarcely considered.      

Considering sphingomyelin strongly complexes with cholesterol, the MFGM is rich in sphingomyelin, 

and the consumption of MFGM material has shown to modulate serum cholesterol, there is a likely 

link between the presence of Lo domains and the nutritional benefit of consuming MFGM material.  

Model bilayer systems, phospholipid liposomes/vesicles, were created from phospholipids derived 

from natural sources: soy phosphatidylcholine (SPC), porcine brain phosphatidylcholine (BPC), egg 

sphingomyelin (ESM), milk sphingomyelin (MSM), milk fat globule membrane (MFGM) 

phospholipids extracted from bovine beta-serum, and ovine cholesterol. The structural and 

thermotropic properties of the vesicles were investigated under in vitro gastrointestinal conditions.  

First, a screening test was performed on MSM/cholesterol multilamellar vesicles (MLVs). Instruments 

were capable of detecting shifts in the vesicles from solid-ordered (So) and liquid-disordered (Ld) to 

liquid-ordered at 2 × the MSM concentration found in raw milk.  

Incubation with physiologically relevant concentrations of bovine bile demonstrated 3:2 mol/mol 

MSM/cholesterol MLVs were capable of resisting detergent-induced solubilization by bile salts. The 

SPC/cholesterol, BPC/cholesterol, and MFGM/cholesterol phospholipid vesicles were disrupted. At 

the endpoint of in vitro gastrointestinal digestion, 3:2 mol/mol MSM/cholesterol MLVs also 

experienced micellization – however there was no statistically significant difference in the total 

bilayer order of the vesicles, implying a degree of structure possibly remained.  

Further investigation on the detergent solubilization of MFGM phospholipid vesicles by bile salts 

revealed that although the vesicle was disrupted, the mixed micellar size growth was minimal. That is, 

there was a lack of phospholipid exchange between vesicle and micelle. 

These findings set the stage for further research into the bioactive potential of milk phospholipids.   
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Chapter 1 – Introduction  

1.1  General introduction 

Milk is a biologically secreted oil-in-water emulsion that has been consumed throughout 

human history. Capitalizing on to the rich protein and lipid content, the food industry has 

processed milk to create high value dairy products such as cheese, yogurt, and butter which 

can have a considerable a cholesterol content. The cholesterol in dairy products have been 

historically demonized in the mainstream media as a cause of metabolic disease (Taubes 

Gary, 2001). The 2015 – 2020 US Dietary Guidelines removed the limit restricting dietary 

cholesterol that was previously set at 300 mg/day (Carson et al., 2020). This recommendation 

was the culmination of decades of clinical research indicating elevated serum cholesterol 

could not be solely linked to the intake of dietary cholesterol. Hidden within the guideline 

revocation are profundities that question the nature of how we study food.  

Food rich in cholesterol that are also rich in phospholipids such as eggs and buttermilk have 

been known to modulate or even reduce serum cholesterol, a leading risk factor for heart 

disease. There are currently two treatments for reducing serum cholesterol, reducing 

endogenous cholesterol synthesis, and reducing dietary cholesterol absorption which in turn 

reduces biliary cholesterol reabsorption (Howles, 2016). The mechanism of action for foods 

rich in phospholipids is presumed to be the latter – the phospholipids are somehow capable of 

reducing intestinal cholesterol absorption.   

In milk, the phospholipids are part of a complex microstructure known as the milk fat globule 

membrane (MFGM), which in turn is a component of a macrostructure, the fat globule. Food 

structure is an increasing consideration in the nutritional field, particularly dairy nutrition. A 

prime example is the ability of liquid milk to form a curd in the stomach due to the low pH 

conditions, delaying gastric emptying. As per this example, the health benefits that the 

macrostructure (clot) provide requires a specific microstructure (partially hydrolysed kappa-

casein aggregated protein network entrapping coalesced fat globules). Conversely the 

opposite may also be true in milk, a secretion bioengineered for neonatal consumption. The 

architecture of a specific macrostructure (fat globule) may be the result of nutritional 

requirements that a microstructure (milk fat globule membrane) provides. Investigating the 

possible relationship between putative health benefits, microstructure, and the resulting 

macrostructure in dairy products is a novel area ripe for rigorous studies.   
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The MFGM, an interface that encases energy-dense triacylglycerides, separating them from 

the bulk serum phase, is one such intersection of nutrition, macrostructure, and complex 

microstructure. A multitude of clinical studies have shown that although the MFGM is rich in 

cholesterol, a cholesterol modulating effect can be observed when participants consume 

products rich in MFGM, such as buttermilk. The phospholipids and proteins that comprise 

the trilayer membrane (one outer bilayer and one inner monolayer) have been noted for other 

putative nutritional benefit as well. The question arises as to whether the structural 

components of the MFGM serve only a structural function and the nutrition benefits are the 

result of mere composition, or whether there are synergies between the function and structure 

of this phospholipid-protein interface. One manifestation of hypothetical synergy could be 

structural heterogeneities predominately laterally clustered on the outer leaflet known as 

liquid ordered (Lo) domains, assemblies of sphingomyelin (SM) and cholesterol. The main 

research question of the thesis is whether Lo domains are purely a structural feature of the 

MFGM or whether it has some effect on digestion. The unique characteristics and formation 

of Lo domains will be explained in more detail within the literature review.  

Using the milk fat globule membrane as a focus of study, the role of microstructure on 

physical macrostructure will be assessed to better understand the structural interactions and 

biochemical interplay of lipids during gastrointestinal digestion.  

1.2 Objectives of the thesis  

The composition and lateral structure of the native MFGM has been regularly updated in the 

scientific literature, and while not exhaustively understood, some foundational knowledge 

exists. There is a dearth of information regarding how the structure of the membrane changes 

when gastro-intestinal components such as gastric lipase, bile, and alkaline sphingomyelinase 

are sequentially applied during digestion.  

The assumption that underpins this research is that structural changes which may occur 

within the MFGM during digestion are observable and measurable. If this is the case, these 

structural changes that influence the digestion of membrane components can be quantified. It 

is well understood that cholesterol and sphingomyelin are absorbed through the intestine and 

therefore sphingomyelin–cholesterol complexation does not prevent digestion. The current 

literature suggests that the complexation of these two lipids is capable of reducing cholesterol 

absorption, yet does not present a comprehensive mechanism of action.  
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In short, this thesis will aim to understand the digestion of milk fat globule membrane with a 

focus on the formation, properties, and gastro-intestinal digestion of Lo regions created from 

phospholipid and cholesterol derived from biological sources. This structural peculiarity that 

will be described in detail in the next chapter may link MFGM morphology with its putative 

nutritional effects.  

The objectives for each research chapter are as follows:  

1) Confirm the presence of Lo domains when cholesterol is incorporated into milk 

sphingomyelin (MSM) bilayers. Assess the structural changes that occurs from such 

an interaction.  

2) Compare cholesterol interactions with MSM and other naturally occurring 

phospholipids (derived from porcine brain and soy) to determine whether the 

structural changes that potentially occur in MFGM systems are exceptional.   

3) Determine whether the MSM model membrane system is applicable to a more 

complex phospholipid system featuring recombined MFGM phospholipids.  

4) Investigate how the structures of these model membrane systems changed under 

digestive conditions, refining the current model of MFGM digestion to include Lo 

domains.   

The final objectives of the thesis are as follows:  

1) Update the current model of milk fat globule digestion to include the ultimate fate of 

Lo domains.  

2) Determine whether Lo structures persist during gastro-intestinal digestion and 

conversely whether gastro-intestinal components are capable of altering the domains 

structure.  

3) Generate a greater understanding of the role of Lo domains in the digestion of the 

MFGM and milk fat globules.   

4) Identify a direction for further study on the digestive impact of Lo domains. 

1.3  Format of the thesis  

Chapter 2 is a critical assessment of the literature. The secretion of MFGM is described, 

followed by a discussion of the physical characteristics, elaboration of the chemical 

components of the membrane and the structural interactions, cataloguing pre-clinical, animal, 

and clinical studies that investigate the nutritional benefits of consuming MFGM, assessing 

the current model of MFGM digestion, and finally an exploration of the techniques and 
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instruments commonly used to investigate phospholipid membranes. The literature review 

concludes with identifying areas where further consideration are necessary and what 

learnings are to be applied to the thesis.  

Chapter 3 (research question 1) consists of the preliminary experiments that explored the 

various techniques and instruments that can be employed to investigate phospholipid 

membranes. This chapter also seeks to confirm the interaction between sphingomyelin and 

cholesterol to determine which experiments would be feasible.  

Chapter 4 (research question 2), the first part of the main work, compares the 

phospholipid/cholesterol interactions of different species of phospholipids derived from 

natural sources and then tests the resistance to rehydrated bile as a proxy for Lo domain 

forming capacity.  

Chapter 5 (research question 3) takes the findings from Chapter 4 and asks whether they hold 

up with a complex blend of phospholipids formed from a recombined MFGM phospholipid 

extract. This extract was initially characterized and the structural changes that occur when 

bile is added to model membranes was investigated.  

Chapter 6 (research question 4) is the culmination of the work, all model membrane systems 

underwent the INFOGEST static in-vitro digestion protocol, and structural changes to the 

membranes were measured.  

Chapter 7 (research questions 2 and 3) includes a deeper investigation of detergent 

phospholipid interactions using synchrotron radiation small angle x-ray scattering. The 

experiment sought to confirm some of the hypothesis made in Chapter 4 and 5 and to 

promote the application of x-ray scattering as an invaluable tool for digestion work.    

Chapter 8 synthesizes all previous chapters to arrive at tentative conclusions regarding 

MFGM digestion. A direction for future work is described and promising techniques that are 

in development are discussed.   
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cytosol, the MLD takes the outer membrane of the ER (Mather, 2011). There is strong 

proteomic evidence this becomes the innermost layer of the MFGM (Wu et al., 2000). 

Possible site specificity for the nucleation and growth of the MLD in the ER, as well as 

how this process is regulated, is currently being explored (Ben M’barek et al., 2017). 

After an MLD is formed, it follows super diffusive behaviour (moving via predetermined 

pathways) through the cytoplasm, fusing with other droplets until it reaches the apical 

membrane (Masedunskas et al., 2017). When the droplet makes contact with the apical plasma 

membrane bilayer, butyrophilin (BTN), a major MFGM protein, forms a transient, pH-

dependent oligomeric complex with xanthine oxidase (XO) that is essential for secretion (Jeong 

et al., 2013; Monks et al., 2016). As the lipid droplet grows, it pushes against the apical 

membrane, incorporating apical components such as the glycoprotein mucin 1 (MUC1), and 

sphingolipids such as sphingomyelin (SM). Finally, the droplet is liberated from the apical 

membrane through an oxytocin mediated G-protein coupled reaction which releases Ca2+, 

causing a contraction in the epithelial cell, sealing or “pinching off” the milk fat droplet (Gimpl 

& Fahrenholz, 2001; Masedunskas et al.,2017). 

The concurrent secretion of casein replenishes the depleting apical membrane allowing for the 

continuous secretion of MFGs. These secretory vesicles originate from the Golgi apparatus. As 

such, proteins associated with the Golgi, like BTN, have been found in the MFGM (Wooding & 

Sargeant, 2015; Honvo-Houéto et al., 2016). An alternative mechanism proposes that MLDs 

become progressively entrapped within secretory vesicles at the apical cytoplasm, leading to the 

formation of intracytoplasmic vacuoles that contain both caseins as well as MLDs. These 

vacuoles would then be released from the apical membrane via exocytosis (Wooding, 1971). 

Although this hypothesis may account for the protein composition of the MFGM, it fails to 

express why cellular apical components such as SM are present in MFGM.  

Wooding & Mather (2017) recently claimed those domains were holes in the membrane due to 

post-secretory reorganization based on immunological evidence and claimed domains visible 

with CLSM were due to a lack in unit membrane. The latter has been shown to be inaccurate, 

but the paper mentioned demonstrates the structure of the membrane is still under consideration.   

2.3  The physical characteristics of the milk fat globule and its membrane 

The resulting MFG is comprised of a TAG core encapsulated within three membrane layers, an 

innermost monolayer, and an outer bilayer. This trilayer envelope is known as the MFGM, a 10 

– 50 nm thick membrane (Lopez, Cauthy & Guyomarc’h, 2018) containing phospholipids, 

sphingolipids, and proteins. Phospholipids and proteins account for over 95% of the dry weight 
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et al., 2011 a; Lu et al., 2016). If large and small MFGs fulfil different nutritional requirements, 

are these supposed variable nutrient profiles wrought from changing phospholipid content, 

protein content, or both? 

2.4  Milk fat globule membrane proteins 

The protein content of the MFGM accounts for 25 – 60% of the mass of the membrane material 

and 1 – 2% of total bovine milk proteins (Mather, 2011). Although over 100 MFGM proteins 

are present, the most extensively studied proteins in the MFGM, which also happen to present at 

the highest concentrations, are XO, BTN, MUC1, adipophilin (ADPH), PAS 6/7, and fatty-acid-

binding protein (FABP) (Reinhardt & Lippolis, 2006). Some evidence exists that these MFGM 

proteins have potential as nutraceuticals in preventing the development of breast cancer, colon 

cancer, and gastric diseases (Spitsberg, 2005). 

Proteins within the MFGM are commonly transmembrane (e.g., BTN), peripheral (e.g., XO), or 

loosely attached (e.g., PAS 6/7) (Mather, 2000). The functions of these proteins vary from 

membrane/protein trafficking, immunoprotection, and fat transport/metabolism. Of the immune-

protective proteins, glycoproteins form the MFGM glycocalyx which covers the entire surface 

of the fat globule. The carbohydrate moieties (also known as glycoconjugates) are attached to 

the proteins protruding into the aqueous phase and are known to serve as bacterial and viral 

ligands, acting as competitors or decoys for pathogenic receptors that target cells (O’Riordan et 

al., 2014; Douëllou et al., 2017). 

Processing can modify lipid-protein or protein-protein interactions which transform the 

structure of the MFGM. For instance, XO and BTN form a complex due to intermolecular 

disulphide bonds at pasteurization temperatures (> 60 °C) (Ye et al., 2002), potentially altering 

digestion behaviour. 

2.5  Milk fat globule membrane polar lipid and putative health benefits  

2.5.1  Milk polar lipid composition 

Polar lipids only account for about 0.5 – 1% of all milk lipids yet serve as the structural 

foundation of the MFGM (Jiménez-Flores & Brisson, 2008). The concentration of polar lipids in 

the MFGM varies, depending upon the size of the fat globule. Smaller fat globules have a 

higher summative surface-area to volume ratio than a larger population of globules, and 

therefore, will proportionally have higher amounts of membrane polar lipids, assuming constant 

fat content (Lopez et al., 2011 a). 

Phospholipids such as PE, PC, PS, and PI as well as sphingolipids such as SM, make up the 

large majority of the polar lipids in the bovine MFGM (average polar lipid content, 299 mg L-1) 

(Fig 2.2; Table 2.3) (Zheng, Jiménez-Flores, & Everett, 2014 a; Yao et al., 2016 a; Lopez, 
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2020). The hydrocarbon composition of milk sphingomyelin (MSM) is of particular interest. 

The amide-linked acyl chain of MSM is mostly (> 60 mol%) composed of C22:0, 23:0, and 

24:0 (Noh & Koo, 2004). This abundance of long chain saturated hydrocarbon chains, 

uncommon in dietary SM, allows for strong hydrophobic interactions with cholesterol (Et-

Thakafy et al., 2018). For instance, in eggs, another food source high in SM, the sphingomyelin 

(egg-SM) is mostly composed of C16:0 (86 mol%). 

 
Figure 2.2. Structures of common polar lipids within the milk fat globule membrane. PE = 
phosphatidylethanolamine; PC = phosphatidylcholine; SM = sphingomyelin; PS = 
phosphatidylserine; PI = phosphatidylinositol. 

Table 2.3. Polar lipid composition in bovine milk fat globule membrane. Adapted with 
permission from Yao et al., (2016 a). 

Polar lipids Percentage present in bovine milk 
(%w/w of total phospholipids) 

Phosphatidylcholine 33.12 ± 0.21 
Phosphatidylethanolamine 23.42 ± 0.13 
Phosphatidylinositol 08.97 ± 0.06 
Phosphatidylserine 09.07 ± 0.07 
Sphingomyelin 25.40 ± 0.19 
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The bioactive potential of MFGM polar lipids is well-documented (Table 2.4). Some of the 

nutritional aspects are not health benefits attributed with the consumption of MFGM materials 

but rather MFGM components have been linked to nutritional effect. Furthermore, although 

these nutritional aspects have been identified to be related to these individual components, 

whether the component was consumed as is or part of the greater MFGM matrix has not been 

distinguished. Finally, further research is required in this field as there is only weak evidence of 

some of the beneficial effects of MFGM to humans (Dewettinck et al., 2008).  

Table 2.4. Reported health benefits from polar lipids in the milk fat globule membrane. 
Adapted with permission from Gallier, Laubscher, & Rafael Jiménez-Flores, (2014 a); 
Dewettinck et al., (2008). 

Component   PL% Nutritional Aspects    
Sphingolipids and metabolites  18 - 34.1 Reduction of the number of aberrant crypt foci and  
     adenocarcinomas. Shift in tumour type (malignant to  
     benign). Anticholesteremic. Protection of the liver  
     from fat- and cholesterol-induced steatosis. Suppression 
     of gastrointestinal pathogens. Neonatal gut maturation. 
     Myelination of the developing central nervous system. 
     Endogenous modulators of vascular function. Associated 

     
with age-related diseases and the development of Alzheimer's 
disease. 

Sphingosine 1-phosphate   Mitogenic.      
Phosphatidylcholine (PC)  19.2 - 37.3 Supports liver recovery from toxic chemical attack or viral 

damage. 
     Protects the human GI mucosa against toxic attack. 

     
Reduction of necrotizing enterocolitis. Alleviates orotic acid-
induced fatty liver. 

Lysophosphatidylcholine 
(lysoPC) 

 2 Bacteriostatic and bactericidal capacity. Strong 
gastroprotective role in duodenal mucosa. 

  

Phosphatidylethanolamine (PE)  19 - 42 Maintains hemostasis.    
Phosphatidylinositol (PI)  5 - 11 Substrate in cell signalling.    
     Promotes plasma cholesterol transport and metabolism. 
Phosphatidylserine (PS)  1.9 - 10.5 Helps memory in a variety of tasks.   
     Positive effect on Alzheimer's disease patients.   
     Improves exercise capacity of exercising humans.  
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2.5.2  The anticholesteremic effect of milk polar lipids 

Phospholipids derived from milk potentially help regulate intestinal cholesterol and lipid 

absorption (Dewettinck et al., 2008; Cohn et al., 2010). Clinical and animal studies demonstrate 

that a reduction in blood cholesterol from the consumption of MFGM arises from synergies 

between components and the structural organization within the MFGM (Noh & Koo, 2004; 

Conway et al., 2013; Rosqvist et al., 2015; Lovegrove & Givens, 2016). The first known study 

detailing this effect was Howards and Mark (1979). Participants who consumed 35 g of spray-

dried buttermilk (high in milk phospholipids) every day for two weeks had significantly lower 

serum cholesterol (-6.4%) compared to participants who consumed 80 g of butterfat at the same 

frequency and duration (+9.8% serum cholesterol). Participants who consumed 160 g of cream 

(80 g fat/day) showed no significant increase in serum cholesterol. The authors made special 

note that butterfat was hypercholesterolemic, yet neither the cream nor the buttermilk increased 

plasma cholesterol. This led to the hypothesis that MFGM, depleted in butterfat, may contain an 

anticholesteremic factor. 

There are currently three hypotheses that may provide some insight into the anticholesteremic 

effect of the MFGM: structural, enzymatic, and topogenic (Cohn et al., 2010). The structural 

hypothesis is as follows: the incorporation of cholesterol and SM into mixed micelles shifts 

cholesterol molecules from the micellar to the vesicular phase thus reducing intraluminal 

micellar cholesterol solubilisation and monomeric cholesterol uptake (Ros, 2000; Eckhardt et 

al., 2002). Foundational to this hypothesis is work that shows saturated SM and PC 

preferentially distribute into vesicles due to more efficient packing, whereas unsaturated PC 

distributes into micelles (Cohen & Carey, 1991). Micelles are the ideal physical form for 

maximal cellular uptake of cholesterol whereas the vesicular (lamellar) form is poorly absorbed 

by the brush border cholesterol binding protein that mediates cholesterol absorption via a 

collision-induced transfer mechanism (Thurnhofer & Hauser, 1990). If SM were to saturate a 

vesicle that contains cholesterol, a higher concentration of bile salt would be required to 

solubilize the vesicle into micelles, thus hindering cholesterol transport though the intestinal 

mucosa and epithelium.  

The second hypothesis is that an excess of dietary polar lipids in the small intestine interferes 

with micellar polar lipid hydrolysis which is necessary for cholesterol uptake. In a Caco-2 cell 

model, the addition of PC micelles reduced cholesterol uptake whereas the addition of 

pancreatic phospholipase A2 (pPLA2) increased absorption (Homan & Hamelehle, 1998). SM 

has been shown to inhibit secretory Type II phospholipase A2 (sPLA2 – II), a structurally 

similar enzyme to pPLA2. Therefore, it is possible that high SM concentrations inhibit pPLA2 
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as well. As pPLA2 activity is necessary for efficient cholesterol uptake, inhibition would lead to 

reduced PC hydrolysis which would in turn reduce cholesterol absorption (Chung et al., 2013). 

The third hypothesis is that polar lipids change the composition of intestinal enterocytes. The 

orientation of the transmembrane domains of membrane proteins is dependent upon membrane 

phospholipid composition during the initial assembly of the membrane, as well as post 

assembly. Furthermore, the lateral organization of membrane proteins is dynamic and dependent 

upon the surrounding environment (Dowhan & Bogdanov, 2009). Large quantities of dietary 

SM may modify the folding of transmembrane proteins through electrostatic or hydrophobic 

interactions, reducing the ability to absorb cholesterol monomers through the intestinal 

epithelium.  

Animal studies, most commonly rat models, have shown that consumption of SM significantly 

decreases serum cholesterol when compared to a control diet (Imaizumi et al., 1992; Kobayashi 

et al., 1997; Norris et al., 2016). Moreover, rats with cannulated mesenteric lymph ducts, and an 

indwelling catheter infused with a lipid emulsion containing MSM and cholesterol introduced 

into the upper duodenum, showed lower levels of circulating cholesterol in the lymphatic 

system than those infused with egg-SM and cholesterol (Noh & Koo, 2003; Noh & Koo, 2004). 

This suggests that the highly saturated MSM is more capable at reducing cholesterol absorption 

due to a hydrophobic interaction.  

On the other hand, clinical studies demonstrate that consuming pure SM has little effect on 

serum cholesterol levels in humans. Participants who consumed 1 g of MSM dissolved in corn 

oil as a daily supplement showed no difference in total serum cholesterol compared to a control 

diet (Ramprasath et al., 2013). There are two possible explanations for these discrepancies. 

Humans are one of the few animals that have alk-SMase present in both bile and in the intestinal 

tract (Duan et al., 1996). This enzyme, which hydrolyses SM into ceramide, is endogenous only 

in the small intestine for most other mammals, including rats (Duan, Nyberg, & Nilsson, 1995; 

Duan, 2006; Duan, 2007). Consequently, equivalent concentrations of SM that are sufficiently 

functional in rodents may not offer the same health benefits in humans due to the presence of 

alk-SMase in the bile. Additionally, although humans consume on average 300 – 400 mg of SM 

per day (Ramprasath et al., 2013), dietary SM is not commonly consumed as pure SM. It is 

always a component of a food product within a complex molecular structure, such as in egg 

yolk, or within the MFGM which envelopes MFGs.  

Clinical studies have demonstrated that when a natively structured food rich in SM is consumed, 

a cholesterol modulating effect becomes evident. Participants who consumed a buttermilk 

beverage containing 700 mg of MSM daily did not have altered serum cholesterol levels, 
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whereas consumption of an unstructured control beverage (119 mg MSM) made from skim milk 

powder in which two-thirds of the milk phospholipids were replaced by egg polar lipid isolate 

significantly elevated (+2.2%) total cholesterol (Ohlsson et al., 2009). This experiment 

demonstrates the ability of the milk lipid structure to counteract increased serum lipid 

concentration. 

The same trend is evident in participants who consumed a control beverage versus a ready-to-

drink structured buttermilk beverage (11.81 mg of MSM). Those who consumed the buttermilk 

beverage had lower serum cholesterol (-3.1%), low-density lipoprotein (LDL) cholesterol (-

3.1%) and triglycerides (-10.7%) than the control group (Conway et al., 2013). Overweight 

participants who consumed whipping cream (19.8 mg milk phospholipid/day) showed a 

significant reduction in total cholesterol (~ -1%). Those who consumed the control diet which 

incorporated butterfat (1.3 mg milk phospholipid/day) showed a significantly elevated total 

cholesterol (5.3%) (Rosqvist et al., 2015), showing structure- and concentration-dependent 

effects. 

Recently, overweight, post-menopausal women who consumed MFGM-supplemented cream 

cheese (5 g milk polar lipids) for breakfast each day for four weeks had significantly larger 

decreases in serum total cholesterol and LDL cholesterol (-7% and -9%, respectively) when 

compared to their counterparts who consumed the control cream cheese (-0.7% total cholesterol 

and -1% LDL cholesterol). Those who consumed the 5 g milk polar lipid supplemented cream 

cheese were within the normal levels for serum and LDL cholesterol at the end of study (Vors et 

al., 2019).  

It should be noted that the clinical trials reviewed showed an anticholesteremic effect when the 

participants persistently consumed MFGM. Daily consumption of high levels of milk 

phospholipid may not be convenient for all those who want access to this nutritional benefit – 

therefore, it is worthwhile considering whether the sporadic intake of MFGM or the 

complementation of MFGM with other dietary sources of phospholipids demonstrate similar 

putative health outcomes.  

In one such study, Baumgartner et al. (2013) reported that the molecular matrix of food plays a 

role in cholesterol absorption. When participants were given either one egg, two eggs, or a 

buttermilk beverage mixed with one egg yolk to consume per day, serum cholesterol and LDL 

cholesterol were significantly higher in women who consumed two eggs (+7% and +45% 

higher) than the control (one egg), although egg-SM is known to reduce serum cholesterol when 

consumed (Noh & Koo, 2003). Yet, the serum and LDL cholesterol of women who consumed 

the buttermilk beverage plus egg yolk group were not significantly different compared to the 
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one egg group. The authors hypothesized that SM present in the buttermilk beverage interfered 

with intestinal cholesterol absorption.  

The currently available literature indicates that humans consuming pure SM alone do not exhibit 

an anticholesteremic effect. This may be due to the unique composition of human bile in which 

contains an appreciable concentration of alk-SMase. Yet, despite our increased capacity to 

digest SM, foods with complex structures, such as the MFGM, do exhibit anticholesteremic 

properties when consumed, implying that the microstructure that the phospholipids are a part of 

play a significant role in determining the anticholesteremic effect of the MFGM.  

2.6  Milk fat globule membrane architecture 

The exact, native structure of the MFGM has not yet been discerned; however, various models 

have been proposed and updated (Fig. 2.3) (Danthine et al., 2000; Dewettinck et al., 2008; 

Lopez, 2011; Lopez et al., 2015).The distribution of phospholipids and proteins within the 

bilayer is asymmetric with the inner monolayer being rich in PI, PS, and PE whereas SM, PC, 

and cholesterol are concentrated within the outer bilayer (Deeth 1997; Mather & Keenan 1998 

Jeong et al., 2013; Zheng, Jiménez-Flores, & Everett, 2014 a). The SM and cholesterol in the 

outer bilayer are tightly packed together forming complexes known as liquid-ordered (Lo) 

domains. These domains are analogous in phospholipid composition and structure to biological 

lipid or membrane rafts (Gallier et al., 2010 b). 

 

Figure 2.3. Updated model of the milk fat globule membrane as a heterogenous patchwork of 
polar lipids. The proteins are embedded within the liquid disordered portion of the membrane. 
Not to scale (the protein fraction makes up a much larger proportion of the membrane than what 
is shown) Adapted with permission from Lopez, Cauty, & Guyomarc’h (2018 a). Created with 
BioRender.com 

The location of PE within the MFGM has been a point of contention. Deeth (1997) reported that 

MFGM phospholipid asymmetry is similar to the membrane of red blood cells, therefore PE 

may exist within the inner MFGM monolayer. Inhibition of the phosphatidylserine 
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a complex, usually 3 – 5 (Radhakrishnan et al. 2001). McConnell & Radhakrishnan (2003), use 

the analogy of a titration. Cholesterol is added to the phospholipid membrane until there is 

neither excess cholesterol nor excess phospholipid, an equivalence point. In 

phospholipid/cholesterol monolayers, this equivalence point can range from 25 – 43% mol 

cholesterol depending upon the phospholipid composition of the monolayer (Radhakrishnan & 

McConnell, 1999). 

The mixed phase of cholesterol and phospholipid contains molecules with a lower-than-

expected average area per molecule. These regions of “condensed” complexes are therefore 

accountable for the condensation effect of cholesterol and can repel other phospholipids, leading 

to immiscibility in ternary mixtures (Radhakrishnan & McConnell, 2005). Although the 

condensed complex model offers an explanation for why SM and cholesterol form complexes, 

the model provides no mechanism of action that addresses the intermolecular interactions that 

make the formation of condensed complexes possible. 

Finally, a superlattice model features membrane lipids existing in regular distributions within 

the membrane, in contrast to the classic fluid-mosaic model (Somerharju, Virtanen & Cheng, 

1999). Singer and Nicolson’s fluid mosaic model proposes that the plasma membrane is a fluid 

bilayer of phospholipids with intercalated membrane proteins. Due to the fluidity of the 

membrane, protein and phospholipid are given a high degree of lateral freedom (Nicolson, 

2014). Conversely, the superlattice model implies that there are a limited number of lipid 

conformations which are considered the most energetically favourable. Superlattices are not 

rigid monolithic structures; multiple superlattices can exist within a membrane. Furthermore, 

superlattices may exist in both phospholipid headgroups as well as acyl chains (Somerharju et 

al., 2009). The superlattice model attempts to explain SM/cholesterol complexation and the 

formation of liquid ordered domains through headgroup steric interference. The bulky SM (and 

PC) headgroup leads to “packing frustration,” where spaces remain in the acyl chain region of 

the bilayer. Spaces that unsaturated PE and cholesterol are capable of filling resulting in 

thermodynamically favourable and tightly packed domains (Fenske et al., 1990; Virtanen et al., 

1995). The superlattice model predicts that SM (and PC) interactions with cholesterol form 

hexagonal superlattices at both 20% and 25% mol cholesterol and this was experimentally 

shown to be the case (Chong et al., 1996). 

Although useful for conceptualizing the lateral organization of model phospholipid bilayers due 

to the numerous factors that influence phospholipid/cholesterol interactions (e.g., hydrocarbon 

chain length, saturation, headgroup charge, presence of transmembrane proteins), none of these 

models can wholly explain why SM and cholesterol form Lo domains (Björkbom et al., 2010). 
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Outside of lateral lipid-lipid interactions, another plausible theory involves the hydroxyl group 

in cholesterol forming a hydrogen bond with the sphingosine amide group present in SM, or the 

ester oxygen in glycerophospholipids (Boggs, 1987). To test this theory, Arsov and Quaroni 

(2008) created egg-SM/cholesterol liposomes at varying relative molar ratios. Using attenuated 

total reflectance–Fourier transform infrared (ATR–FTIR) spectroscopy, these authors 

investigated changes to the amide I band (1643 cm-1). This band is solely linked to the 

interactions between SM and cholesterol, confirming the existence of a hydrogen bond network 

within the liposomes. In spite of such a promising result, they were unable to conclusively 

verify the existence of direct SM/cholesterol hydrogen bonds, as SM may form intramolecular 

hydrogen bonds and the complexity of this network prevented the isolation of one specific 

interaction. This result challenges a previous study that claims the 1643 cm-1 band is a 

deformation mode of water molecules involved in a hydrogen-bond network (Lamba et al., 

1991). To clarify the identity of the 1643 cm-1 band, the Raman spectrum of egg-SM hydrated in 

water was compared to egg-SM hydrated in D2O. The addition of D2O did not shift the band in 

question neither did changing the hydrocarbon chain length of SM affect the presence of the 

1643 cm-1. However, when 13C replaced the carbon adjacent to the amide group, the subsequent 

Raman shift was shown to be consistent with expected values, offering strong evidence that the 

identification of the amide I band was valid (Shirota et al., 2016). The amide I band was also 

confirmed as a marker to detect SM clusters in bilayers using an all-atom molecular dynamics 

simulation (Yagi et al. 2015). 

Deuterium NMR, comparing the cholesterol affinity of 14:0/14:0(d27)-PC against 14:0(d27)-SM 

bilayers, demonstrates that cholestatrienol (fluorescent cholesterol analogue) has a two-fold 

greater partition coefficient for SM bilayers. Furthermore, when the SM was heated so it had the 

same hydrocarbon chain order (determined with diphenylhexatriene anisotropy and the 

deuterium order parameter from 2H-NMR) as the PC, although the difference between the PC 

and SM partition coefficient decreased, SM still had a significantly higher partition coefficient, 

suggesting that hydrophobic interactions must not be the only type of interaction that 

significantly contributes to cholesterol and SM complexation (Lönnfors et al., 2011). These 

authors ascribe this result to either a direct hydrogen bond between SM and cholesterol, or an 

inter-lipid hydrogen bonding network amongst SM. Although the presence of hydrogen bonding 

in SM bilayers, and the ability of cholesterol to modify those bonds is well known, there is still 

no evidence of a direct stabilizing hydrogen bond between cholesterol apical hydroxyl group 

and the amide group of SM (Lala, 1981; Guo et al., 2002; Slotte, 2016). A wealth of additional 

studies have indirectly indicated the existence and importance of cholesterol-promoted inter-

lipid hydrogen bonding amongst SM molecules (Veiga, 2001; Zidar et al., 2009; Yasuda et al., 
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2014; Sodt, Pastor & Lyman, 2015; Rowlands et al., 2020). The network of SM hydrogen bonds 

is believed to push cholesterol molecules further into the bilayer, minimizing entropic penalties.  

Although the presence of inter-lipid hydrogen bonding has been confirmed, hydrogen bonding 

alone cannot support SM and cholesterol complexation at dilute concentrations. In silico 

simulations of ternary palmitoylsphingomyelin (PSM)/1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (POPC)/cholesterol bilayers show that cholesterol preferentially forms 

hydrogen bonds with POPC rather than PSM (Aittoniemi et al., 2007). However, PSM charge-

pairing of choline nitrogen with cholesterol hydroxyl groups, hydrophobic interactions, and van 

der Waal interactions reduces the tilt angle of cholesterol so that the choline headgroup more 

readily serves as a shield against water. Yet, the role of the amide group in this complexation 

cannot be underestimated. Substituting the amide with an ester bond increases enzymatic 

oxidation of SM/cholesterol small unilamellar vesicles (SUV) 2.5-fold, suggesting that 

cholesterol becomes more accessible (Bittman et al, 1994). 

In summary, the role of hydrogen bonding in SM/cholesterol complexation remains 

controversial, and although the above work has provided strong evidence for an exceptional 

interaction between SM and cholesterol, there are still gaps in understanding the intermolecular 

nuances to SM and cholesterol complexation. 

2.6.3  Properties of liquid-ordered domains in the milk fat globule membrane 

Liquid-ordered domains are well-studied in biological systems and model membranes, but 

scarcely examined in dairy matrices. This is partly because the presence of Lo domains in the 

MFGM have been proposed much later than in biological systems (Lopez et al., 2008 a). 

Confocal laser scanning microscopy of MFGs stained with lecithin fluorescent probes has 

revealed heterogeneities in the MFGM (Evers et al., 2008). These heterogeneities were further 

analysed using exogenous phospholipid dioleoyl-sn-glycero-3-phosphoethanolamine head-

labelled fluorescent rhodamine (Rd-DOPE) to show that the heterogeneities were not localized 

proteins but regions of tightly packed polar lipids (Fig. 2.4) (Gallier et al., 2010 b; Lopez, 

Madec & Jimenez-Flores, 2010). Based on these results, the most accepted of the current 

MFGM models are based on the following assumptions: 1) MSM and cholesterol are major 

lipid components in the outer bilayer of the MFGM, 2) SM and cholesterol are known to 

preferentially form a complex (Engberg et al., 2020; Codini, Garcia-Gil & Albi, 2021), and 3) 

analogous lipid rafts occur in biological membranes when the above two criteria are met (Pike, 

2006; Lopez, Cauty & Guyomarc’h, 2018 a). 
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Figure 2.4. Confocal laser scanning micrograph of milk fat globules from raw cream stained 
with rhodamine dioleoyl-sn-glycero-3-phosphoethanolamine (Rd-DOPE). Arrows pointing at 
suspected liquid-ordered domains. Reprinted with permission from Gallier et al. (2010). 
Copyright 2010 American Chemical Society. 

Using the same Rd-DOPE staining technique, Et-Thakafy, Guymoarc’h, & Lopez (2017 a) 

measured the dynamics of Lo domains in multiple species of MFGM as a function of 

temperature. At temperatures lower than Tm, the So and Lo phases co-exist and visible domains 

appear irregular in shape, highlighting the limitations of confocal microscopy with fluorescent 

phospholipid probes to differentiate Lo domains from the So phase (Zheng et al., 2014 b). 

Although this is less of an issue at temperatures much greater than 36 °C (Tm of MFGM) where 

the So phase is non-existent (Et-Thakafy, Guymoarc’h, & Lopez, 2017 a), care must be taken 

when drawing conclusions about Lo domains at temperatures < 36 °C by the use of confocal 

laser scanning microscopy alone, as one cannot be sure that what is being visualized is an So or 

Lo domain. At temperatures higher than Tm, depending upon the saturated polar lipid and 

cholesterol content of the membrane, the size and number of domains may decrease (melting of 

the So phase), the domains may coalesce (a behaviour common in Lo domains but not So 

domains) (Chen & Santore, 2014), or the domains visible below Tm may completely melt 

leaving a fat globule with no visible domains. Those fat globules with domains remaining above 

Tm exhibit irregular and angular domains when cooled. These angular fragments are likely to be 

the emerging So phase, implying that the Lo phase has become akin to a point of nucleation for 

So phase, likely due to the hydrophobic mismatching that occurs at the boundaries of Lo 

domains.  

Conversely, if at temperatures greater than Tm the globule has no domains, small circular 

domains or a network of elongated domains form when cooled below Tm. The small circular 

domains are hypothesized to be where the supersaturated fluid phase is a point of nucleation to 

form small So domains. Those So domains do not coalesce but instead rapidly connect. 
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Extended storage at a temperature lower than the Tm of the MFGM leads to coalescence, and 

both angular domains and elongated domains reform the original circular domains which are 

thermodynamically more favourable. 

Segregation that results from the presence of Lo domains introduce lateral heterogeneity to the 

membrane. Monolayer model systems show Lo domains are approximately 0.8 nm higher than 

the surrounding Ld area at room temperature, whereas the So phase is 1 nm higher than the Ld 

phase (Gallier et al., 2010 c; Guyomarc’h et al., 2014; Guyomarc’h et al., 2017). This increase 

in height is due to either the formation of an So phase or to cholesterol-induced ordering, 

respectively, increasing the proportion of trans isomers (Simons & Vas, 2004). The height 

differences are indicative of not only lateral phase separation but also mechanical 

heterogeneities in the outer bilayer. The rupture force of the MSM So phase is 30 nN, compared 

to 15 nN for the Ld phase and 12 nN for the Lo phase at 20 °C (Murthy, Guyomarc’h & Lopez., 

2016). That is, molecules in the Lo phase possess higher lateral mobility than those in the So. 

One consequence of this mobility is the tendency to part when, for example, an atomic force 

microscope (AFM) probe comes into contact with the bilayer (Guyomarc’h et al., 2014). Due to 

multiple types of phospholipids that comprise the MFGM, the melting exotherm of MFGM is 

rather broad, exhibiting melting behaviour from as low as 15 °C to as high as 40 °C although the 

maximum of the endotherm is centred on 36 °C (Murthy, Guyomarc’h, & Lopez, 2016). Within 

the human intestine (at 37 °C), the majority of the MFGM exists as Lo domains littering a sea of 

Ld. Therefore, the susceptibility of Lo domain to rupture may affect lipolytic enzymatic 

reactions leading to altered digestion behaviour. 

In a binary MSM/cholesterol system with the cholesterol concentration at 40 mol %, the So to 

Ld phase transition is undetectable at any temperature with DSC and the lateral packing 

structure of the phospholipids is no longer hexagonal, thus the entire system is in the Lo phase 

(Lopez, Cheng, & Perez, 2018 b). This phenomenon was reproduced in a recombined MFGM 

phospholipid extract monolayer with a MFGM extract/cholesterol molar ratio of 2.6:1 

(MSM:cholesterol molar ratio 1:1) (Lopez, Cauty & Guyomarc’h, 2018 a). Animal studies have 

shown that cholesterol absorption is at its lowest when rats are fed a dispersion comprising a 1:1 

molar ratio of MSM and cholesterol, hinting that one of the native functions of MSM is to 

regulate cholesterol uptake (Nyberg, Duan, & Nilsson, 2000). Such a result may seem 

counterintuitive. The condensed complex model indicates that the integral stoichiometry of egg-

SM and cholesterol is 2:1 (Radhadkrishnan & McConnell, 1999), and longer length sn-2 acyl 

chains of SM have no effect on the SM/cholesterol mixed phase equivalence point 

(Radhakrishnan et al., 2001). Thus, one might assume the equivalence point of MSM and 

cholesterol to also be 2:1. However, phospholipids with a higher Tm are known to require less 
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Figure 2.5 summarizes the current gastrointestinal model of the digestion of fat globules coated 

with MFGM. 

 
Figure 2.5. Current model of in vitro gastrointestinal milk fat globule membrane (MFGM) 
digestion. A) Native MFGM. B) Gastric digestion of milk fat globules (MFG). Gastric lipase 
hydrolyses triacylglyceride core to form protrusions of free fatty acids (FFA) that trap lipase 
and limit gastric lipolysis. Pepsin hydrolyses MFGM proteins; however, some glycoproteins are 
resistant. C) Intestinal digestion begins. Bile salts adsorb onto the surface of the MFGM 
displacing portions, allowing co-lipase to accumulate on the interface and recruit pancreatic 
lipase to form a pancreatic lipase and co-lipase complex. D) The remaining MFGM proteins are 
hydrolysed by trypsin and chymotrypsin. As the pancreatic lipase hydrolyses the 
triacylglyceride core, the resulting fatty acids and cholesterol are incorporated into 
phospholipid-bile salt mixed micelles to be further hydrolysed into monomers before being 
transported through the intestinal wall. Reproduced with permission from Gallier, Ye, & Singh 
(2012). 

2.7.1  Gastric digestion 

The gastric digestion phase has been shown to impact the MFGM in three ways: (1) gastric 

lipase generates free fatty acids that may aid in pancreatic lipase binding, (2) proteolytic 

enzymes (e.g., pepsin) digest MFGM proteins, and (3) the low pH causes caseins in the milk to 

aggregate, thus forming a closely knit network which entraps fat globules. As the protein 

network density increases, fat globules aggregate and coalesce (Singh and Gallier, 2017). 
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As commercial gastric lipase was unavailable until recently and due to a lack of attention, 

gastric lipolysis has often not been considered in previous in vitro models (Gallier, Ye, & Singh, 

2012; Minekus et al, 2014). Be that as it may, in vivo models have shown that gastric lipases are 

able to reach the triacylglyceride (TAG) core of the MFG, hydrolysing long hydrocarbons (> 

C16), thus increasing the amount of free fatty acids that make up the gastric chyme (Gallier et 

al., 2013 a). The free fatty acids produced are known to promote the activation of the pancreatic 

co-lipase complex (Michalski, 2009). A peculiar observation is that lamellar structures observed 

as spherical protrusions on the interface of the MFG almost act as plugs limiting further gastric 

lipase activity (Gallier & Singh, 2012, Gallier et al., 2013 a). These spherical protrusions consist 

of free protonated fatty acids (74%), phospholipids (16%), monoglycerides (5%), 

diacylglycerols (4%), free cholesterol (1%), triacylglycerols (<1%) and human gastric lipase, 

not only signifying disruption of the MFGM structure may be occurring in the stomach, but also 

implying possible trapping of human gastric lipase (Pafumi et al., 2003). Considering gastric 

digestion is known to result in the hydrolysis of approximately 10 - 30% of lipids in adults, it is 

unlikely these spherical protrusions, only 200 nm in size and irregularly covering the surface of 

a lipid droplet, are the sole limiting factor of human gastric lipase activity.  

Pepsin mediates protein hydrolysis during the gastric phase. Major proteins vary in hydrolysis 

rates, with BTN being much more resistant than XO or PAS 6 or 7 (Ye, Cui, & Singh, 2011). 

Yet, the high degree of glycosylation of MFGM glycoproteins from the glycocalyx, such as 

MUC1, impedes adherence and therefore hydrolysis by proteolytic enzymes (Hamosh et al., 

1999). 

Proteases and the low pH environment during gastric digestion cause the casein in milk to 

aggregate (Ye et al., 2016). The effect of this network on the fat globules depends upon the 

conditions of digestion. When bovine raw milk is digested in vitro under static, simulated 

fasting conditions, fat globules retained a globular structure (Gallier, Ye & Singh., 2012). 

Globular structure is also conserved under in vivo conditions when rats are fed raw or 

pasteurized cream, which is low in casein (Gallier et al., 2013 a). Yet, when bovine milk (raw, 

pasteurized) undergoes in vitro digestion under dynamic conditions using a human gastric 

simulator, fat globules show coalescence after 20 minutes (Ye et al., 2016; Roy et al., 2021). As 

these experiments did not use gastric lipase, this coalescence is solely due to the shear force 

from the nascent protein clot acting on the milk fat globules. The observed coalescence and 

subsequential potential for interfacial changes (Fig. 2.6.) call into question the previous 

assumption that the lateral organization of polar lipids and Lo domains of the MFGM in raw 

milk is conserved during gastric digestion.  
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Figure 2.6. Confocal laser scanning microscopy (CLSM) of whole milk after in vitro gastric 
digestion. Red shows the fat; blue/green shows the protein. A) Static in vitro gastric digestion 
under fasting conditions for 120 min Gallier, Ye, & Singh, (2012). B) Dynamic in vitro gastric 
digestion for 90 min Roy et al., (2021). 

2.7.2  Intestinal digestion 

Lipolysis is an interfacial process, and consequently, the interfacial properties of milk fat 

globules play a large role in determining the rate of lipolysis during small intestinal digestion. 

During the intestinal phase, bile salts adsorb onto the MFGM surface, allowing pancreatic lipase 

(after forming a complex with the co-lipase) to access the TAG core. The resulting 

monoglycerides, fatty acids, phospholipids, and cholesterol self-assemble (with the addition of 

intestinal bile salts) to form mixed micelles which transport the lipolytic products into the 

enterocyte (Michalski, 2009). 

The importance of the MFGM in limiting hydrolysis of the core triacylglycerides is evident 

when comparing the digestion of raw and recombined milk, the latter releasing fatty acids more 

easily during digestion. Where the native MFGM envelopes raw milk fat globules, the surface 

of recombined milk (in this case, mixing 4% (w/w) anhydrous milk fat in skim milk) consists 

largely of casein micelles and serum proteins (Ye, Cu & Singh, 2010). The lipoprotein lipase in 

milk is known to preferentially (70%) bind to casein micelles with the remainder existing as a 

casein-enzyme complex in the serum (Anderson, 1982). In the process of digestion, pancreatic 

lipase may have the same affinity for casein as its amino acid sequence and relevant binding 

sites bear some degree of homology with milk lipoprotein lipase (Ben-Avram et al., 1986). In 

which case, the high affinity for casein would bring the enzyme into close proximity to the 

interface of the casein and whey coated recombined fat globule. An alternative explanation is 

that when the adsorbed casein is hydrolysed under digestive conditions, the pancreatic lipase 

quickly adsorbs onto the uncovered surface allowing access to the lipid interior. Pancreatic 

lipase is known be highly surface active with an initial adsorption rate similar to bile salts 

(Corsten et al., 2017). 

A) 
 

B) 
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The difference between the rate of lipid hydrolysis of recombined milk and raw milk is erased 

with the addition of bile salts to the system (Ye, Cu &, Singh, 2010) highlighting the role of bile 

in lipid digestion. Model membrane systems are often relied upon to unravel nuances in the 

interaction between bile salts and Lo domains (Eckhardt et al., 1999; Zhou et al., 2013; Coreta-

Gomes et al., 2015; Eckstein, Holzhütter, & Berndt, 2018). Bile salts displace polar lipids 

located in the outer layer of the MFGM (Patton et al., 1986), and rapidly decrease MFGM 

fluidity to form mixed micelles with interfacial MFGM components, as examined by electron 

spin resonance (Alshehab et al., 2019). Furthermore, in the presence of pancreatic lipase, 

although reduced, bile salt detergent effects still dominate, displacing interfacial components so 

the pancreatic lipase can hydrolyse the triacylglyceride core.  

Bile salts preferentially adhere to the Lo domains of MFGM phospholipid extract monolayers 

leading to the creation of “snowflake” shaped domains due to an increase in the negative surface 

charge. Bile salts are hypothesized to disrupt either the domain boundaries, or position within 

the Lo domain, reducing the density of lipid packing (Gallier et al., 2014 b). When a critical 

concentration of bile salts or detergent is reached, the preferential affinity of SM for cholesterol 

is nullified (van Erpecum & Carey, 1997). Furthermore, a reduction in packing density 

promotes lipase/co-lipase complex adherence onto these snowflake domains (Chu et al., 2010). 

The structural properties of a micelle is dependent upon the phospholipid lipid:bile salt ratio 

with mixed micelles being bile salt rich whereas phospholipid rich particles better resemble 

vesicles (Suys et al., 2017). Inserting an abundance of SM into mixed micelles containing 

cholesterol so that the concentration of phospholipid exceeds the solubilizing capacity of the 

bile salts reverts cholesterol molecules from the easily absorbed micellar phase (through the 

intestinal epithelial layer) into the poorly absorbed lamellar (vesicular) phase (Eckhardt et al, 

2002). The addition of 40 % mol cholesterol was reported to make egg-PC/egg-SM 60:40 

mol/mol small unilamellar vesicles highly resistant to taurocholate-induced micellization, and 

lead to the formation of large vesicular aggregates (Moschetta et al., 2002). Moreover, saturated 

soy-PC and cholesterol liposomes in the Lo phase resist up to 56 mM bile salts (Hermida et al., 

2014), more than five times the physiological concentration of bile. Therefore, it is likely that at 

least a portion of SM and cholesterol in the MFGM is not micellized in the small intestine and 

retains a vesicular form. How this conservation of structure may affect subsequent lipolysis is 

unknown. 

Cholesterol uptake occurs throughout the entire length of the small intestine but predominately 

in the duodenum and proximal jejunum (Lammert & Wang, 2005), therefore, the colonic phase 

should offer no new insights into how SM and cholesterol complexation in the form of Lo 

domains induce an anticholesteremic effect. Faecal samples can help confirm the ability of SM 
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reform the Thr75 side chain and release the bound phosphocholine the intermediate undergoes a 

nucleophilic attack by a water molecule activated by a remaining zinc ion (Gorelik et al., 2017). 

For most mammals, alk-SMase is anchored to the intestinal mucosa surrounding the microvilli 

membrane. In humans there is a separate source of alk-SMase present in the bile (Duan et al., 

1996). Biliary alk-SMase is likely produced in the liver, localized in the canalicular membrane, 

dissociated by bile acid, and then concentrated in the gallbladder before being released into the 

intestine with bile (Duan, 2006). There is high alk-SMase activity in gallbladder bile (1000 ± 

180 nmol/h/mg protein) yet the concentration in the gallbladder mucosa (90 ± 24 nmol/h/mg 

protein) is too low to be considered as the location where alk-SMase originates. Conversely, the 

moderate amount found in hepatic bile (400 ± 60 nmol/h/mg protein) clearly suggests alk-

SMase is produced in the liver and then concentrated in the gallbladder bile (Nyberg et al, 

1996). Furthermore, northern blot analysis shows high levels of alk-SMase mRNA levels in the 

human liver (Duan et al., 2003 a). 

Intuitively, one might expect this bile to be the source of the alk-SMase attached to the intestinal 

mucosa that is common in mammals. Bile taken from most non-human mammals (rat, guinea 

pig, pig, cow, sheep) has no alk-SMase activity, and hamster bile only has 20% of the activity 

present in human bile (both at pH 7.5) (Duan et al., 1996). Northern blots have further shown 

alk-SMase is only present in the jejunum for rats (Wu et al., 2005). The evidence above 

constructs a clear picture: in humans, alk-SMase mRNA is present in both the liver and small 

intestine, and both hepatic bile and intestinal mucosa have alk-SMase activity. In rats, alk-

SMase is only present in the small intestine and not the bile. It can be concluded humans have 

two individual sources of alk-SMase: biliary alk-SMase originating from the liver and secreted 

into the bile and intestinal alk-SMase anchored to the brush border of mucosal cells. A larger 

question is the role of alk-SMase in the bile and why humans have evolved such a capacity. 

Within the small intestine, alk-SMase is located at the surface of microvillar membrane in the 

enterocyte within the jejunum. In that section of the intestine, the pH is approximately 7; 

however, as suggested by the name, alk-SMase is more active at pH 9 (Nyberg et al., 1997). 

Alk-SMase has another dependency - bile salts. The stimulatory effect of bile salts is due to the 

electrostatic attraction between the positively charged alk-SMase that holds the active site, and 

the anionic bile salt micelles are anionic. The two most effective bile salts being taurocholate 

and taurochenodeoxycholate, two major bile salts present in human bile (Hofmann, 1999). 

Substitution of a Arg-271 + Arg-343 loop near the micelle absorption area with anionic 

glutamates reduced SMase activity (Gorelick et al., 2017). Furthermore, substitution of 

hydrophobic residues Ile-344 + Val-346 + Phe-348 with less hydrophobic residues also greatly 

reduces SMase activity, suggesting active site interactions with hydrocarbon chains are also 
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necessary for optimal enzyme activity (Gorelick et al., 2017). Maximal activation of the enzyme 

occurs at the biliary critical micelle concentration. Each bile salt will therefore have a different 

stimulatory effort on alk-SMase. Conversely, an excess of bile salts which exceeds the critical 

micelle concentration will inhibit enzymatic activity; however, the mechanism has not been 

experimentally determined. Taking into account the enzyme’s electrostatic preferences, 

substrate non-competitive inhibition due to the high concentration of anionic micelles may 

occur. The CMC may result in the ideal lipid:bile salt ratio for mixed micelles containing the 

zwitterionic SM in disk-like bilayers (Maldonado-Valderrama et al., 2011) to adhere onto the 

active site. Physiologically, the upper small intestine is where most bile salt-induced lipid 

digestion occurs, but the concentration of bile salts is usually too high for alk-SMase to be 

effective (Duan & Nilsson, 1997). 

Alkaline sphingomyelinase secretion and digestion in humans is depicted in Figure 2.7. After a 

meal is consumed, intestinal endocrine cells release cholecystokinin which has two separate but 

related roles: stimulating the gall bladder to release alk-SMase along with bile salts into bile and 

triggering the pancreas to secrete trypsin which hydrolyses the C-terminus of the intestinal alk-

SMase, releasing the enzyme from the intestinal mucosa (Olsson et al., 2004; Duan, 2006). 

After SM is hydrolysed into ceramide, the ceramide is subsequently hydrolysed into 

sphingosine by an intestinal neutral ceramidase. Intestinal neutral ceramidase carries many 

similarities to alk-SMase; it is a brush border enzyme, resistant to trypsin-mediated inhibition, 

and activated by bile salts (Olsson et al., 2004). The sphingosine is absorbed through the 

enterocyte, converted into fatty acids, and incorporated into chylomicrons. The presence of SM 

and cholesterol mixed micelles has been shown to almost completely (94%) inhibit sphingosine 

absorption in Caco-2 and HT-29-D4 cell lines (Garmy et al., 2005). The authors suggest that 

SM and cholesterol complexes stabilize sphingosine in an extended low-energy confirmation 

interfering which interferes with binding to Niemann-Pick C1-Like 1 (NPC1L1), an apical 

protein on intestinal epithelial cells that significantly mediates cholesterol absorption. The 

presence of egg-SM micelles decreases mRNA (-22%) and protein expression (- 9%) of 

NPC1LI as well as reducing apical to basolateral uptake of cholesterol by 72% (Yang et al., 

2018). 
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Figure 2.7. Digestion of dietary sphingomyelin (SM). Humans have alkaline SM (alk-SMase; 
blue bars) in both the bile and bound to the intestinal mucosa. After a meal is consumed, 
cholecystokinin (CCK) induces the secretion of alk-SMase into the bile, and trypsin to the 
intestinal lumen. The trypsin hydrolyses alk-SMase and neutral ceramidase (C-Dase) from the 
mucosa. The sphingosine (Sph) is transported and converted to fatty acids (FA) or ceramide 
(Cer). The SM in the enterocyte indicates endogenous synthesized SM by mucosal cells and is 
located on the brush borders. Reproduced with modification from Duan (2006). Created with 
BioRender.com 

The digestion of the MFGM can be summarized as such: (1) the oral phase dilutes and causes 

MFGs to flocculate; (2) gastric lipase partially hydrolyses MFG core triacylglycerides 

promoting eventual activity by pancreatic lipase and its co-lipase in the small intestine; and (3) 

the secreted bile salts convert the MFG into mixed micelles which are then hydrolysed and 

taken up into the intestinal epithelium. A unique feature of the MFGM is the sphingomyelin and 

cholesterol interaction which forms Lo domains. Although, cell models indicate these 

assemblies resist epithelial absorption, how the aforementioned digestive processes affect (or 

fail to affect) Lo domains are still unknown.  

2.8  Techniques for modelling and investigating the milk fat globule membrane 

2.8.1  Model membrane systems 

Four liposome/vesicle systems are commonly considered for model phospholipid bilayers: 

multilamellar vesicles (MLV), giant unilamellar vesicles (GUV), large unilamellar vesicles 

(LUV), and small unilamellar vesicles (SUV). This section will describe how each is created 
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form the basis of the condensed complex model discussed in Section 2.6.1. Mixed phases of 

MSM and cholesterol have higher intermolecular forces acting upon them than pure phases of 

MSM or cholesterol alone. The interfacial area of the MSM and cholesterol monolayer is at its 

most condensed (i.e. when attractive forcers are at the highest) at 7:3 mol/mol 

cholesterol:sphingomyelin (Cheng, Ropers, & Lopez, 2017).  

Although the LB technique lacks the specificity to pinpoint the exact contributions of a 

particular species, monolayer techniques lend themselves well to investigating the phase 

transitions of the complex composition of MFGM. Dark domains that correspond to Lo domains 

grow in size with the addition of sphingomyelin and cholesterol in dairy-based phospholipid 

monolayers (Gallier et al., 2010 b). Phospholipid composition, surface pressure, and 

temperature further modifies the morphology of these domains whereas the addition of 

cholesterol increases the number of domains.  

Compared to the self-assembled bilayers described at the beginning of the section, it is 

relatively simple to deposit proteins onto a monolayer, rendering the system closer in semblance 

to the native MFGM (Gallier et al., 2014 b). Recently, ultrafiltration and solvent washing have 

been used to create a non-surface-active milk permeate subphase for Langmuir trough 

experiments for the purpose of validating the aforenoted studies (Real Hernandez & Jimenez-

Flores, 2019).  

Langmuir-Blodgett films can serve as an intermediate stage in the production of supported lipid 

bilayer (SLB), another model membrane system commonly used to investigate MFGM 

topography. An SLB is a bilayer that rests on top a solid substrate; the inner leaflet of the 

phospholipid is not directly standing on the support – there exists a thin layer of water to 

maintain fluidity. Therefore, substrates should be hydrophilic and smooth, ideally fused silica, 

borosilicate glass, mica, or oxidized silicon. 

To manufacture an SLB from an LB film, the monolayer is pulled from the trough and the upper 

leaflet is transferred by the Langmuir-Schaefer procedure, horizontally dipping the monolayer 

into the trough once more to fuse the upper leaflet with the bottom leaflet (Tamm & McConnell, 

1985). An alternate method is to take the LB film monolayer and fuse SUVs onto the 

monolayer, meaning the SUV vesicles deform and rupture after encountering the hydrocarbon 

chains (Kalb, Frey, & Tamm, 1992). A third method involves the direct adsorption of a vesicle 

from an aqueous suspension onto the supported substrate. 

2.8.2  INFOGEST in vitro digestion 

In recent years, there has been an effort to harmonize digestion protocols, leading to the creation 

of a standardized method known as INFOGEST (Minekus et al., 2014). Two variations of the 
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Figure 2.8. Two-dimensional schematic representation of how Rd-DOPE (denoted in the 
original figure as Rh-PE) partitions into the Ld phase of a phospholipid trilayer. Reproduced 
from Lopez et al., (2010). 

The sources used to excite the fluorophores most commonly used to stain the MFGM are Ar+ 

lasers and laser diodes for the lipids and a He-Ne laser for protein. The exact emission and 

collection wavelength will depend upon the experiment in question and the operational 

parameters of the instrument. 

2.8.6  Transmission electron microscopy 

The principle behind transmission electron microscopy (TEM) is to bombard a dry sample in a 

vacuum with an electron beam to visualize an image. Firing electrons at a sample leads to 

elastic and inelastic scattering (Williams & Carter, 1996). Elastic scattering occurs when the 

combined kinetic energy and momentum of the electron and the atom with which the electron is 

interacting remains constant, delivering high resolution information. Conversely, inelastic 

scattering occurs when an electron transfers energy to the sample, causing radiation damage. As 

electrons which are elastically scattered will interact differently with the lens compared to those 

which are inelastically scattered, differences in focal length occur. To correct these focal length 

aberrations, an electromagnetic lens in the barrel of the TEM is used. 

Collecting the elastically scattered electrons is like shining a light through a grating. Most of the 

electrons pass through unhindered; however, some constructively or destructively interfere, 

forming a diffraction pattern. The objective lens is placed at the back focal point to recombine 

the electrons and form an image (Franken et al., 2020). Electron dense regions in the sample 

appear dark whereas an area that allows the transmission of electrons will appear light. The 

clear advantage of this technique over visible light microscopy and CLSM is the ability to 

produce high quality images of structures with nanometre resolution. 
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The most common style of TEM when studying model membrane systems is time resolved 

cryo-TEM (TRC-TEM) where the sample is flash frozen with liquid ethane and transferred 

under liquid nitrogen into the microscope (Thompson et al., 2016). The freezing occurs so 

quickly that ice crystals do not form, allowing one to directly visualize soft materials like 

phospholipid vesicles in high structural detail. Furthermore, without a drying step the sample 

can be visualized under a variety of conditions (pH, in the middle of a reaction, etc.) (Basáñez et 

al., 1997). 

Although lower in structural fidelity, negative stain TEM has shown to be sufficient for 

visualizing not only the structure of SM liposomes but also the hydrocarbon chain order 

(Tokudome et al., 2010). Negative staining involves applying a sample onto a mesh grid with a 

thin carbon resin cover. A heavy metal salt can be used to the stain the sample to alter the 

number of scattering events. Scattering is proportional to atomic number (Z), the size of the 

nucleus with elastic scattering increasing with Z4/3 and inelastic scattering by Z1/3 (Franken et 

al., 2020). Limitations include the stain interacting with the vesicle thus changing the structure, 

and vesicles interacting with the carbon films to give rise to anomalous structures like torn or 

folded liposomes (Baxa, 2018; Robson et al., 2018). Nevertheless, negative stain TEM remains 

the simplest method to obtain highly resolved images of vesicles.  

2.8.7  Differential scanning calorimetry 

Differential scanning calorimetry (DSC) measures the change in physical material properties 

over time and temperature which is represented as the difference between exothermic or 

endothermic energy between an analyte and a reference. The material of interest and the 

reference (usually buffer or dispersant) are placed in separate cells (pans, capillaries) and 

heated. Constant energy is supplied to both cells to maintain an identical temperature. As the 

cells are heated, the analyte may undergo a thermally induced transition. In this case, excess 

energy is required to ensure both cells maintain identical temperatures. The energy necessary to 

keep both samples at identical temperatures at each previously specified time point is subtracted 

from the other, producing a thermograph (Prenner & Chiu, 2011). 

In the lipid sciences, DSC is primarily used to study oxidation and phase transitions (Tm and 

Tc). The latter show up as endothermic or exothermic events, peaks, in the thermograph. The 

temperature at which the maximum height of the peak occurs is the temperature of phase 

transition. However, the peaks of many phospholipid thermograms are asymmetrical. In those 

cases, the width of the transition at half the peak height (FWHM, T1/2) can be used to gauge the 

physical transition. Another thermotropic parameter that can be calculated from a DSC 

thermograph is enthalpy: 
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selection rule for Raman spectroscopy requires asymmetric polarizability for vibrational modes 

to be detected. After the molecule returns to the ground state, most of the light is elastically 

scattered (Rayleigh scattering) – the wavelength of the scattered light having the same 

wavelength as the incident light. About one in a million photons undergo inelastic scattering, 

where the wavelength of the scattered light is higher or lower than the wavelength of the 

incident light. If the wavelength is longer, the scattered light is known as Stokes-Raman 

scattering. When the wavelength is shorter, it is known as anti-Stokes Raman scattering. Most 

Raman spectroscopy measures Stokes-Raman scattering (Vandenabeele, 2013). The spectrum of 

Stokes-Raman scattered light is then dispersed using a grating before being collected in a 

detector to product a spectrum. The wavenumber, intensity, and shape of a Raman spectra gives 

detailed information on the chemical and physical nature of the sample, allowing the structural 

changes of a sample when concentration, composition, and other parameters are altered to be 

elucidated. 

The Raman spectrum of phospholipids can be divided into active bands that describe the 

headgroups and those that describe the apolar tails. The bands for the headgroups occur at 700 – 

900 cm-1. For instance, the ethanolamine group for PE occurs at 760 cm-1. Curiously, even 

though PC and SM are both composed of a choline headgroup, the symmetric and asymmetric 

stretching vibrations in PC are 719 and 876 cm-1 whereas SM is 723 and 882 cm-1. The reason 

for shift is not yet known. The saturation, length, and orientation of the apolar tails make up the 

remaining spectrum from 1000 cm-1 onwards.  

The Raman spectrum of SM is very typical of phospholipids (Fig. 2.9). Table 2.5 details the 

assignments Czamara et al. (2015) has drawn from the literature, although caution must as 

exercised as the exact Raman assignments in the CH region (2800 – 3000 cm-1) are often 

conflicting (Batenjany et al., 1994; Lee & Bain, 2005; Argov et al., 2008; Yao et al., 2016 b).  
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Figure 2.9. Raman spectra of various phospholipids in powered form. Reproduced from 
Czamara et al., (2015). 

The major similarities between the Raman spectra of phospholipids are strong signals in the CH 

and C-C regions. The most remarkable difference between SM and PC which shares a choline 

headgroup is that SM is missing a band at 1737 cm-1 (carboxyl ester stretching vibration). 

Instead, SM has a band composed of two counterparts at 1670 and 1645 cm-1 which denote the 

carboxyl stretching coupled with amide bending vibrations (Krafft et al., 2005). As previously 

mentioned in Section 2.6.2, this amide group is hypothesized to be a keystone in the 

sphingomyelin inter-lipid hydrogen bonding network. The 1130, 1085, and 1068 cm-1 bands are 

the C-C vibrations related to the length of the hydrocarbon chain and tail length and are directly 

related to the proportion of trans/gauche rotamers (Okotrub et al., 2020). At room temperature, 

the intensity ratios for 1130/1085 cm-1 and 1068/1085 cm-1 for SM is generally higher than that 

of PC, indicating SM bilayers have a higher proportion of trans hydrocarbon chain, i.e., a higher 

amount of bilayer is in the So phase. Sphingomyelin bilayers commonly lack a signal at 3007 

cm-1 (=CH stretching) which is present in more unsaturated phospholipid species (Borchman, 

Tang, & Yappert, 1999). Finally, the 2880 cm-1 (asymmetric CH2, sp3 stretch) peak is higher in 
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Figure 2.11. Self-assembled lyotropic liquid crystalline structures from lipase-catalysed 
digestion of bovine milk with and without bile salts. Reproduced from Kulkarni et al., (2011). 
Pn3m = diamond inverse bicontinuous cubic, Lm3m = primitive inverse bicontinuous cubic, H2 
= inverse hexagonal, L2 = disordered inverse micellar, Fd3m = inverse micellar cubic. 

In the presence of bile salts, milk triacylglycerides were digested more quickly. The inverse 

hexagonal structure takes 6 min of digestion to form and only lasts 3 min before devolving into 

a broad peak. Towards the end of the digestion period, vesicular structures begin to develop on 

the surface of the cubosomes rather than into them. As such, after 30 min of digestion, vesicles 

of varying structures dominate. In the context of this thesis, the abundance of vesicles as the 

digestion reaches completion is promising as one of the hypotheses for the putative bioactivity 

of SM as an anticholesteremic agent is due to the ability of the sphingolipid to maintain a poorly 

absorbed lamellar form in the presence of cholesterol. It is highly possible there are synergistic 

effects between the digestion of milk triacylglycerides and phospholipids. 

2.8.10  Atomic force microscopy 

Atomic force microscopy (AFM) is powerful scanning technique for probing supported 

phospholipid bilayers. AFM consists of a sharp cantilever tip which identifies the sample 

surface topography. As the cantilever tip is brought close in proximity to the surface, various 

forces repel the tip, deflecting a laser beam. Photon detectors measure the reflected light and 

produce a measurement. Three different modes exist: non-contact, keeping the tip slightly away 

from the surface and measuring the shift from its natural position; contact, monitoring the force 

required to keep the tip on the sample surface; and tapping, uses both non-contact and contact 

modes. 

Atomic force microscopy has also been used to determine the mechanical properties of 

phospholipid systems. Calculating the Young modulus, the ratio between the force applied to an 

area (tensile stress) and the amount of extension per unit length (tensile strain) of DOPC SUVs 

(Tm = -20 °C) and DDPC SUVs (Tm = 41 °C) at 20 °C showed a ten-fold difference (Et-

Thakafy et al., 2017 b), thus DDPC liposomes that were wholly in the So were invariably stiffer 

than the DOPC liposomes which were wholly in the Ld phase. Applying this methodology to 

MSM, Et-Thakafy et al., (2018) further uncovered that the Young’s modulus of MSM at 20 °C 

was lower than that of the So DPPC. Considering MSM is rich in C24:0 hydrocarbon chains, 

one would except the So phase to be stiffer than DDPC which is made up of C16:0; however, 

the lower Tm SM species act as “defects” in the bilayer lateral organization. 
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resonance frequencies of the nuclei under analysis. Magic angle spinning is often used in solid-

state NMR where the less mobile molecules do not average out anisotropic interactions, leaving 

broad bands with reduced sensitivity. When the sample is spun at the magic angle (54.74 °) 

many of these anisotropic interactions are averaged out at the cost of some structural and 

dynamic detail (Polenova et al., 2015). Often, a combination of nuclei must be analysed to 

investigate the inter- and intra-molecular interactions of phospholipids. 

Although NMR techniques have been prolifically applied to investigate model membranes and 

sphingomyelin/cholesterol interactions, as mentioned in Section 2.6.2. Little has been reported 

on structural analysis of milk derived phospholipids with NMR. In the dairy sciences, the 

technique, especially 31P, is used to profile and characterize phospholipid species (MacKenzie, 

Vyssotski, & Nekrasov, 2009). The varying headgroups among dairy phospholipids result in 

different chemical shifts, and with the use of standards, phospholipids can be identified and 

quantified although this method was shown to be slightly less sensitive than the 2D thin layer 

chromatography (TLC) employed to separate dairy phospholipids extracted from fresh cream. 

(MacKenzie, Vyssotski, & Nekrasov, 2009). Phosphatidic acid and three other unidentifiable 

compounds were detected using the 2D-TLC system. These components represented 2.8% mol 

of the total phospholipid composition. Thus, in practice, 31P NMR was capable of identifying 

and quantifying all major phospholipid types. Metabolomics is another area of focus for NMR 

in the dairy sciences, with 1H, 13C, and 31P used to identify novel bioactive compounds 

(Sundekilde, Larsen, & Bertram, 2013). 

One advantage NMR has over DSC, X-ray diffraction, and CLSM is that the Lo domains are 

visible rather than assumed to exist due to the broadening of a phase transition, disappearance of 

the hexagonal hydrocarbon packing peak, or the absence of fluorescence (Fig. 2.12). 2H NMR 

and perdeuterated DDPC-d31and PSM-d31 (C16:0) are capable of distinguishing the structural 

features the So, Lo, and Ld phases. The Ld phase (A1, A2) consists of superimposed doublets, 

corresponding to a labelled carbon. The sharp repeating pattern represents the bond order – in 

the case of Ld, a high proportion of hydrocarbons are in the gauche conformation with lipids 

undergoing rapid isomerization and symmetric reorientation (Keyvanloo et al., 2018). The So 

phase (C1, C2) PSM and DPPC bell pattern show the opposite of the Ld phase, highly restricted 

movement due to the tilted trans conformation of the hydrocarbon chains. The Lo phase is an 

intermediate. Although it is an accurate representation of the three phases and their physical 

characters, it may be difficult to tell apart an Lo phase and a vesicle with Ld to So phases co-

existing. 
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Figure 2.12. 2H NMR spectra of PSM-31d and DPPC-31d MLVs, respectively. A1 and A2 Ld 
phase above 41 °C. B1 and B2 Lo phases with 40 mol % cholesterol at 48 °C. C1 and C2 So 
phase below 39 °C. Reproduced from Keyvanloo et al., (2018). 

2.8.12  Electron spin resonance spectroscopy 

Electron spin resonance (ESR) or otherwise known as electron paramagnetic spin resonance is 

similar to NMR; the analyte is placed within a static magnetic field and microwave radiation is 

applied. Unlike NMR which analyses the nucleus of individual atoms, ESR focuses on the 

interactions between the external magnetic field and unpaired electrons. In the membrane 

sciences, ESR is a complementary technique to NMR and vibrational spectroscopic methods. 

ESR is better suited for analysing the conformation of fluid hydrocarbon chains whereas Raman 

and infrared methods specialize in determining the order of hydrocarbon chains (Marsh, 1974). 

As is, membrane bilayers lack paramagnetism, stable free radicals, also known as spin labels, 

must be incorporated into membrane to obtain a signal (Marsh, 1974). There are multiple 

methods for incorporating lipid spin labels into the bilayer – the most common is to dissolve the 

spin label in solvent (ethanol, methanol) which is added to the aqueous suspension of liposomes 

or vesicles. After centrifugation, the phospholipid pellet can be re-suspended in fresh buffer and 

the spin label reapplied until a high enough concentration of the spin label is present in the 

bilayer (Alshehab et al., 2019). Phospholipids labelled with a ESR sensitive doxyl radical on the 

sn-2 chain are also commercially available (Chachaty et al., 2005). 
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Recently, ESR has been used to measure the fluidity as well as changes in the local viscosity 

and polarity of the MFGM during simulated digestion (Alshehab et al., 2019). Rigidification of 

the MFGM due to the presence of bile salts is indicative of micellization. The authors also noted 

that after 5 min of incubation, phase separation was apparent. Adsorption of pancreatic lipase 

onto the MFGM increases surface pressure at the interface, loosening phospholipid hydrocarbon 

chains (Bagatolli & Mouritsen, 2013). When examined together, the bile salts adsorb more 

quickly to the MFGM phospholipid interface compared to the pancreatic lipase, thus the 

increased order in lateral packing from micellization dominates. From interpreting the data 

obtained from ESR experiments, a model describing the bile salt and pancreatic lipase 

interactions with MFGs was developed (Fig. 2.13). 

 
Figure 2.13 Schematic of possible MFGM interaction with bile salts and pancreatic lipase 
observed using ESR. Not to scale. Reproduced from Alshehab et al., (2019). 
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engineer these biological interfacial layers in artificial emulsion systems to better deliver 

nutrients and bioactive compounds among other biotechnological advances.  
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Chapter 3 – Milk sphingomyelin/cholesterol multilamellar 
vesicles and properties 
3.1  Introduction  

Bovine milk structure plays a large role in determining nutrient bioavailability during digestion. 

Compared to bovine milk protein microstructure, the role of bovine milk lipid microstructure during 

digestion is less well-known and more difficult to study, owing to many confounding factors that 

obscure the exact mechanisms of action. There is growing interest in food products that mimic 

“natural” products, such as milk (Gallier et al., 2015) which makes understanding the changes in 

bovine milk lipid microstructure during digestion and its effect on human health a worthwhile pursuit.  

Paramount to infant nutrition and lauded for its multitude of bioactive components, the MFGM is a 

complex phospholipid trilayer embedded with transmembrane glycosylated proteins. First believed to 

follow the homogenous fluid-mosaic model (Dewettinck et al., 2008), the lateral structure of the 

MFGM has later been shown to be heterogenous (Gallier et al., 2010 a). Lateral liquid ordered (Lo) 

domains enriched with sphingomyelin and cholesterol, which are analogous to the lipid rafts 

structures found in cell membranes (Lopez, 2020), exist predominately in the outer leaflet of the 

MFGM. The exact function of these unique domains is unknown.  

Quantifying the behaviour of the native Lo domains in the MFGM has always been elusive due to 

their small size. Liquid ordered domains situated on the surface of the MFGM were first uncovered by 

confocal laser scanning microscopy using fluorescent lecithin probes and hypothesized to be 

glycosylated compounds that exist between the phospholipid inner leaflet and triacylglyceride core of 

damaged bilayers (Evers et al., 2008). This technique was later refined with exogenous phospholipid 

DOPE head-labelled fluorescent rhodamine dye (Rd-DOPE) (Gallier et al., 2010 a; Lopez, Madec, & 

Jimenez-Flores, 2010) and atomic force microscopy to show that these putative domains were not 

gaps in the bilayer but heterogenous regions of tightly packed sphingomyelin and cholesterol (Gallier 

et al., 2010 b) that possess different mechanical properties to the bulk liquid disordered (Ld) phase 

(Guyomarc’h et al., 2014; Murthy, Guyomarc’h, & Lopez, 2016).  

Further investigation of the molecular properties of Lo domains has often required the creation of 

model membrane systems using binary and ternary blends of phospholipids and sphingolipids (most 

commonly consisting of a single species with identical alkyl chains). Phase diagrams that delineate 

phase transitions of various phospholipid blend have been assembled using electron spin resonance 

(Chiang et al., 2004), nuclear magnetic resonance (Hsueh, Zuckermann, & Thewalt, 2005), and 

differential scanning calorimetry (Svetlovics, Wheaten, & Almedia., 2012). Differential scanning 

calorimetry is a workhorse technique for membrane studies used to assess the effect of cholesterol on 

the thermotropic behaviour of phospholipid bilayer systems (Lopez, Cheng, & Perez, 2018). If 
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5% of the volume. In Fig 3.1, that might be the case for the 0% cholesterol, but not for the other 

treatments. 

 

Figure 3.1. Particle size distribution of milk sphingomyelin multilamellar vesicles. MSM100 = Milk 
sphingomyelin with 0% cholesterol; MSM80 = Milk sphingomyelin with 20% cholesterol; MSM60 = 
Milk sphingomyelin with 40% cholesterol. 

Transmission electron microscopy (TEM) partly confirmed DLS particle size measurements. The 

current protocol, negatives staining with Uranyl acetate (2%) was unable to confirm the lamellarity of 

the vesicles. Vesicles were distinguished from artefacts based on comparisons with the blank (PIPES 

buffer on Formvar grids) or with literature TEM micrographs of vesicles.   

The wide range of vesicle size and the aggregation present in the micrographs were features of the 

MLVs predicted from particle size measurements (Fig 3.2). However, the DLS was incapable of 

detecting the smaller vesicles that were visible (~200 nm). Morphologically, vesicles were spherical 

(Fig. 3.2 b) or slightly collapsed (Fig. 3.2 d). When dried in preparation for negative staining TEM, 

MLVs collapsed into themselves to form irregular shapes (Baxa, 2018). These morphological 

anomalies are not uncommon when using negative stain TEM (Meister and Blume, 2017) and one of 

the advantages of the cryo-TEM technique is being able to visualize the native structure of the vesicle. 

There were occasions when aggregates of MLVs had collapsed on top or onto each other (Fig. 3.2 a, 

d). Although the polydispersity and extent of aggregation make an MLV model membrane system 

seem widely variable, these two features, that would be considered “defects” in a prepared emulsions 

or liposomal delivery system, bare striking resemblance to how native milk fat globules are naturally 

assembled (Fig. 3.2 e). The SEM micrograph (Fig. 3.2 e) is not for comparison but to show that both 

vesicles and native milk fat globules are susceptible to aggregation.  
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Figure 3.2. Milk sphingomyelin multilamellar vesicles (a-d), native milk fat globules (e)  

a) 20,500 ×, 40% mol cholesterol, multiple small vesicles on top of a larger vesicle aggregate;  
b) 60,000 ×, 40% mol cholesterol, single vesicle alongside some smaller ones;  
c) 16,500 ×, 20% mol cholesterol, aggregation of many small vesicles;  
d) 43,000 ×, 0% mol cholesterol, a large vesicle and multiple smaller ones. The smaller vesicles 

have an oval or flattened shape due to drying; 
e) Scanning electron micrograph of bovine milk fat globule. Bar is approximately 5 µm. Note 

how aggregation is present. From Ward et al., (2004). 

a) b) 

c) d) 

e) 
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Figure 3.3. Zeta potential of milk sphingomyelin multilamellar vesicles comprised of varying 
amounts of cholesterol. Error bars are the standard deviation. The standard deviation for the 40% mol 
cholesterol MSM is present but not visible.   

The zeta potential of MSM/cholesterol vesicles suspended in PIPES buffer at pH 6.7 were 5.34 ± 

1.30, 2.14 ± 0.65, and -2.90 ± 0.27 mV respectively for 1:0, 4:1, and 3:2 mol/mol MSM/cholesterol 

MLVs (Fig. 3.3). As the absolute value of the zeta potential for any MLV never rose above/below ± 

30 mV, considered to be a point above which electrostatic repulsion becomes dominant, the decrease 

in zeta potential as cholesterol concentration increased, albeit significant, was inconsequential when 

assessing the stability of the MLVs (Bhattacharjee, 2016). The low absolute zeta potential was 

apparent as the MLV aggregates sediment when stored overnight. 

The significant decrease in zeta potential due to the addition of cholesterol hints at possible lateral 

bilayer interactions. Obeid et al. (2019) claims that the presence of NaCl in the PIPES buffer has a 

screen effect on the surface membrane charge (Sinn et al., 2006) or the Ca2+ binds to the carboxyl or 

phosphate for in PC (Melcrová et al., 2016) leading to tendency towards a positive zeta potential. The 

negative zeta-potential obtained for MSM60 (40% cholesterol) suggests this is not the case, at least 

when cholesterol is present. One explanation that addresses both the tendency for the zwitterionic 

MSM bilayers to display a positive zeta potential as well as the inverse impact on zeta potential by 

cholesterol hinges on the condensing effect of cholesterol on lateral chain order. Sodium ions are 

known to penetrate deeply into the bilayer and interact with the negatively charged phosphate oxygen 

groups of sphingomyelin. Conversely, chloride ions have been shown to only be weakly associated 

with choline headgroups (Böckmann et al., 2003). Therefore, the net surface charge of MSM MLVs is 

slightly positive. The insertion of cholesterol between the SM molecules strengthens hydrophobic 

interactions while partly dissembling the inter-lipid SM hydrogen bond network. This preferential 
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increases until the Tm is reached, where it disappears – indicating the gel phase has completely 

melted.  

The SAXS results depict the clustering effect of cholesterol on sphingomyelin bilayers quite well. 

Three molar ratios of MSM:cholesterol were tested, 1:0 (control), 4:1 (onset of the Lo phase), 3:2 

(completion of the Lo phase) (Lopez, Cheng, & Perez, 2018). Regardless of the molar ratio of 

MSM:cholesterol, two Bragg peaks were present at 20 °C (Fig. 3.9 a). At 20 °C, with the addition of 

cholesterol, lamellar repeat d-spacing decreased from 72.6 Å (0% mol cholesterol) to 67.6 Å (40% 

mol cholesterol) revealing that cholesterol was capable of affecting the structure of MSM bilayers, 

even at temperatures < Tm (Fig. 3.9 b). Conversely, at 60 °C, the first order Bragg peak d-spacing 

increased from 64.5 Å (0% mol cholesterol) to 67.6 Å (40% mol cholesterol). The addition of 

cholesterol to MSM vesicles abates temperature-induced d-spacing shifts in either direction – 

expansion or the shrinking of the bilayer. The result is an ordered bilayer which is independent of 

temperature changes. This result agrees with previous studies done on cholesterol interactions with 

ESM (Chachaty et al., 2005; Quinn & Wolf, 2009). As the molar proportion of cholesterol increased, 

the periodicity of sphingomyelin bilayers became more resistant to temperature induced change 

(Chachaty, et al., 2005).  
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Figure 3.8. SAXS of milk sphingomyelin vesicles without cholesterol as a function of temperature. a) 
small-angle scattering profile; b) wide-angle scattering profile. Schematics of chain conformation and 
lateral chain packing were reproduced from (Schmitt & Neubert, 2018). 
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Figure 3.9. SAXS scattering of milk sphingomyelin (MSM) multilamellar vesicles (MLVs) with 
varying concentrations of cholesterol; red = MSM MLVs with 0% mol cholesterol; orange = 4:1 
mol/mol MSM:cholesterol MLVs; blue = 3:2 mol/mol MSM:cholesterol MLVs. a) small angle 
scattering profiles 20 °C; b) D-spacing as a function of temperature.  

SR-WAXS demonstrated that the addition of cholesterol dissipates the hexagonal packing Bragg peak 

at d = 4.13 Å (1.51 Å-1), representative of the proliferation of the Lo phase (Fig. 3.9). A second peak 

at d = 4.16 Å (1.50 Å-1) persisted until 30 °C regardless of the cholesterol content. Although small, 

this peak is not due to instrument noise, as it was also present in Fig. 3.8 b, samples created with a 

different batch of MSM at an earlier time. 
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Figure 3.10. WAXS d-spacing of milk sphingomyelin (MSM) multilamellar vesicles (MLVs) with 
varying concentrations of cholesterol during heating. MSM100 = 0% mol cholesterol; MSM80 = 4:1 
mol/mol MSM:cholesterol MLVs; MSM60 = 3:2 mol/ml MSM:cholesterol MLVs. a) WAXS 
scattering profiles at 20 °C; b) D-spacing as a function of temperature. 

The instrument was stopped at 30 °C and restarted after an undisclosed amount of time. To account 

for the stop, two measurements were taken at 30 °C before and after the stop. The structural feature at 

d = 4.16 Å does not appear in the XRD curves after the stop. It is possible that samples resting for an 

extended period at 30 °C, which is close to the Tm of MSM, could have melted this feature. 

Conversely, the SAXS scattering profiles for MSM100 at 30 °C lack the shift in lamellar repeat d-

spacing one would expect to occur from a phase transition, so the matter needs to be further 

investigated.  

In summary, SR-SAXS and WAXS are capable of delivering high resolution data concerning the 

structure of phospholipid bilayers at concentrations within the same magnitude as those found in 

natural milk products. Preliminary structural investigations into MSM interactions with cholesterol 
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modes (CH2 symmetric stretch, CH2 deformation, and CH3 symmetric stretch) make up the band (Lee 

& Bain, 2005) or whether there are contributions from overtones of modes at even lower frequencies 

(Snyder, Strauss, & Elliger 1982).  

Table 3.1 Raman active modes for milk sphingomyelin. Reproduced from Table 2.5 for convenience.  
SM Vibrational 

Mode 
Reference Raman 

Shift (cm-1) 
Actual Raman 

Shift (cm-1) Reference 

Asymmetric Stretch 
CH3 

2960 2955 (Czamara et al., 2015) 

Fermi Resonance 
Symmetric Stretch 

CH3 
2930 2930 (Czamara et al., 2015) 

Fermi Resonance 
Asymmetric Stretch 

CH2 
2880 2875 (Czamara et al., 2015) 

Symmetric Stretch 
CH2 

2850 2840 (Czamara et al., 2015) 

C=C Stretch 1670 1660 (Shirota et al., 2016) 

C=O Stretch + 
Amide 1630 1640 (Czamara et al., 2015; Shirota et 

al., 2016) 
Scissoring 
CH2/CH3 

1425 1430 (Czamara et al., 2015) 

Twisting CH2 1280 1280 (Czamara et al., 2015) 
Stretch C-C 1110, 1085, 1050 1115, 1080, 1050 (Czamara et al., 2015) 

The features present in the 1600 to 1800 cm-1 region are unique to sphingomyelin.  The C=O 

stretching band in glycerophospholipids is around 1730 cm-1 (Czamara et al., 2015). Such a band is 

not visible in sphingolipids even though C=O is present in sphingomyelin molecules. Krafft et al., 

(2005), suggest that the 1670 cm-1 peak coupled with the 1630 cm-1 shoulder takes the place of the 

1730 cm-1 band. This suggestion disregards the 1660 cm-1 peaks in glycerophospholipids 

corresponding to Z-C=C which is also present in the sphingosine backbone. Shirota et al. (2016) 

therefore conclude the 1670 cm-1 peak is not amide-related but simply the Z-C=C peak, whereas the 

1630 cm-1 shoulder is a combination of the C=O and N-H which, of the two, the C=O dominates 

(Miyazawa, Shimanouchi, & Mizushima, 1958).       

The 1000 to 1500 cm-1 region mostly confirms the presence of the acyl chains on the phospholipid. 

The 1430 cm-1 and 1280 cm-1 peak are methylene deformation modes whose overtones may contribute 

to the CH region (2800 – 3000 cm-1). The 1110, 1085, and 1050 cm-1 peaks denote C-C stretching 

with the wavenumbers used to determine the types of fatty acids present (Czamara et al., 2015), and 

the intensity ratios can determine the length of the hydrocarbon chains (Okotrub et al., 2020). The 

choline headgroup is at a lower Raman shift that was beyond the ability of the instrument to detect.  
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Chapter 4 will quantify the structural and orientational information that can be gleaned from Raman 

spectroscopy of MSM/cholesterol MLVs. The following will serve as a qualitive introduction and 

primer on the changes in the regions of interest. The predominately nonpolar cholesterol and the 

highly saturated MSM interact favourably to form Lo domains. The exact character of these 

interactions, the fundamental driving mechanism that creates Lo domains is still unknown; what is 

measured is the effect of the cholesterol on the phospholipid bilayer. The CH and C-C have the largest 

degree of change when cholesterol was incorporated into the MSM vesicles. In the CH region (2800 – 

3000 cm-1), the 2850, 2880, and 2930 cm-1 peak intensity ratios can be used to quantify the fluidity of 

the membrane, interactions between the CH2 groups, and the packing order of the bilayer (Gallier et 

al., 2011). As cholesterol concentration in the MLV increases, so does the 2930 cm-1 peak; whereas, 

the 2880 cm-1 peak decreases (Fig. 3.12 a), representing an increase in bilayer fluidity from either an 

increase of gauche isomers or a loosening of hydrocarbon chains (Li-Chan, 2007).   

As previously mentioned in this section, the 1600 – 1800 cm-1 region in sphingomyelin is capable of 

elucidating the amide/cholesterol interactions using the C=O mode at 1630 cm-1. In ESM, as the 

concentration of cholesterol increases, the 1630 cm-1 peak becomes a shoulder and then dissipates at 

5:1 mol/mol SM/cholesterol while the relative intensity of the 1670 cm-1 peak increases (Shirota et al., 

2016). In Figure 3.12 b, the 1630 cm-1 peak (shown here at 1640 cm-1) is a shoulder regardless of 

cholesterol content. Furthermore, it is MSM80 with a 4:1 mol/mol SM/cholesterol ratio where the 

C=O shoulder is at its zenith, calling into question either the contribution of NH towards the C=O 

stretching mode or whether a direct hydrogen bond exists between sphingomyelin amide and the 

cholesterol polar hydroxyl group.        

When cholesterol is added to MSM vesicles, the outer peaks for the C-C stretch, triplet peaks decrease 

relative to the centre peak (Fig. 3.12 c). As the C-C peaks are related to the length of the hydrocarbon 

chains, the intensity of the peaks can be used to determine the presence of gauche isomers. This 

parameter complements the complex 2930 cm-1 and 2880 cm-1 peaks which determine hydrocarbon 

chain interaction with contributions from the C-C. By careful consideration of the CH and C-C 

regions, it is possible to isolate the gauche/trans contributions from the lateral hydrocarbon 

interactions to discern which effect dominates.  

It is important to remember the direction of the orientational and structural changes of MSM vesicles 

(bilayer expansion or shrinkage) are dependent on the original phase state and therefore the 

temperature. As seen in the preliminary XRD experiments in Section 3.3.2, cholesterol is capable of 

affecting bilayer structures in both the So and Ld phases.  
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Figure 3.12. Raman spectra of milk sphingomyelin (MSM) multilamellar vesicles (MLVs) with 
varying concentrations of cholesterol. MSM100 = 0% mol cholesterol; MSM80 = 4:1 mol/mol 
MSM/cholesterol; MSM60 = 3:2 mol/mol MSM/cholesterol; a) CH region; b) C=O and C=C region; 
c) C-C region. 
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3.4 Conclusions 

Milk sphingomyelin MLVs with varying concentrations of cholesterol were created. The structural 

changes of these MLVs due to the addition of cholesterol were evaluated by DLS, TEM, DSC, SR-

XRD, and Raman spectroscopy. All instruments other than the DLS observed a distinguishable signal 

at relatively physiological concentrations of phospholipids and cholesterol.  

Interactions between sphingomyelin and cholesterol that influenced bilayer structure were confirmed. 

Such an interaction was unable to be visually confirmed by TEM. Conversely, DSC techniques, 

Raman, and XRD clearly demonstrated cholesterol alters the structural properties of the MSM 

bilayers. The SAXS and WAXS went one step further, demonstrating that with the addition of 

cholesterol, MSM MLVs were highly resistant to temperature-induced phase transition. This is 

potentially physiologically relevant as the melting point of MSM is so close to 37 °C, the internal 

temperature for humans.  

In short, there is evidence that in the presence of cholesterol, MSM may act differently under 

digestive condition than it would without the sterol. Extrapolating from that statement, the co-

presence of MSM and cholesterol within the MFGM implies these components may be digested in a 

particular way. This hypothesis, the confirmation of the general trend expounded upon in the 

literature, and success of the techniques employed lead to the key question explored in the next 

chapter – what makes MSM a unique component of the MFGM? 
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Chapter 4 – Cholesterol-phospholipid interactions resist the 
detergent effect of bovine bile 
4.1  Introduction 

Numerous health benefits newly ascribed to dietary phospholipids have increased interest in 

commercial applications. A complex assembly of protein and phospholipids, the milk fat globule 

membrane (MFGM) has received growing attention as clinical studies show the consumption of both 

intact MFGM and isolated milk phospholipids lowers serum lipids, total cholesterol, blood 

triglycerides, low-density lipoprotein cholesterol, and the alipoprotein B:alipoprotein A-I ratio 

(Conway et al., 2013; Rosqvist et al., 2015; Vors et al., 2019). In particular, the sphingomyelin (SM) 

fraction, which makes up ~20 – 25 % of the total phospholipid in the MFGM, is known to modulate 

cholesterol uptake in both in vitro and in vivo animal studies (Eckhardt et al., 2002; Noh & Koo., 

2004; Norris et al., 2016). 

Phospholipids and cholesterol solubilization and uptake occur in the small intestine (Wilde & Chu, 

2011). Bile salts incorporate phospholipids into mixed micelles, then an assortment of pancreatic 

enzymes, including, but not limited to, alkaline sphingomyelinase (NPP-7), intestinal neutral 

ceramidase and pancreatic phospholipase A2 hydrolyze phospholipids before the hydrolysis products 

(sphingosine, ceramide, lyso-PC, etc) are absorbed across the intestinal epithelium (Nilsson & Duan, 

2006). As the mixed micelles cross the unstirred water layer, (i.e. the diffusion zone of chyme 

immediately adjacent to the intestinal mucosal layer), monomeric cholesterol desorbs from micelles 

and crosses the brush-border via either passive diffusion or facilitated transport mechanisms (Yao et 

al., 2002; Korjamo et al., 2009). 

With the fundamentals of intestinal digestion in mind, three possible mechanisms behind how dietary 

phospholipids inhibiting cholesterol uptake have been considered (Cohn et al., 2010). The absorption 

of micellar cholesterol depends upon phospholipase A2 (pPLA2) hydrolyzing phospholipids into the 

lyso form. The addition of phosphatidylcholine (PC) micelles has been shown to reduce the uptake of 

cholesterol in model intestinal Caco-2 cells, implying that a diet sufficiently high in phospholipid 

could cause self-inhibition in pPLA2 (Homan & Hamelehle, 1998). However, it was later discovered, 

that SM is not hydrolyzed by pancreatic enzymes but a brush boarder enzyme, NPP-7, commonly 

known as alkaline sphingomyelinase (alk-SMase), which is also dependent on bile salt concentration 

(Duan et al., 2003). Therefore, it is likely SM and PC modulate cholesterol absorption via different 

mechanisms of actions. A suggested second mechanism is that a surplus of dietary phospholipids, 

such as SM, can impede the conversion of cholesterol-containing vesicles into micelles (Hernell et al., 

1990). Micelles are the ideal physical form for maximal cellular uptake of cholesterol whereas the 

vesicular (lamellar) form is poorly absorbed by the brush border cholesterol binding protein that 

mediates cholesterol absorption via a collision-induced transfer mechanism (Thurnhofer & Hauser, 
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Figure 4.1. Negative stain transmission electron micrographs of milk sphingomyelin (MSM) vesicles 

a) No cholesterol, 20,500×.  
b) MSM vesicles and aggregates, 16,500×. 3:2 mol/mol MSM:cholesterol.  
c) Rehydrated bovine bile, 60,000×. Interlocking plates and vesicles.  
d) Rehydrated bovine bile, 43,000×. Red arrow: likely a multivesicular vesicle; black arrow: 

likely a unilamellar vesicle based on size; blue arrow: mixed micelle based on size. 
e) 3:2 mol/mol MSM:cholesterol incubated with bovine bile, 26,500×. 
f) Close up for Fig 4.1 e. 60,000×. 

c) 

d) 

e) f) 

a) b) 
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Figure 4.2. Negative stain transmission electron micrographs, brain phosphatidylcholine (BPC) 

a) 3:2 mol/mol BPC:cholesterol incubated with bovine bile, 43,000×.    
b) 4:1 mol/mol BPC:cholesterol incubated with bovine bile, 20,500×.  

In the small intestine, the interaction between bile salts and multilamellar lipolytic products results in 

the budding of small unilamellar vesicles which serve as metastable cholesterol carriers (Gantz et al., 

1999). These unilamellar vesicles are solubilized in the presence of bile salts to form mixed micelles 

(Hernell et al., 1990).  

Aggregates of rod-shaped bile salt-rich vesicle/micelle intermediates were also present (Fig. 4.1 g, h). 

These tubular structures were not as fibrous as the worm-like micelles seen using cryo-TEM (Dao et 

al., 2017), but considering the high bile salt environment and the cylindrical micelles evolving from 

the edges of vesicle superstructures, it is likely these are an intermediate phase between mixed 

micelles and unilamellar vesicles (Walter et al., 1991).  

Regardless of phospholipid origin and cholesterol content, the presence of all three stages of vesicle-

to-micelle transformation noted above — the incorporation of phospholipid vesicles into the bile, the 

budding of structures suspected to be unilamellar vesicles, and the solubilization of those structures 

into cylindrical vesicle/micelle intermediates — was visually confirmed (Fig. 4.1 e, f; Appendix 4.2). 

The observed features, the subsuming of vesicles by bile, the micellization of vesicles into micelles, 

and the presence of rod-shaped micellization intermediates are all well observed in intestinal fluid 

collected from the duodenum of humans 20 min after consuming a liquid meal (Riethorst et al., 2016). 

This suggests the colloidal assemblies that are formed with in vitro experiments are (at least visually) 

relevant to the physiological process. However, information concerning the kinetics of detergent-

induced solubilization of phospholipid preparations cannot be obtained from negative stain TEM. 

a) b) 
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4.3.2.  The solubilization and micellization of natural phospholipid and phospholipid/cholesterol 

vesicles by bovine bile 

4.3.2.1  Optical density of binary phospholipid/cholesterol vesicles  

The optical density experiments were prepared in independent quadruplicates (n = 5). Figure 4.2. 

shows the optical density at 630 nm (OD630) of MSM with 0 – 40% mol cholesterol incubated with 5 

mM taurocholic acid at 37 °C measured as a function of incubation time (up to 2 h). The 

concentration of taurocholic acid was chosen based on the concentration present in bovine bile (Hu et 

al., 2018). A control consisting of PIPES buffer and taurocholic acid was used to subtract any 

background absorbance.  

 

Figure 4.3. Optical density 630 nm of milk sphingomyelin (MSM) multilamellar vesicles incubated 
with taurocholic acid (5 mM) for 2 h at 37 °C with control (PIPES buffer with bovine bile) subtracted. 
T0 for each vesicle system and cholesterol ratio are displayed directly on the Y axis. Note the rapid 
change from T0 to T1 in each case. MSM100 = without cholesterol, MSM80 = 4:1 MSM/cholesterol, 
MSM70 = 7:3 mol/mol MSM/cholesterol, MSM60 = 3:2 mol/mol MSM/cholesterol. 

The initial time, T0, designates the optical density of the MSM multilamellar (MLVs) immediately 

before taurocholic acid. The first measurement was taken a minute after the bovine bile was added 

and was designated as T1. For MSM100, where 100 refers to the % mol as a molar ratio of 

sphingomyelin/cholesterol, i.e. no cholesterol in this case, the difference between T0 and T1 showed a 

significant reduction in OD630, likely due to detergent-induced micellization.  

This trend is reversed after the addition of cholesterol. The increase in OD630 after the addition of 

taurocholic acid is indicative of either the size growth of vesicle due to the insertion of bile salts, the 

vesicle changing shape, and/or aggregation (Andrieux et al., 2009). The increase in particle size 

occurs during the first stage of micellization when low concentrations of bile salts are inserted into the 
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bilayer. Conversely, the rapid decrease in OD630 and particle size of MSM100 occurs during and 

after the bilayer reaches a critical point Re
sat, when the bile salts saturate the vesicle surface and 

surface tension is greatly reduced (Lichtenberg, 1985). As the expansion of vesicle was not reflected 

in the OD630 for MSM100, it is likely, without cholesterol, that MSM vesicles immediately reach 

Re
sat. The marked slowing of the micellization process when cholesterol is present could be due to the 

formation of the more ordered Lo domains that require higher concentrations of bile salts to solubilize 

(Hermida, Sabés-Xamaní, & Barnadas-Rodríguez, 2014).   

The use of bile salts to evaluate bioavailability of orally delivered drugs encapsulated in liposomes is 

relatively common in the literature (He et al., 2019). However, bile salts alone are not representative 

of physiological bile which also contains biliary PC, known to act synergistically with the bile salts to 

displace proteins, protect the intestinal epithelial layer against the cytotoxicity of bile salt monomers, 

and increase cholesterol solubilization (Macierzanka et al., 2009; Morita & Terada, 2014). The latter 

function may seem a contradiction as dietary phospholipids are known to reduce cholesterol uptake. 

An additional source of phospholipid decreases the bile salt:phospholipid ratio in mixed micelles, 

moving the equilibrium towards intermediates with a higher vesicular character. As understanding the 

contributions of biliary PC is of great interest, the OD630 experiments were repeated with bovine bile. 

The BPC and SPC vesicles with 0 – 40% mol cholesterol were included alongside the MSM vesicles 

(Fig. 4.4). Negative values were present due to the absorbance of the bilirubin in bile at 630 nm. A 

control blank, consisting of buffer and bovine bile, was used to subtract the absorbance of bilirubin 

(OD630 measurements, without the buffer and bile subtracted, and can be found in Appendix 4.3 and 

4.4). 

Once again, the initial time, T0, designates the point immediately before bovine bile was added to 

phospholipid vesicles. The first measurement was taken a minute after the bovine bile was added and 

was designated as T1. For all phospholipid vesicles without cholesterol (MSM100, BPC100, SPC100, 

where 100 refers to the % mol as a mole ratio of phospholipid/cholesterol, i.e. no cholesterol in these 

three cases), the difference between T0 and T1 showed a significant reduction in OD630. After a 

progressive decrease in OD630 from 1 min to 30 min, OD values did not experience further 

statistically significant change.  
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Figure 4.4. Optical density at 630 nm of phospholipid vesicles incubated with bovine bile (10 mM) 
for 2 h at 37 °C with control (PIPES buffer with bovine bile) subtracted. Black arrows indicate peaks 
believed to be due to the formation of transient vesicle/micelle intermediates. 

a) Bile added to milk sphingomyelin MLVs, 0 – 40 mol % cholesterol. 
b) Bile added to porcine brain phosphatidylcholine, phospholipid vesicles 0 – 40 mol % 

cholesterol. The T0 value for BPC80 overlaps BPC70.  
c) Bile added to soy phosphatidylcholine phospholipid vesicles 0 – 40 mol % cholesterol. The 

T0 value for 20% cholesterol overlaps 40% cholesterol. The 20% cholesterol curve also 
overlaps the BPC60 curve. 
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interior leaflet (Stuart & Boekema, 2007; Lichtenberg, Ahyayauch, & Goñi., 2013). Trans-bilayer 

solubilization has been linked to detergent trans-bilayer motion and a rapid rate of solubilization (85% 

reduction of turbidity in 1 min in egg-PC large unilamellar vesicles) (Kragh-Hansen, le Maire, & 

Møller, 1998; Lete et al., 2019). These reactions are typical of “fast” detergents, such as taurocholic 

acid which makes up 41% of bovine bile (Lete et al., 2019). As the multilamellar open vesicle 

intermediates were solubilized, the OD630 reached an inflection point at 30 min, after which 

decreases in OD630 were not statistically significant. 

The T0 and T1 OD630 values for MSM MLVs with 30 and 40% cholesterol (designated as MSM70 

and MSM60, respectively) were not significantly different, indicating that the rapid saturation and 

solubilization observed in the MSM100 (0% cholesterol) did not occur (Fig. 4.4 a). The incorporation 

of cholesterol into phospholipid bilayers is known to reduce vesicle sensitivity to detergents 

(Moschetta et al., 2002). The interaction between sphingomyelin and cholesterol is foundational to 

forming Lo domains, creating detergent-resistant membranes which resist micellization at high bile 

salt concentrations (up to 56 mM commercial bile salt extract) (Hermida, Sabés-Xamaní, & Barnadas-

Rodríguez, 2014). At low concentrations of bile salt (< 2 mM), Hermida, Sabés-Xamaní, & Barnadas-

Rodríguez (2014) reported that bile salts monomers are inserted into the vesicle bilayer, inducing 

membrane shrinkage and leakage. However, when Re
sat is reached, the vesicle is once again stabilized, 

no longer prone to leakage. The lack of a significant initial immediate reduction from cholesterol 

containing MSM vesicles incubated with bovine bile agrees well with the hypothesis that the addition 

of cholesterol to MSM vesicles reduces detergent sensitivity. In light of previous work in Section 

3.3.2 on the properties of Lo domains, it is likely the cause for the detergent resistance is due to the 

appearance of such domains.  

The T0 to T1 reduction for BPC100 was 80% of the total reduction, from 0.079 ± 0.024 to 0.006 ± 

0.013 (Fig. 4.4 b). With the addition of cholesterol, T0 to T1 reductions were 71, 56, and 42% of the 

total reductions for BPC80, 70, and 60, respectively. The addition of cholesterol did not have a 

significant effect on the detergent sensitivity of BPC (Fig. 4.4 b) or SPC (Fig. 4.4 c) vesicles. The T0 

to T1 reductions were 76, 72, 77, and 74% of total OD630 reduction for SPC100, 80, 70, and 60, 

respectively (Fig. 4.4 c). Although those reductions were statistically significant, the T0 and T1 for all 

treatments were not statistically significantly different. Therefore, based on the OD630 results, 

cholesterol has an negligible effect on the detergent resistance of BPC or SPC vesicles.  

4.3.2.2  Optical density of ternary phospholipid vesicles 

A nascent inquiry into the detergent resistance of ternary phospholipid vesicles consisting of SPC, 

MSM, and cholesterol confirmed the conclusions drawn from the binary MSM and cholesterol MLV 

experiments, but also demonstrated the limit of optical density measurements to elucidate vesicle 

structure during detergent induced micellization. Ternary combinations of MSM, SPC, and 
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were taken at room temperature (~20 °C) as a temperature-controlled stage was unavailable. MSM 

vesicles without cholesterol were in the solid-ordered phase (So) for the duration of the experiment 

(MSM Tm (34 °C) > 20 °C) (Lopez et al., 2018), whereas BPC and SPC were in the liquid-disordered 

phase (Ld) due to a low Tm (Appendix 4.13) (O’Neill & Leopold, 1982). Table 4.1 displays literature 

values for vibrational modes which were used to identify peaks in the Raman spectra. Of interest were 

the methylene C-H stretching modes (2800 – 3000 cm-1), the C-C skeletal stretching modes (1000 – 

1200 cm1), and the amide region (1600 – 1700 cm-1). 

Table 4.1. Reference Raman band assignments for phospholipid vesicles. 
Reference 

Mode (cm-1) 
Assignment Reference 

960 CN asymmetric stretching (Czamara et al., 2015; Shirota et al., 2016) 
1060 C-C stretching (trans) (Czamara et al., 2015; Shirota et al., 2016) 
1090 C-C stretching (gauche) (Czamara et al., 2015; Shirota et al., 2016) 
1120 C-C stretching (trans) (Czamara et al., 2015; Shirota et al., 2016) 
1300 CH2 twist (Czamara et al., 2015; Shirota et al., 2016) 
1445 CH2 deformation (Czamara et al., 2015; Shirota et al., 2016) 
1645 Amide I (Czamara et al., 2015; Yagi et al., 2015; 

Shirota et al., 2016) 
1676 C=C stretching (Shirota et al., 2016) 
2850 sp3 CH2 symmetric stretching (Synder et al., 1982; Levin et al., 1985; 

Batenjany et al., 1994; Lee & Bain, 2005) 
2880 sp3 CH2 asymmetric stretching (Synder et al., 1982; Levin et al., 1985; 

Batenjany et al., 1994; Lee & Bain, 2005) 
2930 Fermi resonance sp3 CH3 symmetric 

stretching 
(Synder et al., 1982; Levin et al., 1985; 

Batenjany et al., 1994; Lee & Bain, 2005) 
 

4.3.2.2.1  The effect of cholesterol on phospholipid acyl chain interchain interactions and 

gauche/trans conformational isomerism 

Figure 4.7 displays two MSM MLV Raman spectra (spectra for all the phospholipid vesicle systems 

can be found in Appendices 4.7 and 4.8). Three peaks were of interest in the methylene region, the 

symmetric C-H stretching mode (2850 cm-1), the asymmetric C-H stretching mode (2880 cm-1), and 

the Fermi resonant symmetric terminal acyl stretching mode coupled with overtones from other 

modes (2930 cm-1) (Snyder et al., 1982). The two peaks of interest in the C-C skeletal stretching 

region were the modes used to establish the gauche (1085 cm-1) and trans isomers (1130 cm-1) (Fig. 

4.7 c). Frequency shifts in phospholipids are well-documented; however, the reasons for those shifts 

have not been thoroughly investigated. One possible reason for frequency shifts in the CH region is an 

increase in chain order (Lee & Bain, 2005).  

Figure 4.7 – 4.9 reports the I2850/I2880, I2930/I2880, and I1085/I1130 ratios for phospholipid vesicles before 

and after incubation with bovine bile (Appendix 4.14 for tabulated values). The peak intensity ratio 

I2850/I2880 furnishes an index of acyl chain disorder/order arising from lateral chain-chain interactions, 
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Figure 4.7. Raman spectra of milk sphingomyelin (MSM) multilamellar vesicles with no cholesterol 
(MSM100) and 3:2 mol:mol MSM:cholesterol (MSM60). 

a) The entire spectrum taken, 700 – 3000 cm-1.  
b) Methylene region (2800 – 3000 cm-1); from left to right, arrows indicate peaks that 

correspond to 2930, 2880, 2850 cm-1 modes. 
c) C-C skeletal region (1000 – 1200 cm-1); from left to right, arrows indicate peaks that 

correspond to 1130 and 1085 cm-1 modes. Includes a Natta projection of gauche and trans 
rotamers reproduced from Uematsu & Shimizu, (2021) 
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Conversely, the addition of cholesterol to MSM had no effect on intrachain rotational isomerization 

(I1085/I1130) (Fig 4.10. a) but significantly increased the lateral interchain packing disorder (I2850/I2880) 

from 0.838 ± 0.018 (MSM100) to 0.93 ± 0.04 (MSM60) (Fig. 4.8 a), and for I2930/I2880, 0.368 ± 0.023 

(MSM100) to 0.57 ± 0.04 (MSM60) (Fig. 4.9 a). This elevated hydrocarbon chain disorder indicates 

that MSM increasingly transitioned from the So phase into a Lo phase as cholesterol was added. 

Intrachain conformation was not statistically significantly different when cholesterol was present (Fig. 

4.10 a). In contrast, a phase transition from So to Ld shows considerable trans-to-gauche rotational 

isomerization (Levin et al., 1985; Batenjany et al., 1994). Consequently, the decreased bilayer 

periodicity observed in SAXS measurements (Lopez, Perez, & Cheng, 2018) of MSM vesicles in the 

So phase when cholesterol is added could be attributed to this increase in interchain disorder rather 

than increases in gauche isomers. 

Increases in the proportion of trans isomers observed in the I1085/I1130 for BPC vesicles (Fig. 4.10 b) 

when cholesterol was added were not reflected in the corresponding I2930/I2880 ratio (Fig 4.9 b). This is 

peculiar as the change in lateral interchain packing (I2850/I2880) present when cholesterol was added to 

MSM was reflected by the corresponding I2930/I2880 (Fig. 4.9 a). Cholesterol is known to have a 

greater affinity for the saturated MSM than PC (Noh & Koo, 2004). Even when hydrocarbon chain 

lengths are equal, SM has a higher affinity for PC (Lönnfors et al., 2011). Molecular dynamic studies 

show that, whereas PC can be an acceptor of hydrogen bonding from other molecules, SM is capable 

of forming both inter- and intralipid hydrogen bonds in bilayers (Niemelä et al., 2004). The presence 

of cholesterol in SM bilayers enhances interlipid hydrogen bonding to form hydrogen bonding 

networks (Slotte, 2016). This increased degree of hydrogen bonds pushes cholesterol molecules 

towards the inner leaflet, minimizing entropic penalties, and maximizing the umbrella effect where 

the hydrophilic headgroups of the phospholipids reduce interactions between the apolar regions of the 

bilayer and the bulk aqueous medium (Yasuda et al., 2014).  

4.3.2.2.2  Effect of bile and cholesterol additions on phospholipid acyl chain interchain 

interactions and gauche/trans conformational isomerism 

The addition of bile significantly decreased the disorder/order ratio of all phospholipid preparations 

without cholesterol (MSM100, BPC100, SPC100), increasing the degree of order in both inter or 

intrachain packing (Fig. 4.8, 4.9, 4.10). From the TEM micrographs (Fig 4.1), detergents solubilize 

vesicles into micelles, a more thermodynamically favourable state. Incorporating bile salt monomers 

into the phospholipid bilayer increases curvature strain leading to an excess of endothermic enthalpy 

(Heerklotz et al., 2008). As the bilayer reaches saturation, the excess enthalpy reaches its maximum 

and the vesicle transition into cylindrical micelles (Heerklotz et al., 2008). Furthermore, micelles are 

known to be more rigid than vesicles, due to tighter molecular packing, hence a higher degree of order 

(Alshehab et al., 2019).  
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For SPC and BPC vesicles, this decrease in disorder/order from detergent-induced micellization 

persisted regardless of cholesterol content. Egg yolk PC is known to distribute preferentially into 

mixed micelles and small unilamellar vesicles in the presence of taurocholate (Eckhardt et al., 1999; 

Yasuda et al., 2014). The OD630 for SPC and BPC showed no significant difference in the optical 

density at any points throughout the two-hour incubation with bovine bile, suggestive of “complete” 

micellization or at least a lipid:bile salt ratio greater than Rsol (Fig. 4.4 b, c). Although the overall 

decrease in disorder/order could be ascribed to micellization, the nature and degree of this ordering 

differs, depending upon the source of the PC and therefore its hydrocarbon chain length and 

saturation.  

Both lateral interchain packing (I2850/I2880) and intrachain rotational conformation (I1085/I1130) of SPC 

vesicles containing cholesterol incubated with bovine bile were not significantly different to vesicles 

without bovine bile (Fig. 4.8 c, 4.10 c); however, SPC with 0%, 20%, and 40% cholesterol with added 

bile had a reduced I2930/I2880 compared to vesicles without bile, implying an increase in either 

interchain or intrachain order (Fig. 4.9 b). Although this result may seem contradictory at first, the 

presence of a large standard deviation for the I2850/I2880 and I1085/I1130 for SPC100 (0% cholesterol) 

(Fig. 4.8 a, c) without bile in the mixed effects ANOVA model yields non-significant differences.    

The addition of bile to SPC bilayers and subsequent micellization had no effect on the interchain 

packing but did increase intrachain order in the SPC acyl chains regardless of cholesterol content, 

likely increasing the proportion of trans isomers in the SPC bilayer. Although the exact orientation of 

acyl chains in phospholipid/bile salt micelles has yet to be elucidated, detergent micelles are known to 

consist of either all trans or partially gauche acyl chains (Kalyansundaram & Thomas, 1976; 

Lichtenberg et al., 1983). Bile-induced gauche to trans isomerization was also present for BPC, 

regardless of the cholesterol content (Fig. 4.9 b). 

The MSM MLV interactions with bile and cholesterol were the most complex to parse. There was no 

significant difference in I2930/I2880 for vesicles with or without bile (Fig. 4.8 b). However, the 

I2850/I2880 of MSM100 and MSM80 decreased from 0.838 ± 0.018 to 0.75 ± 0.05, and 0.878 ± 0.018 to 

0.78 ± 0.09, before and after bile addition respectively, indicating an increase of order in the 

interchain packing (Fig. 4.8 a). The I1085/I1130 for the MSM was the opposite, with an increase of trans 

isomers for MSM70 and MSM60 from 1.35 ± 0.06 to 1.12 ± 0.14, and 1.36 ± 0.04 to 1.12 ± 0.15 

before and after bile addition, respectively (Fig. 4.8 c). That is to say, the ordering effect of bovine 

bile on the MSM vesicle system depended upon the concentration of cholesterol present. In the 

absence of cholesterol, MSM MLVs were in the So phase. The So phase will be directly converted 

into the micellar form and is known to require a lower concentrations of bile salt and less time to 

solubilize than PC (Moschetta et al., 2002) at temperatures below the Tm of the lipid. However, 

cholesterol-rich membranes do not disintegrate when detergent is added; these form larger resistant 
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purpose of detergent resistance domains in food products, such as milk, and the impact on those who 

suffer from hypercholesterolemia. 
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Chapter 5 – Structural analysis of vesicles comprised of milk fat 
globule membrane phospholipid extracted from bovine beta-
serum 
5.1.  Introduction 

The milk fat globule membrane (MFGM) is an interface that separates the triacylglyceride core of 

milk fat globules from casein micelles and the bulk serum phase of milk. This complex phospholipid 

tri-layer plays a large role in the digestion of milk lipids (Gallier et al. 2012); yet, the molecular 

interactions underlying MFGM digestion are not well understood.  

The majority of MFGM research before the 2010s has focused on characterizing and determining the 

functionality of the unique proteins embedded within the membrane, such as xanthine oxidase, 

mucins, and butyrophilin (Reinhardt & Lippolis, 2006; Mather, 2011). Less prominent at the time 

were a myriad of animal and clinical studies which consistently showed that buttermilk (a byproduct 

of butter production) or beta-serum (the aqueous phase of butter) acted as an anticholesteremic agent 

(Howards & Marks, 1979; Cohn et al., 2010; Baumgartner et al., 2013; Conway et al., 2013). The 

anticholesteremic effect of buttermilk has been hypothesized to be a consequence of the abundant 

amount of MFGM polar lipids concentrated in buttermilk during butter production. The rise of 

phospholipids as a possible bioactive ingredient and the discovery of lateral liquid-ordered (Lo)  

domains of sphingomyelin (SM) and cholesterol in the MFGM, analogous to biological lipid rafts, 

using confocal laser scanning microscopy (Gallier et al., 2010 a; Lopez, Madec, & Jimenez-Flores, 

2010) sparked interest in the possible health benefits of dairy polar lipid fractions and the use of milk 

polar lipids to better mimic biological emulsions such as breast milk (Gallier et al., 2015; Lopez, 

Cauty, & Guyomarc’h, 2018 a). 

The polar lipid composition of the bovine MFGM is dependent upon the animal source of the fraction 

and extraction method, but generally consists of glycerophospholipids (PC = phosphatidylcholine; PE 

= phosphatidylethanolamine; PI = phosphatidylinositol, PS = phosphatidylserine) and sphingolipids 

(SM = sphingomyelin) with a diverse variety of saturated and unsaturated acyl moieties (Sánchez-

Juanes et al., 2009). The inner monolayer that originates from the endoplasmic reticulum of lactocytes 

within the mammary gland is rich in PI, PS whereas MSM, PC, and cholesterol are concentrated 

within the outer bilayer that originates from the apical plasma membrane of the lactocyte (Deeth, 

1997; Mather & Keenan, 1998; Jeong et al., 2013). The location of PE within the MFGM has been a 

point of contention. Deeth (1997) reported that PE existed within the inner monolayer; however, 

Zheng (2014) asserted that, due to the PE critical packing parameter (which determines the preferred 

association structure of molecular shapes and is dependent upon the effective volume of FA, length of 
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Table 5.2. Relative proportion of polar lipids found in beta-serum powder. 
Polar Lipids % wt % mol Typical Composition % wt1 

PI 
 

05.61 ± 0.38 05.00 ± 0.34 08.5 
PE 

 
31.91 ± 0.26 33.70 ± 0.26 30.8 

PS 
 

19.26 ± 1.04 18.53 ± 1.01 12.1 
PC 

 
24.29 ± 0.31 24.18 ± 0.31 26.6 

SM 
 

18.92 ± 0.45 18.59 ± 0.45 20.8 
  Polar Lipid mg/g beta-serum powder Typical Composition (mg)   
  PI 02.72 ± 0.17 4.93   
  PE 15.54 ± 2.00 17.86   
  PS 09.42 ± 1.67 7.02   
  PC 11.82 ± 1.40  17.86   
  SM 09.20 ± 1.04 12.06   
  Total 48.71 ± 6.25 59.74   

 

PE = phosphatidylethanolamine; PI = phosphatidylinositol; PS = phosphatidylserine; PC = 
phosphatidylcholine; SM = sphingomyelin. Values are means ± standard deviation (n = 5). 1Typical 
composition refers to composition supplied in the BSP2 product specification sheet (Appendix 5.2).  
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